
SoTa rusTavelis erovnuli samecniero fondi

Shota Rustaveli National Science Foundation  
Национальный научный фонд  Шота Руставели

saqarTvelos mecnierebaTa erovnuli akademia

Georgian National Academy of  Sciences 
Национальная Академия Наук Грузии

saqarTvelos Tavdacvis saministro, ssip saqarTvelos saxelmwifo

samxedro samecniero-teqnikuri centri `delta~, ssip ferdinand TavaZis metalurgiisa 

da masalaTmcodneobis instituti

Ministry of Defense of Georgia, LEPL State Military Scientifi c-Technical Center “DELTA” ,
LEPL F. Tavadze Institute of Metallurgy and Materials Science

Министерство обороны Грузии, ЮСПП  Государственный военный  
научно-технический центр “Дельта”,  ЮСПП- Институт металлургии и 

материаловедения им.Ф.Н.Тавадзе

saerTaSoriso konferencia saerTaSoriso konferencia 

araorganuli masalaTmcodneobis Tanamedrovearaorganuli masalaTmcodneobis Tanamedrove

teqnologiebi da meTodebiteqnologiebi da meTodebi

moxsenebaTa krebulimoxsenebaTa krebuli

International ConferenceInternational Conference
MODERN TECHNOLOGIES AND METHODS OF INORGANIC MODERN TECHNOLOGIES AND METHODS OF INORGANIC 

MATERIALS SCIENCEMATERIALS SCIENCE
ProceedingsProceedings

Международная  конференцияМеждународная  конференция
СОВРЕМЕННЫЕ  ТЕХНОЛОГИИ  И  МЕТОДЫ  НЕОРГАНИЧЕСКОГО СОВРЕМЕННЫЕ  ТЕХНОЛОГИИ  И  МЕТОДЫ  НЕОРГАНИЧЕСКОГО 

МАТЕРИАЛОВЕДЕНИЯМАТЕРИАЛОВЕДЕНИЯ
Сборник докладовСборник докладов

4-6 _ 4-6 _ ivnisi _  _ June  _  _  Июнь  _ _ 2012
Tbilisi, saqarTvelo

Tbilisi, Georgia 
Тбилиси, Грузия



orgkomiteti

TavaZe giorgi – Tavmjdomare (saqarTvelo)

baZoSvili Tamari _ mdivani (saqarTvelo), berneri aleqsi (israeli), merJanovi aleqsandre 

(ruseTi), oniaSvili giorgi – (saqarTvelo), patoni borisi (ukraina),  Jordania irakli 

(saqarTvelo),  skoroxodi valeri (ukraina), frangiSvili arCili (saqarTvelo), Stein-

bergi aleqsandre (aSS), cincaZe givi (saqarTvelo), xvadagiani avTandili (saqarTvelo), 

xanTaZe jumberi (saqarTvelo)

ORGANIZING COMMITTEE
Tavadze George – Chairman (Georgia)
Badzoshvili Tamar  – Secretary  (Georgia), Berner Alex (Israel), Khvadagiani Avtandil (Georgia),  
Khantadze Jumber (Georgia), Merzhanov Alexander (Russia), Oniashvili George –  (Georgia), 
Paton Boris (Ukraine), Prangishvili Archil (Georgia), Shteinberg Alexander (USA), Skorokhod 
Valerij (Ukraine), Tsintsadze Givi (Georgia), Zhordania Irakli (Georgia)

ОРГКОМИТЕТ
Тавадзе Гиоргий Фердинандович–председатель (Грузия)
Бадзошвили Тамара Важаевна –  Секретарь (Грузия), Бернер Алексий Икрайлович 
(Израиль), Жордания Ираклий  Сергеевич (Грузия), Мержанов Александр Григорьевич  
(Россия), Ониашвили Гиоргий Шотаевич – (Грузия),  Патон Борис Евгеньевич (Украина), 
Прангишвили Арчил Ивериевич  (Грузия), Скороход Валерий Владимирович  (Украина), 
Хвадагиани Автандил Аполонович (Грузия), Хантадзе Джумбер Варламович (Грузия), 
Цинцадзе Гиви Васильевич (Грузия), Штейнберг Александр Семенович  (США)

© gamomcemloba `meridiani~,  2012

© moxsenebebis avtorebi

ISBN  978-9941-10-501-2

© Publishing Haus Meridiani, 2012

© Authors of  articles



3

moxsenebaTa krebulis redkolegia

xanTaZe jumberi - (mTavari redaqtori)

gabunia domenti

ramazaSvili dali

CxartiSvili levani

PROCEEDINGS  EDITORIAL  BOARD
Khantadze Jumber  (Editor-in-Chief)
Chkhartishvili Levan
Gabunia Domenti
Ramazashvili Dali

РЕДКОЛЛЕГИЯ  СБОРНИКА  ДОКЛАДОВ
Хантадзе Джумбер  Варламович   (Главный редактор)
Габуния Дементий Львович
Рамазашвили Дали Ревазовна
Чхартишвили Леван Сандроевич

saerTaSoriso konferencia `araorganuli masalaTmcodneobis Tanamedrove teqnologie-

bi da meTodebi~ organizebulia SoTa rusTavelis erovnuli samecniero fondis finansuri 

mxardaWeriT (proeqti #05/01). moxsenebaTa krebuli gamocemulia proeqtis farglebSi da 

warmoadgens mis ganuyofel nawils. 

International Conference “Modern Technologies and Methods of Inorganic Materials 
Science” is organized by fi nancial support of the Shota Rustaveli National Science Foun-
dation (Project  #05/01). Proceedings are published within the project framework and are 
its part and parcel.

Международная конференция «Современные технологии и методы неорганического 
материаловедения»  организована при финансовой поддержке Национального научного 
фонда Шота Руставели  (Проект #05/01).  Сборник докладов издан в рамках проекта и 
является ее неотъемлемой частью.



 4

winasityvaoba

araorganul masalaTmcodneobis problemebze saerTaSoriso konferenciis Catarebis 

da am RonisZiebis cnobili metalurgisa da masalaTmcodnis akademikos ferdinand 

TavaZis dabadebidan 100 wlisTavisadmi miZRvnis idea warmoiSva oriode wlis winaT. 

ganvlil periodSi ferdinand TavaZis metalurgiisa da masalaTmcodneobis instituti, 

rogorc am Canafiqris erTerTi mTavari iniciatori, atarebda konsultaciebs cnobil 

ucxoel kolegebTan. es iniciativa mowonebuli da mxardaWerili iqna amierkavkasiis, 

israelis, ukrainis, ruseTis da AaSS masalaTmcodneobis samecniero centrebis mier. 

krebulis moxsenebaTa CamonaTvali advilad daarwmunebs mkiTxvels am konferenciaSi 

monawile samecniero centrebis respeqtabelurobaSi.

konsultaciebis procesSi Camoyalibda konferenciis  miznebi Dda amocanebi: Cven 

unda gagveanalizebina problemebi, gangvexila uaxloesi Sedegebi, gamogvemJRavnebina 

Cveni samecniero da teqnikuri potenciali araorganuli masalaTmcodneobis sferoSi 

saerTaSoriso proeqtebSi misi ufro efeqturi gamoyenebisaTvis. ganisazRvra 

agreTve krebulis formatic – TiToeuli moxsenebis gasaSuqeblad da detraluri 

ganxilvisaTvis  gamoiyo 15 gverdamde.

konferenciis Tematika fokusirebulia heterogenuli masalebis miRebis 

teqnologiaze, Tumca uyuradRebod ar aris datovebuli specialuri daniSnulebis 

foladebi da Senadnobebi, koroziuli mdgradobis sakiTxebi, neitronuli 

gamosxivebisagan dacvis problemebi da sxva.

qarTul mxares am konferenciaze warmoadgens ferdinand TavaZis metalurgiisa 

da masalaTmcodneobis instituti, saqarTvelos teqnikuri universiteti, sadac 

ferdinand TavaZis mier dawyebuli iqna kvlevebi araorganuli masalaTmcodneobis 

problemaTa sferoSi, agreTve elefTer andronikaSvilis fizikis instituti da 

giorgi wulukiZis samTo saqmis instituti, sadac am sakiTxebze aqtiurad muSaoben.

amgvarad,  mkiTxvelis samjavroze gamogvaqvs Cveni erToblivi naSromi. vimedovnebT, 

rom msgavsi Sexvedrebi TbilisSi gaxdeba tradiciuli da Cven yvelani erTad SevZlebT 

SevitanoT Cveni mokrZalebuli wvlili masalaTmcodneobis ganviTarebis saqmeSi – 

mecnierebisa, romelic ekologiur da biosamedicino samecniero mimarTulebebTan 

erTad gansazRvravs kacobriobis momavals 21-e saukuneSi. 

orgkomitetis Tavmjdomare

giorgi TavaZe
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FOREWORD

The idea to hold an International Conference on problems of inorganic materials science 
and dedicate it to 100th anniversary of eminent Georgian metallurgist and materials scientist 
Academician of the Georgian Academy of Science Ferdinand Tavadze has emerged couple of 
years ago. Over the past period, the F. Tavadze Institute of Metallurgy and Materials Science – one 
of main originators of this intention – conducted consultations with famous foreign colleagues. 
The initiative was endorsed and supported by the materials science centers of Transcaucasia, 
Israel, Russia, Ukraine and USA. The list of presentations included in the Proceedings easily 
convinces the reader to the respectability of research centers participating in the Conference.

In process of above mentioned consultations, it have been formulated aims and tasks of 
our Conference – we have to analyze existing problems, discuss recent results, expose our 
scientifi c and technological potentials in fi eld of inorganic materials science aiming to achieve 
its more effective use in international projects. It was determined the format of the conference 
proceedings – up to 15 pages for each paper with detailed description and thorough discussion 
of a topic.

The scope of the Conference is focused not only on technologies of heterogeneous 
materials, but also steels and alloys for special purposes, issues of corrosion resistance, problem 
of protection against neutron radiation, etc.

At the Conference, the Georgian side is represented by F. Tavadze Institute of Metallurgy 
and Materials Science, Georgian Technical University, where Ferdinand Tavadze had 
originally initiated his research in fi eld of problems of inorganic materials science, and also E. 
Andonikashvili Institute of Physics and G. Tsulukidze Mining Institute successfully developing 
same direction.

So, after fi nishing we offer our collective work to the reader. We hope that such meetings 
in Tbilisi will become traditional and we all together will make our feasible contribution to the 
development of materials science, which together with environmental and biomedical issues 
determine the future of Mankind in the 21st  century.

Chair oh the Organizing Committee

Giorgi Tavadze
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ПРЕДИСЛОВИЕ

Идея провести Международную конференцию по проблематике неорганического ма-
териаловедения и посвятить это мероприятие 100 летию со дня рождения известного 
грузинского металлурга-материаловеда, академика АН Грузии, Фердинанда Несторови-
ча Тавадзе, возникла пару лет назад. За прошедший период Институт металлургии и ма-
териаловедения им. Ф.Н.Тавадзе, который является одним из главных инициаторов это-
го замысла, вел консультации с известными зарубежными коллегами. Инициатива была 
одобрена и поддержана научными материаловедческими центрами  Закавказья, Израиля, 
Украины, России и США. В респектабельности научных центров, участвующих в  кон-
ференции, читателя легко убедит перечень докладов сборника. 

В процессе консультации были сформулированы цели и задачи нашей конференции: 
мы должны проанализировать проблемы, обсудить новейшие результаты, выявить наш 
научный и технологический   потенциал в сфере неорганического материаловедения с 
целью его более эффективного использования в международных проектах. Был установ-
лен    также формат предполагаемого сборника трудов конференции. Каждому докладу 
уделяется до 15 страниц для подробного и обстоятельного  обсуждения каждого вопроса.

Тематика конференции сфокусирована на технологии получения гетерогенных мате-
риалов, хотя без внимания не остались стали и сплавы специального назначения, вопро-
сы коррозионной стойкости, проблема защиты от нейтронного излучения и др.

Грузинскую сторону на этой конференции представляют: Институт металлургии и 
материаловедения им. Ф.Н.Тавадзе, Грузинский технический университет, где Ферди-
нандом Несторовичем были начаты исследования в области проблем неорганического 
материаловедения, а также Институт физики им. Э.Л.Андроникашвили и Институт гор-
ного дела им.  Г. А. Цулукиде, успешно развивающиеся в этом направлении.

Закончив работу, мы выносим наш коллективный труд на рассмотрение читателя.
Надеемся, что подобные встречи в Тбилиси станут традиционными,  и мы все вместе 

внесем наш скромный вклад в дело развития материаловедения, науки, которая совмест-
но с экологическими и биомедицинскими проблемами определяет будущее человечества 
в XXI веке.

Предсдетатель оргкомитета
Гиоргий Тавадзе
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СВС-МЕТАЛЛУРГИЯ: НАУКА И ПРАКТИКА 
В.И. ЮХВИД 

 
1. СВС-металлургия, введение 

 
Первые работы по СВС-металлургии тугоплавких неорганических материалов были 

опубликованы автором с коллегами в 1975–1980 гг. [1–4]. В этих работах были 
сформулированы основные направления фундаментальных и прикладных исследований, в 
том числе наплавка защитных покрытий и центробежное получение труб. В независимых 
исследованиях в 1980–1982 гг. О.Одавара с коллегами (Япония) провел исследование 
горения железо-алюминиевого термита и разработал технологию получения труб 
большого размера. В 1990 году С. Вуйтицкий (США) сконструировал радиальную 
центробежную установку и провел первые эксперименты по получению литых твердых 
сплавов на основе карбида вольфрама. Позднее центробежная СВС-технология получила 
развитие в работах S.G. Zhang, X.X. Zhon, S. Yin и др. (Китай) и G. Cao (Италия) с 
сотрудниками и др. 

 В настоящее время в исследованиях по СВС-металлургии принимают участие 
Россия, Армения, Казахстан, Грузия, страны Европы, США, Япония, Турция и др. Работы 
проводят по следующим направлениям: 

 фундаментальные исследования (эксперименты, термодинамические расчеты, 
моделирование процессов) 

 прикладные исследования (синтез важных для практики тугоплавких материалов, 
наплавка защитных покрытий, получение изделий) 

 промышленная реализация (совместные разработки с предприятиями) 
Для выполнения исследований осуществляется проектирование и изготовление установок, 
создание новых методик исследования и опытных технологий. 
 Доклад посвящен обзору основных резултатов полученных к настоящему времени 
в исследованиях по СВС-металлургии [1–20]. 

 
1.1. Схемы химического превращения исходной смеси в конечные продукты 
В СВС-металлургии в качестве исходного сырья используют смеси порошков одного 

или нескольких оксидов металлов с восстановителем (Al, Mg, Ti и др.) и неметаллом (С, 
B, S и др.), способные к горению. Наиболее часто в качестве восстановителя используют 
алюминий. Перед началом горения смеси помещают в тугоплавкие формы (из кварца или 
графита) и уплотняют. Обычно горение смеси инициируют электрической спиралью, 
которая разогревает поверхностный слой смеси до температуры воспламенения. После 
воспламенения формируется фронт горения, который распространяется по смеси. 

Во фронте горения протекает химическое превращение исходной смеси в конечные 
продукты. В общем виде схему химического превращения, можно записать в виде: 

 νi Ai + ν2 R + ν3 B  ν4 C + 5 RхOу + примеси, 
где Ai – оксид металла, R – восстановитель, B – неметалл, C – соединение, RхOу – оксид 
восстановителя. Примеси могут быть конденсированные (остатки исходных реагентов) 
газообразные (пары и субоксиды). Ниже приведены примеры реакций.  

WO3 + 2Al + C  WC + Al2O3 
3MoO3 + 6SiO2 + 14Al  3MoSi2 + 7Al2O3 
3NiO +2Al + 3B  3 NiB + Al2O3  

Высокая температура горения термитных смесей (до 3000–4000 0С) приводит к 
плавлению исходных реагентов и продуктов горения. Под действием гравитации 
происходит сепарация расплавов металлической и оксидной фаз продуктов горения. 
Высокая температура горения приводит также к интенсивному газообразованию и 
разбросу расплава при атмосферном давлении. Повышенное давление и центробежное 
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воздействием позволяют подавить разброс, поэтому СВС-металлургию осуществляют в 
реакторах под давлением газа или центробежных установках. 
 

1.2. Феноменология СВС-металлургии 
Исследования показали, что процесс СВС-металлургии протекает стадийно. Можно 

выделить 3 основные последовательные стадии, рис.1. На первой стадии происходит 
горение, продуктом которого является двухфазный расплав. В двухфазном расплаве капли 
металлической фазы распределены в оксидной среде. На второй стадии, вследствие 
разницы в удельных весах, под действием поля тяжести осуществляется сепарация 
металлической и оксидной фаз (фазоразделение). На третьей стадии продукты горения 
остывают и кристаллизуются. 

 

u
V

2

Исходная 
смесь

Продукты 
горения

1

1
2

2

 
        а)    б)          в) 

Рис. 1. Основные стадии СВС-металлургии: горение и химическое превращение (а), 
гравитационное фазоразделение (б), остывание и формирование кристаллической 
структуры (в), (1) – оксидная фаза, (2) – металлическая фаза. 
 
 Горение в высококалорийных смесях оксидов металлов с восстановителями и 
неметаллами при атмосферном давлении сопровождается сильным разбросом продуктов 
горения и протекает во взрывоподобном режиме. Повышенное давление газа (аргона, 
азота, воздуха) и перегрузка (центробежное воздействие) подавляет разброс. 

После горения, гравитационной сепарации металлической и оксидной фаз, 
последующего и охлаждения продукты горения имеют вид двухслойного литого 
цилиндра, с четким разделением металлического и оксидного слоев. Общая высота слоев 
в 3–4 раза меньше, чем высота слоя исходной смеси, поскольку плотность литых 
продуктов выше плотности исходной смеси. 

 
2. Закономерности СВС-металлургии: управление процессом, составом и структурой 

продуктов синтеза 
В СВС-металлургии эксперименты проводят в лабораторных реакторах под 

давлением азота или аргона от 0,1 до 10 МПа и центробежных установках в интервале 
перегрузок от 1 до 1000 g. 

 
2.1. Закономерности горения 

Горение высококалорийных смесей оксидов металлов с восстановителями и 
неметаллами при атмосферных условиях сопровождается сильным разбросом расплава и 
протекает во взрывоподобном режиме. Повышенное давление газа (аргона, азота, воздуха) 
и перегрузка (центробежное воздействие) подавляет разброс. Горение протекает во 
фронтальном режиме. Средняя линейная скорость горения составляет от нескольких 
миллиметров до нескольких сантиметров в секунду. Скорость перемещения фронта 
горения можно изменять в несколько раз, варьируя давление, перегрузку, дисперсность 
реагентов и соотношение реагентов в смеси. 

С ростом давления и перегрузки скорость горения смесей термитного типа, как 
правило, возрастает по степенному закону. В ряде случаев эти зависимости имеют более 
сложный характер. 
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Феноменология горения существенно зависит от дисперсности реагентов. В 
большинстве экспериментов дисперсность реагентов термитных смесей составляет от 1 до 
нескольких микрометров. Наблюдения и видеосъемка показали, что горение смесей с 
размером частиц реагентов от 1 до нескольких микрометров протекает в устойчивом 
режиме с практически плоским фронтом, который перемещается по смеси с постоянной 
скоростью.  
 С увеличением дисперсности алюминия и неметаллов (углерод, бор и кремний) до 
0,1–1,0 мм фронт горения становится неровным. В процессе перемещения форма фронта 
непрерывно меняется, однако неровности фронта существенно меньше высоты таблетки. 

Характер влияния размера частиц восстановителя (алюминия) и неметалла 
(углерода и бора) на скорость горения противоположный: с ростом размера частиц 
алюминия скорость горения убывает, а с ростом размера частиц неметалла – возрастает. 

 
2.2. Закономерности фазоразделения 

Полнотой выхода «металлической фазы» (карбидов, боридов, твердых сплавов и 
т.д.) в слиток можно управлять за счет воздействия на процесс сепарации фаз перегрузкой 
и охлаждения двухфазного расплава инертными добавками. Это позволяет получать три 
класса материалов: разделенные, градиентные (частично разделенные) и керметные 
(перемешанные). Все три перечисленные возможности нашли использование в практике. 

На рис. 2 представлены примеры управления полнотой сепарации металлической и 
оксидной фаз от полного разделения до полного неразделения. Эти подходы 
универсальны и используются для широкого круга смесей. 

 
1 2 3 

 
        а)          б) 
Рис. 2. Полнота фазоразделения (а) и  макроструктура продуктов горения ( б): 1 – 

полное разделеление (два слоя), 2 – частичное разделение (градиентная структура), 3 – 
полное неразделение (керметная структура) 
 

2.3. Закономерности формирования химического состава литых продуктов 
В общем случае при горении образуются три фазы: высокотемпературный расплав, 

диспергат и газообразные продукты. После кристаллизации расплава, для случая полного 
фазоразделения образуется двухслойный слиток, в котором металлическая фаза и 
оксидная четко разделены. 

Для примера, химический состав фаз, формирующийся при горении смеси оксидов 
хрома, титана и никеля с алюминием и углеродом представлен на слайде, рис.3. 

 

а) б) в) г)

ai, вес. % ai, вес. %

t, мин

ai, вес. % Интенсивность

 
Рис. 3. Химический состав конечных продуктов горения смеси CrO3–TiO2–NiO–Al–

C + αCr2O3 а) металлический слой; б) оксидный слой; в) «диспергат»; г) газовая фаза 
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Каждая из фаз содержит весь набор исходных элементов, но массовые доли их 
различны. Металлическая фаза содержит главным образом хром, титан, никель и углерод, 
а в качестве основной примеси – Al. Окисный слой и диспергат имеют схожий состав и 
состоят в основном из Al2O3. Хроматографический анализ показал, что газовая фаза 
продуктов горения в атмосфере аргона содержит после охлаждения CO. Субоксиды, 
образующиеся согласно термодинамическому расчету при горении, конденсируются (с 
последующим разложением) на холодной стенке реактора 

Оптимизация состава исходной смеси и дисперсности реагентов позволяет 
проводить синтез при атмосферном давлении получить расчетное содержание неметалла и 
понизить содержание примесного алюминия в металлическом слитке до 0,1–0,5 вес. % [8, 
9]. Следует отметить, что перегрузка оказывает противоположное воздействие на его 
содержание в слитке, в зависимости от дисперсности исходного углерода. 

 
2.4. Формирование фазового состава, макро- и микроструктуры литых продуктов 

Одним из главных факторов определяющим макроструктуру литого материала, 
полученного из термитной смеси, является степень гравитационной сепарации 
металлической и оксидной фаз. Выше было показано, что регулируя степень 
гравитационной сепарации можно получать три типа макроструктуры: 1 – двухслойную 
структуру с четким разделением металлического и оксидного слоев, 2 – керметную 
структуру, в которой металлическая фаза распределена в виде частиц в окисной матрице, 
3 – градиентную структуру, в которой часть металлической фазы выделилась в слой, а 
часть распределена в оксидной матрице.  

Микроструктура каждого из трех материалов определяется химическим составом 
продуктов горения и условиями кристаллизации. В данном разделе основное внимание 
уделено формированию микроструктуры металлического слоя при полной сепарации 
металлической и оксидной фаз.  

Наиболее сложную микроструктуру имеют многокомпонентные композиционные 
материалы. Так, например, из расплава Ti–Cr–C–Ni–Al формируется матрица из Ni–Al, в 
которой распределены «крупные» пластины карбида хрома и «мелкие зерна» Ti–C, рис. 4. 

 
микрошлиф Ni Al

CrTiC

 
Рис. 4. Микроструктура и состав композиционного материала Ti–Cr–Ni–Al–C 
 

При введении в систему молибдена, он растворяется преимущественно в зернах 
карбида титана, которые принимают сферическую форму. Под влиянием перегрузки 
происходит сильное измельчение карбидных зерен, как на основе карбида хрома, так и на 
основе карбида титана, рис. 5. Аналогичное влияние перегрузки обнаружено для многих 
тугоплавких соединений и композиционных материалов на их основе.  
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50 мкм

 
          а)      б) 

Рис.5. Влияние перегрузки на микроструктуру композиционного материала Cr–Ti–
C–Ni–Mo ,(а – 1g, б – 1000g) 

 
3. Технологии и оборудование СВС-металлургии 

В процессе горения смесей оксида металла с восстановителем и неметаллом 
происходит химическое превращение исходной смеси, формируется двухфазный 
высокотемпературный расплав продуктов горение состоящий из «металлической фазы» и 
оксида металла восстановителя. Используя жидкофазное состояние продуктов синтеза, 
можно решать три класса прикладных задач и получать: 
 1 – литые тугоплавкие соединения и композиционные материалы; 
 2 – литые защитные покрытия; 
 3 – литые изделия. 

Для решения прикладных и практических задач спроектирован и изготовлен ряд 
технологических установок, (реакторы, центрифуги), позволяющих получать крупные 
слитки и изделия весом до 5–10 кг, наплавлять защитные покрытия. 

Технологическая схема подготовки, проведения синтеза и наработки партий 
продукции одинакова и включает: сушку, дозирование и смешение компонентов, засыпку 
в форму, синтез в реакторе, разборку формы и извлечения литого материала или изделия. 
При необходимости проводят механическую обработку слитков и изделий. Для синтеза 
используют порошки оксидов и металлов различной чистоты, в том числе и рудное сырье 
[10]. 

Предшествующие эксперименты в лабораторном реакторе на малых массах 
исходной смеси (от 20–30 г до 100–150 г показали влияние давления газа, состава смеси, 
дисперсности реагентов на характеристики процесса и химический состав продуктов 
горения). При синтезе крупных слитков влиянию обнаружено их аналогичное влияние. 
При переходе на большие массы (от 1 до 10 кг) в опытно-промышленных реакторах было 
выявлено сильное влияние масштабного фактора на параметры процесса и состав 
продуктов синтеза. Так, на примере получения карбида хрома обнаружено, что с ростом 
массы исходной смеси полнота фазоразделения и содержание углерода в слитке заметно 
возрастают. При этом давление в реакторе возрастает от начального PН = 4 МПа до 
конечного P = 120 МПа. Изменение химического состава крупных слитков требует 
корректировки исходной смеси, а рост давления ограничивает массу исходной смеси в 
реакторе. 

Экспериментальные исследования показали, что при сжигании 
высокотемпературных смесей оксидов с алюминием и неметаллами под давлением газа на 
поверхности стального образца, рис. 6, формируется литое покрытие, равномерно 
распределенное и прочно сцепленное с основой. На равномерность растекания по основе 
оказывают влияние масса исходной смеси, температура ее горения, давление газа и т.д. 
Минимальная толщина СВС-покрытий составляет 2–3 мм, а максимальная толщина 
зависит от соотношения масс основы и слоя шихты и ограничена расплавлением образца. 
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СВС-шихта

стальная основа

 
    а)       б) 
Рис. 6. Схема наплавки (а) под давлением газа твердых сплавов на стальные основы (б) 

 
Методом СВС-наплавки получен широкий круг покрытий из твердых сплавов на 

основе карбидов и боридов металлов, интерметаллидов, нержавеющей стали и др. 
Металлографический анализ наплавленного (хром-титановый карбид с никелевой 
матрицей) образца выявил 3 зоны: собственно покрытие, переходная зона и стальная 
основа. Покрытие содержит карбидные фазы, распределенные в матрице на основе Ni.  

Зерна карбидных фаз имеют высокую микротвердость, от 12000 до 25000 MPa. 
Рентгенофазовый и локальный рентгеноспектральный анализ покрытий выявили 
следующий состав структурных составляющих: 

 зерна карбидных фаз – TiC (раствор), Cr3C2, (Cr,Fe)7C3.  
 матрица-раствор Fe, Cr, Ti в Ni 
Очевидно, что Fе попадает в покрытие из основы. Его содержание составляет от 10 

до 30 вес. %. Элементы, входящие в состав литого покрытия, равномерно распределены 
по его высоте, рис.7. Под воздействием перегрузки можно осуществить наплавку тонких 
(до 1 мм) покрытий, в которых содержание железа не превышает 5–6 вес. % [11]. 
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Ti
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Рис. 7. Интегральное распределение элементов и твердости  (HRA)  по высоте 

покрытий на стальной пластине 
 
СВС-металлургия в центробежных установках позволяет решать широкий спектр 

прикладных задач, таких как: 
 получение тугоплавких соединений и композиционных материалов из смесей 
термитного типа с низким тепловым эффектом, а также для случая, когда удельные 
веса металлической и оксидной фаз близки; 

 фильтрационная СВС-пропитка расплавами металлов высокопористых продуктов 
горения элементных смесей; 

 получение изделий цилиндрической и трубчатой формы, нанесение защитных 
покрытий в трубах и т.д. 
Технологические эксперименты на осевой центробежной машине показали, что в 

поле центробежных сил можно получать литые трубы из высокотемпературных СВС-
расплавов, а также формировать защитные покрытия внутри стальных труб. СВС-процесс 
осуществляют в графитовых цилиндрических формах или стальных рубах в режиме 
установившегося вращения. В зависимости от величины перегрузки и состава смеси и 
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степень разделения окисной и металлической фаз можно менять и получать двухслойные, 
градиентные и керметные трубы. 

 
4. Продукция СВС-металлургии и ее использование для решения практических 

задач 
После синтеза и фазоразделения металлический и оксидный продукты СВС-

металлургии имеют вид литых слоев с четкой границей между ними и легко разделяются. 
Прочные сплавы и композиционные материалы могут быть использованы для 
изготовления изделий. Хрупкие карбиды, бориды, силициды, оксиды и др. измельчают на 
дезинтеграторах и классифицируют. Измельченные материалы являются сырьем для 
различных задач порошковой металлургии. В настоящее время разработаны опытные 
технологии и технологические регламенты на широкий круг литых материалов и 
порошков из них.  

 
4.1. Применение СВС-материалов в авиационном двигателестроении 

Для повышения ресурса и обеспечения конкурентоспособности отечественных 
газотурбинных двигателей (ГТД) необходимо создание новых жаростойких сплавов, а 
также технологий изготовления деталей двигателей из них. Наиболее сильное 
разрушающее воздействие в ГТД испытывают лопатки турбины, которые имеют сложные 
внешнюю форму и геометрию внутренней полости, рис. 8. Полые лопатки турбин 
изготавливают методами литья в корундовых формах. Жаропрочные сплавы вступают в 
химическое взаимодействие со стенками форм, что приводит к образованию дефектного 
слоя (брака). Для формирования полости используют формообразующие стержни, 
удаление которых после заливки представляют сложную задачу. 

 

 
    а)     б) 

Рис. 8. Литые полые лопатки ГТД из промышленных суперсплавов на никелевой 
основе, (а) – внешний вид, (б) – внутренняя полость сложной формы 

 
Жаростойкие сплавы. В настоящее время жаростойкие материалы используют в 

авиационном и морском двигателестроение (ГТД), производстве электроэнергии, 
магистральном транспорте нефти и газа (ГТУ). Проводятся работы по созданию ГТУ для 
железнодорожного транспорта и т.д. Эффективность и долговечность таких агрегатов во 
многом зависит от качества используемых жаростойких материалов (физико-химических 
характеристик). Для разработки новых многокомпонентных сплавов на основе 
алюминидов кобальта и никеля с легирующими добавками Cr, Nb, W, Mo, Ti, C, Si и др. 
была использована центробежная СВС-технология, рис. 9. В качестве исходной шихты 
использовали смеси оксидов с неметаллами и алюминием. Оптимизация состава исходных 
смесей, уровня перегрузки позволила получить СВС-сплавы, близкие по химическому 
составу промышленным жаростойким авиационным сплавам. 
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40 мкм
 

         а)           б)          в) 
Рис. 9. Опытная центробежная СВС-установка (а), слитки жаропрочных сплавов на 

основе кобальта и никеля (б), микроструктура слитков (в). Масса слитка 5,0–6,0 кг. 
 
При одинаковом химическом составе сплавы имеет различную структуру. 

Промышленный сплав неоднороден по объему, имеет крупные (до 100 мкм) включения 
упрочняющих фаз (карбидов Nb, Сr и интерметаллидов). Напротив, СВС-сплав имеет 
однородную по объему структуру и малый размер упрочняющей фазы. Размер 
структурных составляющих уменьшился более чем в 10 раз и имеет в своем составе 
наноструктурные составляющие, рис.9 в. 

Такое заметное отличие микроструктуры обусловлено особенностями процесса 
СВС (высокая температуры синтеза  2500 0С и интенсивное перемешивание 
металлического расплава обусловленного гравитационной конвекцией). 
Оксидные твердые растворы. В совместных исследованиях ИСМАН и ФГУП ММПП 
«Салют» было показано, что СВС-металлургия позволяет синтезировать литые твердые 
растворы на основе корунда с различным содержанием оксида хрома в них. Аналогичные 
результаты были получены при синтезе литых твердых растворов на основе кварца с 
различным содержанием оксида хрома в них. Испытания показали, что оба материала 
имеют высокую стойкость к высокотемпературным металлическим расплавам на основе 
никеля и могут быть использованы для изготовления литейных форм и формообразующих 
стержней в производстве лопаток газотурбинных двигателей. Детальные исследования 
выявили, что первый материал, Al2O3×Cr2O3, является перспективным для изготовления 
литейных форм, позволяющим значительно повысить качество лопаток ГТД из сплава 
ЖС6У: 

 чистоту поверхности с 5–6 до 6–7 класса; 
 размер зерен в стенке лопатки в 4–6 раз; 
 прочность материала отливки – на 20 %. 
Второй материал, SiO2×Cr2O3, является перспективным для изготовления литейных 

стержней, формирующих полости в лопатках ГТД. Этот материал имеет уникальную 
аморфную структуру, хорошо спекается и имеет следующие преимущества перед 
промышленно используемым корундом: 

 большую прочность (на 10 %); 
 меньший к.т.р. (в 10 раз); 
 легко удаляется из лопатки щелочью.  

  
4.2. Порошки для нанесения защитных покрытий 

Покрытия получают методами плазменного и детонационного напыления, 
газотермической и электродуговой наплавки.  

Так для плазменного напыления используют порошки с дисперсностью 40–80 мкм, 
а для наплавки – до 300 мкм. При изготовлении наплавочных лент и проволок диапазон 
дисперсности порошков может быть существенно шире. В связи с этим было предпринято 
исследование процесса измельчения слитков СВС-материалов. 
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Измельчение литых СВС-материалов их осуществляют в две стадии. На первой 
стадии слитки пропускают через щековую дробилку и получают крупные гранулы, а на 
второй – измельчают гранулы на установке в шаровых мельницах, с последующей 
классификацией. Наиболее легко измельчению поддаются хрупкие материалы: карбиды, 
бориды и силициды. При введении в состав литого материала связки измельчение 
усложняется, а при достаточно большом ее содержании оно становится невозможным. 
Для таких материалов необходимы другие, более жесткие методы измельчения. 

Ряд литых СВС-материалов прошли испытания в качестве основы для защитных 
покрытий. Характеристики покрытий приведены в табл. 1. 
 
Таблица 1. Характеристики газотермических покрытий. 
 

Материал 
покрытия 

Прочность 
сцепления, 
*10-7, н/м2 

Пористость,% Микротвердость 
Н 10-7, н/м2 

Толщина 
покрытия, мкм 

Cr3C2–Ni  8–10 1500 350 
Cr3C2–Ni–Al 5,6 5–10 2500 - 

Cr–Ti–Si 1,2 6–7 700–1050 350 
Розовый корунд 1,3–2 3–12 2100 350 

 
Покрытия имеют высокие свойства и могут существенно повысить ресурс деталей, 

которые используют в условиях интенсивного изнашивания. 
 

4.3. Гранулы с высокой каталитической активностью 
Метод СВС-металлургии с последующей химической активацией был использован 

для создания новых каталитических материалов – полиметаллических сплава Ni–Co–Fe–
Mn–Al с высокоразвитой поверхностной структурой Ренея. Эти катализаторы показали 
высокую эффективность для решения экологической задачи по нейтрализации продуктов 
сгорания углеводородных топлив. 
 При горении углеводородных топлив образуются экологически вредные примеси: 
монооксид углерода, различные углеводороды и окислы азота. Для их нейтрализации 
используют благородные металлы – платину, рутений и палладий. Благородные металлы 
имеют высокую каталитическую активность, являются эффективными нейтрализаторами, 
но очень дороги, поэтому их замена на полиметаллические сплавы при сопоставимой 
каталитической эффективности является перспективной задачей. 

Создание полиметаллических катализаторов решали в три этапа: 1 этап – 
автоволновой синтез слитков многокомпонентных интерметаллидов на основе никеля с 
высоким содержанием Al; 2 этап – получение полиметаллических гранул дроблением 
слитка, 3 этап – выщелачивание Al из сплава и создание высокоактивной скелетной 
структуры. 

После выщелачивания поверхность гранул приобретала уникальную 
наноразмерную структуру Ренея. Исследования показало высокую каталитическую 
активность полученных гранул, соизмеримую с активностью платиновых катализаторов. 
Полная конверсия монооксида углерода и пропана достигалась уже при температуре 300 
0С. 

Фильтры на базе полиметаллических гранул в настоящее время используется в 
городском хозяйстве Москвы на резервных энергетических дизельных установках, с целью 
обеспечения экологической безопасности города. 

 
4.4. Многослойные материалы и литые защитные покрытия 

Метод СВС-наплавки защитных покрытий из твердых безвольфрамовых твердых 
сплавов был эффективно использован для повышения ресурса деталей, работающих в 
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условиях интенсивного трения и износа (лопаток смесителей в производстве огнеупорных 
кирпичей, долот машин для дорожного строительства и деталей сельскохозяйственных 
машин для обработки почвы и др.). Наплавленные СВС-покрытия имеют высокую 
твердость и износостойкость, существенно превышающие эти характеристики 
промышленных наплавленных покрытий. 

 
Табл.2. Сопоставление ресурса СВС-наплавки и аналога. 

Наименование деталей Материалы наплавленного 
СВС слоя и аналога 

Повышение ресурса 
 

Лопатка смесителя 
 

Долото 
 

Полевая доска 
 

Лемех 
 

Клапан криогенной 
установки 

Cr–Ti–C–Ni–Mo 
Ст. Г–35 

Cr–Ti–C–Fe 
Сормайт 

Cr–Ti–C–Fe 
Сормайт 

Cr–Ti–C–Fe 
Сормайт 

Cr–Ti–C–Ni–Mo 
Ст. 4011 

20 
 

3–5 
 

2,4–2,8 
 

2,7–3,0 
 

15 
 

 
Испытания различных деталей с СВС-наплавкой в промышленных условиях 

показал, что их ресурс возрастает от 3–5 до 15–20 раз, табл.2. 
 

4.5. Литые трубы 
 В середине 70-х годов создатели СВС-металлургии показали возможность 
получения двухслойных труб и защитных покрытий в трубах, используя центробежную 
СВС-технологию, рис. 10. 
 

 
Рис. 10. Схема трубной  центробежной СВС-установки, (1) – электрический мотор, 

(2) – тахометр, (3) – ротор, (4) – СВС-продукт (труба), (5) – поджигающая спираль, (6) –
коллектор 

 
Металлокерамические (керметные) трубы были испытаны в качестве металлопроводов и 
показали хорошие результаты, табл.3. 
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Таблица 3 Результаты испытаний литых керметных металлопроводов из Al2O3–Ti–C–Fe 
 

Параметры Вид расплава 
испытаний Силумин Бронза Чугун 

Температура расплава, К 990–1030 1470 1620–1650 

Начальный нагрев провода, К отсутствует 750–780 отсутствует 

Время выдержки в 
расплаве, мин 

45 45 5 

Количество циклов 12 6 1 

Вид разрушений 
после испытаний 

не обнаружено раковины не обнаружено 

 
В последние годы ИСМАН совместно с Трубным завод «Строй-Профиль» была 

разработали опытную СВС-технология получения защитных покрытий в стальных трубах, 
используя в качестве исходного сырья отходы металлургического производства. 

Объектами исследований были выбраны стандартные, промышленно выпускаемые 
сварные трубы с диаметром 57 мм, 76 мм и 108 мм и 220 мм. Для каждого из трех типов 
труб были определены оптимальные условия нанесения защитных износостойких 
покрытия из корунда толщиной от 5 до 15 мм, рис. 11. 

 

 
 Рис. 11. Литые двухслойные трубы, полученные в центробежной СВС-установке 

 
Испытания двухслойных труб с внутренним слоем из литого корунда на стенде при 

длительном истирании абразивной суспензией показали, что их износостойкость в 20–30 
раз выше, чем у стальных труб. 
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Some New Methods for Quantitative Determination of Rates of Fast
Reactions in Condensed Systems

Alexander Shteinberg

Abstract
The quantitative determination of main characteristics of very fast reactions is

extremely important for chemical engineering and metallurgy. The main obstacles limiting
the use of classical methods of thermal analysis for the study of kinetics of fast high -
temperature reactions in condensed systems (homogeneous and heterogeneous) are spatially
non-isothermal temperature distribu tion in the heated sample and its self -ignition. This is
especially true for so-called energetic materials and their components. To get round these
difficulties, two methods called “mechanical dilution” and “thermal dilution” of the studied
energetic material with inert material were developed by the author and used in practice.
"Mechanical dilution” is used at the study of homogeneous energetic materials. In this
method, a sample consisting of 1% of the energetic material and 99% of chemically inert
material is placed into a reaction cell, while the reference cell is filled with the inert material
only. In the method of “thermal dilution”, a thin layer of energetic material is pressed
between ends of metal cylinders with masses significantly exceeding a mas s of the sample
thin layer. Then the cells are placed into a standard thermal analysis device.

In the first part of this article, some experimental and theoretical data on kinetics of
fast high-temperature decomposition of some typical homogeneous and hete rogeneous
energetic materials (ammonium perchlorate and solid rocket propellants) are given. In a
number of cases, kinetic constants of fast reactions dominating at high temperatures were
shown to significantly differ from those of low -temperature reactions.

The second part of this article deals with an absolutely new method of non-isothermal
kinetics – electrothermal analysis (ETA).

By using high-speed multichannel optic pyrometer the surface temperature of the
mixture undergoing exothermal reaction at d eveloping gasless thermal explosion in it is
measured as a function of time. After an electro-conductive sample is warmed-up due to
Joule heating its extremely rapid adiabatic self -heating is sustained as a result of the
following vigorous chemical reactio n. This method has been used for the study of kinetics of
fast high-temperature reactions occurring under conditions similar to those of combustion and
explosion in the systems of so -called gasless combustion (thermits and numerous
SHS/combustion synthesis-systems).

Due to application of this method in the new TA -instrument ETA-100 (allowing one
to measure kinetic data at the temperature up to 3800 K with a time step as short as 0.1 ms,
i.e. for full conversion times as short as 10 –3s) some important patterns of mechanisms of
gasless combustion and explosion in the powder and multilayer SHS -mixtures (Ni + Al, Ti +
C, Ta + C, Ti + B, and others) were identified.

Key words: kinetics, ignition, combustion, explosives, propellants

Information about patterns , mechanisms and kinetic parameters of high -temperature
decomposition of EM (that includes all explosives, pyrotechnic compositions, gun powders,
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and modern solid, liquid, and hybrid rocket propellants) is of large importance for
scientifically founded solution of many practical tasks associated with their production and
application. For theoretical analysis by using main expressions of the theory of stationary and
non-stationary combustion of solid propellants as well as for practical applications, kinetic
constants of fast high-temperature decomposition of components and compositions of solid
and hybrid propellants are of special importance. Extrapolation of low -temperature kinetic
data into a high-temperature region gives the values for the burning surfac e temperature
which drastically disagree with experimental data obtained by thermocouple measurements.
Classical isothermal methods of chemical kinetics absolutely cannot be used for solution of
the mentioned tasks. Commercially available thermal analysis devises are not designed to
study reaction kinetics. So in the general case, one cannot clearly identify the heat exchange
conditions between the environment and the experimental cell based on its design. This
complicated the quantitative analysis of the e xperimental data and markedly decreases the
accuracy of the estimated kinetic parameters. To ensure low coefficient of heat exchange
between the sample and the thermostat and to equalize the temperature and at the same time
to decrease the self-heating an approach based on significant ballasting (“dilution”) of the
reactant was proposed. Two methods of dilution were developed: “mechanical” and
“thermal”. The basic experimental scheme and cells used in experiments with “mechanical”
and “thermal dilution” of reactive EM with heat conducting inert material are shown in Fig.
1.

The “mechanical dilution” is used for the study of decomposition kinetics for
homogeneous EM. In this case, a sample is blended with highly heat -conducting inert
material in the ratio M/m 100, where m and M are weights of the sample and the diluent. In
the “thermal dilution” method developed for the study of heterogeneous energetic materials, s
solid sample (about 0.5 mm thick) is pressed between the ends of two aluminum cylinders
placed into a cell with the shape of a cartridge case. Due to the efficient heat removal into the
aluminum cylinders, sample self -ignition at high rates of specific heat emission in the sample
accompanying its high-temperature decomposition does not take place.

This method allows one, on the one hand, to ensure spatial uniformity of heating of
the compound and, on the other hand, to exclude possibility of the sample self -ignition. Also
(that is extremely important), due to this method the interval of the tempera tures at which
behavior of energetic materials can be studied significantly widened to the region of high
temperatures characteristic for their combustion and explosion.

An approach for the calculation of the kinetic constants is given in [1, 2]. Here jus t the
resultant expressions are presented:
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where Q is the reaction thermal effect, m is the sample weight, K, the coefficient of heat
exchange between the cell and the furnace walls, S, the external surface of the cell, ΔT, the

DTA-signal,
t
TT

d
)(d , the rate of self-warming, mcell, the cell weight, C, heat capacity of

the cell material, , the conversion degree, α , the reaction rate, , the heating rate.

Figure 1 Experimental approach scheme and cells for DTA, TGA and DSC; A, C, -
“mechanical dilution”, B, D – “thermal dilution”; 1 – experimental cells, 2 – reference cells,
3 – sample, 4- differential thermocouples

This approach was used for the study of irreversible decomposition of ammonium
perchlorate (AP). The reaction was found to occur via two stages characterized by the same
value of the activation energy (125 kJ/mol) and preexponential factors different by a factor of
100. The first (fast) stage described by the first -order process finishes when the conversion
degree attains approximately 15 %. Kinetics of the second (slow) stage occurring in the
temperature range of 280–500oC can be described by equation

d /dt = k2(1– )0.5, (4)

where k2 = 5.9 106 exp(–129000/RT) s–1.

Decomposition patterns for heterogeneous materials were studied by the “thermal
dilution” method in a wide range of the conversion degree. The original thermograms for the
ammonium perchlorate–polystyrene mixture (AP–PS) obtained under thermal dilution are
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shown in Fig. 2. From the thermograms and the results of their analysis (Figs. 3 –5), one can
conclude that the decomposition of the AP –PS system occurs via two stages with total
thermal effect of 2.5±0.2 kJg -1. This conclusion is based on the monotonous change in the
effective activation energy as the conversion degree grows (Fig. 5).
The rate constants and the effective activation energy ( Ea1 = 133 kJ mol–1) of the
decomposition first stage ( < 0.15) are close to those of AP decomposition. The second -
stage reaction rate depends weakly on the conversion degree (0.4 < < 0.8), which is
characteristic of pseudo-zero order reactions.
In this case, the expression for the rate constant is

17.08.18
2

9600263000exp10 s
RT

k . (5)

Decomposition of mixtures of AP with almost all studied polymers (rubber resin,
polyurethane, polystyrene and others) was found to occur via two stages.

Figure 2 Thermograms of AP–PS decomposition at = 7.6 (1), 6.1 (2), 3.0 (3), 2.6 (4), 1.6
(5) and 1.1 (6) oC min–1
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Figure 3 Nonisothermal rate of AP–PS decomposition at = 7.6 (1), 6.1 (2), 3.0 (3), 2.6 (4),
1.6 (5) and 1.1 (6) oC min–1

Figure 4 Temperature dependence of the rate of AP –PS decomposition at = 0.1 (a), 0.3 (b),
0.5 (c) and 0.7 (d)
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Figure 5 Effective activation energy of AP–PS decomposition vs the conversion degree

In the first stage, polymer is oxidized by products of irreversible decomposition of
AP. At < 15 %, the kinetics of the reaction taking place in the mixture is similar to that of
the first (fast) stage of AP decomposition. In the second (slow) stage of decomposition of the
AP–polymer mixtures, the overall reaction rate is determined by the process of a complex gas
(product of irreversible decomposition of AP saturated with chloric acid vapors) formation.
The vapor pressure increases with increasing temperature. As a result, the activation energy
of the gross-process of high-temperature decomposition of AP -based solid propellant can be
expressed as a sum of the AP decomposition activation energy ( EaAP) and a half of the AP
dissociative sublimation heat ( H):

kJ/mol250211292/AP HEE aa . (6)

Some aspects of high-temperature decomposition of so -called volatile EM including
liquid nitrates, highly concentrated H 2O2, hydrazine and AP were thoroughly studied.
Simultaneously occurring volumetric irreversible reactions and phase transformations under
conditions of dynamic equilibrium at the interface (evaporation, in case of liqu ids, and
dissociative sublimation, in case of AP) are characteristic for macrokinetics of high -
temperature reactions in these EM. Processes of gas formation accompanying decomposition
of the volatile EM and their thermal explosion are shown to have differe nt character than
those of nonvolatile EM. Some instruments for determination of kinetic parameters and
critical conditions of thermal explosion of volatile EM are described in this work. Kinetic
parameters for homogeneous and heterogeneous (on surfaces of commonly used
constructional materials) decomposition of highly concentrated H 2O2 and hydrazine are
determined for a wide range of temperature and reaction rate. Experimental results on thermal
explosion of highly concentrated H 2O2 quantitatively confirmed the correctness of the theory
of thermal explosion of volatile EM developed by Shteinberg and Merzhanov [1].
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Figure 6 Experimental setup for the study of kinetics of EM high -temperature reactions by
the ETE method: 1 – sample, 2 – power transformer, 3 – optical system, 4 – Hamamatsu
photodiode set, 5 – PC

The second part of the presentation is devoted to electrothermal explosion (ETE) of
condensed EM [3-7] belonging to a class of gasless combustion systems (including various
mixtures used in self-propagating high-temperature synthesis/combustion synthesis and
thermits). Experiments on ETE are performed by using samples pressed from EM powders
and characterized by high electric conductivity. The fast electrical heating of the samples is
characterized by relative uniformity.
The design of an ETE experiment is schematically given in Fig. 6.

As soon as the heat-evolution rate due to high-temperature reaction in the reaction
mixture becomes comparable with the Joule heat generation rate the current is s witched off.
Due to a high reaction rate, further warming up of the sample occurs under adiabatic
conditions. This feature of ETE significantly facilitates calculation of effective kinetic
constants for super-fast high-temperature reaction responsible for combustion and explosion
parameters of corresponding composite EM.

Progress in theory and practice of ETE in various SHS -systems resulted in
development of a specialty instrument called electro -thermoanalyzer ETA-100 manufactured
by ALOFT, Berkeley (Fig. 7). Today this instrument allows one to measure kinetic
parameters of gasless reactions for a wide range of working temperatures (900 –3600K) at
reaction times as short as 100 s. Typical thermograms obtained by using ETA -100 for ETE
of a sample pressed from mechanically treated mixture of Al and Ni powders are shown in
Fig. 8a [7]. A 3D temperature profile taking place as combustion waves propagate from the
sample central part (with the maximum temperature caused by local thermal explosion)
towards its ends is shown in Fig. 8b. The numbers of 16 autonomous electron -optic channels
are indicated on the X-axis.
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Figure 7 Electron-optic unit of electro-thermoanalyzer ETA-100 (ALOFT, Berkeley, CA)

The distance between the adjacent channels corresponds to a 500 m vertical shift
along the surface of a cylindrical sample. Thus in this experiment the temperature profile as a
function of time was scanned every 1 ms for a sample surface section 8 mm long.

The switching off of the sample electrical heating is pr ogrammed, and a
corresponding mark appears on the thermogram. In the experiments illustrated by Fig. 8 (a, b)
the heating was switched off as soon as the average temperature in the sample cross -section
(channel 9) reached T = 1250 K. Data on kinetics of ve ry fast high-temperature reactions
occurring in the gasless combustion mode in the Ti + C (up to T = 3300 K), Ti + B (up to T =
3100 K) and some other systems obtained by ETE are given in [3 –7].

Data on kinetics of heat emission during high -temperature reaction in the Si + C
system (up to T = 2400 K) are presented in Fig. 9 as an Arrhenius plot.

The dependences correspond to two systems consisting of Si with the particle size 5
m – 16 m and C with the particle size 63 m (system 1) and 63 m – 90 m (system 2).

The activation energy of the silicon carbide synthesis for both systems was found to be Ea =
230 kJ/mol. This value is close to H = 245 kJ/mol characterizing the exponential growth of
the C solubility in liquid Si with increasing the temperature. Therefore it was concluded that
under these conditions the overall process rate is determined by the rate of C dissolution in Si
melt. Due to extremely high reaction rate at the temperatures exceeding the Si melting point,
ETE is the only method that can be used for determination of macrokinetic parameters of SiC
synthesis in this temperature region. Data on kinetic constants for this reaction at high
temperatures is of practical interest since this information can be used for development of
ETE-based techniques for fast synthesis of this valuable material.
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a

b

Figure 8 ETE of a sample prepared from the powder mixture Ni –Ni-clad Al performed in
ETA-100; distance between the channels 500 m, time step 1 ms, the temperature of joule
heating switch-off T = 1250 K; a – 2D thermogram, b – 3D thermogram [7]

The quantitative data on kinetics of fast high -temperature reactions in condensed EM
obtained by the ETE method provided new information about mechanism of gasless SHS. For
example, the limiting stage in macrokinetics of reactions in the Ni + Al and Ti + C systems
responsible for the rate of their SHS was found to be dissolution of refractory component
particles in the liquid phase of the low -melting component (but not reaction diffusion).
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Figure 9 Kinetics of heat emission at high -temperature interaction between Si melt and
graphite powders with different particle size values; 1 – system 1; 2 – system 2

Kinetics of the Ni + Al system was studied by using samples pressed from powders as
well as multilayer cylindrical samples tightly rolled from two -layer Ni/Al foil bands (Fig.
10a) [3]. At gasless combustion of the cylindrical samples the combustion rates were
measures and combustion wave temperature profiles were recorded by using a standard
experimental setup (Fig. 10b) [8].
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Figure 10 Multilayer sample (a; 1 – Al, 2 - Ni) and the experimental setup scheme (b; 3 –
nichrome heater, 4 – mica, 5 – thermocouples, 6 – electronic amplifier, 7 – oscillograph

The rate of gasless combustion wave propagation (SHS) was found to be determined
not by thermally activated solid -phase diffusion but by dissolution of the refractory reagent
particles in the second component melt weakly dependent on the temperature. In this case, the
combustion rate can be expressed as

15.0)ξ( dDU , (7)

where is the mixture thermal diffusivity, D, the diffusion coefficient in the melt, d, the
particle size (thickness of the layers) of the refractory component. Data on gasless
combustion of Ni + Al samples pressed from the powders as well as multilayer (laminated)
foil samples and ultrathin layers deposited in vacuum are summarized in Fig. 11. Almost all
points fall on a straight line with the slope giving the diffusion coefficient value. The
obtained D = 10–9 m2s–1 clearly indicates that liquid -phase diffusion rate determines the
system combustion rate. Similar studies for the Ti + C system [4, 15] brought out clearly that
this conclusion is valid for the most systems characterized by melting of one of the
components in the gasless combustion front.

This provides a simple explanation for paradoxically equal rates of gasless
combustion in the systems characterized by tremendous difference in parameters of reaction
(i.e. solid-phase) diffusion of the components.
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Figure 11 The effects of the particle size and refractory components layer thickness on the
combustion rate for powder and multilayer Ni + Al samples (1 – [8], 2- [9], 3 – [10],  4 – [11],
5 – [12], 6 – [13], 7 – [14])

Availability of information obtained by ETE allowed one to compare data on kinetics
of fast high-temperature reaction in the Ti + C system occurring under static conditions
(ETA-100) and under high-speed impact. Fast self -heating of the sample at high deformation
rates was studied. The ignition process was experimentally studied by using a ballistic system
of 14 mm in caliber [16, 17]. The sample temperature was measured by using an optical
system. The experimental setup is shown in Fig. 12a. Duraluminum bullet 1 ( g) was
brought up to speed of 1150 – 1300 m/s to hit then an ampoule containing sample 3 placed in
between 5.45 mm thick single -crystal sapphire glass 4 and 1 mm duraluminum disk 2. The
side surface of the sample was covered with a steel band. Radiation f rom the sample surface
was received by three optical fibers 5 calibrated with a standard light source. Optical signals
were transmitted through interfilters to photomultiplier tubes and then transformed into
electrical signals and detected by digital oscil loscopes. The time resolution of the detection
system determined by the clock rate of the oscilloscopes was 50 ns. The minimum reliably
detected temperature was about 1700 K. The measurement accuracy at temperatures above
2300 K was not less than 2 %. The samples (2 mm thick pressed pellets, the density of 2700
kg/m3) were prepared from a stoichiometric mixture of Ti powder (for 70 % of the particles
are of size dTi = 20 – 100
the chemical reaction on the sample self -heating some of the experiments were carried out in
the inert mixture of C black and Ni powder, Fig. 12b. The bullet rate was determined b y the
time of its flight between two contact pickups with an accuracy higher than 0.1 %. The
chemical reaction rate in this (dynamic) mode was found to be several orders of magnitude
higher than that under static conditions, Fig. 12c.

Some obtained data allow one to assume that the reaction kinetics under high -speed
impact is determined by absolutely different patterns and characterized by parameters which
differ from those of reaction occurring under static conditions. For the Ti + C system the
characteristic reaction time tr is close to tr = dTi/u, where u is the average rate of the mixture
deformation by high-speed impact [18].

The results of the direct comparison of kinetic parameters for fast EM reactions under
dynamic and static conditions allow one t o assume a significant difference in the
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corresponding mechanisms. Under normal (i.e. static) conditions even at very fast heating
characteristic for thermal explosion, ignition and combustion, kinetics of solid EM
decomposition is determined exceptionally by the temperature. On the contrary, at the sample
significant deformation (especially under high -speed impact) macrokinetics of the overall
process and kinetics of single stages of the chemical reaction are determined mainly by
mechano-chemical phenomena. In this case, the temperature does not play the main role.

Figure 12 The study of the fast reaction in the Ti + C system under conditions of high -speed
impact; a – experimental setup, b – the sample heat emission as a function of time (1 – Ti/C
black, 2 – inert Ni/C black); c – kinetics of the Ti + C reaction under static (1) and high -speed
impact (2) conditions

Despite a long-term interest in this area, the studies of kinetics of fast reactions in solid EM
under conditions of high-speed impact have just begun.
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MODERN STATE OF SCANNING ELECTRON MICROSCOPY. 
Berner A. 

1. Introduction. 

Scanning electron microscopy (SEM) is one of most important techniques for materials 
characterization.  The easy of SEM application to imaging surface morphology of different 
specimens in their natural state makes this technique a necessary instrument for research 
study in such fields as metallurgy, semiconductors, ceramics, composite materials, 
mineralogy, etc.  Recently the development of a new generation of high resolution (HR) and 
environmental SEM expanded its applicability to the investigation of new nanostructured and 
bio-materials.  In addition, a modern scanning electron microscope can be equipped with 
different attachments for studying a local chemical composition, a local structure and local 
physical and mechanical properties.  This is illustrated in Table 1 showing most important 
analytical techniques associated with SEM. 

Table 1.  SEM related techniques. 
Technique Purpose 

Energy Dispersive Spectroscopy (EDS) Overview fast chemical analysis; 

Element mapping and line scanning 

Wavelength Dispersive Spectroscopy (WDS) Exact chemical analysis with limit of element 
detection down to a few ppm 

Electron Back Scatter Diffraction (EBSD) Phase identification; 

Analysis of local structure; 

Misorientation analysis; 

Local texture analysis; 

Orientation image mapping 

Cathodoluminescence (CL) Study of physical properties of semiconductors 
(energy location of impurity levels, diffusion 
length of carriers, etc.); 

Determination of minor elements in 
semiconductors and insulators 

Micro Raman spectroscopy Local study of chemical bonding; 

Phase identification 

Electron Beam Induced Current (EBIC) & 
Electron Beam Induced Voltage (IBIV) & 
Voltage Contrast 

Visualization of regions with different potentials 
in semiconductor devices; 

Failure analysis of semiconductor devices 

Tensile attachment In situ study of stretching effect on a 
microstructure and microtexture 

One can see that SEM with related analytical techniques makes it possible a comprehensive 
simultaneous characterization of surface morphology and topography, local chemical and 
phase composition, local structure, chemical bonding and a number of important physical 
properties.  For this reason in industry SEM is undoubtedly a primary tool for input, output 
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and intermediate analysis of products and failure analysis.  Special designed attachments 
allow conducting experiments in a scanning electron microscope at low temperatures (down 
to temperature of liquid nitrogen or even of liquid helium).  Recently micro-furnaces were 
developed, which make it possible conducting in situ heat treatment of a specimen within 
SEM up to 1500 C with simultaneous analysis of changes in its composition and structure. 

This brief description of modern SEM possibilities shows importance of SEM for materials 
characterization and so major tendencies of SEM design in the future is a subject of much 
current interest. 

2. Main tendencies in SEM design 

The most important parameter of SEM is absolutely a lateral resolution.  A classic SEM 
design allowed achieving the best lateral resolution under SEM operations at high energies 
(larger than 20 KeV) only and using imaging in secondary electrons (SE) only.  The major 
limitation of SEM operations at small energies (less than 5 KeV) is chromatic aberrations of 
electro-magnetic lenses used in the microscope optics, which increase essentially the initial 
probe diameter.  The major limitation of imaging in back scattered electrons, X-rays or other 
types of signals different from SE is a large characteristic size of their interaction regions, 
which can be larger by a few orders in magnitude than the initial probe diameter.  On another 
hand, SEM operations at high energies reduce the image contrast and sensitivity to the surface 
features.  SE used in SEM for obtaining the best lateral resolution exhibit contrast depending 
mainly on the surface topography but very weakly on the grain orientation (orientation 
contrast), on the atomic number (Z-contrast) or on the phase composition (phase contrast). 

Two main tendencies in modern SEM design are as follows: 

1) Development of SEM optics operating successfully at low energies of the electron 
probe down to 200 V.  Such SEM should be extremely sensitive to the surface features 
exhibiting simultaneously high resolution and a strong image contrast; 

2) Development a detector system allowing high resolution imaging in different signals 
for obtaining high resolution images exhibiting different types of contrast: 
topographic, orientation, Z-contrast and phase contrast. 

3. Low voltage HR SEM 

Chromatic aberrations are a consequence of an energy spread of electrons emitted from the 
electron source.  This energy spread arises as a result of thermo fluctuations and depends 
strongly on the source operating temperature.  Typically this energy spread is equal to 0.6 eV 
for W-thermionic filament operating at 2500 C and to about 0.3 eV for Schottky type field 
emission gun (FEG) operating at 1500 C.  Even for a cold FEG operating at room temperature 
(20 C) it achieves about 0.25 eV.  The energy distribution of primary electrons arising from 
thermo fluctuations contributes essentially in a final value of the probe size especially at low 
energies.  Calculations show that at low energies the probe size connected to chromatic 
aberrations can achieve tens or even hundreds nanometers restricting essentially HR SEM 
operations. 

In order to override this limitation a new generation of HR SEM uses so called "acceleration – 
deceleration" optics.  The principle of its operation is as follows.  Independent of a required 
energy of primary electrons the electron source is always operates at an elevated energy larger 
typically than 10 KeV.  Therefore primary electrons pass over all microscope lenses at this 
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elevated energy decreasing essentially the influence of chromatic aberrations.  At the final 
part of the electron path a retarding electrostatic field is applied to the electron beam, which 
decelerates its energy to the required landing value.  In majority cases this retarding 
electrostatic field applied directly to the specimen holder.  Zeiss company uses for this 
purpose a patented optics with a final electrostatic lens located just above the specimen 
holder. 

The "acceleration-deceleration" principle made it possible HR SEM imaging at low energies 
down to 200 V.  Recently, FEI company introduced a new HR SEM of Magellan 400 family, 
which uses a specially designed patented monochromator allowing a decrease of the energy 
spread at the electron source below 0.2 eV.  In conjunction with the above-mentioned 
"acceleration-deceleration" principle it made it possible to achieve HR images at extremely 
low energies of primary electrons down to 50 V.  A few examples of HR images captured at 
low voltages are presented below in figures 1-5.  One can see extreme surface sensitivity of 
images at low voltages. 

 

Fig. 1:  Pt nanoballs (3-5 nm) on SiO2 (5 nm) on Si substrate imaged at 2 KeV in SE with 
Magellan 400 (FEI). 
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Fig. 2:  Carbon nanotubes (CNT) distributed in epoxy resin imaged at 2 KeV in SE with HR 
SEM Magellan 400 (FEI). 

Fig. 3:  CNT distributed in epoxy resin imaged at 0.9 KeV in SE with HR SEM Zeiss Ultra 
Plus. 
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Fig. 4:  Uncoated TiO2 nanograins imaged at 0.8 KeV in SE with HR SEM Zeiss Ultra Plus. 

 

Fig. 5:  Uncoated TiO2 nanograins imaged at 2 KeV in SE with HR SEM Magellan 400 (FEI). 
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4. A new detection system 

Typically the escaping region of backscattered electrons (BSE) achieves a few tenth parts of 
micrometer in depth that much worse than that for SE.  The reason of so large emitted depth 
of BSE is that the majority of BSE is a result of quasi-elastic multiple scattering events of 
primary electrons within a sample.  Between successive scattering events an electron passes a 
distance of the order of a mean free path so enlarging the BSE escaping region.  Majority of 
BSE electrons leave the specimen surface within the cone having a height perpendicular to the 
surface with the apex semi-angle equal to 60-70º.  Despite the fact that BSE are results of 
quasi-elastic scattering their energy can be less essentially than that of primary electrons.  
This is also explained by multiple scattering. 

Recently, Zeiss company introduced a HR SEM with a novel detection system allowing 
override the above-mentioned drawbacks.  To improve a lateral resolution in BSE images two 
new BSE detectors were developed.  First of them is referred to as an angular selected BSE 
detector (AsB).  This detector made it possible collection of BSE within the specified range of 
escaping angles.  In particular, it allows BSE collection beyond the cone described above.  It 
was shown that at these angles of scattering BSE after single scattering events contribute 
mainly to a total BSE signal.  Therefore the developed detector possesses much better 
resolution than conventional one.  It presents an ideal tool for HR imaging of any type of 
contrast connected to orientation. 

Another patented BSE detector referred to as an energy selected BSE detector (EsB) allows 
collection of BSE above a predefined energy threshold.  If a very narrow energy interval is 
selected then the detector collects only BSE with low energy losses.  These low energy losses 
present plasmon losses and ionization losses from outer shell electrons.  All these types of 
losses are characteristic for specific phase, and, therefore, EsB becomes sensitive to the phase 
contrast.  As a result BSE images collected with the help of EsB exhibit Z- or phase contrast 
retaining also a high lateral resolution and a high sensitivity to the sample surface.  One 
example of BSE image captured by EsB detector is presented in Fig.6 showing an uncoated 
surface of a composite specimen consisting of polyactide (40 % vol.) finely distributed within 
hydroxyapatite.  The image exhibits a strong phase contrast with dark nanograins of 
polyactide and light nanograins of hydroxyapatite. 
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Fig. 6:  BSE image collected at 1.16 KeV from uncoated surface of composite specimen 
consisting of polyactide (40 % vol.) finely distributed within hydroxyapatite: EsB, threshold 
energy is 805 eV. 

Technion – Israel Institute of Technology, Technion city, Haifa 32000, Israel. 
E-mail: berner@tx.technion.ac.il  
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Получение литых композиционных материалов на основе карбидов и 
боридов титана и хрома методом СВС - металлургии. 

 
Горшков В.А. , Юхвид В.И. 

 
Карбиды и бориды титана и хрома обладают высокой твердостью и стойкостью 

к агрессивным средам при повышенных температурах [1-5]. Большими возможностями 
для создания высокопроизводительной малоэнергоемкой технологии обладает 
самораспространяющийся высокотемпературного синтез (СВС), открытый в 1967 году 
российскими учеными А.Г. Мержановым, И.П. Боровинской и В.М. Шкиро [6 - 8]. 
Одним из перспективных направлений этого метода является СВС - металлургия, 
основы которой заложены в 1975 - 1990 годах. В этом варианте синтеза в качестве 
исходного сырья используют высокоэкзотермические смеси порошков оксидов 
металлов с восстановителем и неметаллом. Продуктами горения этих смесей являются 
карбиды, бориды, силициды и оксиды металлов, а также композиционные 
материалы на их основе. Для получения слитков композиционных материалов (КМ) 
на основе карбидов и боридов титана и хрома используют смеси оксидов хрома, титана, 
никеля, железа и т.д. с алюминием, углеродом  и бором. Температура горения таких 
смесей составляет 2500-3500 К, поэтому конечные продукты после горения получаются 
в жидкофазном (литом) состоянии. «Металлическая» (Cr-Ti-C-B-Ni-AI-Mн-Fe) и 
оксидная (AI2O3–Cr2O3–Ti2O3 и т.д.) фазы конечных продуктов синтеза имеют 
отличные удельные веса, поэтому происходит их гравитационное фазоразделение. В 
процессе охлаждения расплав кристаллизуется, а конечные продукты получаются в 
виде двух слитков: сверху – оксидный, снизу – «металлический»[9, 10]. 

В данной работе изложены результаты исследования закономерностей синтеза, 
состава, структур и свойств литых композиционных материалов (ЛКМ) на основе 
карбидов и боридов титана и хрома с интерметаллидной (никельалюминиевой) связкой, 
а также приведены примеры их практического использования. 

 
СВ - синтез ЛКМ на основе карбидов и боридов Ti и Cr. 

 
Синтез проводили в СВС - реакторах при начальном давлении азота 4 МПа. Смеси 

исходных реагентов размещали в тугоплавкие (графитовые, кварцевые или алундовые) 
формы. Для опытов использовали следующие схемы химического превращения: 
(1) (CrO3 + Cr2 O3 +Al + C) +  (NiO + Al) → Cr3C2 – NiAl + AI2O3  , 
(2) (CrO3 + TiO2 + Al + C) +  (NiO + Al) →  Cr3C2 / TiC – NiAl + AI2O3   
(3) (CrO3 + TiO2 + Al + B2O3) +  (NiO + Al) → CrВ2 / TiВ2 – NiAl + AI2O3   

В экспериментальных сериях варьировали соотношение масс твердой и пластичной 
составляющих композиционных материалов за счет изменения соотношения 
компонентов исходных смесей. 

Анализ продуктов синтеза показал, что во всем изученном интервале соотношений 
исходных реагентов продукты горения имеют литой вид, причем металлическая и 
оксидная фаза продуктов горения формируется в виде слоев, которые имеют четкую 
границу и легко отделяются друг от друга механическим путем. 

Экспериментальные исследования показали, что при увеличении доли  (NiO +Al) 
в исходной смеси потери вещества за счет диспергирования при горении 
уменьшаются,а полнота фазоразделения возрастает для всех систем, рис 1.  
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Рис. 1. Влияние доли  (NiO + Al) в исходной смеси на полноту фазоразделения    
1 и 2 и разброс 3 и 4  в системах 1 и 2. 

 
Доля (NiО + Al) в исходной смеси (№1) существенно влияет на химический, 

фазовый состав и микроструктуру «металлического» слитка. При ее увеличении 
содержание Ni и Al в ЛКМ пропорционально возрастает, а – Cr и С уменьшается, рис 2. 
Рентгенофазовый и локальный рентгеноспектральный анализы показали, что материал 
состоит из зерен карбида хрома, равномерно распределенных NiAl – матрице.  
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Рис. 2. Химический состав (а) и микроструктура (б) слитка Cr3C2 – NiAl.  

При синтезе титанохромового карбида с никельалюминиевой матрицей (смесь №2) 
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были получены зависимости, аналогичные первому варианту. Как видно из рисунка 3 с 
увеличением доли металлической связки в исходной смеси, в целевом продукте растет 
содержание никеля и алюминия, содержание хрома, титана и углерода падает. По 
данным локального рентгеноспектрального анализа слитки целевых продуктов 
представляют собой композиционные материалы, в которых карбидные зерна (Cr3C2 , 
TiC- Cr7C3  раствор) распределены в матрице из алюминида никеля (Ni 3Al или NiAl).  
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Рис. 3. Химический состав (а) и микроструктура (б) слитка Cr3C2 / TiC – NiAl.  

Эксперименты по синтезу литого КМ: CrВ2 / TiВ2 – NiAl показали результаты, 
аналогичные первому и второму вариантам.  
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Рис. 4. Химический состав (а) и микроструктура (б) слитка CrВ2 / TiВ2 – NiAl.  
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При увеличении  в исходной смеси, содержание Ni и Al в ЛКМ 
пропорционально возрастает, а – Cr, Ti и B уменьшается, рис 4. Рентгенофазовый и 
локальный рентгеноспектральный анализы показали, что материал состоит из зерен 
CrB2 , TiB2 и их растворов, равномерно распределенных NiAl – матрице. 

Однородность распределения карбидных и боридных зерен в связке объясняется 
перемешиванием элементов целевого продукта, получаемых в жидкофазном состоянии 
в волне горения из-за больших градиентов температур и «барботажа» расплава.  

Микротвердость зерен Cr3C2 составляет 1150-1850 кг/мм2, зерен CrTiCх- 2030-
2580кг/мм2, а зерен CrTiВх – 1850-2500 кг/мм2. Микротвердость матрицы в 
композиционом материале близка к микротвердости индивидуального NiAl и 
составляет 350 - 500 кг/мм2.  

 
Практическое использование ЛКМ на основе карбидов Ti и Cr . 

 
КМ на основе карбидов хрома обладают высокой износо- и корозионной 

стойкостью при высоких температурах и, поэтому, широко используются для 
получения защитных покрытий деталей, работающих в экстремальных условиях [11-
15]. Как правило, для получения покрытий используют порошки определенных 
фракций[16]. С целью получения порошков слитки синтезированных материалов 
подвергались измельчению и последующему рассеву. По данным металлографического 
анализа каждая частица порошка представляет собой композит, в котором карбидные 
зерна распределены в интерметаллидной матрице, рис 5. 

 
                                        NiAl             Cr3C2 

 
 

Рис. 5. Макроструктура частицы материала Cr3C2 – NiAl. 
 

 Испытания карбидо - хромовых СВС порошков с интерметаллидной связкой 
были проведены в ARC International (Хайдерабад, Индия) и ВНИИТС (г. Москва, 
Россия). Для сопоставления свойств использовались промышленные порошки фирмы 
“METCO” (США), а также порошки завода Тулачермет и Торезского завода 
наплавочных твердых сплавов (Россия). Покрытия наносились на стальные основы 
детонационными и плазменными и методами. 
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Покрытия из СВС порошков обладают существенными преимуществами перед 
промышленными аналогами по твердости выше–на 10 – 15%, а по прочности сцепления 
с основой - в 1,5 – 1,6 раза (см. таблицу 1 и 2). 

 
Таблица 1. 

Прочность с основой покрытий из карбида хрома, марки СВС-ИСМАН, Тула-
чермет и торезкого завода. 

 
Производитель карбида хрома Прочность с основой, МРа 

ИСМАН 51-53 
Тула 34-38 
Торез 36-39 

 
 

Таблица 2. 
Сравнительные характеристики покрытий из порошка литого СВС-карбида хрома 

и карбида хрома, полученного в фирме «МЕТКО». 
 

Производитель ИСМАН МЕТКО 
Материал Cr3C2 + 30 wt.% NiAl Cr3C2 + 30 wt.% NiCr 

Размер частиц, mkm 250-300 150-200 
Твердость HV, MPa 9300 8600 
Пористость, % 0,8 1,2 

 
 

Практическое использование ЛКМ на основе боридовTi и Cr . 
 

Испытания литых композиционных материалов на основе боридов титана и 
хрома проводились во ВНИИСТ, г. Москва. Из них были изготовлены специальные 
наплавочные электроды диаметрами 3 и 4 мм для электродуговой наплавки. 

За счет компонентного и гранулометрического состава, а также технологии 
наплавки получены покрытия, состоящие из твердых частиц, нерастворившихся при 
наплавке первичных боридов, равномерно распределенных в матрице. Матрица, как 
правило, аустенитная. 

Изучен механизм изнашивания композиционных сплавов в условиях 
абразивного износа с ударами различной динамичности. Установлены наиболее 
рациональные размеры и количество твердых составляющих в порошковых 
композициях. 

Наплавочные композиционные материалы обладают износостойкостью, 
превышающей в 2-3 раза уровень этой характеристики для известных аналогичных 
наплавочных сплавов (Сормайт – 1, ЭН – ИТС – 02).  

В таблице 3 приведены  результаты испытаний на износостойкость покрытий, 
полученных промышленными (С, А, Т – 590) и  СВС – электродами (3К, 1КХ, 2КХ). 
Как видно из полученных данных, износостойкость слоев, наплавленных 
композитными СВС – электродами (3К, 1КХ, 2КХ) значительно выше, чем 
наплавленных известными промышленными электродами (Т-590, С, А). 
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Таблица 3.  

Результаты испытаний на износостойкость. 
 
Марка, клеймо HV, МПа Тип наплавленного 

металла 
Относительная 
износостойкость 

С 4070 20Х2ФМ 2.29 

А 7380 350Х28 20.54 

Т-590 8610 350С2Х25Р 20.33 

3К 8000 60Х5Т2Н2Р3 34.01 

1КХ 9000 60Х5Т3Н2Р3 39.00 

2КХ 9500 60Х6Т4Н2Р3 44.00 

 
Высокая работоспособность покрытия определяется наличием в нем первичных 

боридов титана – хрома и вторичных карбоборидов и карбидов титана. Твердость 
упрочняющей фазы материала составляет 2000 – 3500 кг/мм2. 

Наплавленные покрытия хорошо показали себя при работе в условиях 
абразивно-ударных нагрузок,в том числе при отрицательных температурах (до –50о С) 
и высоких температурах (до +750о С). 

 
Использование рудного сырья для синтеза ЛКМ. 

 
Важным вопросом для СВС - технологии является замена исходных химически 

чистых окислов на более дешевые рудные концентраты. Такая замена, с одной стороны, 
дает возможность удешевления исходной шихты, а с другой стороны, расширяет 
сырьевую базу. В разработанном ранее СВС - процессе индивидуальных карбидов и 
боридов переходных металлов использовали как химически чистое сырье: окислы 
хрома, титана, бора, никеля, железа и алюминий, так и рудные концентраты [17 - 20].  

В данном исследовании изучена возможность использования двух рудных 
концентратов, рутилового и марганцевого, для наплавки ЛКМ Cr-Ti- B-Ni-Fe-Mn-Al. Из 
сравнения химического состава оксидов и рудных концентратов, использованных в 
экспериментах, следует, что концентраты отличаются от “чистых” окислов 
повышенным содержанием примесных элементов: окислов железа, кремния, алюминия, 
кальция, магния. Содержание других примесей (S, P и др.) не превышает 1%. Примеси 
в рудном концентрате, с одной стороны, понижают “энергетику” в шихтовых составах, 
а с другой стороны, могут привести к появлению в покрытии нежелательных примесей. 

Визуальный анализ продуктов синтеза из “оксидных” и “рудных” составов 
показал, что они имеют вид двухслойных слитков с четким разделением 
«металлической» и оксидной фаз. 

Исследования параметров СВС показали, что замена химически чистых окислов 
на рудное сырье слабо изменяет технологические характеристики.  
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Замена химически чистых реагентов на рудное сырье также не оказывает 
существенного влияния на химический состав ЛКМ. Основной примесью в твердом 
сплаве является кремний. Кальция и магния в ЛКМ не обнаружено. 

Из проведенного исследования можно сделать вывод, что замена химически 
чистых оксидов титана и марганца на рудные концентраты не препятствует получению 
высококачественных литых композиционных материалов на основе карбидов и 
боридов титана и хрома. 

 
ВЫВОДЫ 

Показана возможность прямого синтеза литых композиционных материалов 
(карбид хрома - алюминид никеля, титано - хромовый карбид - алюминид никеля и 
титанохромовый борид – алюминид никиля) с различным соотношением между 
карбидными, боридными и интерметаллидными фазами. 

Изучены закономерности формирования химического и фазового составов, 
макро- и микроструктуры полученных материалов. 

Показано, что в оптимальных условиях синтеза Cr, Ti ,В и C локализуются в 
зернах карбидной фазы и боридной фазы, а Ni и Al образуют интерметаллидную 
матрицу.  

Структурными составляющими композиционных материалов являются Cr3C2, 
TiC - Cr7C3 и NiAl. Удалось избежать образования тройных карбидных хрупких фаз, что 
позволяет получать композиционные материалы с высокими рабочими 
характеристиками. 

Показано, что после измельчения слитков частицы порошков сохраняют свою 
композиционную структуру. 

Проведены испытания защитных покрытий, полученных методами плазменной и 
электродуговой наплавки, которые показали высокие эксплуатационные 
характеристики. 

Показана возможность использования более дешевого рудного сырья в процессе 
СВС – металлургии для получения литых композиционных материалов. 
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В статье описываются экспериментально наблюдаемые явления закритического 

деформирования поликристаллических материалов. С позиции  законов термодинамики 
представлены основные соотношения обобщенной физико-механической модели 
поведения среды при конечных деформациях. В модели включены такие регуляторы 
корректности краевой задачи, как вязкость среды, градиенты второго порядка от 
внутренних переменных системы и  масштабный параметр (характеристическая 
длина) структуры среды, а также микроструктурная модель  кинетики  
повреждаемости.  

 
 

Введение. Во многих случаях интенсивная нелинейность поликристаллических 
конструкционных материалов проявляется в виде вязкопластичности и 
вязкоповреждаемости, их разупрочнение является следствием повышения температуры и 
накопления микроповреждений [1,2]. Поведение материалов в таком состоянии принято 
называть закритическим. Эксперименты показали, что происходящие при этом 
механизмы разрушения действуют в узкой зоне локализации полей вязкопластического 
деформирования и повреждений (микродефектов).  

Поведение материала с учетом его пространственной структуры является 
нелокальным  из-за взаимодействия характеристик различных масштабных уровней 
(характеристических длин), включая размеры самой структуры и микродефектов, зерна, 
дислокации и т.п. Механические характеристики, такие как предел текучести,  
упрочнение при испытании образцов на изгиб, кручение или на твердость оказываются 
зависимым от их размеров.  

Введение масштабного параметра  (характеристической длины) рассматриваемого 
уровня структуры позволяет качественно и количественно учесть влияние масштабных 
факторов на полевые функции деформирования. Классическая теория механики 
сплошных сред не способна предсказывать такие эффекты, т.к. не включает в себя 
параметры структуры. С другой стороны, практически невозможно выполнить квантовый 
и молекулярный анализ реальных конструкций в реальном времени.  

Поэтому в последние годы, и особенно, в связи с широким использованием в 
промышленности наноматериалов и нанотехнологий, активно ведутся теоретические и 
экспериментальные исследования  по разработке мультимасштабных моделей 
деформируемых сред, основанных на обобщении классических моделей, где  
масштабный  параметр используется как связывающее звено между макро и мезо 
механикой, между мезо и микро механикой и т.д. 

Другой, не менее важной побудительной  причиной разработки новых моделей, 
являются  возникающие проблемы с корректностью постановки и численной 
неустойчивостью решения краевой задачи в режимах локальной потери устойчивости 
течения деформируемой среды вследствие разупрочнения материала [3]. Здесь также 
необходимо введение некого регуляризующего параметра в виде каких-либо 
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характеристик масштабных уровней, вязкости среды, или градиентов полевых функции 
краевой задачи [4, 5].  

В предлагаемой физико-механической обобщенной модели с позиции законов 
термодинамики представлены основные соотношения конечных деформации нелинейно 
деформируемых повреждаемых сред. В модели используются параметр 
характеристической длины мезомасштаба структуры среды и такие регуляторы 
корректности краевой задачи, как вязкость среды и градиенты второго порядка от 
внутренних переменных системы. В модель, кроме того, включено микроструктурное 
описание процесса зарождения и  кинетики  повреждений.  

На примере решения задачи о динамическом растяжении-сжатии пластины 
приведены результаты численного моделирования с использованием предлагаемой 
модели. Показано, что введение в модель параметра масштабного уровня 
(характеристической длины дислокации) позволяет не только определить  
местоположение, геометрию и размеры полос сдвига, возникающих в пластине, но и 
регулировать чувствительность конечно-элементной сетки к ширине  выявленных 
локализованных зон неустойчивого деформирования и разрушения (полос сдвига).  
 Экспериментальные наблюдения. Zener и Hollomon [6] впервые использовали 
термин “адиабатической сдвиговой полосы“. Они наблюдали сдвиговую полосу, когда 
материал в узкой зоне становился нестабильно пластичным, и термическое 
разупрочнение преобладало над деформационным  упрочнением. Типичным примером 
является полоса сдвига  в бетонных  и каменистых структурах при растяжении или 
сильном сжатии, в структурах земляной почвы при сдвиге, в металлах при 
высокоскоростном ударном взаимодействии. Ширина полосы сдвига зависит от 
параметров материала, геометрии тела, граничных условии, распределения и скорости 
нагружения.  

Shockey и др. в своем обзоре серии экспериментов на ударные растягивающие 
нагрузки [7,8] показали, что материал разрушается из-за зарождения, роста и слияния 
микропор. Позже, вопреки этим утверждениям, этими же авторами, был зафиксирован 
факт, что микроструктурные особенности не столь уж важны для возникновения 
сдвиговых полос, по той причине, что траектория сдвиговой полосы, не отклонялись от 
поверхностей максимальных касательных напряжении, даже когда материальные 
включения в материале испытуемых образцов изначально существовали.  

В общем случае, влияние увеличения скорости деформирования влечет увеличение 
напряжении, в то время как, увеличение температуры, способствует снижению уровня 
напряжения. Исходя из этих фактов, в определяющие соотношения предлагаемой модели 
поведения среды были включены выше указанные эффекты. Объективности ради следует 
заметить, что в последнее десятилетие было разработано большое число других моделей 
высокоскоростного разрушении деформируемых тел, однако не все они хорошо 
описывают эти процессы для скоростей, выходящих за пределы квазиакустического 
приближения [9-11].  

Опыты на микротвердость металлов [12] показывают  увеличение твердости в 2 раза 
при уменьшении глубины вдавливания с 10 до 0.1 микрометров. Аналогично, в опытах на 
кручение медной проволоки [13] сдвиговая прочность увеличивается в 3 раза при 
уменьшении диаметра образца с 170 до 2 микрометров. Опыты на композитных 
материалах [14] показали увеличение макро прочности образцов при уменьшении 
размеров включении с той же  плотностью включении в матрице композита. Указанные 
опыты так же подтверждают зависимость механических характеристик материалов от 
характеристических размеров деформируемых структур.  
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Рис. 1 Поврежденное и неповрежденное состояние твердого тела 

 
 
 
 
 
 
 
 
 
 Зарождение и рост микродефектов. Под повреждаемостью и разрушением  
будем, как и [8], понимать  процесс образования и роста микродефектов (пор, трещин, 
включений и т.п.) в сплошном материале деформируемого тела. По Л. Качанову [16] 

повреждаемость может быть определена как )/VV(Vξ
_

, т.е. объемной долей 
микродефектов в объеме V, а связь между  двумя поврежденным и неповрежденным 
состоянием тела (рис.1) определяется соотношением:  

                                     ξ)τ /(1τ
_

                                                         (1) 
Так как процесс деформирования и разрушения развивается во времени, будем 

рассматривать значение скорости повреждаемости в виде суммы скоростей зарождения  и  
их развития: 

gn ξξξ     
Эксперименты  показали, что зарождение  микроповреждений  в  материале  носит 

случайный характер, а повреждаемость за время  Δt определяется как [7]: 

0|N
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0PP

tg3
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где, P- растягивающее давление в теле,  Pn, Pg - пороговое давление зарождения  и роста 
микропор, соответственно, Rn - параметр распределения размеров вновь образованных 
микропор, λ - вязкость материала, P1 и t

0N - параметры материала, tN - скоростная 
функция  числа  зарождающихся  микропор. Начальный уровень поврежденности 
конструкционных материалов обычно не превышает  3-4%. 
 Нелокальная формулировка полевых функций. В статье представлена 
нелокальная континуальная интегральная  модель, в которой  выбранные полевые 
функции (внутренние переменные термодинамической системы) заменяются 
нелокальными аналогами, полученные взвешенным осреднением в окрестности 
рассматриваемой материальной точки (рис. 2). Так, если f(x) некоторая полевая  функция 
на области D, то соответствующий нелокальный аналог (x)f определяется как: 

fff 2 2l  
где, 2 - градиентный оператор 2-го порядка. l – характерная длина, определяемая в 
основном из экспериментов на микро- и нанотвердость [14],  кручение микро проволоки 
[13] или изгиб тонкой микропленки [15].  По результатам этих  экспериментов, для 
многих металлов l лежит в пределах 0.25-6 μм. Существуют также дислокационные 
подходы к оценке параметра l [15].   В работе [5], например,  предлагается  λ)acl (t , где a  
– коэффициент пропорциональности, зависящий от микроскопических свойств материала 

G/c  - скорость упругих волн в материале, )(t λ - время релаксации напряжении, 
определяемое  вязкостью  материала. 
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Рис. 2  Иллюстрация нелокального описания полевой функции 
 

 Кинематика конечного деформирования. Рассматривается нелинейно 
деформируемая среда объема V, занимающая в R3 область D, ограниченную 
поверхностью S. Мерой деформации тела D служит градиент деформаций Xx/F  (X и 
x – соответственно Лагранжевы и Эйлеровы координаты). Представим скорость 
деформации D  как результат декомпозиции на  малые упругие eD , вязкопластические 

vpD  и вязкоповреждаемые dD составляющие: 
dvpe DDDD  и vpdedd DDD     

где edD и vpdD  упруго-повреждаемые (обратимые) и вязко/пластически-повреждаемые 
(необратимые) составляющие, соответственно, тензора скоростей деформации. 
Деформационный градиент F  между  конфигурациями СО и Сt будет: 

F= Fe· Fvp·Fd   
Суммарный Якобиан деформации J, характеризующий объемную деформацию, с 

учетом допущения того, что сжимаемость приходиться только на долю повреждаемости 
будет равен det(F)JJ d . Деформации за счет повреждаемости можно записать как:  

1J/1εd       
 Термомеханическая формулировка. Для получения определяющих соотношений, 
воспользуемся неравенством Клаузиуса-Дюгема (второй закон термодинамики): 

0T
T
QJ)TηΦ(ρd:τ i

d
0                                      (2) 

где Ф - плотность свободной энергии Гемгольца, Qη,b,τ,v,ρ,,ρ0 -есть начальная и 
текущая плотность, скорость частицы, напряжения Кирхгофа, массовые силы, энтропия 
системы и вектор теплового потока, соответственно.  
Пусть ξ)r,,εξ,r,,(εN 22

i
2

i  внутренние переменные термодинамической системы, а  
)Ξ,R,ΣΞ,R,,(M -соответствующие сопряженные силы. Из (2) следуют 

соотношения состояния термомеханической системы  
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Запишем термодинамический потенциал F и поверхность вязкопластической текучести f 
с учетом повреждаемости ξ  в виде:  
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где, )(tr1J -1-й инвариант напряжений, p1-p4 – коэффициенты, n- параметр материала. 
Аналогично (1), для сопряженных сил имеем M=M/(1- ξ ),   
Для описания вязкопластического материала, используем модель Пежины [2]: 
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/f)J/(
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где,  - скобки  Маколи, λ - вязкость материала, VP
T τ,τ - статический и 

вязкопластический пределы текучести, соответственно. Модуль упругости определяется 
как: 

Iμ)I
3
2-(KI2G С  

Определяющие соотношения объемного упругого модуля K и модуля сдвига G больших 
объемных сжатий для значительных изменений температуры и разупрочнения, 
порождаемые повреждаемостью, приведены в [18]. Определим Ф в виде квадратичной 
формы и подставим в уравнения (3), принимая при этом процесс деформирования 
адиабатическим. Определяющие соотношения термодинамической системы в 
окончательном виде приведены в табл. 1. 

Таблица 1: Обобщенная модель 
 

 Соотношение напряжение-деформация  

Tα-)-( :CL(τ vpd) ;  α  - тензор термомеханических коэффициентов. 
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 Условие вязкопластичности повреждаемого материала 
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Hext - внешний тепловой источник, к- коэффициент потери механической энергии. 
 Уравнение состояния 
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 Условие разрушение материала 

Fii   и/или   Fξξ   ,  Fi - сдвиговая интенсивность напряжении. 

 
 

 Численные результаты. В качестве апробации приведенной выше модели 
рассмотрим моделирование динамического процесса сжатия/растяжения прямоугольной 
пластины в условиях плоской деформации. Пластина  с размерами 30х60 мм (рис. 3, а) и 
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механическими характеристиками: модуль Юнга 
112 10Е Па, модуль упрочнения 

11E 0.25 10h Па, предел текучести T =20 МПа, коэффициент Пуассона 0.3.   В обоих 

случаях сжатия/растяжения, верхняя грань пластины перемещается со скоростью v =15 
мм/с. 
 Решение задачи получим методом конечных элементов (МКЭ) для  трех вариантов 
конечно-элементной сетки, составленной из квадратичных 8-узловых элементов: 15×30, 
30×60, 45×90 при значениях характеристической длины структуры материала l = 0 
(классический вариант) и  l = 2.5 мм. Эта задача рассматривалась в целом ряде работ, 
например [17], и обоснованно может быть использована в качестве модельной. 

    Для инициализации сдвиговой полосы внутри пластины введем локальное 
несовершенство ее механических свойств – «ослабим» модуль упругости углового 
конечного элемента, полагая  E3.0E угл. .  

 
а) 
 

 
б) 
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в) 
 

 
г) 

Рис. 3.  Моделирование сдвиговой полосы при сжатии в пластине для шагов сетки 15×30, 
30×60,45×90:  а)  геометрия пластины и деформация сетки  при  l=0,  б) эквивалентные 

деформации при  l = 0,    в)  деформация сетки при  l = 2.5 мм,  г)   эквивалентные 
деформации при  l = 2.5 мм 

 
Из полученных результатов, рис. 3,  следует, что в классическом случае без учета 

параметра структуры (l = 0) ширина полосы сдвига уменьшается при увеличении шага 
сетки, что, конечно же, не соответствует действительности. Изменяются при этом и 
уровни пластических деформаций, рис. 3,б. Однако при использовании l = 0.25 мм не 
происходит изменения геометрии полосы сдвига, она остается устойчивой, и уровней 
эквивалентных деформаций, рис. 3 в,г. 

    На рис. 4 представлены результаты моделирования растяжения пластины с 
размерами, приведенными на рис. 4 а,  и с аналогичными механическими 
характеристиками, как и выше. Здесь рассматриваются два варианта конечно-элементной 
сетки: 10×20, 20×40 при тех же значениях характеристической длины l. Здесь для 
инициализации сдвиговой полосы внесем несовершенство в геометрию пластины - 
увеличим слегка размер ее верхнего края.  

   Возникающая в пластине полоса сдвига весьма локализована и направлена так же 
под углом, примерно равным 45о. При измельчении сетки она, как и в предыдущем 
случае, стремится к линии, что не соответствует картине, наблюдаемой в эксперименте 
[17].  Более того, и уровни эквивалентных пластических деформаций, возникающих в 
пластине, рис. 4 б, оказываются различными для разных сеток, что так же не реально.  
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Рис. 4.  Моделирование сдвиговой полосы при растяжении пластины для шагов сетки 

10×20, 20×40:   а)  геометрия пластины и деформация сетки  при  l = 0,  б) эквивалентные 
деформации при  l = 0,  в)  деформация сетки при  l = 2.5 мм,  г)   эквивалентные 

деформации при  l = 2.5 мм 

 
Повторяя вычисления с учетом структурного параметра (l = 2.5 мм), удается 

выявить не только реальное положение и геометрию локализованной полосы сдвига, рис. 
4 в, г, но и получить устойчивое решение самой краевой задачи, рис. 4 г.  
 
  Выводы. В предлагаемой конструкции физико-механической обобщенной модели, 
с позиции законов термодинамики представлены основные соотношения конечных 
деформации повреждаемых поликристалических сред. В модели включены регуляторы 
корректности краевой задачи в виде вязкости среды, градиентов второго порядка от 
внутренних переменных системы, параметр характеристической длины, а также 
микроструктурная модель  кинетики  повреждаемости.  

Приведенные примеры численного моделирования показывают регулирующую роль 
параметра масштабного уровня (характеристической длины дислокации) к 
чувствительности конечно-элементной сетки.  

 
Работа выполнена при финансовой поддержке РФФИ,  грант № 09-01-00088-а, и 

Минобрнауки России, госконтракты № П655 от 19.05.2010 и 14.740.11.0825 от 01.12.2010 
г.  
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HOT EXPLOSIVE CONSOLIDATION OF NOVEL NANOSTRUCTURED 

Cu–W COMPOSITES 

A. B. PEIKRISHVILI1, E. SH. CHAGELISHVILI1, B.A. GODIBADZE1,                         
M.V. TSIKLAURI1, A.A. DGEBUADZE1 G. I. MAMNIASHVILI 2, F.KH.AKOPOV2,

N.L.ARABAJIAN2, T.O.GEGECHKORIL.M. SHARABIDZE2

ABSTRACT 

Copper–20 wt.% tungsten (Cu–20%W) powder mixtures were consolidated into cylindrical 
rods using both hot shock wave consolidation (HEC) and hot vacuum compaction (HVC) 
processes.  Two types of Cu–W precursor compositions, one type with a nanometer-scale W and 
another with coarser grain sizes of > 1 m W were consolidated to near theoretical density at 
800 °C and at 1000 °C.  The shock wave loading intensity was about 10 GPa; the loading 
intensity during static compression was 33.9 MPa (346 kg/cm2). 

The investigations showed that the combination of high temperatures (above 800 °C) and 
the use of a two-stage shock wave processing method were found to be beneficial to the 
consolidation of the Cu–20%W composites, resulting in high densities, good integrity, and good 
electrical properties.  The structure and property of the samples depended on the distribution and 
size of the precursor W particles.  It was established that for the Cu–W composites, the use of the 
nanoscale W precursor gave better results than that with the > 1 m grain size.  Specifically, the 
coefficient of relaxation is lower, equaling to 4.3-8.6 versus 8.0-10 for the Cu–W composition 
made with the larger, micrometer W grain size.  It was further established that the electrical 
properties of the consolidated composites with nanoscale W are characterized with higher 
resistance and lower dependence of the susceptibility with the applied external magnetic field. 

It was demonstrated that HEC undoubtedly has advantages compared to other technologies 
(e.g., HVC) allowing the fabrication of novel Cu–W composites with improved electrical 
properties, sometimes even better then those of pure Cu. 
 
 
INTRODUCTION 

In recent years, tungsten (W)-based heavy alloys have received increased use in both 
commercial and industrial applications.  Most heavy alloys consist of W particles embedded in 
matrix of other metals or their alloys such as iron, nickel, or copper [1].  In particular, W–copper 
(Cu) composites may have potential uses as heat dissipation materials in the microelectronics 
field [2], diverter plates in fusion reactors [3], or in special industrial (i.e., aerospace) 
applications. 

Experimental studies relating the mechanical properties of samples formed from 
nanocrystalline precursor powders show that these ultra-fine grained materials are fundamentally 
different from their normal, coarse-grained counterparts.  These materials often have very 
unusual properties: they are ultra-hard and wear resistant, have an ideal compatibility of strength 
and elasticity, and are characterized by super-plasticity. When the average grain size is less than 
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or equal to the wavelength of visible light, the material will also have unique optical, thermal, 
electrical and magnetic properties as well.  Therefore, a decrease of the grain size and 
concomitant control of the defect substructure of the grains seems to be a promising way to 
improve properties of these materials.  At present, there are various methods (e.g., cold or hot 
isostatic compaction in vacuum or other media) for the manufacturing of monolithic specimens 
using precursor powders ranging from micro- to submicrometer- to nanometer-sized powders 
(i.e., covering the visible-light spectrum from infrared to ultraviolet wavelengths). 

All existing conventional technologies, alongside with imparting positive properties, 
introduce certain negative features.  Nanometer-scale grains are very sensitive to heating; with 
increasing temperatures, these powders begin to grow rapidly.  Typically, this grain growth is 
non-uniform and its overall impact causes imperfections and nonuniformity in the nanostructure 
and, as a result, monolithic materials formed under such conditions do not have the unique 
physical and mechanical properties that are otherwise would be intrinsic to nanostructured 
materials. 

Usually, decreasing the compaction or sinter temperature during low-temperature 
manufacturing processing does not lead to a desirable outcome.  In this case, the relatively large 
free surface area of the powder precludes the attainment of high-density samples.  Additionally, 
at low temperatures, the required interfacial grain-to-grain boundaries do not form; this is 
especially true during the compression and consolidation of refractory and ceramic powders.  
Thus, the as-pressed samples are characterized with high level of porosity and, therefore, 
inadequate physical or mechanical properties. 

Nevertheless, sufficient experience has been accumulated to provide solutions to some of 
the aforementioned problems.  The idea is to apply high temperatures, up to 1,500 K, to the 
samples and carry out rapid consolidation at the hot, elevated temperature, conditions.  Heating of 
the powders or alloys before loading assists in increasing the sample’s plasticity.  As a result, 
common boundaries, interfacial solid solutions, intermediate layers (for the case of joining bulk 
alloys), and other beneficial features form.  The short heating period,  50 s, prevents or 
suppresses grain growth processes.  For example, in the case of the consolidation of amorphous 
powder, we have found that the short heating cycle retards the devitrification during heating.  The 
subsequent rapid consolidation, in essence a quenching operation, maintains the nanoscale 
features and the amorphous or glassy structure in the sample.  A possible method for the rapid 
application of the consolidation wave is by the use of explosives, wherein the detonation of an 
explosive creates the required shock wave or pressure pulse. 

A further novelty of the proposed, non-conventional approach relies on the fact that the 
consolidation of solid samples in a cylindrical geometry from submicrometer- and nanometer-
sized W–Cu powders is performed in two stages: 
 

a) first stage:  preliminary explosive compression of the precursor powder blend is carried 
out at room temperature with a loading intensity of 5-10 GPa to increase the initial 
density and to activate the particle surfaces in the blend; 

 
b) second stage:  the same, already predensified cylindrical sample is reloaded by an 

primary explosive shock wave with a loading intensity of 10 GPa, but at a temperature 
between 20-800 °C. 
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It is expected that the effect of the first consolidation stage is to primarily compact the 
precursor powder without causing a change in its microstructure.  However, unlike that in 
conventional compaction carried out under quasi-static conditions where the powders are 
subjected to elevated temperatures for extended times, the second, hot consolidation stage is 
performed on the pre-compacted samples by an electric resistance heating method.  The heating 
takes place at a high rate (about 10 to 20 K/s), reaching the process temperature in approximately 
0.3 to 1 min.  The shortened timescale significantly decreases the probability of the thermally 
activated grain growth process (as it was demonstrated in the preliminary experiments), while the 
high intensity shock wave loading imparts fluidity to the grain surfaces thereby increasing their 
plasticity and, thus generate the particle-particle bonds that would otherwise not form under the 
quasi-static conditions. 

In this study we undertook the consolidation of copper–20 wt.% tungsten (Cu–20W) 
powder mixtures into cylindrical rods using both hot shock wave consolidation (HSWC) and hot 
vacuum compaction (HVC) processes.  Two types of Cu–W precursor compositions, one type 
with a nanometer-scale W and another with coarser grain sizes of > 1 m W were consolidated to 
near theoretical density at 800 and 1000 °C.  The shock wave loading intensity was about 10 
GPa; the loading intensity during static compression was 33.9 MPa (346 kg/cm2). 

The intent of the investigations were to determine if the use high temperatures and the use 
of two-stage shock wave processing method would be beneficial, resulting in high densities, good 
integrity, and good electrical properties.  The effects of the distribution and precursor size of the 
W on the structure and property of the samples were of interest.  Of further interest was a 
determination of the mechanical properties (elastic modulus and internal friction losses) as a 
function of precursor W size, processing method, and processing temperature.  Lastly, the 
electro-magnetic properties (electrical resistivity and diamagnetic susceptibility) were measured.  
These results are described. 
 
 
EXPERIMENTAL PROCEDURES 
 

The key operational component of the planning experiments HEC with vertical 
configuration of explosive charge that allows to consolidate nanostructural Cu-W precursors at 
elevated temperatures.  Application of vertical configuration of charge in contrast to preliminary 
experiments where were applied horizontal location (USSR Patent# 576,702) allows to increase 
without limitation the sizes of explosive charges.  As a result the pulse duration during the 
compression (loading) will increased resulting of obtaining samples with higher densities. From 
the other hand increasing of pulse duration will allows to decrease consolidating temperature and 
to compress samples at 1000-11000°C and as a result to prevent recrystalization processes in 
consolidated nanostructural billets. In addition there appears possibility to install heating furnaces 
having different dimensions and as a result to increase essentially the dimensions (length, 
diameter) of fabricated billets. 
The constructed new HEC device (Figure 1) consists from main 3 parts: 

1. Heating system- cylindrical heating furnace; 
2. Feeding cylindrical  system to forward heated billets; 
3. Set-up of explosive charge. 
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The HEC device have additional completing remote sub systems too such as: a) furnace 
protecting/billet feeding automatic mechanism, b) temperature measurement/control system and  

c) explosive detonating mechanism. 
The preliminary predensified cylindrical billet (1) were located in central hole of heating 

furnace(4). 
The heating billet is fixed in furnace by Opening and closing movement mechanism(6). 

After heating of billet up to necessary temperature the opening (6) sheet will opens furnace and 
billet moves through the feeding cylindrical system (9-11) to the set-up of explosive charge(17). 
After receiving signal that billet passed feeding system and is located in final position (13) the 
detonation through the detonators and detonation cords there takes place and explosive 
compression of heated billets there takes place. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Set-up of  HEC device. 1. consolidating powder material; 2. Cylindrical Steel container, 
3. Plugs of steel container, 4. Heating wires of furnace, 5. Opening and closing movement of 
furnace, 6. Opening sheet of furnace,  7. Closing sheet of furnace, 8. Basic construction of HEC 
device, 9. Feeding steel tube for samples. 10. Movement tube for heated container, 11. 
Connecting tube from rub, 12. Accessory for fixing explosive charge, 13. Circle fixing passing of 
steel container. 14. El. Detonator, 15. Detonating cord, 16. Flying tube for HEC, 17. Explosive 
charge, 18. Lowest level of steel container, 19.Bottom fixing and stopping steel container, 20. 
Send,  
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The one of technical problem that was necessary to solve during the running project was 
fact that in contrast to small dimension samples where participants had good/definite experience 
to fabricate big dimension billets according to technical requirements was connected with 
additional and pre shutting tests to definite optimal charge dimensions (cold and HEC), intensity 
of compression (cold and HEC), optimal heating temperature, etc.  From the other hand all 
mentioned test required correspondent structural analyses too to evaluate ongoing reaction 
syntheses between the reaction mixtures and formation of nickel aluminates. In contrast to 
previous investigations the pre-shutting tests of big billets essentially increased the cost of 
experiments and expenditure of expensive materials. 

 

                                                  
                                       Figure 2. The view of HEC billets of different composition 
                                                     
In order to prevent the expenditure of expensive nanoscale nanostructural Cu-W powders the 
blend precursors of micron grain size tungsten powders were used during the first stage 
preshutting experiments. The such approach was correct and was confirmed by results.  
 
HEC Procedures 
 

Consolidation of the samples was performed in two stages.  Predensification of the powders 
was by explosives at room temperatures. In some cases before dynamic predensification the 
location of precursors into the containers were performed by static means or by vibro 
densification..  In all cases, the second stage was done by HEC.  A cylindrical compaction 
geometry was used in all of the HEC experiments (see Figure 1).   

The Cu-W bland precursors  were placed inside a steel-tube container.  The container was 
sealed at both ends with threaded steel plugs.  A concentric cardboard box was filled with the 
powdered explosive materials from ANFO or AC-4 explosive (table 1)  and was placed around 
the cylindrical sample container.                                           

Determined by the volume, type, and density of the sample composition, the heating lasted 
about 60 min.  The temperature was measured using a chromel-alumel thermocouple whose tip 
was situated inside the heating furnace.  When the set temperature was reached the furnace was 
switched off by remote control and feeding mechanism was open. Based on the weight of billets 
the it was passed through the feeding tube inside of cylindrical charge. As soon as the billet 
reaches the bottom of explosive charge and the remote control light fixed the arrival of billets in 
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requested position automatically the detonation circuit was switched on and the explosive was 
detonated through the detonator. As soon as the contacts were out of the way, the detonation 
circuit was switched on and the explosive was detonated.  The corresponding pressure at the wall 
of the steel container was up to 10 GPa. 

After HEC, the steel casing, surrounding the explosively consolidated billets, was carefully 
removed.      Representative longitudinal and transverse sections were taken using a diamond saw 
or an electro-discharge machine.  These sections were mounted and polished to a mirror finish for 
examination by SEM and EDS analyses.    Other sections were also cut, polished to remove the 
damaged surface layer, and mounted into holders for XRD analysis.  Finally, microhardness 
measurements, using 500-gf Vickers indenter, were performed.   

As there were  established during the compression even using low detonation velocity 
explosive material like Igdianite ( D=2.5km/sec) and Granulite AC-4, ( NH4NO3-91.8%, Diesel 
fuel -4.2%, Aluminum-4%, D=3.2km/sec) the Makh’s central configuration in Cu-W composites 
and packaging defects as a radial cracks (both cases) were observed after HEC.  

The figure 4 represents the mentioned and shows formed defects in the HEC billets. 
 

 
 
Figure 3.  The formation of Makh’s wave configuration in preconsolidated rods   at room 
temperatures.  
 
The table 1 represents characteristics of explosive materials used in experimental part of project. 

Table 1 
Name of 
explosive 

Chemical content Detonation 
velocity m/sec 

Density 
 g/sm3 

Heat of 
explosion 
Kkal/kg 

Igdanit(ANFO) NH4NO3+5-6%Diesel fuel 2200-2800   1.1   
Granulit (AC-
4) 

NH4NO3+4.2%Diesel 
fuel+4%Al 

2600-3200 1.1-1.3 1080 

  
In order to avoid the formation of defects in the central parts of billets and to obtain high quality 
billets after preconsolidation step there were made same necessary corrections in experimental 
conditions such as: reduction of diameter of explosive charge and reduction of mass of initiating 
explosive materials too (Hexogen, D=6.0km/sec).  
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RESULTS AND DISCUSSION 
 

In the experiments, we have used two nominally nanometer-sized powders (one from 
Treibacher Industrie, AG, Althofen, Austria and another from Chongyi Zhangyuan Tungsten Co., 
Ltd., Chongyi, China).  Additionally, we used two micrometer-sized powders, a nominally 1- m 
M10 grade W from Osram Sylvania, Towanda, PA, and a 5-6 m powder from Ukraine (I. M. 
Frantsevich Institute for Problems of Materials Science, Kiev, Ukraine). 
 
Microstructural Properties 
 

Using scanning electron microscopy (SEM) it was found that while the nanometer powders 
did indeed contained nanometer-scale particles, they were heavily agglomerated into multi-
micrometer agglomerates.  Additionally, it was found that both the Treibacher and Osram 
powders have similar agglomerate and particle size. 

Figures 4(a) and 4(b) illustrate the HEC sample microstructures of the Cu–20%W billets 
fabricated with the Treibacher nanometer-sized W shown in (a) (left column), and the 
Frantsevich 5-6- m-sized W (b) (right column), respectively, at increasing magnifications after 
the completion of the second-stage of HEC at 800 °C. 
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(a)      (b) 

 
Figure 4.  Microstructures of the HEC Cu–20%W samples at increasing magnifications; (a) - Cu–
20%W (Treibacher nano) and (b)  Cu–20%W (Frantsevich 5-6 m).  Preconsolidation 
temperature was 800 °C and the shock loading intensity was about 10 GPa. Based on a 
comparative examination of the samples, it is practically impossible to find any major difference 
in their microstructures.  While the W appears mostly agglomerated, it seems that, in general, 
both HEC samples have a uniform distribution of the two phases; that is, the W phase is 
uniformly distributed in the Cu matrix.  Note that the larger 5-6 m-sized W grains have 
undergone considerable fragmentation. 

As shown in Figure 5, measurements of the hardness variation of the 800-°C HEC Cu–
20%W billets showed that composite fabricated from the nanometer-sized W is characterized 
with lesser scatter of the microhardness values, taken at random locations along the compaction 
axis.  In contrast, the hardness variation and scatter in the HSWC Cu–20W composite sample 
with the micrometer-sized W is greater.  A comparison of the sample hardnesses of the billets 
containing the nanometer- and micrometer-size W shows that the larger grain-size W is more 
inhomogeneous, with isolated regions with considerably higher hardness values.  It is likely that 
the lack of homogeneity and incomplete distributions of the Cu and W phases may also lead to 
similar non uniform strength and plastic properties as well. 
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Figure 5.  Hardness distributions of the W–20%Cu composite samples; subjected to HEC at 
800 °C.  The nanometer- and micrometer-sized W precursors are from Treibacher and 
Frantsevich, respectively.
 
 
Electronic and Magnetic Properties 
 

Despite the apparent structural and mechanical non-uniformities exhibited by the HSWC 
Cu–W composite samples, the samples showed significant improvement of their electronic 
properties.  In particular, in some cases the HEC Cu–20%W samples demonstrated better 
electronic characteristics than pure copper.  Summarized in Figures 4 through 6 are the results of 
measurement of electro-magnetic and mechanical properties (electrical resistivity, diamagnetic 
susceptibility, elastic modulus, and internal friction) for several micrometer- and nanometer-sized 
Cu–20%W samples. 

The electrical resistivity measurements for the samples consolidated by both HEC and 
HVC methods were carried out by the standard four-point method and are presented in Figure 6.  
As it is seen from the figure, the composites fabricated by HEC are characterized by higher 
resistivity values than those obtained by the HVC method.  The resistivity further decreases with 
increasing temperature for the HVC samples. 
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HSWC at 800 °C 

 

 
HVC at 800 °C 

 

 
HVC at 1000 °C 

 
Figure 6.  Resistivity measurement results for the Cu–20W composites subjected to HSWC or 
HVC.  The loading intensity for HEC was about 10 GPa.  The quasi-static consolidation pressure 
during HVC was equal to 33.9 MPa (346 kg/cm2).  Shown in (a) are the 800-°C HSWC samples; 

Treibacher

Frantevich 

Treibacher, 
Zhang-Yuan, and blend 

Frantsevich Osram 

Zhang-Yuan 

Osram 

Treibacher 
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curve-1 Treibacher W and curve-2 Frantsevich W, respectively.  Shown in (b) are the 800-°C 
HVC samples; curve-1 Osram W, curve-2 Frantsevich W, and curves-3 through 5 are Treibacher, 
Zhang-Yuan W, and Treibacher/Zhang-Yuan W mixture, respectively.  Shown in (c) are the 
1000-°C HVC samples; curve-1 Treibacher W, curve-2 Zhang-Yuan W, curve-3 Osram W, 
respectively. 

Moreover, a comparison of the nanometer-sized and micrometer-sized Cu–W composites 
obtained by HEC shows that nanometer-size W containing compositions are have higher 
resistivity values than the resistivity of micrometer-size samples (see Figure 6[a]).  There is also a 
change in the temperature dependence for the nano- and larger-sized Cu–W composites under the 
HVC compaction conditions.  At the higher temperature (see Figure 4[c]) there is a lower 
concentration of defects in the microstructure (porosity, dislocations, impurities, etc.) that would 
be more pronounced at the lower compaction/consolidation temperature (see Figure 6[b]).  Thus 
increasing the HVC compaction temperature to 1000 °C leads to complete reduction of the 
differences between the nano- and micrometer samples and, thus all of the samples exhibit the 
same characteristics. 

The magnetic susceptibility of the samples was measured using an inductance-capacitance 
(LC) oscillator.  The samples were inserted in to the LC inductor coil and the frequency was 
varied.  The real part of the magnetic susceptibility is proportional to the ratio of the square of the 

shift in frequency from resonance, ,
f
f~ 2

2

 where f is the LC oscillator’s natural frequency and 

f is the difference between the resonance and the natural frequencies (the oscillator’s natural 
frequency is ~ 3 MHz). 

Figures 7(a) and (b) display the measurement results for the real part of the magnetic 
susceptibility.  In the two sets of graphs, the susceptibilities  are plotted.  As shown in the 
figures, the susceptibility of the nanometer HSWC sample is greater; although it saturates at 
lower fields, it shows considerably shallower dependence on the field intensity.  In contrast, the 
susceptibility of the micrometer HEC sample is comparable to that of pure Cu; though pure Cu 
exhibits a flatter field dependence at lower fiend intensities than the micrometer sample.  Note 
that the susceptibility of the nanopowder-based sample is about four times greater than the 
micrometer-based sample.\ 

It is interesting to note that the HVC samples exhibit little or no field dependence.  
However, the relative difference between the magnitudes of the susceptibilities of the nanometer- 
and micrometer-sized samples remains.  It is interesting to note that despite of the nominal size 
difference between the two micrometer precursor W powders, there is no difference between 
their susceptibilities. 

Based on the unusual resistivity properties of the nanometer-sized powder samples, their 
mechanical behavior, including the relative stiffness (elastic modulus) and loss mechanisms 
(internal friction) were also measured.  The measurements were conducted using an acoustic 
spectrometer on specimens of a rectangular shape (thin plates) in which the quarter-wave bending 
and vibration mode could be excited [4].  The natural frequency of vibrations was in the range of 
1-5 kHz.  The vibrations were excited by the electrostatic method.  Measurements of the 
temperature dependence of the internal friction (Q-1) and elasticity modulus were carried out from 
100 to 500 K as the samples were heated at a rate of 1 K/min.  The maximum amplitude of the 
deformation of the vibrating specimens did not exceed ~ 10-6. 
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During bending vibrations of a rectangular specimen, the elastic modulus E is proportional to the 
square of the resonance frequency, fr, according to the formula: 
 

E
l
hf r 2 , 

 
where  is a proportionality constant, h is the plate thickness, l is the length of the vibrator, and  
is the sample density.  Thus E can be presented in units of the square of the natural resonance 
frequency fr

2 of the acoustic vibrator.  Likewise, the internal friction factor, Q-1, could be 
determined from the measurement of the vibrational damping exhibited by the sample. 
 
 

HSWC at 800 °C 

 
 

HVC at 1000 °C 

 
 

Figure 7.  Results of the magnetic susceptibility measurements of the HEC and HVC Cu–20%W 
composites.  Figure 5(a) compares the normalized susceptibility of the nano- and micrometer 
800- °HEC samples to conventional copper; curve-1 Treibacher W; curve-2 Osram W; and 
curve-3 conventional, pure Cu.  Figure 5(b) displays the measured susceptibilities of the 1000-°C 
HVC samples; curve-1 Osram W; curve-2 Zhang-Yuan W; and curve-3 Frantsevich W. 

Treibacher
Osram Pure Cu

Zhang-Yuan

Frantsevich

Osram
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The internal friction measurements for the samples from the micro- and nanometer powders are 
summarized in Figure 8. 
 
 

HSWC at 800 °C   HVC at 1000 °C  HVC at 800 °C 
 

 
(a)    (b)    (c) 

 
Figure 8.  Results of the measurement of the modulus of elasticity (fr

2) and internal friction (Q-1) 
of the Cu–20W composites, fabricated by HSWC (I) and HVC (II and III).  Figure 6(a):  HSWC 
samples consolidated at 800 °C; curve-1 Treibacher W and curve-2 Osram W; note, the figure is 
further split into (a)-a, the modulus of elasticity and (a)-b the internal friction.  Figure 6(b):  HVC 
sample consolidated at 1000 °C; curve-1 Zhang-Yuan W.  Figure 6(c):  HVC sample 
consolidated at 800 °C; curve-1 Osram W. 

As seen from Figure 8(a), both HEC samples show a monotonic increase of the modulus 
with decreasing temperature; the nanostructured sample has a much higher elastic modulus (I) 
than the micrometer-sized sample (at least by five times).  This is in good agreement with the 
relaxation data for Q-1.  The micrometer sample also shows a loss peak at a lower temperature 
that the nanometer sample.  This fact confirms and shows the advantages of the nanostructured 
composites, which are characterized with improved mechanical and electrical properties.  
Essentially, the nanostructured Cu–20%W sample materials have higher stiffnesses and higher 
strengths.  It may be also mentioned that this is possibly due to the formation of a high 
concentration of uniformly distributed number of small defects in the Cu–W composites 
containing the nanometer-sized W phase.  These uniformly distributed defects also contribute to 
the observed lower dissipation in the 100 to 350 K temperature range than the micrometer-based 
samples. 

From a comparison of the HSWC (I) and HVC (II and III) results, in relation to the observed 
elastic modulus and relaxation behavior, another general tendency emerges.  In moving from a 
nanometer- to a conventional grain-size structure, there is a tendency to have an increased 
tendency for relaxation.  Unlike the HSWC samples, the HVC have higher stiffness values.  

Treibacher

Treibacher

Osram

Osram

Zhang-Yuan
Osram
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However, regardless of the precursor size, the low temperature stiffness rapidly drops and goes 
through a minimum.  This is also confirmed by a corresponding maximum in the internal friction 
and greater relaxation values of the HVC samples.  While frozen in at low temperatures, with 
increasing temperatures, there are more potential internal friction-based loss mechanisms 
available in the HVC samples.  That is, the stored internal energy per cycle can be more readily 
dissipated.  Further, a comparison of the HVC samples (II and III) confirms that the consolidation 
temperature has an important role during the densification process.  The Cu–20%W composite 
fabricated at 800 °C is characterized with a higher relaxation index than that fabricated at 
1000 °C.  It is likely that the less intense relaxation processes exhibited at higher temperatures (II) 
is caused by a fewer number of available structural defects such as porosity, dislocations, 
impurities, etc., compared to those at available at a lower temperature exhibited in III.  Obviously, 
at higher temperatures during HVC, extrinsic defects are eliminated and hence the available low-
temperature loss mechanisms are reduced. 

Analysis of these results shows differences in both physical and mechanical properties of 
nanostructured and microstructured Cu–20%W composite samples.  It is known from the 
conductivity experiments that the nanometer-sized samples were characterized by a larger 
resistivity as compared to those of the micrometer-sized ones.  The higher resistivity is 
apparently related to decreased dimensions of the grains and the corresponding increased surface 
area.  Moreover, the nanostructured sample also shows relatively lower magnetic field 
dependence of susceptibility, as compared to the micrometer grain size sample (Figure 7[a]) and 
the pure Cu sample.  It is postulated that the reasons for this behavior are related to: 
 

1. the reflectivity of electrons at grain boundaries, and 
2. the difference in electron mean free paths between the two powder sizes. 

When we compare the HEC and HVC results, it could be argued that in our case the first 
factor, the reflectivity, is more important for HEC than HVC at 800 °C for the nanostructured 
Cu–20%W samples.  The reflectivity of electrons at grain boundaries is expected to be larger for 
the nanometer-sized precursors.  The HSWC samples are defect rich.  Unlike during HSWC, the 
long time cycles during HVC cause defects to coalesce and then gradually be removed.  With 
higher temperatures, the process is accelerated. Thus, the second factor, that relates the high 
concentration of extrinsic defects to the reduction of the mean free path, which, in turn, increases 
scattering and hinders electron conduction.  Compared to the HVC samples, this would also be 
more dominant in the nanostructured HEC samples. 
 
 
CONCLUSIONS 

An HEC process was used to consolidate nanostructured W precursor powders into Cu–
20%W composites to near full density.  The composites have better and more uniform 
mechanical properties and electronic characteristics than those measured for conventional 
(micrometer grain size) composites. 

Electrical resistivity measurements of the Cu–20%W composites indicate the formation of 
nanostructured features at the grain boundaries.  This effect, manifested as a higher electrical 
resistivity, is more pronounced for the HEC samples than those fabricated with the HVC method. 
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It was further established that the Cu–W composites containing nanometer-scale W have a 
stronger diamagnetic susceptibility response and are characterized with a lower dependence of 
the susceptibility on the applied magnetic field than composites containing micrometer grain size 
W or pure copper. 
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Bi-Pb-Sr-Ca-Cu-O COMPOSITIONS FABRICATED BY SHOCK WAVE 
CONSOLIDATION (SWC) TECHNOLOGY 
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G.DONADZE1, G.DVALI1A.PEIKRISHVILI2, E.CHAGELISHVILI2, V. 
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Investigation of vortex matter in strongly anisotropic high-temperature superconductors 

is one of important problems both for understanding of fundamental problems connected with 
strongly anisotropic high-temperature superconductors [1], and from the point of view of their 
practical applications particularly their behavior in electromagnetic fields and under the 
current loading [2]. 

The critical temperature of this class of high-temperature superconductors is so high that 
they remain superconductive at temperatures when thermal fluctuations play essential role 
because their energy becomes compared with the elastic energy of vortex and also with the 
pinning energy [3]. This creates preconditions for phase transformations among them at 
temperatures higher than Tc and to the appearance of new HTSCs with higher critical 
temperatures of transition in the superconducting state and also the appearance of magnetic 
phases above Tc. Due to the layered crystal structure and anisotropy, which are characteristic 
of high-temperature superconductors, it is created conditions for the appearance on B-T 
diagram (B is magnetic induction, T is temperature) different phases [4-15]. 

One of fine examples of a phase transition in vortex matter is the 3D three-dimensional 
transition of Abrikosov vortices in 2D quasi-two-dimensional ones, so-called pancake 
vortices. Such phase transition takes place in HTSC system    Bi1.7Pb0.3Sr2Ca2Cu3O10-  
[12,13].  During this transition a sharp dissipation energy decrease of moving Abrikosov 
vortices (almost two orders of value) takes place what in its turn could be related with an 
essential increase of pinning force.  Further experiments showed out that in the same material 
the pinning force also sharply increases at the 3D-2D  transition (approximately on 300% in 
value) [15]  what makes such materials perspective for technical applications, the more so  
that the upper critical field Hc2 when superconductivity is destroyed could reach 150 T [1]. It 
is essentially higher as compared with Hc2 in traditional type II superconductors used 
currently in practice. 

Thanks to high superconducting parameters (critical temperature Tc, critical magnetic 
field Hc2, etc.), the HTSC systems Bi-Pb-Sr-Ca-Cu-O can be used for commercial purposes in 
fields of  high-current and high-precision energetics, nano- and microelectronics, aerospace 
technology and medical diagnostics. 

We turn further to the main aim, namely to the description of possible technical 
applications of our composites of HTSC system Bi-Pb-Sr-Ca-Cu-O fabricated by Shock 
Wave Consolidation (SWC) technology. 

Goals: 
1.  To show that powders of precursors of unmixed Bi-Pb-Sr-Ca-Cu-O system can be 
consolidated with good results. 
2.  To show advantage of Shock Wave Consolidation (SWC) technology, as compared to 
other traditional technologies. 
3.  To develop new high-density materials from Bi-Pb-Sr-Ca-Cu-O system with micro and 
nanophase powders having improved magnetic and electrical properties. 

Novelty: 
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The novelty of the proposed approaches is in consolidation of bulk samples of high 
density from superconducting powders of mixtures with the dimensions of the order of ~2-
5mm, L~ 50-70mm. The process of consolidation performed into two stages: 

1. Explosive pressing of powder precursor mixtures is made at room temperature 
with 5-20 GPa loading for increasing the initial density and for activation of the surface of 
mixture particles. 

2. The obtained cylindrical sample is pressed by explosive wave of 5-10 GPa, but 
now at 700-800oC. 

The study of superconducting characteristics shows that after the action of explosive 
wave, the material retains superconductivity and the explosive pressing of powder precursor 
mixtures at room temperature with 5GPa, 7GPa and 12GPa loading does not change 
significantly the superconducting state of material.  
      After explosion, the pronounced texture is formed, which with the increase of pressure 
and the pressure temperature up to 700-800oC, could results in the increase of current-
carrying abilities of synthesized superconducting Bi-Pb-Sr-Ca-Cu-O material.  

We suggest further the results on the critical temperature increase of superconducting 
transition in Bi-Pb-Sr-Ca-Cu-O HTSC system samples fabricated using SWC technology. 

In Fig.1, the temperature dependence of magnetic susceptibility  for starting sample Bi-
Pb-Ca-Cu-O (2223) is presented and the critical temperature of superconducting transition is 
defined which appeared to be equal T=107K 
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Fig. 1. Dependence of magnetic susceptibility  on temperature.  
 

We measure the critical temperature of superconducting transition by three methods: 
Two of them are the standard methods of Tc measurement, the third one is the original 

supersensitive mechanical method. 
1. through measurement of magnetic susceptibility =f(T); 
2. electric resistance R=f(T); 
3. applying supersensitive mechanical method using the dependence of oscillation 

period of  
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superconductive cylinder suspended by a thin elastic thread and performing torsional 
oscillations in the transverse magnetic field t=f(T). 

The mechanical method of measurement of the critical temperature Tc of transition in 
the superconducting state is a part of developed by us in the Andronikashvili Institute of 
Physics methods for study of pinning, dissipation processes and investigations dynamics of 
Abrikosov vortex lattice in superconductors [17-21]. These methods proved to be much more 
sensitive as compared with traditional methods for investigation of superconductors such as 
resistivity and magnetic susceptibility measurements. 

The measurement of critical temperature using supersensitive mechanical method is 
based of the change of oscillation period of a superconductive cylindrical sample suspended 
by a thin elastic thread and performing axial-torsional oscillations in transverse magnetic field 
H>Hc1. At transition in the superconducting state in the high-temperature superconductor it is 
created quantized vortices of magnetic flux – Abrikosov vortices [16]. Abrikosov vortices are 
fixed on the crystal lattice defects and this fixed vortices cause the change of superconducting 
cylinder oscillation frequency, and torn off ones give a change in the dissipation of 
oscillations. Therefore the investigation of temperature dependence of frequency (period) and 
dissipation of oscillations give one opportunity to define the critical temperature of transition 
in the superconducting state, study dissipation processes  taking place in vortex matter. And 
reveal new HTSC phases with higher critical temperatures Tc if they are present in the 
investigated HTSC samples. Due to the high sensitivity of the method (of the order of 10-17 
W.) it is possible to record superconducting phase at their concentration being much lower 
then one of the main phase of the investigated sample. 

Measuring the mechanical moment of pinned vortices in direct experiments we measure 
pinning force what makes it possible to judge about the current bearing capacity of HTSC. 

The methods of investigations of pinning and dissipation processes are described in 
works [17-20]. 

The method of investigation of the Abrikosov vortex dynamics is described in work 
[21]. 

In Fig. 2 the results of Tc measurements are presented which were obtained by using 
these three methods for starting superconducting sample Bi-Pb-Sr-Ca-Cu-O (2223). As it is 
seen, all three methods give Tc=107K. 
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Fig. 2.  Dependence of period t on temperature of superconducting sample suspended on a 

thin elastic thread and making axial-torsional oscillation in transverse magnetic field. 
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The method scheme and setup for measurements using mechanical method of the Tc, 
pinning force, dissipation processes and Abrikosov vortex lattice (magnetic flux quanta) 
dynamics it is presented in Fig. 3 

 
 

Fig. 3. The schematic diagram and the geometry of the experiment: 1 - sample, 2 - upper 
elastic filament,     3 - lower filament, 4 - leading head, 5 - glass rod.  is an angle between   
M and H .   
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Fig.4. Dependence of period t on temperature T of superconducting sample suspended by a 

thin elastic thread and making axial-torsional oscillations in transverse magnetic field, at 
P~5GPa. 
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In Fig. 4 it is presented the temperature dependence of oscillation period of suspension 
system with a superconducting sample suspended by a thin elastic thread and performing 
axial-torsional oscillations in a magnetic field directed in perpendicular to the axis of 
superconducting cylinder for the HTSC system Bi/Pb (2223) sample synthesized by SWC 
technology at P 5GPa. As it is seen from figure the critical temperature of superconducting 
transition after the shock  wave effect increases as compared with the starting sample on 8 
degrees, since Tc=107K to Tc=115K. The surface photo of this sample presented in Fig.4, a 
shows the absence of surface contamination.   
 

 
 
Fig.4,a. The polishing of samples (P=5GPa) shows that there is no contamination and there is 
a reasonable consolidation, i.e. good densification results. 
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Fig. 5.  Dependence of period t on temperature T of superconducting sample suspended on a 
thin elastic thread and making axial-torsional  oscillation in transverse magnetic field, at 
P~7GPa. 
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In the next Fig. 5 it is presented similar results for P 7GPa. In this case the critical 
temperature further increases and turns to be of the order T=130K, i.e. the increase of Tc 
constitutes value of the order of 23 degrees. Fig.5,a shows a rather good sample consolidation. 
 

 
 
Fig. 5, a. Sample is compacted at pressure P=7GPa and figure is taken with magnification in 
350 times. 
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Fig.6. Dependence of t-period on temperature T of superconducting sample suspended on a 
thin elastic thread and making axial-torsional oscillation in transverse magnetic field, at 
P~12GPa. 
 

And, finally, in the next Fig.6 it is presented similar results for pressures of the order of 
P 12GPa. In this case Tc increases on additional 8 degrees and constitutes value of =138 .  
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Fig. 6, . Sample is compacted at pressure P=12GPa and figure is taken with magnification in 
200 times. 

 
The pictures presented in Fig 4,a, Fig.5,a and Fig.6,a show a good consolidation. 
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Fig. 7. Dependence of period t on temperature T of superconducting sample suspended on a 
thin elastic thread and making axial-torsional  oscillation in transverse magnetic field, at 
P~5GPa, P~7GPa and P~12GPa . 

 
The use of Shock Wave Consolidation (SWC) for creation of new superconducting 

materials will allow one to synthesize such high-temperature superconducting systems in 
which the critical parameters of superconductors can be increased significantly. 

 We next present the effect of shock wave consolidation (SWC) on critical transition 
temperature in superconductive state Tc of high-temperature superconductive system Bi-Pb-
Sr-Ca-Cu-O. 

Using this superconductive system at room temperature the SWC was carried out at 
P 5GPa, P 7GPa and 12GPa. The results are presented in fig. 4, fig. 5 and fig. 6. The picture 
shows that P 5GPa increases the critical temperature of transition into superconductive state 
T from Tc=107K up to Tc=115K (8 degrees), SWC with P 7GPa makes Tc=130K (23 
degrees) and SWC with P=12GPa makes Tc=138K (31 degrees). 

The research is in progress.    
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It is studied the possibility of increasing of the current bearing capacity in samples of 
studied by us HTSC Bi-Pb-Sr-Ca-Cu-O systems fabricated using Hot Explosive 
Consolidation technology. 

In conclusion it can be said that: 
The advantage of hot SWC technology over the traditional technologies of the synthesis 

of superconducting composites is: 
1. The materials of high-density are made from Bi-Pb-Sr-Ca-Cu-O superconducting system; 
2. After the action of explosive wave the superconductivity is retained. 
3. After the explosion, a pronounced texture is formed indicating the creation of efficient 
pinning centers and thus, the increase of current-carrying ability of the obtained material. 
4. The critical temperature Tc of transition to superconducting state is increased from 
Tc=107K (starting sample) using the SWC technology for synthesis in range of pressure from 
P=5GPa up to P=12GPa with increase of Tc  on 31K up to Tc=138K. 
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Introduction 
Molybdenum and its compounds, particularly molybdenum carbide (Mo2C) have long since 

attracted a considerable attention in the science and many branches of modern technology 

because of their high melting point, low evaporation rate, high conductivity, thermal and 

chemical stability, high hardness and strength, etc. Molybdenum is involved in many 

processes, for example, as alloying agent to strengthen and harden steels, in the preparation of 

electrical bulbs, high temperature heating elements, in the rocket engine, etc. [1,2]. In 

addition, molybdenum carbide showed catalytic properties similar to those of noble metals, 

which led to an explosion of interest in the use of molybdenum carbide as catalysts for a wide 

range of reactions, especially over the past decade. They have been shown to be particularly 

active for hydrogenation, hydrocarbon isomerization, ammination, methane activation and 

acetone condensation reactions [3-5]. Molybdenum carbide is also used as electrochemical 

capacitor and in cutting tools production [6]. 

Molybdenum mining from molybdenite (MoS2) ores includes multiple stages, such as milling, 

flotation, acid treatment and roasting in air at temperatures 500-650oC. The MoO3 concentrate 

obtained upgraded by dissolving in an ammonium hydroxide solution. The resulting 

ammonium molybdate tetrahydrate (AMT) solution must be further processed by evaporation 

and calcination to pure molybdenum trioxide. Thus, starting from molybdenite ores, the last 

step in producing of molybdenum powders is the hydrogen [7-9] or carbon [10,11] reduction 

of molybdenum trioxide. This technology includes multiple stages, which are laborious and 

energy-consuming. Therefore, more simple and efficient technological approaches are 

necessary for the production of molybdenum and its carbide with controlled properties.  

In recent years by our research group investigations are carried out in the direction of 

refractory metal powders and their carbides preparation by combustion synthesis method. 

Particularly, processing of molybdenum oxide raw materials is performed to produce 

molybdenum (Mo) and molybdenum carbide (Mo2C) fine powders [12-15]. 
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In our previous works [12,13] it was shown that the reduction process of MoO3 by Mg is 

characterized by high combustion temperature (Tad 3000oC) which leads to the proceeding of 

interaction in the explosive mode. In this case significant amounts of initial reactants 

evaporate and non-complete reduction takes place. In order to moderate reduction conditions, 

e.g. to decrease interaction temperature, high exothermic MoO3+Mg reaction was coupled 

with low exothermic one (MoO3+C). It was revealed that by applying this approach, the 

reaction temperature decreases up to 2000oC and molybdenum fine powders (2-5 m) were 

produced by combustion reaction. In addition, the interaction mechanism in the MoO3+Mg+C 

system was explored by derivatographic analysis method [13].   

In the presented work it is suggested an alternative way for the production of molybdenum 

and molybdenum carbide via direct reduction of AMT by applying self-propagating high-

temperature synthesis (SHS) method. Taking into account that AMT+Mg reaction is 

characterized by high exothermic effect (2800oC), it is supposed to realize this process in mild 

conditions due to coupling with low exothermic reactions.  

The aim of this work is: 

1. to control AMT+Mg high exothermic interaction by coupling with AMT+C and/or 

AMT+Zn low exothermic mixtures and find out the optimum conditions for AMT reduction 

in combustion mode; 

2. to investigate the reaction mechanism under “milder” conditions, such as at low heating 

rates and tuning the process over time by DTA method at non-isothermal conditions; 

3. to except one more step in the molybdenum production technology, using AMT instead of 

molybdenum oxide, as well as directly obtain fine molybdenum or molybdenum carbide 

(Mo2C) powders in a one macroscopic stage.  

 

2. Experimental 
The raw mixtures were prepared using powders of AMT ((NH4)6Mo7O24*4H2O) (“pure” 

grade, Ukraine, particle size 1-5 m), Mg (MPF-3, Russia, particle size 150-300 μm), zinc 

(PZR-1 mark, purity 99.5%, average particle size 50μm, VMP, Yekaterinburg, Russia), 

carbon black (P-803TM, Russia, particle size <1μm). A green mixture of the reactants was 

homogenized in a ceramic mortar for 30 min. Cylindrical samples with 20-40 mm in diameter 

and height of 50–70mm were prepared from the green mixtures. Experiments were carried out 

in a laboratory constant-pressure reactor (CPR-31) using nitrogen (purity 99.97%, oxygen 
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content no more than 0.02%) gas at pressures from 0.5 to 5MPa. The prepared samples were 

placed into the reactor, which was sealed, evacuated, and purged with nitrogen. The reactor 

was then filled with nitrogen to the desired pressure. Combustion process was initiated by 

short-term (for 1-2.0 s) annealing of a tungsten wire located on the upper surface of the 

sample. Two BN-coated W-5Re/W-20Re thermocouples with 200μm in diameter were placed 

into each specimen (~10mm in depth) perpendicular to the cylinder axis to measure the 

maximum combustion temperature (Tc) and the temperature distribution within the 

combustion wave. The output signals of thermocouples were transformed by a data 

acquisition board at the rate of 2 kHz, and were recorded by a computer. The average value of 

combustion velocity (Uc) was calculated by the Uc=L/ t formula, where L is the distance 

between thermocouples, t is the time distance between the signals of thermocouples. The 

standard errors of measurements for Tc and Uc were ±20 ◦C and 5%, respectively. The reacted 

samples were washed with 10wt.% hydrochloric acid, then by deionized water to remove 

MgO(ZnO).  

Differential thermal analysis (DTA) of selected mixtures was performed in nitrogen or argon 

flow using “Derivatograph Q1500” (MOM, Hungary). The heating rate at DTA experiments 

was adjusted to 10 oC/min and 20oC/min. 

The combustion products, as well as quenched DTA samples were studied by XRD analysis 

with monochromatic CuK  radiation (diffractometer DRON-3.0, =0.15406 nm). SEM (BS-

300 and LEICA-440i microscopes) analyses were conducted to study the microstructure of 

combusted samples and washed powders. The gaseous products were analyzed by gas-

chromatography (LChM-72) method. 

 

3. Results and discussion 
3.1 Combustion laws in the (NH4)6Mo7O24*4H2O+xMg+(21-x)C(Zn) systems 

Firstly we studied combustion laws in the AMT - magnesium system. As expected, in this 

mixture combustion proceeds vigorously, temperature reaches up to 2500oC, and combustion 

wave propagation is about 1 cm/s. Combustion products represent as metallic molybdenum 

and magnesium oxide. The high temperature impedes to control the reduction process; the 

product obtained is coarse-grained and contains agglomerates. To eliminate this 

disadvantages the part of magnesium was substituted by zinc in one hand, and by carbon in 

the other.  
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Combustion laws were explored in the AMT+xMg+(21-x)C(Zn) initial mixtures in various 

proportions of AMT+Mg and AMT+C or AMT+Zn. It was shown that varying their ratios 

and increasing the part of low exothermic mixtures, allows to decrease combustion 

parameters (combustion velocity, maximum temperature, reagents heating rate in the 

combustion wave) (Fig. 1).  

  

 

 

 

 

 

 
 
 
 
 

Fig. 1. Combustion temperature and velocity vs. carbon amount (mol) for the                     
AMT+xMg+(21-x)C mixtures, P(N2)=2 Mpa     

 
 

The results obtained, suggest that using Mg+Zn reducing mixture in the range of 5≤x≤13 

enables to perform interaction in the mild and controllable conditions. The 7≤x≤13 interval 

seems to be optimal and the combustion temperature in this interval makes about 1400-

1500oC, which is 1000oC lower than in the case of pure magnesium [14]. 

 

 
 
 
 
 
 
 
 
 

 
Fig. 2. SEM micrographs and XRD patterns of Mo (a) and Mo2C (b) obtained at combustion 

of AMT +17Mg+4C and AMT+8Mg+13C mixtures, respectively 
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In the case of coupling AMT+Mg and AMT+C reactions, combustion temperature makes 

about 2000-2200oC in the range of 17≤x≤20 and after acid leaching process solid product of 

combustion represent as pure molybdenum (Fig. 2a). In the 8≤x≤11 interval (Tc=1800oC) 

combustion product is molybdenum carbide (Mo2C) (Fig. 2b).  

It should be noted that in contrast to Mg+Zn mixture, using of Mg+C reducing mixture makes 

possible both to realize the interaction in the mild conditions and also to decrease the amount 

of byproduct (MgO). At higher x values (8≤x≤11) carbon participates in the molybdenum 

carbide formation too.  

The influence of external inert gas pressure on the optimum synthesis conditions of desired 

materials was studied too. Based on the results obtained, it is recommended to carry out the 

process of molybdenum preparation at pressure 1-2 MPa. Optimum pressure for the 

molybdenum carbide formation is higher (4-5 MPa). 

As we can see from the micrographs (Fig. 2), 

molybdenum obtained at optimum conditions by 

combustion of AMT+17Mg+4C mixture, has 1-

5 m particle size (Fig. 2a). Combustion of 

AMT+8Mg+13C mixture leads to the formation of 

fine-grained (1-2 m) molybdenum carbide 

(Mo2C) (Fig. 2b). In the AMT+7Mg+14Zn 

mixture flame propagation is slow enough, which 

ensures controllable proceeding of the reaction 

and at moderate synthesis temperatures (1400-1500oC) yields non-agglomerated metal 

particles 0.1-1 m in size (Fig. 3).                                      

 
3.2 DTA study of (NH4)6Mo7O24*4H2O+xMg+(21-x) C (Zn) mixtures  

Due to significant non-isothermal nature and high velocities of SHS processes in systems 

under study, the detailed observation of the kinetics and mechanism of the process is too 

complicated. One of the ways to overcome the problem is to investigate the reaction under 

“milder” conditions, such as at low heating rates and tuning the process over time.   

In order to study the behavior of AMT and reducers interaction with AMT at the linear 

heating conditions, thermal analysis technique was used. 

 

    Fig. 3. SEM micrograph and XRD 
  pattern of Mo obtained at combustion 
  of AMT+7Mg+14Zn mixture 
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3.2.1. Thermal decomposition of AMT   

Differential thermal analysis (DTA) for thermal decomposition of AMT showed three well 

separated endothermic stages [16], which 

are detected in a certain temperature 

range (Fig. 4). The first - low temperature 

stage (190-230oC) is conditioned by 

elimination of all hydrate water from 

AMT, while the second stage (230-

265oC) is caused with removal of water 

from anhydrous salt. The third stage 

(265-395oC) corresponds to the removal 

of ammonia (NH3). According to the 

DTA curve, decomposition of AMT is finished nearly at 400oC and MoO3 is obtained as a 

main condensed product, which makes 85% of the green sample.  

3.2.2. DTA study of AMT+21Mg stoichiometric mixture 

It was shown, that in the (NH4)6Mo7O24*4H2O+21Mg stoichiometric mixture, after three 

decomposition stages, according to the 

DTA curve, solid state interaction 

between Mg and MoO3 starts at 540-

620oC (Fig. 5). As a result, certain 

amount of MoO3 is converted into MoO2: 

MoO3+Mg = MoO2 + MgO         (1) 

At about 630oC Mg melts and the 

reaction of remained MoO3 is continued 

with melted Mg up to complete 

transformation into MoO2 at about 

720oC. Then at about Tmax=750oC, the second intensive exothermal stage appears, which 

corresponds to the MoO2 reduction into Mo metal.   

   MoO2+2Mg = Mo + 2MgO                  (2) 

The analogous studies for the reduction of AMT with zinc and carbon at the same conditions 

were performed too. It was shown, that the reduction process with zinc starts immediately 

after its melting (T=400oC) and ends at T=650-700oC. The AMT reduction by carbon 

TG 

Fig. 5. DTA study of (NH4)6Mo7O24*4H2O+21Mg 
mixture, m=100 mg, Vh=10oC/min 
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proceeds in two main stages. Firstly, at T=530-700oC the exothermal reduction of MoO3 into 

MoO2 takes place. Then, at T=830-890oC, the second stage occurs, which corresponds to 

MoO2 reduction with formation of molybdenum metal.  Really, the reduction process ends at 

950 oC.  

3.2.3. DTA study of (NH4)6Mo7O24*4H2O+14Mg+7C mixture 

In the AMT-Mg-C ternary mixture the reduction process starts by carbon at 510-620oC 

following the fully decomposition of AMT with the formation of MoO3 (380oC). Indeed, 

according to the TG curve, the mass loss for this stage is ∆m=4mg, which conforms to the 

following reaction (Fig. 6).  

      2MoO3 + C =2 MoO2 + CO2         (3) 

At 630oC magnesium melts, but the intensive exothermic reaction with MoO2 starts later and 

takes place only at round Tmax=710oC  by the reaction (2).  

The comparison of results of DTA 

studies for AMT+21Mg (Fig. 5) and 

AMT+14Mg +7C (Fig. 6) show, that: 

a) Mg melting endotherm was observed 

in both DTA curves (see Fig. 5 and 6). 

b) the reduction process of AMT 

(actually, MoO3) with Mg starts in solid 

state, before Mg melting and is continued 

after its melting. Reduction of MoO2 by 

Mg takes place at round Tmax=755oC.  

c) in the case of Mg+C combined reducers, Mg reduction starts only at about 710oC by 

reaction with MoO2. 

Thus, it is assumed, that the reduction of AMT with (Mg+C) combined reducers takes place 

according to the scheme presented below. It starts with the decomposition of AMT till 

molybdenum oxide (MoO3). Then the latter reacts with carbon by formation of MoO2. By 

further reduction of MoO2 with Mg and carbon, it is possible to obtain either Mo or Mo2C 

depending on carbon amount in green mixture.   

 

 

 

 Fig. 6. DTA study of (NH4)6Mo7O24*4H2O+ 
14Mg+7C mixture, m=50 mg, Vh=10o/min 
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3.2.4. DTA study of (NH4)6Mo7O24*4H2O+xMg+(21-x)Zn mixture 

The results of DTA studies of the mixtures, similar to those, being studied in combustion 

mode, showed that the use of AMT+xMg+(21-x)Zn combined scheme makes possible to 

ensure AMT complete reduction to Mo.  

By applying DTA technique some mixtures were studied in detail with different x values 

(x=14, 10.5 and 7). The comparison of DTA curves for (NH4)6Mo7O24*4H2O+14Mg+7Zn (1) 

and (NH4)6Mo7O24*4H2O+21Mg (2) mixtures are presented in Fig. 7(a), which shows, that 

the reduction processes of AMT with Mg and (Mg+Zn) combined reducers are very different. 

In the case of AMT+21Mg mixture the reduction process starts at about 540oC and is finished 

at  round Tmax=755oC (Fig. 7a, curve 2). According to the DTA curve for AMT+14Mg+7Zn 

(1) mixture, at ~400oC Zn melts and then followed intensive exothermal reaction till 440oC. 

After some stopping of DTA shift, which corresponds to the metallic Mg dissolution in liquid 

Zn according to the Mg-Zn phase diagram (see Fig. 7(b)), an intensive interaction between 

Mg-Zn melt and MoO3 (MoO2) (Tmax=560oC) starts, which is practically finished at 700-

720oC. So, in this case we didn't observe Mg melting endotherm in DTA curve. 

According to the DTA curves, the maximal reduction temperature for mixture (1) decreases 

about 200oC, compared with mixture (2). 

1 

4 

(NH4)6Mo7O24 7MoO3 + 6NH3 + 3H2O 

2MoO3 + C  2MoO2 + CO2 

MoO2 + 2Mg  Mo + 2MgO 

                               Mo  + CO 
MoO2 + C                          
                   Mo2C  + 2CO 2Mo + C  Mo2C 

(NNH44)66Mo77O224 ++ Mg + C  

3 
2 
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Fig. 7. (a) Comparative DTA curves of (1) and (2) mixtures, Vh=10o/min,  
(b) Phase diagram of Zn-Mg system    

 

Thus, in the case of reduction by Mg+Zn mixture, the overall reaction pathway significantly 

differs from the previous ones. Firstly, the reduction process starts just after Zn melting, 

which react with MoO3 yielding MoO2. Then reduction by Mg starts. It is worth noting, that 

after Zn melting, due to specific nature of Mg-Zn phase diagram, Mg dissolves in Zn melt 

forming Zn-Mg eutectic melt and further reduction process is continued by the reaction of Zn-

Mg melt with MoO2. This means that the formation of Mg-Zn eutectics has an important role 

in the interaction scheme under study. 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 
1. Coupling of low exothermic AMT+C or AMT+Zn with high exothermic AMT+Mg 

reactions makes possible to perform controllable combustion synthesis and obtain fine 

1 

(NNH44)66Mo77O224 ++ Mg + Zn  

(NH4)6Mo7O24  7MoO3 + 6NH3 + 3H2O  

MoO3 + Zn(L)  MoO2 + ZnO 
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powders of molybdenum and molybdenum carbide (Mo2C) by direct reduction of 

AMT; 

2. In the case of coupling of AMT+C with AMT+Mg, carbon partially participates in 

reduction process and moderate reaction conditions, therewith increasing of reaction 

yield. At higher C/Mg ratio the remained carbon provides the molybdenum carbide 

formation.   

3. DTA analysis show, that the reduction process of AMT starts with weaker reducer 

(Zn, C), then continues with stronger one (Mg).  
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10B-BASED MATERIALS FOR NEUTRON-SHIELDING  
 

L. CHKHARTISHVILI, O. TSAGAREISHVILI, D. GABUNIA 
 
1. Introduction 
 

One of the major challenges of our time is the creating an environment in which people 
would be protected from the harmful effects of ionizing radiation. The above has been 
confirmed once again by the strongest effects of the earthquake and subsequent tsunami that 
occurred in Japan last year. As a result, there were small leaks of radioactive substances and 
the danger of severe leakage. In the light of these developments, at the International Atomic 
Energy Agency (IAEA) conference it has been revised approach to the problem of nuclear 
safety and emergency responses to nuclear accidents. 

Taking into account the existing risk, more attention should be paid to the detection of 
sources of different types of radiation, the measurement of fluxes of emitted elementary 
particles, as well as the development of facilities for radiation protection of the environment, 
population, and special personnel working at nuclear plants. From this perspective, a 
particularly important task is the protection from the neutron irradiation, which is caused by 
two factors. First, in nuclear weapons and nuclear energy production there are used neutron 
reactions and correspondingly wastes of nuclear plants also are neutron-radioactive. Secondly, 
the neutron irradiation is one of the most dangerous to human health and life because of the 
large mass of neutrons combined with the ability to penetrate deeply into the living tissues. 

It follows the need in reliable neutron shields for various purposes. It is clear that the 
working body of any of these facilities must be made from of a material containing the 
isotopes of chemical elements that are most strong neutrons absorbers. For this purpose, 
especially suitable is the boron isotope 10B, which is characterized by high values of the 
capture cross section of slow, so-called thermal neutrons, which are used primarily in heavy 
nuclei decay chain reactions in nuclear reactors. Suffice it to say that the capture cross section 
of a neutron with a standard velocity of ~ 2200 m / s (according to the temperature scale of 
energy, thermal neutron kinetic energy ~ 0.025 eV corresponds to the room temperature 
20 C) is 3835 b, whereas for the another stable isotope of boron 11B, the same value is only 
0.0055 b [1]. Natural isotopic composition of boron is natB = 19.9 % 10B + 80.1 % 11B, which 
leads to a weighted value of the capture cross-section of 767 b. It should be noted that the 10B 
nuclei retain the ability of strong absorption for high-energy neutrons as well. 

In addition, it should be emphasized lightness and other technologically attractive 
properties of the structural modifications of elemental boron and boron-rich solid compounds, 
such as high hardness, low electrical and thermal conductivities, resistance to high 
temperatures and corrosive environments, etc. This set of properties makes it a promising the 
making neutron shields with high technical characteristics from the materials containing high 
concentrations of boron isotope 10B. At present there are known number of papers on the use 
of 10B-based materials in containers and armors for neutron shielding of devices, equipment 
and vehicles, but not directly people. List of relevant quotations one can find, for example, in 
Review [2]. Only note that present neutron shields mostly are made from Fe – B alloys with 
very low boron content [3, 4]. 

Present work aims to study the possibilities of creating sets of materials based on 10B-
powders, which can serve as a working body of the neutron shields designed to protect first of 
all people – both the general population and staff of nuclear plants. The paper is organized as 
follows. After this introduction (Section 1) in Section 2 it is provided an overview on existing 
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neutron sources and biological effects of neutron irradiation. Section 3 presents the results of 
calculations of maximal concentrations of the 10B isotopes in structural modifications of 
elemental boron (crystals, amorphous material and nanophases) and various boron-rich 
compounds. In Section 4, the dependences of the neutron radiation penetration depth in 
boron-containing materials versus incident neutrons energy and the 10B isotope content are 
constructed. Section 5 describes the technology producing of boron powders enriched in 10B 
isotope, which can later be used to produce composite coatings with good neutron-protective 
properties. Finally, the Section 6 summarizes the main results of the present work. 
 
2. Neutron sources and their biological effects 
 

The overview presented in this Section is based on the text-book [5] and the IAEA [6] 
data. There are several fundamentally different neutron sources. Let briefly describe the 
operating of each of them. 

 Neutron radiation of a very high intensity occurs during a nuclear weapon testing or 
its use in hostilities. The most dangerous neutron flux would be formed by the neutron bomb 
explosion, because it is a weapon that is not intended for significant infrastructural damages, 
but primarily to kill people and other living organisms. It should be noted that work on 
neutron weapons have long ceased. As for the issue of exploring the possibilities of protection 
against nuclear weapons in general, it is beyond the scope of our consideration. 

 As for the sources of the neutron fluxes related to the peaceful (i.e., non-military) 
uses, among them the most important are the nuclear reactors, which are intended for the 
electrical power production from the heat released during a nuclear reaction or energy supply 
of special-engines. As in the case of nuclear weapons, nuclear reactors are operated using the 
neutron chain-reaction. But in the reactor it is a controllable reaction, the system does not 
reach the explosion-state and, therefore, and the neutron flux through the reactor protective 
shell is relatively weak. It is well known that heavy nuclei contain neutrons in relatively high 
proportion. Therefore, when they decay there are formed nuclei-fragments supersaturated 
with neutrons and several free neutrons. The process of decay of a heavy nucleus can be 
initiated by the nuclear–neutron collision: because of electrical neutrality even very low-
energy neutron is capable to achieve the nucleus vicinity, where it can be captured by the 
short-acting nuclear potential. The result is a creation of so-called compound nucleus which 
shortly decays with emission of more neutrons. The example of reactions of this type which 
occurs in nuclear reactors is a decay of the uranium nucleus with formation of rubidium and 
cesium nuclei and neutrons emission: 235

92 U + 1
0 n  92

37 Rb + 140
55 Cs + 4 1

0 n. So instead of a 
single neutron it will be arisen 4 neutrons. Additional neutrons cause the disintegration of 
other uranium nuclei and thus number of neutrons increases avalanchely – chain-reaction 
grows on. In every act of such collision the certain amount of useful heat releases which is 
transferred to the user. Here are some typical technical characteristics of a small nuclear 
reactor. From the reactor with a capacity of about 100 MW located inside a protective shell in 
the form of a sphere of radius ~ 100 cm, after each act of fission through the protective shell 
goes out at an average ~ 1 neutron. It corresponds to the neutron flux intensity of 
~ 3 · 1013 n / cm2 · s. 

 The emergence of one more artificial source of neutron radiation is closely related to 
the nuclear weapons production of and the nuclear reactors operation. It is a spent nuclear fuel 
– a neutron radioactive waste. 
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 Weak artificial neutron sources are neutron generators, whose appearance is due to 
the fact that in recent neutron fluxes are increasingly utilized in various areas of human life 
and industry. These areas include: science (neutron radiography of materials, radiobiological 
analysis in anthropology, zoology and botany, etc), industry (oil wells logging, 
radioactivation analysis of rocks and deposits in the ore-processing enterprises, control of the 
nuclear reactor functioning, express analysis of the products under the processing, non-
destructive analysis of the closed areas, e.g., during the customs inspection, etc), agriculture 
(determination of the proteus content in the grain crops, etc), environmental protection 
(detection of radioactive wastes, soil water pollutions, sediment toxins, some other hazardous 
and toxic substances, etc), and medicine (diagnosis of fibrous degradation, radiation therapy 
of cancer, etc). Depending on the purpose, neutron generators are of different types. For 
example, in so-called deuterium and deuterium–tritium generators, where nuclear reactions 
involve hydrogen heavy isotopes deuterium 2

1 H (D) and tritium 3
1 H (T), energies of the 

emitted neutrons are ~ 2.5 and ~ 14.3 MeV, respectively. In this case, the typical value of the 
integrated intensity is of about 10 n / s. In the generator of other type that uses the 
spontaneous decay of the heavy nucleus of californium Cf, emitted neutrons are with energies 
above 7.5 MeV. For scientific purposes commonly there are used neutron fluxes produced in 
proton accelerators with so-called photoneutron reaction in which high-energy (accelerated) 
protons detach neutrons from the nuclei of heavy atoms constituting the target. 

 For weak neutron sources serves natural ones in the form of uranium deposits. For 
example, there is the reaction a spontaneous decay of uranium with formation of lanthanum 
and bromine and emission of 3 neutrons: 235

92 U  87
35 Br + 145

57 La + 3 1
0 n. 

 Extremely weak natural source of neutrons is the cosmic radiation. 
Influence of radiation on a living tissue in a very complicated process. For this reason, 

the consequences of exposure of any kind to human health and life depend, on the one hand, 
on the level of exposure, and, on the other hand, on the type of radiation. 

For relatively low levels of radiation energy impact on living cells is the only reason of 
radiation damage. In such cases, the living matter can self-regenerate and therefore weak 
irradiation does not lead to lasting harm. However, at high doses the rapid destruction of cells 
takes place. In addition, for survived but heavily damaged cells exposure can have serious and 
long-term harmful effects. Namely, the radiation damage of the cell nucleus can lead to the 
undesirable biological effects that may occur after several years or even a decade. All this is 
true, in particular, for neutron irradiation. We need only add that the neutron fluxes tend to 
provide high values of so-called linear energy transfer to living tissue. The term “linear” here 
means that within the corresponding energy range the parameter characterizing the irradiation 
effect is proportional to the irradiated energy. Quantitatively, this characteristic is determined 
by the energy released by radiation beam per unit length of its trajectory into the tissue. For 
this reason, the primary physical damage caused by neutron irradiation is more dangerous to 
humans than other types of damages from exposure at the same flux. 

Secondary radiation damage of the tissue from heavy particles is associated with the 
ionization of the medium and the subsequent formation of active toxic chemicals. The 
mechanism of injury of this kind is following. Living tissue mainly is composed of water H2O 
in the liquid state (  80 %), in which some gases are dissolved. Incident radiation causes the 
ionization of these simple molecules containing light chemical elements, like the hydrogen H 
and oxygen O, transforming them into pairs of positive ion H2O+ and negatively charged free 
electron e . Subsequently, these free electrons are very likely to be captured by neutral water 
molecules, which they turn into negative ions H2O . Pairs of molecular ions of water with 
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charges of both signs are unstable. Finally it leads to their dissociation into free radicals OH• 
and H•. Due to the presence of unpaired electrons, these simple radicals are very active 
chemically. They interact with molecules of another species to form some new free radicals 
R•, which can initiate undesirable processes in a critical biological system. It should be also 
noted that because of the high oxygen content in tissue exposure can lead to a different set of 
undesirable chemical reactions called as oxygen effect. 

Typically, the flow of heavy particles is ionizing because the particles are charged. 
These include, for example, protons and -particles – nuclei of hydrogen 1

1 H and helium 4
2 He, 

respectively. Neutron irradiation is an exception in this regard too. Because of the lack of 
electric charge neutrons are unable to cause a primary ionization of the tissue substance 
detaching electrons from water molecules. But on the other hand, due to the same electrical 
neutrality, they penetrate quite deeply into tissue and come in the short-range strong 
interaction with the charged nuclei of hydrogen atoms – protons. Neutrons detaching protons 
cause a secondary ionization because protons are heavy charged particles. For this reason, 
neutron radiation is more dangerous than other kinds of ionizing radiation – it penetrates the 
living tissue more deeply and causes there no less strong ionization. 

Basic dosimetric quantity which characterizes the degree of exposure is the averaged 
absorbed dose – the total energy of absorbed radiation per unit of body weight. The unit of the 
absorbed dose is the Gray (Gy), Gy = J / kg. This physical characteristic cannot adequately 
describe the biological effects of radiation, since the nature of damage to living tissue largely 
depends on the type of radiation. For this reason, it was introduced the concept of equivalent 
dose (widely used in medicine), which by a suitable weight factors takes into account the 
relative shares of different types of irradiation damage (the concept of effective dose similarly 
takes into account the different sensitivity of the organs of the body to the given type of 
exposure). The unit of equivalent dose is Sievert (Sv). Since the weighting factors are 
dimensionless, again Sv = J / kg. For neutrons the radiation weighting factor’s dependence on 
their energy has a complicated form. It can be approximated by the interpolation function 

                               )6/)2(ln(exp175 2Ew ,                       (1) 
in which neutron energy E  is given in MeV. Permissible dose limits are introduced for 

so-called reference man, an adult of Caucasian race described for this purpose. For the general 
population the total annual dose should not exceed ~ 1, in particular for the skin ~ 50 mSv / y. 
For the nuclear plants staff same doses are, respectively, ~ 50 and ~ 500 mSv / y. 

Neutron protective properties of a material is determined by their penetration depth 0l . 
This parameter depends, on the one hand, on the concentration of centers interacting with 
neutrons n  and, on the other hand, on the cross-section  of an elemental act of interaction: 

                                                    nl /10 .     (2) 
The physical meaning of the penetration depth is as follows. Let the intensity of the neutron 
flux incident on the sample surface is equal to 0J . Then the flux J  at the depth l  will be 

                                            )/(exp 00 llJJ .                         (3) 
Thus, 0l  is the distance which must to pass neutrons in the material to decrease flux value in 
the direction of the initial propagation in e 2.72-times. The neutron shield penetration depth 
is nothing as effective thickness of the protecting layer. 
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3. Maximal concentrations of 10B isotopes in boron and boron-rich compounds 
 

It is clear that to maximize the neutron shielding properties of the solid phases of boron 
compounds and composites it should be used the 10B-monoisotopic material and not a 
material with the same chemical composition, but with a natural isotopic composition of 
boron. For this reason, we will assess the maximal concentration of the 10B isotope atoms as 
the total concentration of boron atoms in a structure n  according to the formula 

                                                  VNn / ,                                        (4) 
where N  is the number of boron atoms in the unit cell, and V  is the unit cell volume.  

In view only of neutron-protective properties, structural modifications of elemental boron 
seem to be preferable, because their n  is expected for higher values. However, the neutron 
shield materials have to meet some other requirements too, such as adaptability of the 
material obtaining process, its mechanical strength, good adhesion to the substrate, etc. For 
this reason, probably a designer have to make compromises and instead of elemental boron 
use various boron compounds and boron-containing composites, in which the concentration of 
neutron-absorbing boron atoms (10B) will be reduced by the presence of other chemical 
elements as well as the porosity of the structure. It is not excluded that in solving of the 
neutron-shield problem, the recently discovered elemental boron nanostructures can play an 
important role. In the bare boron nanostructures, high concentration of the 10B isotope atoms 
may be combined with a number of new and unique physical properties. 

We have calculated the maximal concentration of boron atoms in the 4 known 
crystalline modifications of boron, which are the - and -rhombohedral and - and 

-tetragonal phases. The data for these structures were taken from the monograph [7]. -
rhombohedral boron is interesting primarily because its structure serves as basis for such 
important compounds as boron carbides and also oxide, phosphide and arsenide. Suffice it to 
say that the boron carbides are formed by adding about 3 carbon atoms in each unit cell of the 

-rhombohedral boron crystal. Consequently, these compounds will be characterized 
approximately by the same concentration of boron atoms that pure -rhombohedral boron. 
Among the crystalline modifications of boron the -rhombohedral boron is believed to be a 
ground-state phase. Boron forms solid solutions with number of metals on the basis just of the 

-rhombohedral lattice by accommodation the metal atoms within the large crystallographic 
voids that are inherent in this structure. For this reason, these materials will be characterized 
by approximately the same concentration of boron atoms. As for the tetragonal crystals of 
boron, those traditionally considered as a spatially periodic structures of boron atoms 
stabilized by the presence of certain impurities and / or structural defects. However, in recent 
years it was experimentally confirmed the existence of nanoscale samples of almost perfect 
crystals of the tetragonal elemental boron.  

In addition, the maximal concentration of boron atoms we have calculated for a series of 
boron compounds (description of these crystalline structures was taken from the monograph 
[8]). We restricted ourselves to those compounds of boron, which like the structural 
modifications of elemental boron are characterized by the large crystallographic voids. The 
fact that the absorption of a neutron by the 10B nucleus yields the release of helium into a 
gaseous state: 10

5 B + 1
0 n  7

3 Li + 4
2 He . For this reason, if the crystalline structure does not 

consist of large voids enough to accumulate and wide channels enough to smooth gas-release, 
the internal pressure of the helium released during neutron shield exploitation can damage it – 
promote the fracturing and cracking in the working part. 
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As an example of boron compounds with nonmetals we have examined the layered 
crystals of hexagonal h-BN and rhombohedral r-BN boron nitrides. In these structures, the 
interlayer interaction is caused by the weak van der Waals forces and for this reason, the 
interlayer distances there are very large (the length of the interlayer B  N bonds is 3.33 Å, 
which is more than twice the length of the intralayer B  N bonds – 1.45 Å), and therefore, 
the helium atoms can migrate quite freely between the atomic layers. As an example of boron 
compounds with metals Me we have considered diborides MeB2, which also possess layered 
structure to facilitate the free moving of the gaseous helium to the sample’s surface. In this 
case, the structures of boron and metal atoms layers are distinguished. They are connected via 
a strong chemical (covalent) bonding. For this reason, strictly speaking, diborides not belong 
to the layered crystals. Nevertheless, in this structure there are quite broad channels for the 
free movement of a monatomic gas: the distance between the boron layers usually is > 3 Å, 
and distances between atoms within the metal layers ~ 3 Å. More specifically, we heve 
conducted calculations for the zirconium diboride ZrB2. This choice is related to the fact that 
in this crystal intralayer bonds length between metal atoms virtually coincides with the bonds 
length in the pure metallic Zr. Finally, we assessed the maximal concentration of boron atoms 
in layered crystals of boron oxide B2O3 and boric acid H3BO3. Of course, because of its poor 
mechanical properties these structures are not directly suitable in any way for the neutron 
shields manufacture. However, they are interesting as the most common precursor-substances 
for a variety of boron compounds and composites. 

The crystal structures of elemental boron as well as boron-rich compounds are 
characterized by the presence of large crystallographic voids. For example, in the -
rhombohedral boron unit cell only  36.5 % of the space is filled by regular atoms. On the 
other hand, these structures are built mostly of slightly distorted individual or jointed or 
bonded with each other boron icosahedra B12. These two factors cause an anomalous property 
of boron – compress, not expanse on melting. It is known that substances with a similar 
anomaly are very rare. The fact is that the boron melting process basically destroys 
intericosahedral bonds, while most of icosahedral clusters retain their individuality. Freely 
moving in liquid, the icosahedra fill the voids characteristic for the solid state what means the 
system compression. Therefore, if amorphous boron is considered as a solidified melt then its 
structure can be represented as a chaotic network with icosahedral clusters in its sites instead 
of individual atoms. Clearly that in this model, the concentration of boron atoms in the 
amorphous phase can be comparable with that in the boron crystalline phases (or even slightly 
exceed this value). In the real structure of amorphous boron there are found not only isolated 
icosahedra, but also icosahedra jointed together by an edge or a face. In addition, the structure 
of amorphous boron contains separated atoms, planar clusters, etc. As we pursue the goal of 
only to estimate the concentration of boron atoms, we adopt a simplified structural model of 
amorphous boron imagining it as a system of close-packed perfect icosahedra. At an average 
the neglecting of presence of other structural units should be compensated by that of chaotic 
distribution of icosahedra in space. 

The diameter D  of the sphere at the vertices of the icosahedron is determined from the 
following formula 2/)55(/ dD , where d  denotes the length of the icosahedron 
edges, the length of the intraicosahedral bonds. If icosahedra are assumed to be 
incompressible balls, calculating their volume the diameter D  should added by d : 

dDD . Because the volume 6/)( 3dD  of such a ball contains 12 boron atoms, their 
concentration in the icosahedra is 3)(/72 dD . To obtain an estimate of the concentration 
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of boron atoms in the amorphous model structure, this value must be multiplied by the 
volumetric close-packing factor 23  for the identical balls. Finally, we obtain 

                                     
3

3

552

48

d
nAmorphous .  (5) 

The maximal possible concentration of boron atoms in the amorphous structure has 
been estimated by substituting in this formula d  for the equilibrium distance between a pair 
of interacting boron atoms, 1.78 Å, according to the quasi-classical B  B potential [9]. 

In addition to these three-dimensional structures of boron and its compounds, we have 
examined an example of elemental boron nanostructures in form of nanotubular bundles. The 
existence of boron nanotubes at first theoretically was predicted by Boustani et al, and then 
they were actually obtained (see mini-review [10]). Such nanostructures are able to provide a 
fairly high concentration of the neutron-absorbing boron atoms. On the other hand, they may 
possess some unique physical properties [11], including the important ones from the 
standpoint of neutron shielding. For example, from such bundles it can be woven an elastic 
material suitable for the manufacture of neutron-protective clothing instead of hard neutron 
shields. It is important to note that the boron nanotubes of any chirality are expected to be 
metallic, in contrast, on the one hand, the bulk semiconducting modifications of elemental 
boron and, on the other hand, the carbon nanotubes, some of which (depending on chirality) 
are also semiconducting. Therefore, the use of the boron nanobundles can help to solve the 
problem of neutron shielding in conjunction with the electromagnetic shielding. 

An important step in determining of the concentration of atoms in nanosystems is to 
build an adequate geometrical model of its structure. Characteristics such as the diameter of 
the cylindrical surface, where atomic sites are placed, one-dimensional crystal lattice constant 
and the number of atoms per corresponding unit cell for boron nanotubes can be analytically 
found within the conventional geometrical model of carbon nanotubes adapted for the case of 
boron [12] considering the tube as the result of wrapping the fragment of the certain atomic 
sheet into a cylinder. However, this model is not suitable for ultra-small nanotubes, which are 
more sensitive to the difference between the real polyhedron-shape of a nanotube from the 
ideal cylindrical-curved one. But, for the neutron shield just the small radius nanotube 
bundles are of main interest because they are denser. 

Based on two assumptions that in boron nanotubes (1) the lengths of all bonds are equal 
and (2) all atoms are placed on the same cylindrical surface, Lee, Cox and Hill proposed so-
called idealized geometric model [13]. The model is idealized in the sense that the tube 
surface tessellation method used leads to the equivalency of all the atomic sites and all bonds. 
An idealized model constructed for nanotubes with arbitrary chiral indices leads to a system 
of explicit, but transcendental equations and, therefore, the calculation of their geometrical 
parameters for given indices is too tedious numerical procedure. At the same time we 
introduced another version of polyhedral model for non-chiral boron structures – zigzag and 
armchair nanotubes [14]. The method of tessellation used took into account the cylindrical 
symmetry of the structure – the surface of the corresponding boron sheet had been broken 
only along bonds those are parallel to the tube axis. The model has demonstrated the ability of 
an analytical representation of the nanotube diameter and one-dimensional lattice constant 
through the bond lengths and indices. For this reason we call our model as analytic polyhedral 
model. Note that such geometrical model does not describe the expected from the ab initio 
calculations buckling surfaces of the boron nanotubes. However, such buckling should be 
small enough that it almost does not affect the estimates of the concentration of atoms in the 
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nanotubular structures of boron. In order to maintain analytic expressions for the main 
geometrical parameters in the case of boron chiral nanotubes, further from the above 
mentioned relations the interpolation formulas for nanotube diameter ),( mnD  and one-
dimensional lattice constant ),( mnL  have been constructed [15]: 
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where ),( mnd  is the bond length in a chiral nanotube, while ,...3,2,1n  and nm0  are its 
indices. Here, for the elimination of divergences at 1n  the Kronecker symbol 1n  is 
introduced. These formulas coincide with the exact ones for zigzag and armchair nanotubes at 
the limit values of the index m , respectively, 0m  and nm . The number of atoms ),( mnN  
per unit cell of boron nanotube of any chirality is determined only by the index n : 

                                                 nN mn 2),( .   (8) 
It should be noted that in a few of boron “nanotubes” with ultra-small diameters the 

coordination number of atoms is less than 6, what contradicts the geometric model accepted. 
For example, zigzag “nanotube” (1,0) is a flat zigzag atomic chain, in which the kink angles 
are exactly equal to 3/ . Because of this, each atom in addition to 2 bonds with nearest 
neighbor atoms in the chain forms 2 bonds which are parallel to the tube axis. So, the 
coordination number of atoms in this structure is 4. Essentially it is a tape constructed from 
the close packed pair of atomic chains. Armchair “nanotube” (1,1) is also a flat zigzag atomic 
chain, in which, however, kink angles exceed 3/ . Therefore, in this case, two additional 
bonds cannot be formed and the coordination number of atoms remains 2. It is not hard to 
guess that the most stable state corresponds to a simple linear chain (i.e., with the kink angle 
limiting value of ). Armchair “nanotube” (2,2) can be represented as a linear chain of 
regular tetrahedra with boron atoms at the vertices, which are jointed to each other by edges 
perpendicular to the tube axis. The coordination number of atoms in this structure equals to 5. 
Despite the fact that coordination of these degenerate forms is reduced, the above formulas 
“work” for them. Isolated degenerate forms of course cannot be realized. However, together 
they can form an ultra-nanoscale fibers or bundles restoring the missing bonds. Besides, a 
degenerate nanotubular structure can serve as the core of boron multiwalled nanotubes. 

The above formula for the boron nanotubes diameter ),( mnD  determines the diameter of 
the cylindrical surface, where are placed the centers of atoms. In the calculation of complex 
geometries of boron nanotubular forms, one should take into account that nanotubes’ inner 
and outer diameters differ from ),( mnD : they equal to ),(),( mnmn dD  and ),(),( mnmn dD , 
respectively. Calculations of the concentration of boron atoms in boron nanobundles Bundlen  is 
easier to implement within the analytical geometric model. Concentration of atoms in the 
(n,m) isolated boron nanotube is equal to ),(

2
),(),(),( )(/ mnmnmnmn LdDN . To determine the 

value of Bundlen , this quantity should be multiplied by the factor 32/  of close-packing of 
parallel cylinders in a bundle. As a result, we obtain 
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In real bundles, boron nanotubes are likely to be jointed with each other, what increases their 
density. On the other hand, their distribution is chaotic, which should reduce the density. 
Using the above formula at dd mn ),( 1.78 Å for most bundles of small boron nanotubes 
we ignore both these effects assuming that they compensate each other. 

In principle, it is possible to limit the concentration of boron atoms by their 
concentration in the close-packed “crystal” built from the boron atoms. We emphasize that 
this is purely hypothetical object that is not confirmed experimentally. If an atom of boron is 
considered as a sphere of diameter d , its volume would be equal to 6/3d . It corresponds to 
the concentration of atoms of 3/6 d . Multiplying this value by the volumetric close-packing 
factor 23/ , we obtain the desired quantity: 

 3/2 dn packedClose .         (10)  
 

Table. Concentration of boron atoms in structures of boron and boron-rich compounds. 
Structure n , cm 3 

Boric acid H3BO3 
Bundle of (2,1) B-nanotubes 

Zirconium diboride ZrB2 
Amorphous B 

-rhombohedral B, Solid solutions of metals 
-tetragonal B 
-tetragonal B 

Boron oxide B2O3 
-rhombohedral B, Carbides and other B-compounds 

Bundle of (2,0) B-nanotubes 
Layered boron nitrides h-BN and r-BN 

Bundle of (2,2) B-nanotubes 
Bundle of (1,0) B-nanotubes 
Bundle of (1,1) B-nanotubes 

“Close-packed” B 

1.40 · 1022 
2.73 · 1022 
6.47 · 1022 

1.23 · 1023 

1.27 · 1023 

1.29 · 1023 
1.30 · 1023 
1.34 · 1023 
1.37 · 1023 
1.65 · 1023 
1.65 · 1023 
2.05 · 1023 

2.19 · 1023 
2.36 · 1023 
2.51 · 1023 

 
The results of calculations are summarized in the Table. Let note main features 

revealed. First, the concentration of B atoms in all three-dimensional boron modifications (4 
crystalline and 1 amorphous) are almost the same: (1.23  1.37) · 1023 cm 3. Second, the 
concentration of boron atoms in certain boron compounds can be comparable (e.g., boron 
oxide B2O3) to that in the structures of elemental boron or even exceed it (e.g., layered boron 
nitrides h-BN and r-BN). This result once again underlines the effect of the large voids in the 
three-dimensional all boron structures. Third, the concentration of atoms in bundles of small-
diameter boron nanotubes is expected to be higher than in solid-state structures, near the limit 
achievable in hypothetical close-packed crystal. From these estimates it imply that the 
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physical-technical parameters of the boron-containing materials designed for the neutron 
shield is sufficient to evaluate in the range n = (1  25) · 1022 cm 3. 
 

      4. Neutron flux penetration depth in boron containing materials 
 

In general, standards for determining the cross-sections of neutrons with the nuclei of 
isotopes of various chemical elements are clearly established [16]. National Nuclear Data 
Center (NNDC) at the Brookhaven National Laboratory, USA, deals with a world scale 
collection and comparison of such data. Nuclear Energy Agency (NEA), Cross Section 
Evaluation Working Group (CSEWG), Working Party on International Nuclear Data 
Evaluation Co-Operation (WPECO) and other international bodies, as well as National 
Libraries evaluating the nuclear data serve for this center as the sources of information. In this 
work we are using the Japanese Evaluated Nuclear Data Library’s (JENDL’s) data for stable 
boron nuclei updated in the past year [17]. 

As noted above, in nature there are two stable isotopes of boron 10B and 11B, nuclei of 
which differ only by a neutron. But, this is enough for a radical difference in their ability to 
interact with the neutron fluxes. 10B isotope interacts with neutron through three processes: 
elastic scattering, inelastic scattering and capturing (non-elastic interaction). As for the 11B 
nucleus, for it the third channel of interaction absents. There are evaluated the cross-sections 
values for all these interactions, as well as total cross-sections separately for the nuclei 10B 
and 11B, depending on the incident neutron energy in a very broad range of 10 5  107 eV. It is 
interesting to note that similar function can also be used to determine experimentally boron 
content in the composite materials with complex structure [18]. 

As shown by recent critical developments in nuclear energy sector, it is important to 
ensure the neutron protection for a wide range of neutron energies, not only for thermal 
neutrons. Therefore, the above dependences should be analyzed in the entire range of energy, 
in which the cross-sections were measured. We conclude that for neutron of almost any 
energy from this range, the total cross-section of interaction with the 10B nucleus is clearly 
superior to that with the 11B nucleus. This superiority is entirely due to the neutron capture by 
10B nucleus, which in the case of the 11B nucleus absents. In addition, the total cross-section 
of neutron interaction with 10B nucleus is mainly determined by the neutron capture by this 
nucleus. Since the capture cross-section of a particle is inversely proportional to its 
momentum, it turns out that total cross section of the neutron interaction with a 10B nucleus 
should be nearly inversely proportional to the neutron momentum, i.e. square-root of the 
neutron energy 

                                                EE // 00 .  (11) 
Here 0  is the total cross-section of the 10B nucleus–neutron interaction at fixed neutron 
energy 0E . Based on the foregoing, we introduce the following two approximations: 

– Neglecting the total cross-section of neutron interaction with the 11B nucleus as 
compared with that with the 10B nucleus, we mean that a boron-containing material used for 
neutron shielding always is 10B-monoisotopic. Otherwise, the neutron penetration depth 
calculated for the 10B-monoisotopic material should be divided on the relative content of this 
isotope. For example, if boron is of natural isotopic composition the divisor equals to 0.199. 
(This approach is essentially similar to the introduction of a “boron equivalent” concept for 
some material that is a term widely used in nuclear techniques. Let  and are the cross-
sections of thermal neutron capture by boron B and by a chemical element  of natural 
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isotopic compositions, and A  and A  are their correspondingly weighed atomic masses, 
respectively. Then, so-called conversion factor f  for the  element equals to the ratio 

AA / . If x  is a relative concentration of  element in the material, then one can 
immediately calculate boron equivalent (BE) of  element in material under the consideration, 

xf . For example, a boron equivalent of the nuclear reactor control rods, which 
usually are made from graphite, is defined as the sum of partial boron equivalents of all 
impurities, including boron, but excluding carbon, which is not an impurity for graphite.). 

– Dependence of the total cross-section of the boron nucleus–neutron interaction on the 
neutron energy on a logarithmic scale is described by the line, whose slope and ordinate axis 
intercept length equal to  ½ and 2.783, respectively: 

                                          783.2lg
2
1lg E .   (12) 

The implication here is that the units of cross-section and energy are b and eV, respectively. 
The intercept length value is based on the fact that for the “room temperature” neutron flux, 
i.e. with neutrons energy of 025.00E eV, the total cross-section of interaction with the 10B 
nucleus is 0 3835 b. 

In a logarithmic scale, the dependence of the neutrons penetration depth as a function of 
their energy calculated for the material containing the maximal possible concentration of 10B 
atoms, 2.51 · 1023 cm 3, is the line 

                                           182.2lg
2
1lg 0 El .            (13) 

The implication here is that the units of penetration depth and neutron energy are cm 
and eV, respectively. Note that for low-energy neutrons penetration depth is rather small. For 
example, for the “room temperature” neutron flux ~0l 10 m. This means that in the neutron 
shields made from the boron-containing material the role of the working part plays only a thin 
surface layer. One can made an important conclusion that expensive 10B-isotopically enriched 
material should be used only for growth of the shield surface layer, whereas a much thicker 
substrate can be made from the same material but of natural isotopic composition. Penetration 
depths for neutrons of different energies can be easily recalculated for the 10B isotope 
concentration actual values if above formula is properly adjusted. 

From the relations stated above one can find expression 

                                                
J
J

n
l 0ln1                                                      (14) 

determining thickness l  of the material with 10B nuclei volumetric concentration of n , 
which the neutron flux value reduces from 0J  to J . Let take 0J 3 · 1013 / cm2 · s, like the 
neutron flux at outer surface of the protective shell of the above described nuclear reactor. 
Kinetic energy of a thermal neutron (i.e. at “room temperature”) equals to E 0.025 eV. As 
radiation weighting factor for such neutrons is w 5, incident averaged effective dose of the 
neutron irradiation outgoing from the nuclear reactor shell within 1 y  3 · 107 s for the 
reference man with body surface area of ~ 104 cm2 and weight of ~ 100 kg can be estimated 
by ~ 2 · 103 Sv. Neutron shield have to reduce this value to the averaged effective dose limit 
of ~ 1 mSv. Therefore, we can assume JJ /0 2 · 106. As it was mentioned, the thermal 
neutron absorption cross-section by the 10B nucleus equals to 3835 b. From the corresponding 
concentration-dependence of the required neutron-shield thickness we can state that neutron 
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shield materials containing boron 10B isotope can be produced in form of thin (~ 0.1 cm) and, 
consequently, light and elastic layers. 
 
5. Using of boron-containing coatings for protection against neutron irradiation 
 

Thus, analysis of published data confirms the effectiveness of boron of natural isotopic 
composition and at best a 10B-isotopically modified material for formation of composite 
coatings that protect the materials, products and equipment from the neutron irradiation. On 
the other hand, according to the results of our above evaluations, people protections against 
neutron radiation may be created by growing a thin coating of boron-rich compounds 
containing the 10B isotope, boron of natural isotopic composition or directly 10B-monoisotope 
on the appropriate substrate-materials. Note that in general the elaboration of coatings with 
predetermined characteristics is a complex scientific and technical challenge as well as one of 
the major problems of materials science. Currently, number methods for producing thin 
coatings are known. Conventionally, they can be grouped into non-thermal and thermal 
methods of preparation. Without going into a detailed description of these methods, we’ll be 
restricted by a brief description of their usages for boron-containing materials. 

Non-thermal methods include the using of the boron-containing organic-based special 
dyes. They are applied within hard for the mechanization spaces or, using different kinds of 
moulds when painting large surfaces, are including in the mechanization process. However, 
such activities require the necessary preliminary surface treatment by shot setup and cleanup. 
Because the spraying in the air these dyes become highly flammable and toxic components 
contained in dyes – dangerous to human health. In addition, these coatings have low wear 
resistance. 

The method of detonation is often used for protective coatings against low or high 
temperatures and corrosion or abrasion (e.g., of various parts of nuclear reactors). Its main 
difference from other types of coatings is a high density (up to 95 % of the theoretical 
density) of the formed layer. This method is mainly applied for coating of large (up to 10 m) 
and fairly heavy (up to 5 tones) articles. However, such method also requires pre-cleaning of 
the surface by shot setup. In this case process is quite noisy and requires special 
soundproofing to ensure normal conditions for service personnel installing detonation 
coatings. 

Thermal methods include spraying of the coating material by evaporation and vapor 
condensation in air or vacuum and thermal spray deposition processes of powder 
compositions. In the case of boron and boron-containing compositions, the thermal coating 
method can be accomplished by precipitation of boron halogenides, boron-containing 
materials or vapors using gas-thermal-plasma method of the coatings obtaining. 

The deposition of boron halides onto thin heated up to the required temperature tungsten 
filaments are widely used for the obtaining of boron fibers and powders. However, this 
method requires heating to relatively high temperatures (about 800 – 1000 C). Heating the 
surface of articles to such temperatures is difficult and for most articles simply unacceptable. 
It cannot be used for articles made from lower-melt materials such as aluminum. This narrows 
the possibilities of the method and therefore its use for coating by boron or boron-containing 
compositions is quite limited. 

For boron-containing materials and compositions, the method of deposition and vapor 
condensation is also associated with some other difficulties in its implementation. First, 
boron-containing materials themselves have a high melting point. So to get their vapors, one 
needs special vacuum equipment such as facilities for electron beam melting. Chemical 
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aggressiveness of boron-containing material in a molten state requires the use of refractory 
and expensive crucibles such as boron nitride. Secondly, the adhesion of the films on the 
surface of articles is often poor due to the differences in the thermal expansion coefficient 
values of coating and substrate (in this case, the surface of an article). The process of the thin 
coatings growth on parts of complex configuration is also associated with certain difficulties 
during its implementation. 

In general, a powder plasma spraying coating has several advantages compared with 
other methods: the method is technically simple, allows to vary the boron content in the 
powder compositions, presents an opportunity, if necessary, to vary the temperature of the 
substrate surface, the initial components of the coatings are in high-temperature plasma flow 
for a short time. Coating process can be automated for coating in remote places applying so-
called plasma pistol.  

It is a fact that when applying a plasma coating on the air, the components of the boron-
containing powder composition are oxidized. Thus, such coverage should be obtained in 
plasma cambers with a controlled atmosphere or by using the vacuum-plasma spraying 
method. The main advantages of these methods are not merely the absence of oxidation of the 
deposited material, but also high strength bonding between the substrate and coating, the 
minimal possible porosity and minimal changes in the material chemical composition before 
and after spraying. Modern equipment allows computer control of such coatings formation 
process. 

At the same time it should be noted that in the thermal spray coating technology or 
plasma method, the use of coating powders or powder compositions with a given particle 
sizes with the necessary fluidity to their feeding to the plasma-zone is one of the important 
problems. 

In this regard obtaining powders of boron or boron-containing materials with a certain 
configuration of particles, given dispersity, high density, bulk density, fluidity that meets the 
requirements of the plasma technology is an urgent task. 

Produced at the present time boron powders are amorphous or a mixture of crystalline 
and fine (amorphous) modifications of boron in a wide range of dispersion (1.0 – 200 m). 
They have a low bulk density (0.2 – 0.5 g / cm3), aggregate, balling, and are practically non-
flowing. Non-fluidity of powders leads to the feed instability into a hopper-feeder installation 
for a plasma coating. This situation seriously hampers the use of boron powder of natural 
isotopic composition or 10B-monoisotope to create a plasma coating providing a neutron 
protection. 

For delivery boron powder into the plasma jet, it can be used a powder-carrier which 
may be a component of certain composition [19]. We have established the possibility of 
obtaining a composite B  Al and B  Fe powder coatings with particles (10  20 m) having 
satisfactory fluidity, which allows their direct use for coatings. However, the production of 
the B  Fe powder particles is possible only after the chemical treatment of the plasma-
treatment-products to remove the powder carrier and the resulting phases. This in to some 
extent makes it difficult to obtain boron powders suitable for use in plasma technology. 

To simplify the process of plasma coating using boron powders, we propose [20] an 
alternative technological scheme of dispersion of the melted crystalline boron to obtain 
crystalline boron powders in the range of dispersion ensuring the powder fluidity and its use 
for the plasma production of coatings. 

However, it should be noted that the grinding process of crystalline boron ingots has 
some specific features due to the -rhombohedral boron high hardness and abrasive-ability. It 
is a rather difficult task complicated by the peculiarities of changes in -rhombohedral boron 
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powders physical and technological properties observed in the process of obtaining by the 
mechanical grinding. The essence of these changes is that as a result of dispersing or 
crushing, the structure of the produced particles does not change, whereas in obtaining boron 
powders in abrasion dispersion particles are observed in so-called “amorphized” phase. It 
consists of fine (5 – 7 m) particles with a destroyed surface structure resulting from abrasion, 
so-called “mechanical activation” of the powder. 

In these circumstances, we have developed technological scheme of obtaining of the 
-rhombohedral boron powders, including the 10B-isotopically modified, comprising: 

crushing the boron melted ingots in the jaw and roller crushers and subsequent fine grinding 
in the grinding apparatus of impact-abrasive effects; crushing products classification 
according to particle sizes, purification and separation of the fine, called “amorphized”, part 
of the crystalline particles. 

The above technological scheme provides more pure powders of -rhombohedral boron 
with stabilized physical and technological characteristics in both broad and narrow ranges of 
dispersion needed in plasma technology. 

However, it is necessary to pay attention to the fact that now we also develop [21, 22] 
the chemical methods for the preparation of highly ultrafine powders, including 
nanocrystalline powders, of boron and boron-containing materials which may also have good 
prospects for the use in boron-containing coatings grown by the methods of plasma 
technology. 
 
6. Conclusion 
 

In conclusion we note once more that the application of thin coatings made from the 
10B-isotopically modified materials (e.g., powders) can not only greatly simplify the problem 
of protection against neutron irradiation of materials, appliances and products (this may allow 
the use of available construction materials instead of expensive, for example, specially 
alloyed steels and alloys), but also ensure the safety of personnel of plants using neutron 
sources and the effective protection of the environment from radioactive contamination. 

Such thin layers will be useful coatings not only for radiation disks, but also for 
consumables such as protective clothing – suits, gloves, and shoes designed for personal 
defense against neutron radioactive materials. 
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 + ,  + + ,  +   - .               
            Fe – Cr – Mn  700 
0   F, A, D  O, P ( . 4),   ,  

 Fe – Cr   Fe – Mn ,     [7]. 

 
 
 . 4.    700 0   Fe – Cr – Mn 
 
               Fe – Cr – 
Mn      . 1.  
            1200  700 0   -

,     Cr  -     
,        Fe – Cr – Mn,  ,  

  + + ,  .    ,    
     (     
         

 ),      .    [7, 15 – 16],   
  Cr  Fe – Cr –Mn  Ms      
          

 .  . 5     Fe – Cr – Mn    
20 0 ,      [8].   
      Cr        -  . 

  Cr       Mn 
 23 %        ( . 2).    

       ,        -
  ,     ,    
    ( . 6). 
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 1.       Fe – Cr – Mn 
 

- 
-
 
-

 

-  
-

- 
  
- 

,  

  
 Cr 

%  -  
  

  Mn 
 % 

E J B 

   %      
   Cr 

 % 
Mn 

 % 
 Cr 

% 
Mn 

%
Cr 

% 
Mn 

 
20 

 
40 

 
11 
12 
13 
6 
16 
8 
8 
8 
 

-
 
 

 
  20 
650 
700 
  20 
700 
650 
750 
850 
 
700 
1200 

 

   

 22,5 
 23,0 
 20,5 

 

 19,5 
 20,0 
 20,0 
 
19,0 

 

 

4,0
4,0 
6,5 

 

8,5 
8,0 
8,0  
 
4,5 

 

 
  15,0 
15,0 
  11,5 
  13,8 
12,0 
13,8 
14,0 
14,5 
 
12,0 

 

 
 14,4 
  19,0 
  11,3 
  15,0 
  12,0 
  15,0 
  14,5 
  17,0 
   
  18,0 

 

   __ 

  28 
  27 
  28 
  __ 
  24 

  24 
  25 
 
  29 

 

__ 

27,0 
14,5 
29,0 
__ 

20,0 
18,0 
18,0 
 
19,0 

 

 
15,0 
15,0 
14,0 
14,5 
12,0 
12,0 
12,0 
13,0 
 
11,5 
12,0 

 
12,5 
15,0 
14,5 
14,5 
__ 

10,0 
10,5 
10,5 
 
9,5 
10,0 

      
 

 
 

. 5.    Fe – Cr – Mn  20 0   
       
              ,       

,      ; , , ; ,   - :                   
1      ;

   ;
,     - ;
    - ;

     5    -   .  
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 (Fe70:Cr5:Mn25) – Si – Mo – W       
          .     

    ,  ,            
 .         

  ,    .    
    (    )          

(      ) .  
 

  2.      Fe – Cr – Mn 
 

 
/  

 , %    
 Fe Cr Mn 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
 

75 
70 
72 
70 
68 
67 
66 
65 
64 
73 
70 
68 
65 
63 
62 
70 
67 
65 
63 
68 

0 
5 
3 
5 
7 
8 
9 
10 
11 
0 
3 
5 
8 
10 
11 
0 
3 
5 
7 
0 

25 
25 
25 
25 
25 
25 
25 
25 
25 
27 
27 
27 
27 
27 
27 
30 
30 
30 
30 
32 

 +  
 +  
 +  
 +  
 +  

 
 
 
 

 +  
 
 
 
 
 
 
 
 
 
 

  
                -

          .  
 ,      -

        -
,        . 

          Fe – Cr – Mn –   -
    ,      

    [20 – 23].     -
        -

      –Fe70:Cr5:Mn25 [ -
   -        

 « »– ,  (Fe70:Cr5:Mn25)],     –Si, 
Mo  W.  
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      Si   Fe – Cr – Mn     -  
,             

. Si       ( ) ,  
      .  

 

 
 

. 6.      Fe – Cr – Mn   
  Cr  Mn 

      
       Mo  W        

 ,     ,  -
  .  -   (   « »), 

   ,    
,        

 -   ,    .  
            :  
      1.     Si, Mo  W  « »   (   

   « »– ).  
      2.      ( )   « » 
(      : « »–  1 – 

 2).  
      3.      Si, Mo  W  « »  

    -    
 « » – Si – Mo – W. 

             -
        

     . 
  (Fe70:Cr5:Mn25) – Si 

           « »–Si  ,   
       . 

      -      
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         6,5  
7,0%      [21].   ,  

-          
 7,5%  Si  [24].      7,5 – 8,0% Si   - , 

     10% Si  .   10% Si ,  
    - .      

Si  7,5  8,0% Si  .   ,   -  
 -  ( ).     9,0 % Si       : ,   -

 ( . 7).  
 

 

 . 7.     9% Si. , 400
     

  (Fe70:Cr5:Mn25) – Mo 
         « » – Mo ,    

  .    -   
,    3 % Mo       .   

3% Mo   ,      . 
         

   5% Mo.    5% Mo  -    
  .  +      (  

10%Mo)  [25].  ,   +      
      Mo.      

 . - ,     -   
1100        +  .               

  (Fe70:Cr5:Mn25) – W 
        « » – W ,  W    -   

  Mo.        
.    3% W    - ,   

      W 5%   
 ,        W. 

      -
   Mo  W       

[25].    ,       - .  
           

 Si,  Mo  W     (Fe70:Cr5:Mn25)   
          . 3.   
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 3.      -    
 

 
 

  %   
 

   
 

  
 

Si 
Mo 
W 

6, 5 
2,5 
4,5 

7,0 
2,5 
4,5 

 

    (Fe70:Cr5:Mn25) – Si – Mo 
          « » – Si – Mo    -

  9% Si    6% Mo       
       . , ,    
, ,   ,    ,  ,  

  ,   -    
 [26 – 28].      ( - ) 

   - .      
.      Si  5%,  Mo  3%  -

  ,       +  .   
   Mo  1%    1,5%  ,  

  Si  4  5,5 ,     - .  
   Si      , 

  -     [29].           
     (Fe70:Cr5:Mn25) – Si – W 

            9% Si    5% W.    
         –   
 .   ,     

,    [24, 27 – 28].   , 
  Si  W,     -  
   3%W.      

 +   +      3%    6%  
  - ,     ,  

4 – 5% W  Si   6%,   .    
   W  2%  Si  6 – 7 %     - . 

 ,   2% W    Si 5%  ,  
,  ,   ,   - ,   -  (Fe3Si) [30].

    (Fe70:Cr5:Mn25) – Mo – W 
            9% Mo  W    

   W    Mo    .  
        

    .  Mo  W,   
,      , ,   ,  
    -    .  ,      

 ,  ,      
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   ( - )    - .  
     .    , 

       Mo  W      
  - .      -      

  « » – Mo – W    700  1100    [31]. 
                        
-         ( . 4).   

                    
 4.       -   
,   Si  Mo, Si  W,  Mo  W,    

    
 

 
 

%    

     Si 
     Mo 

1,0            2,0            3,0             4,0            5,0             6,0        7,0 
2,0            1,7            1,3             1,0            0,5             0,25       +  

     Si 
     W 

1,0            2,0            3,0             4,0           5,0             6,0         7,0 
3,75          3,0            2,5             2,0           1,75           0,5         +           

     W 
     Mo 

1,0            2,0            3,0             4,0           5,0             6,0         7,0 
2,0            1,5            1,0             0,4            +           +          +         

 
       

               
(Fe70:Cr5:Mn25) – Si – Mo – W      

       .  
      -

     « » – Si – Mo – W. -
     ,    ,  

,   .  
,   « » – Si – Mo 

             W – 1, 2, 3, 4%  
  Si  Mo.     1% W,  
  « » – Si,       

  -     5,5  5,8% Si .  
   ,    Si,   

  ,   . ,   « » – Mo,  
       . ,  1, 2, 3  4% W,  
       ,       

   . 
          Si  Mo   

    -       : 
      )      W 1%  Si   0  
5,5%     Mo  2  0%; 
      )      W 2%  Si   0  
4%     Mo  1,5  0%; 
      )      W 3%  Si   0  
2%     Mo  0,8  0%. 
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        Si  Mo    -    , -
  « » – Si – Mo (       W), -

     .    -
       Si.  -

      « » – Si – Mo   -
 ,   « » – Si – Mo,    . 8.  

 
   
 
 
 
 
 
 
 
 
                                )                                                              ) 
     .  8.         « » – Si – Mo  
(1 – W=0%)       ,     « » – Si – Mo 
(2 –W=1,0%;  3 – W =2,0% ;  4 – W =3,0%);    )  700 ;   ) 1100                                   
 

,   « » – Mo –  W 
               
Si – 1, 2, 3, 4  5%     Mo  W.     

       -     
  – + .       

  .   ,  
 « » – Mo – W, ,      -
  Mo  W        

 :                             
      )      Si 1%  Mo    0 

 2%     W   3,7  0%; 
      )      Si 2%  Mo    0 

 1,5%     W   3  0%; 
      )      Si 3%  Mo    0 

 1,2%     W   2,5  0%; 
     )      Si 4%  Mo    0 

 1%     W   2  0%. 
          Mo  W    -   -

 ,    « » – Mo – W (      
 Si),      : 
            

 ( .  9).  
,   « » – Si – W 

       Mo–0,5, 1,0   2,0 %  
  Si  W.    ,     
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         -    Si  W  -
        :                             

      )      Mo 0,5%  Si   0 
 5,3%     W   3,6  0 %; 

      )      Mo 1%  Si   0 
 4,4%     W  2,7  0 %;  

 Si   -    ,   « » 
– Si – W (        Mo  W),    

   –       
      . 

 

                   
                                )                                                              ) 
 

. 9.     « » –  Mo – W   (1–Si =0%)    
    ,   « » – Mo – W  (2–Si=1,0%;  

3– Si=2,0% ;  4–Si=3,0%; 5–Si=4,0%);  ) 700 ; ) 1100                                   
 
        ,    « » – Si – W,   ,  

  .   0,5, 1  2 %  Mo       
 (    

 
 
 
 
 

 
 
   
     
         
 
                                )                                                                      ) 
 

. 10.        « » – Si – W  (1– Mo=0%)   
   ,   « » – Si – W (2 – Mo=0,5% ;  3 

– Mo=1,0%;  4 – Mo =2,0%);    ) 700 ;   ) 1100                                   
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 (     ),   « » – 

Si – Mo, « » – Mo – W   « » – Si – W, .  
          , -

        -
      700  1100  

« » – Si – Mo – W   
700  

 
« » – Si – Mo – W  

1100  
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               ,  -   
       ,   

  ,          20   
-196  

 
 
 
 

 
 
       1.    Fe – Cr  Fe – Mn: )      
0,0045%      Cr  -    12%;  ( + )-

     -     
 –11,4 – 11,6%; )     -

 Fe – Mn         
:     Mn  12%,     -

,   ;    Mn   12 – 16 
%,         

 -  - ;    Mn  16  28%   
  -  - ;    Mn  28%    -

 .  
      2.        Fe – Cr – Mn 

  1200  700 ,      Fe – Cr–Mn  
    20     

  N  0,005%. : )   Mn  ,  
 Cr    1200    Mn  18%,  

.   Mn  18%   -     
  Cr      Cr; )  

  18%    Cr  -  
,   700  12%,   1200 –12,5 

 Mn  Cr  -       
,   45%  Mn 9,0  9,5% Cr   700  1200  

; ) 
Mn  23%  

    . 
      3.     (Si, Mo,  W )  -

         
(Fe70:Cr5:Mn25). :  )   Si  

        6,5  7 %  
   ; Si      

   ;    -   
Si   ,    )   Mo    
2,5 %      ;  Mo    

;     Mo  - ; )  
 W     4,5 % ,  ,  

 ,     ;      
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  - ; Mo  W     -    
   , -  1,44  1,42 . %. 

      4.      (Fe70:Cr5:Mn25)– Si – Mo – 
W       1100  700 : )  

     (Fe70:Cr5:Mn25)–Si–Mo  0  Si 
6,5 %    0 Mo  (Fe70:Cr5:Mn25) – Si – W  0  Si 6,5 %  

0 W 4,5 %;   (Fe70:Cr5:Mn25)– Mo – W  0 Mo 0 W 4,5% 
(          

); )      (  -
   ),  , -

   (Fe70:Cr5:Mn25) – Si – Mo, (Fe70:Cr5:Mn25) – Si – W  
(Fe70:Cr5:Mn25) – Mo –W; )      -

   (Fe70:Cr5:Mn25),     
 -, -   -  , -

   ,     -
 -    Si, Mo  W.     

     :  0  Si 6,5 %; 0 Mo
0 W 4,5 %; )        

,  –196    
1091592. 
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. . , . . , . . , . .  
 
              , 

    ,    
,   , , , , 

,   –   ,    
      ,  

  .  
             -  

   .     
       

    .   
        

  ,      
.         

      ,  
, , , , , ,  –   
,      [1-5].  , 

  ,     , -
    ,   
   .      

    . . ,  ,  
      [6-9].   

     ,    
 . 

           ,    
 -, ,   ( , Fe-Si, Fe-Mn, Fe-Ti, 

Fe-Si-Mn, Fe-Si-Ca  . .),       
,        , 

    ,    
  [10-13]. 

              
     

 ,  ,     
 ,        

 [12, 14-16]. 
              

     ,  
 –    [17-19].    

           
   ,        

    .     
    Si-Mn-Ca-Al,  Fe-Si-Ca-Al, Si-Mn-Ca-

Ba-Al-Ti, Si-Mn-Ca-Al-B-Ti, Si-Ca-Al-Mg-   Si- n-Ca-Al- . 
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      ,  

 .    ,   
  Fe-Si-Ca-Al,     .  

: Si 50-56%, Ca 8-10%, Al 5-9%, Mn 2-3%, C 0.20-0.30%, P 0.020-0.035%, Fe-
. 

           50      
.      - .  

    ,   .  
       1.   

 1 
 

 

 

  
* 

 
 

 
2, % 

M . 

 
 

O2, % 

 
 

.  
 O2, %, 

 

 
 

, 
% 2/  

1 0.3% Si (Si-Mn) + 0.15% Al 0.160 0.030 6.0 0.0016 
2 1.0% Si (Si-Ca) 0.145 0.045 6.0 0.0010 
3 1.0% Si (Si-Ca) + 0.15% Al 0.135 0.022 3.0 0.0051 
4 1.0% Si (Fe-Si-Ca-Al)  0.145 0.016 2.5 0.0066 

*         
 
               (15-20 ),   

    : -    , -  
  . 

        ,        
         
     .    

 ,   Fe-Si-Ca-Al ( . 1).    
 ,  ,    1, 2  3,  

     ,  , 
  Fe-SI-Ca-Al. 

                
         

 ,    .   I  2  
     ,   30    

 Si-Mn  Si-Ca,         
   ,    

 48%      ,  SiO2  
85%.        9% .  

    ,   ,   
 , .    SiO2   

. 
          ,  , 

     :   
     ,    

 ,   ,      SiO2 (20-23%Ca  
1,5-3% Si). 
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          ,   Si- n  Si-Ca,    
    .  ,   30  c  
   ,      80-82%. 

     : 
       -         

,    ,    ;  
       -       

  ,    -Al2O3, 
         

. 
         ,     3,   

  ,        
   ,    
.          

  Al2O3 (2.5-17.8%   9.2-15% 1).   ,   
 1  3,          
       SiO2,   F . 

           4 ,      1,  
 30     Fe-Si-Ca-Al,     

(  73%),         13%.  
   ,     

 ,  ,        
.          

     CaO·6Al2O3  
   = 1.750-1.757.      
  1.608,       

5CaO·3Al2O3.     ,  
  ,      12.9-

22.7%,   – 39.3-45.1%.       
  31.3%,     13%. 

              , 
  2 . 

         ,   Fe-Si-Ca-Al,    
     ,    

       . 
        ,     , 

 ,      
     . ,   

         
  (   ),      

,      , 
     ,  

    , ,   
      . 

          Fe-Si-Ca-Al     
20 (C 0.17-0.24%, Si 0,17-0,37%, Mn 0.35-0.65%, S  0.04%, P  0,04%)   140  

   -  .    
    3.56 .     . 
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  2   ,       
 (Si-Mn  17% Si + 45% Fe-Si +   Al),   –   

 Fe-Si-Ca-Al,  45%  Fe-Si   Al.  
            ,   , 

 ,     , -  
,  ,      

.  
       ,        Fe-Si-Ca-Al   

  25-24%  16%,   –   74-67%  57%,     
26% (     0.035%  0.026%).    

    0.068%  0.0043% (    ),  ,  
37%.  
          ,  ,    

  .  ,    , 
 ,  ,      

       
     ,     

Fe-Si-Ca-Al          
(300-400 ),        

   .     
  . ,    

   Fe-Si-Ca-Al,      
 .        

   Fe-Si-Ca-Al,     1.5 . 
          Fe-Si-Ca-Al      

  C, Mn, Si, Al  P,     
  (  2-  ),       . 

           , : 
       - ,    Fe-Si-Ca-Al,   

 ,       
 ,         

  ; 
       -        

 6-8    ,    7-8   , 
  Fe-Si-Ca-Al; 

       -      Fe-Si-Ca-Al    
 ,    . 

           ,    
     .     
 ( , )    ( )     , 

   Fe-Si-Ca-Al.  ,      
  15%,  –  16%,   –  25%.    

 (-20°   - 40° )    ,    
       32%  - 20°    45%  - 

40° . 
           Fe-Si-Ca-Al      

        10 (C 0.07-
0.14%, Si 0.17-0.37%, Mn 0.35-0.65, S  0.040, P  0.035)     
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  .    200   
  -  .    

    6 .       
   ,       

      ,    
   I .  

               
         

  ,    «  », 
, a   . 

           10-16 ,     «  
»   C 0.18%, Mn 0.6-1.4%, Si 0.15-0.35%,Ti 0.02%, S  

0.04%,P   0.04%,        
 (KCV  27 / 2)  -40 0  (    

  50%).      , 
  .  

                
  Si-Mn-Ca-Ba-Al-Ti     

.        
      –   

 (42% BaSO4),    (40%Mn, 28% SiO2),  
   (14% TiO2, 68% Al2O3). 

        : Si 79-83%, 
Mn 93-94%, Ca 51-53%, Ba 65-68%, Al 70-74%, Ti 73-79%.   – 0.12-0.16. 

 : Si 47-51%, Mn 15-17%, Ca 5-8%, Ba 6-8%, Al 4-6%, Ti 3.5-4.5%, C 0.23-
0.27%, P-0.035-0.07%, Fe- . 
             Si-Mn-Ca-Ba-Al-Ti (5.5 – 6.0   

 )   Fe-Mn (5.0 – 6.0    ).   
Si-Mn-Ca-Ba-Al-Ti    ,     
33  22%,  –  87  80%,  –  74  64%.   

  ,       4-5 
 5-6 ,        0.91  0.68,  

 –  1.04  0.82,     –  1.23  0.86.  
      (  , 

,  ),        18  13%  
  1.1  0.6%.       16 – 

20    .   -20 0   
    13%  ,   -400  –  52  14%.  

             
        .  

,    ,  , , , 
        

[20]. 
                7 .  

       ,  
 . 

         : C 0.9 – 1.3%, Mn 11.5 – 14.0 %, Si 0.5 – 0.8 %, Cr 0.5 – 0.9 
%, Ni 0.3 – 0.6 %,  S  0.05 %, P  0.10 %; 
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         : C 1.1 – 1.3 %, Mn 0.3 – 0.4 %, Si 0.18 –0.27 %, Cr 
0.75 – 0.90 %, Ni 0.15 – 0.20 %, S  0.035 %, P  0.040 %. 
               ,  

 ,     ,       
(3  )    (1  )   0.8-1.0%   

.       75 %  , 
    ,  , .    

  ,    (  
),     (    

       ).  8-7 
         3 

  – Fe-Si-Ca-Al,      0.5 – 0.7%. 
       , 

     ,      
   10-20%  (30-90 )   . 

         ,    , 
      , , ,  

« »   .      
.         1600 - 1620 0C,   

   – 1560 – 15800 . 
          ,      

. 
          : C 0.99– 1.21 %, Mn 12.84–13.57 %, Si 
0.52– 0.65 %, Cr 0.49– 0.68 %, Ni 0.39 – 0.49 %, V 0.093 – 0.109%, Al 0.051 – 0.062%, Ca 
0.0007 – 0.0009%, S 0.025 – 0.032 %, P 0.079 – 0.088 %; 

   : C 1.17– 1.20 %, Mn 13.01–13.19 %, Si 0.52– 0.57 
%, Cr 0.63– 0.70 %, Ni 0.36 – 0.45 %, Al 0.049 – 0.055%, Ca 0,0005%, S 0.028 – 0.033 %, 
P 0.085– 0.090 %.  
             2. 

 2 

 
 

 

 
, 

B, MPa  

 
,

02, MPa 

 
, 

, % 

 , 
, % 

 
, 

KCV, 
MJ/m2 

 890 474 31 47 2,57 
 651 337 24 35 2,03 

 
            2 ,    

      ,   
          . 

                
   10000  100000 (  10000)    .  

       ,   
  -  , ,   , 

      .  
 ,    25%. 
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 . 

              
  (    )  

,         
   [21, 22]. 

               -
 ,  .      

      ,     
 .       , 

      .   
     

.         
      Si-Mn-Ca-Al- .  : 

Si 48-53%, Mn12-15%, Ca 6-9%,  5-7%. 
              

  .        
        [23, 24].  

         -       
     , 

    .     
     .  

             3, . %. 
 3 

      
               

 7 .       ,   
 1-2%   . 

            : 
-    - ; 
-    ; 
-   , ,   ; 
-   ; 
-  ; 
-  ; 
-  ; 
-   Si-Mn-Ca-Al-    0.3%; 
-     . 
               ,  

    .     
   .      

   (  ).  
           : 
-      650-700 0 ,       
30 ; 

   Si Mo W S P Fe 
0,024 24,5 5,2 3,97 0,62 0,87 0,015 0,020  
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-    200-250 0       (   
  1200-900 0 ,     – 500 ),  1.5-2.0 

. 
         , -    ,    

.   45  55      16  16 . 
    .    

     15    6 , 
         
. 

               .  
    4-      1200 0    Fe–

Cr–Mn    1100 0    Fe–Cr–Mn–Si–Mo–W. 
            , ,  1200  
1100 0 ,   24 . 
            

      ,  
 .       

 290-87 ,   87      
   (1,  )      . 

    6  (  4 ).   – 0.0238 , 
    0.0985 . 

        ,    ,  ,  
: 

P
dx
dHHM

dx
dHPF

,
 

 ,  

P
dx
dHH

F

,

 

 –   ; P-  ;  -   . 
           .  B  : 

FS   =  = 0.96 10-6 . . ./ ,

 S0-      ; S -   
;  -   10-5 . . / . 

  ,    182   
    .        

          
 . ,   ,  

        
   ,     .  

      ,   ,  
        

   .      
        

. 
            4. 
 



 236

 4 
,   ,  ,  ,  

290 2,09 197 1,90 168 1,85 133 1,82 
278 2,07 188 1,87 163 1,83 123 1,82 
251 2,09 182 1,82 153 1,82 114 1,82 
235 2,01 176 1,85 143 1,82 87 1,82 

 
                      

     (  5). 
 

 5 

 

 

 

, 0  

, 
V 

 
, 

,  

 

, 02, 

 

, , % 

 

, , % 

 
, 

KCU, 
/ 2 

 20 
-196 

206 
- 

800-850 
- 

300-350 
- 

40-45 
- 

40-41 
- 

2.3-2.5 
1.6-2.0 

 20 
-196 

180 
- 

750-800 
- 

300-350 
- 

40-45 
- 

35-45 
- 

2.0-2.4 
1.6-2.0 

  

 

20 
-196 

252 
- 

950-1000 
1000-1050 

400-450 
400-450 

35-40 
38-30 

38-40 
20-22 

2.5-3.0 
1.0-1.5 

 
   ,      

   20 0      
,        
,      .   
 ,   -1960 ,   ,  

   .    
,    .     
      .  

          
 . 

               
        

. 
               

      ,    -  
 [25].      

  ,  ,   
,  , -  . ,     

    ,        
   (   ). 

            
   "QM"  " "  
   .  5x5x10    ,   

   .     50 ,   
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10 .         
 ,      . 

             800° .   
   10     

 .  
             6. 

 6 
 
 

 
 

  

-
, 0  

-
, 

Hv 

-
 , 

0  , 0  , Hv 

-
 
, 0

1 20 358,75 2,14-6,84 700 144,00 0,33-1,43 
2 50 368,60 0,98-2,74 600 177,33 0,33-1,43 
3 100 364,50 1,44-4,62 500 188,00 0,15-4,97 
4 120 363,25 1,25-4,00 400 210,00 1,15-4,97 
5 140 361,00 1,00-3,20 300 217,00 2,08-8,95 
6 160 354,25 1,25-4,00 200 250,00 3,06-13,14 
7 180 353,00 0,00-0,00 100 349,00 - 
8 200 349,00 1,63-5,23 20 345,00 - 

9 220 343,00 1,15-3,70 - - - 
10 240 320,00 1,91-6,13 - - - 
11 260 275,20 1,53-4,28 - - - 
12 300 263,50 0,87-2,77 - - - 
13 400 232,00 0,00-0,00 - - - 
14 500 210,00 0,00-0,00 - - - 
15 600 196,33 1,33-5,73 - - - 
16 700 152,67 0,33-1,43 - - - 
17 800 99,23 0,23-1,00 - - - 

 
           ,    

   240°   .     
200-250°      . 
 
 

  
1.   ,  396411, 1973; 
2.   ,  422786, 1973; 
3.   ,  596651, 1977; 
4.   , 624480, 1978; 
5.   ,  986951, 1982; 
6.   ,  282377, 1971; 
7.   ,  397554, 1973; 
8.   ,  461954, 1975; 
9.   ,  1016390, 1983; 
10. . . , . . , . .   .   

 - - .  ,  12,1973; 
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11. . . , . . , . .   .   
  - - - - - .  

 ,  2, 1975; 
12. . . .        

   . , , 1982; 
13. . . , A. . , . .   .   

     Fe-Si-Ca-Ba-Al.  
,   ,  2, , 2008; 

14. . . , . . , . .   .   
          

      .      
  . « », , 1974.  

15. A. . .          
    .   ,  2, 

1984; 
16. . . , . . , . .   .  

         
 ,      . . «  , 

   », . 9. GWA, , 2004; 
17. . . .    .   , ,  9. 1957; 
18. . . , . . .     

  - - .      
  . , 1974; 

19. . . , . . , . . .     
     . ,  6, 1982;  

20.  ,   5130, 2010; 
21.   -   . .: « », 1986; 
22. . . , . . . -   

 . .: « », 1980; 
23.   . .: « », 1973; 
24.     . ., 1982; 
25. . . .     . .: « », . 2, 1969. 
 
 
 
 
 
 

    . . .  
, 0160, . .  15 

E-mail: aoakley@mail.ru 
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. , . , .   

       
   ,      

    .   
   ,        

       , 
  ,      

   .   
        

   ( , ,   .). 
        

    .  ,      
     -   

. 
   ,      

   .   
          

   .  ,   , 
       

         
 . 
       

          
  -   .   

       
,          
   .       

     –  . 
           

       
      

         
  25-47%.    ,       

       ,   
 ,     -  
    . 

       
   ,   

    -  
       . 
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 ,    .   

          
  ,   ,    

 .       
         

,          
   ,    .  

       
      .   

        
   ,     

         
 .  

      -  9 
      « ».    

,        1.,   
     17   2. 

 1. 

    

 
, % 

Mn . SiO2 Fe . Al2O3 CaO MgO P2O5 A C . . . 
  

   
37,54 4,67 4,69 0,3 14,7 2,7 0,045 - - - 

 
  

46,07 6,19 5,29 0,6 15,5 3,7 0,069 - - - 

  
  

40,16 22,09 4,20 0,5 5,0 3,0 0,412 - - - 

   
  

 

24,29 33,36 3,17 2,6 3,34 2,26 1,15 - - - 

 
 

 ( ) 

23,5 42,1 0,3 5,1 20,1 4,3 0,08 - - - 

  1,16 39,2 17,76 25,2 5,50 2,92 0,28 13,0 83,2 2,0 
  

 
1,32 49,07 6,24 30,26 3,94 2,11 0,13 20,0 41,4 37,0 

 0,12 97,0 0,41 1,03 0,11 0,1 0,02 - - - 

 

 

 

MBaMBa
мощностьюмощностью
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 2. 

      

  
 ,  6,5 

  . / . . 32,3 
    (37,54% Mn) 1514 
   (46,07% Mn) 284 
    (40,16% Mn) 350 

      (24,29% Mn) 675 
   ( ) (23,5% Mn) 448 

 ( ) 582,5 
  ( ) 170 

 514 
  , * / .  4580 
  1,52 

 , % : 
 66,74 

 18,50 
   14,76 

   , % 31,0 
   , % 14,0 

 

      , 
   .    

       [1]. 
       

    ,  
      [2].   

       , 
            

     .  
            
       .    

 (CaO+MgO)/SiO2       
           

 31-33%.   ,        
  0,7-0,8          

    .  
            

15%.        :  68,2- 
69,5%,   15,5-17,2%,  12-13%   0,26-0,29%. 



 242

   ,       
        

      ,  
   .     

 ,       
 ,     30 %    .  

         
 ,         

 . 

 

 

 

 

 

1.  .,   .,  .   
  . »   » («   

»),  -    
  , 2011, 4-6, , .85-88.  

2.  . .,  . .,  . .,  . . 
     

        
.  ,   , 2006, 3(13), . 3-

9. 

 
 
 
 
 
 
 
 

 

 

    . . .  
, 0160, . .  15 

E-mail: jemal.mosia@gmail.com 
 



243

  
   

 
. .   

 
 ,   ,  
  ,   .  

      ,  
  .      

   ,     
.        . .   
       

    . 
       ,  

       00 18 20  
       , 

     ,   ,  
     23-28,  . 

   ,     , 
-       00 18 20   

   [1],        
       

   03 18 20 3 3 3  (  667),   
  06 23 28 3 3 ( 943) [2].    

      (  8%)   (  5%) 
           

3%  [3]. 
     ,   

667  ,    943,    
   -      ,   

   (  800 )    (   70% 2SO4),  
 (  1100 )   ,    

  ,     ,  
 ,     ,  

,  ,   ,   
 -    ,     
 -   –  ,  , 

  , , , , 
   . .  667,     943, 
     –    -

   ,     
 .       

667          
   [3]. 

 667         
   25% NaCl+0,5%K2Cr2O7   2160   

 16 , 3,5% NaCl  400    ,    
     160-2000 .  667,     
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943,        42% MgCl2  
1500 .    667     

       [4]. 
   667    

00 18 20 3 3      ,    
 667  ,    .    

   ,  ,  ,    
   ,    , 

         
  .    

      667,   
     .    

     .    
     667  25% 2SO4   800    

,       ,   
   ,     .    

     
,     667  25% 2SO4   800 , , 

      ,   .   
       

 ,     
. 

 667,      , 
   ,     
,    , 

  ( )  ,   
  943 (  ,      

),        
   , , 
,    . 

  667     (  
,        

 )[5],   , ,  
  . .         

“  “,   (4-6 )     
,     –  .   

         
 .  667    ,  

, .     03 -17    
    ,     

 . 
      ,   

  ,      
        

.    ( )  667 
   ,  ,    ,  

  ,      
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.      
  30%  900-9500      .   

     15-20%,    –  85%. 
     ,  
  ,     

    :  
     ,  

,   ;     
   ;    

,           
 ,     
,          

. 
         

 .  
  ,     667,   

       . 
,        

     03 20 18 2 2 ( -87) 
[6]. 

     ,   
    ,      ,  

  . 
       

         
. 
 .1     .   

       03 20 18 2 2 :    
    ,        

    .      
   .  

         
 :   ,     

       ,  
      .       , 

      ( , 
, , , ),   

     .     
- ,      

 . 
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.1            
            03 20 18 2 2: 1.  , 2.  – 0,004%, 3.  – 0,0019%, 
            4.Y – 0,019%, 5.  . 
 

  ,    
   ,   

    .   
 ,   -      

 03 20 18 2 2    ,  
      ,    

 ( .2).     ,   
 ,         

,      ,   . , 
,       , 

        .  
        

  ,  ,   
,         

.  
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 .2  .    03 20 18 2 2       
             ( =1050 , =50%),  20000,  
            .          
             ( =1050 , =50%), 20000 
 

 ,      
          . 

     ,    
     ,     

      -  
 (    ,   
 ), . .   ,    

   . 
        

    ( ).    
          
          .  

       
    03 20 18 2 2   

 ,     10500      
  (   ).   : 

    , . .      
    . 

   7000    2-3      
     r23C6   .    
      ,     

      .    
      ,    ,    

      .   
,   ,      5,6 

       19,6% -  10,0%, ,    
      1,8 ,     

  15,3%.      ,  
      .    

    7,1.10-12 2/ ,      –       
1,0.10-12 2/ . 
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 ,  –  : ,    (  
    )      

,        ,   
  03 20 18 2 2  . 

     ,   
 ,       

         
   ,        

. 
           

  [7,8]. 
        

    .     , 
        . - , 
  . - ,       

  o     . 
    ,    

        
 .           

       
.         . 

 . .   -     
       . 

 
 
 

: 
1.  . .  ,     ,    
       00 18 20.   , 1,1967, .155-160. 
2.  . .,  . . “ ”, . . 195119,  9, 1967. 
3.  . .,  . .    00 18 20 3 3 3     
   ( 667). , , I, 1979, .25-29. 
4.  . .   00 18 20 3 3 3       
     . , 9,1979, .59-61. 
5.  . .,  . .,  . .,  . .,  . .,  
     . .     .  
     .  , .1, 4, 1975, .372-380. 
6.  . .,  . .  .  2149, 1999 .      
7. M. O. Speidel. Nitrogen Containing Austenitic Stainless Steels, Mat-wiss. u. Werkstoiftech.  
    2006, 37, No. 10, p.875-880. 
8.     , Lean Duplex Stainless Steel, 2012,  
   http://www.keytometals.com/page.aspx?ID=CheckArticle&site=kts&NM=364 
 
 
 
 

    . . .  
, 0160, . . , 15 
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. .   

        
      

 .          
   ,    

    , , 
     ,  
  . 

        
        Fe-

Cr-Mn   Fe-Cr-Mn-Ni  .    
       

,          
 .         
     .  

     14 15 
( -13) [1],       .   

   ,  ,     
 .  
         

  08 25 15  [2],    
 ,  :  -  ,  

,     ,   , 
 ,  ,     

.     :  ,  7 3, 
 -  ,  6.5 3  

  ,   ,  15 3  
 .  
    ,      

      28%  , 3% 
  3% , ,   ,    

,    .   
        00 18 20   
  ,      . 

   ,     , 
-          00 18 20   

  ,        
 ,     , 

,   03 18 20 3 3 3  [3],    
 -667,     06 23 28 3 3  ( -

943).  
         8%,  –  5%  

      ,    
3% .  
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 -667         
   - ,      

,  ,    , 
         

. 
     

0 13 7 10 5  [4],        
.  ,      , 

       .  
    0 13 6 2  [5]  
    .    

     « »,      
   .  ,   

    .    
 .  

 12 3   12 4  [6],   ,  
         

. ,         
 .     ,   

 ,   .   ,  
     ,    

       , 
,   ,    .   

12 3     ,     
   .  

       
,       

 .  
     03 13 19 ( 36), 

03 13 9 19 2 ( 37)  07 13 20 4 ( 52) [7, 8],   
 , ,  ,   
  -196          -253 0 .  36  52  1.5 ,   37  1.8 

      18 10 .    
,      12 18 10    

 . 
 36  52        

« ».          
,        
,     .   36  

  ,      50%,    
52   . 

 ,    ,    
        .  

      ,  
      50 12 8  [9].  

     ,   
       1.5 ,     

   .  
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   ,    
 ,          
          . 

          
  .     

, ,     ( 25 %)   ( KCV  200 
/ 2)    20  77 ,     

   –    400   500 
. 

        
      300-4,2 ,   

     ,  5-10 %  
 30-40 % .     

.  ,     
  ,  ,  ,   

, TRIP- .  , ,    
         

   – ,      [10].    
 ,       - -  

   , , 
, ,   

 , J-      
  4,2 . 

 ,    293 – 4,2 ,   
    : 03 10 35 1   

03 10 35 6 3 .  
    ( , )   

     ,  4,05-
10,22 %   25,4-39,6 % .    

  1 ,      
  –  (  ).  

     4,2  7      
 5 . 8      630 KH  

 ,      
4 .          7   

       
.      1. 

 1.

   
, . % 

, 
 

 

 
, 
 

02, 
 

 
 

 

, % 

 
, 

% 

  
, % 

42-1 30Mn-10Cr 4.2 171 768 1383 44 48 29.4 
42-2 30Mn-10Cr 4.2 196 757 1354 40 45 36.0 
44-1 39Mn-5Cr 4.2 162 647 1035 39 43 32.8 
44-2 39Mn-5Cr 4.2 201 631 1083 50 57 39.2 
45-1 35Mn-5Cr 4.2 203 636 1147 53 59 64.0 
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45-2* 35Mn-5Cr 7 209 696 1137 49 >59 - 
46-1 30Mn-5Cr 4.2 187 622 1235 34 35 22.6 
46-2 30Mn-5Cr 4.2 190 644 1297 43 45 26.0 
40-1 35Mn-10Cr 4.2 188 808 1220 53 64 53.8 
40-
2** 35Mn-10Cr 7 205 928 1274 38 58 - 

*    -     7 K.  
**      8  Gl.  1  

 
 

     50 50    
      .     

,     ASTME 813-89,  
         , 

-     a/W  – 0,33 (a –  , W –  
).      a/W  – 0,52 

   J –  ,   
       . 

 . 1         
   7 .  J –     
    0.2     .  

 J –       2.   
  ,      . 

  (22, 23  26-1)     
,       ,  .  

           
.       
.    26    (26-2)   
     J – .  

  (    1)     
    .   ,   

     ,   
   .  

        
,  10 %   35 % ,     

  – , , ,   . 
       02  400 ;  

  4,2    35 %,    38 %,    
77  CV  160 / -2. 
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. 1.  J-    Fe-Cr-Mn   7K (  
 ) 

 2. 

 
 

 
 

,  

, %  J, 
J1c , 
/  

 

 

   
   

    
  7 K   Cr Mn 

22 3.30 10 35 220 212.4 
  

    
   

23 3.35 10 30 235 219.5 
  

    
   

26-1 3.40 5 35 53 104.2 
  

    
   

26-2 3.25 5 35 125 160.1   
 

44 3.25 5 40 118 153.5 

  
  

  
  

3.10 10 40 75 124.0 
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27 2.45 5 30 90 135.8 

  
  

  
 

 

    - ,   -  
. 

       293, 77, 20, 
4,2 , ,  ,   

  ,     
 ,       

  ( . %): 
1. C  0.03, Si 0.3-0.5, Cr 9-10, Mn 33-35, Ni 1.2-1.5, V 0.4-0.6, N 0.12-0.16; 
2. C  0.03, Si 1.8-2, Cr 9-10, Mn 33-35; 
3. C  0.03, Si 1.8-2, Cr 9-10, Mn 33-35, Ni 4-6, Mo 3-3.5, N 0.25-0.3, B 0.003. 

       
 ,  10 % , 35 % , 0,25-2 

% , 0,1-0,2 % . ,     
  1  –  (  ) . 

    1  ,  9,8 % 
, 10,1 %   0,19 %      150 

,    77  - 179 .  
       

      .    
   PCT (Patent Cooperation Treaty)    

   ,  (%  ): 
 0.023 – 0.050,  9.0 – 10.0,  30 – 35,  1.3 – 2.5,  4.0 – 

6.0,  0.15 – 0.25,  2.5 – 3.5,  0.4 – 0.6,   0.025,   0.03, 
     –  0.001 – 0.01,  0.005 – 0.05, 

 0.005 – 0.05,  0.001 – 0.003,  –  [11]. 
       -
  ( )    

       
 ,      ,   

  -  , ,    
,  ,      . .  

      
 .       6-8 ,   

         
  ( ,    ).   

 -         – 
 .       . 
   ,      

       .   
   -Al2O3,   

 .    30-90 . 
    2-    .  
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 (  ).     
          ,   

    ,  -Al2O3.   
    . 

    [12],     (  
)    3.  

   ,     
   4  5.  

 3 

 
 

, . % 

C Mn Si Cr Ni V Al 
-

Al2O3 
Ca S P 

 
1.06 

13.4
2 

0.7
3 

0.4
2 

0.4
5 

0.07 0.082  0.14 0.0008 0.03 0.07 

 

- 
 

1.05 
13.4

0 
0.7
0 

0.4
4 

0.4
6 

- 0.080 - - 0.04 0.07 

 
  4 

 

  
 

, 
B, MPa 

 
, 

02, MPa 

 
, , 

% 

 
, ak, 

J/cm2 

 
 

, HB V-  
 

 876 471 33 2.56 260 
 -

 
629 324 24 2.04 205 

 
  4     ,  

  ,  ,      
  28% ( B)  31 % ( 02).       

  27 % ( )  20 % (ak).      21 %. 
  ,      ,  

        . 
        

     200   ,   70 
   - 20 %.      

50    12 .         
,    -    

,         .  
     5.   
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 5 
 

  
 ,  103

10 20 30 40 50 60 70 80 90 100 
 , KW

* 
 1.42 1.40 1.29 1.25 1.23 1.24 1.23 1.22 1.21 1.21 

 -
 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

 *  KW
                 

      . 
 

 5 , ,    ,    
    .     

    -     
 .   ,    

    (21 %  100 000 ).  
 

 
                        

. 2.   ;  A)  ; B) . 
 

       
   ( . 2),      

     1.5 .  
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1.   ,  208276, 1972; 
2.   ,  430186, 1973; 
3.   ,  195119, 1967 
4.   ,  705004, 1979; 
5.   ,  1421801, 1988 
6.   ,  956603, 1982; 
7.   ,  476329, 1974; 
8.   ,  527483, 1976; 
9.   ,  827587, 1981;  
10. J. Delorme, A. Gobin. Metaux Corrosion Industrie 573, (1973), p. 209.  
11. International Patent Application, # PCT/B2008/001988, 2010; 
12.     .  ,  P5130, 

2010.  
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  -  

  
 

. . ,  . .   
 

         
 ,    . 

          
     [1]. 

,       
  : 

1.         – 
      . 

2.        -
         

  ,     . 
3.    –     

      . 
4.          -

 ,        
 ,     ,    
   . 

5.          
 . 

6.          ,   
       ,   

   « » - , . .    .  
       
        50-200 . 
      ,   

,      ,  ,  
      SiO,  
     ,   

,      –   .  
 ,   : 73% MgO, 7%Cr2O3, 8%Fe2O3, 

6%SiO2, 4%Al2O3, 2% CaF2 [2]. 
        

,   .10       0,018%  
0,021%.         . 

            
      12 .    ,   

,    .       
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 18 , 30   .45.        , 
     . 

       
    .      
 ; 65%-  , 57%-  , 49%-  

,  75%-  , 90%-  ,    
   44 [2].     , 

     5-10    
 ,        

    800-850 o          
.     Al   0,3    , 

     3-5 ,    . 
   4-6 ,  .  

       
  .     1640-1660 o . 

    800-900 o     ,  
    . 

      : 
    �B=160-180 /       

H=6-8 /      -  ,  
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INVESTIGATION OF CORROSION RESISTANCE AND 
ELECTROCHEMICAL CHARACTERISTICS OF 

NANOCRYSTALLINE COATINGS OF Ti-8Ni-Cr SYSTEM ALLOYS  

M.MIKABERIDZE,  D.RAMAZASHVILI,  L. AKHVLEDIANI  

Titanium and its alloys are used for manufacturing of many surgical tools. The great 
part of quantity of medical products are instruments and together with more than thousand 
tones of orthopedic and prosthetic titanium devices of various applications. Because it’s 
biocompatible, titanium is used in a gamut of medical applications including surgical 
implements and implants, which can stay in place for up to 20 years. Titanium and its alloys 
are used to make medical instrument, implants as well as modifications to their surface.  
Titanium and titanium alloys, based on their physical and chemical properties, appear to be 
especially suitable for dental implants and prostheses. For the construction of endosseous 
implant devices, titanium and its alloys have become well-accepted and can be considered the 
materials of choice. [1-9]. 

For the increase of wear and corrosion resistance, also functional properties of medical 
tools and implants, hardened working surfaces are developed especially by mechanical 
alloying. Mechanical alloying is the generic term for processing of metal powders in high-
energy ball mills. Mechanically alloying describes the process when mixtures of powders (of 
different metals or compounds) are milled together to produce a solid solution, inter metallic 
or amorphous phase homogenous alloy. This compacted material is placed in an oven and 
sintered in a controlled atmosphere at high temperatures and the metal powders coalesce and 
form a solid. A second pressing operation, repressing, can be done prior to sintering to 
improve the compaction and the material properties. Compacting and comminuting are 
repeated to produce the desired extent of alloying and homogenization. [10-12].   

Most of commercial titanium alloys have low hardness and insufficient corrosion 
resistance in aggressive washing and sterilizing media and they are expensive. In this 
connection, the development of new titanium alloys with high mechanical properties together 
with corrosion resistance represents significant interest, for coatings of medical tools and 
implants surfaces with the purpose of their hardening. New corrosion resistant Ti-8Ni-Cr 
system alloys with increased hardness and strength have been developed by us for surgical 
implants and medical tools of multiply usage [13, 14].  

The purpose of the given work was working out of technology of reception of 
mechanically alloyed Ti-8Ni-Cr system alloys, which should be characterized by the 
increased strength and corrosion resistance for coatings of medical instruments and 
elaboration of the recommendations on use of powder titanium alloys for coatings of working 
parts of medical tools.   

Preparation of the powders Ti-8Ni-Cr system alloys by mechanical alloying was carried 
out in the high energy ball mill of attriton type in an argon atmosphere. Mechanical alloying 
was achieved under the following regimes:  ratio of the mass spheres and workable powder 
was 10:1 - 30:1, frequency of the rotation of the shaft of attriton was 270 -720 turn/min, 
duration of process was 5-25 hours.  

Compacting of powders and manufacturing of electrodes with the 5x5x35 mm size for 
coatings was carried out by the method of cold pressing (under loading of 4-5 tons) and high-
temperature baking of   mechanically alloyed powder  alloys Ti-8Ni-(1-3%)Cr. The pressed 
rods of samples were baked in vacuum electro furnace under residual pressure 10-3mm of Hg, 
at the temperature 13000C, during 3 hours. As the result we have obtained the following alloy 
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samples: Ti-8Ni-1Cr; Ti-8Ni-2Cr and Ti-8Ni-3Cr.  Surface of samples of commercial 
titanium alloys Ti-5Al-3Sn and Ti-3Al-0,5Cr, used for manufacturing of various surgical 
tools, was covered with electric-spark alloying on the installation “ELITRON”. Samples of 
square sections (4x4 mm) of alloy Ti-8Ni-(1-3%) Cr were used as anodic electrodes. The 
surface of samples was cleaned mechanically by a glass-paper and were degreasing with 
acetone before coating.  Surface alloying was realized by two regimes – “soft” and “rough”. 
Vibration frequency of a vibrator was 200 Hz. Current strength by a ‘soft” regime was 1,8 – 
2,0 A. Potential – 2,5-3,0 V. Volume of accumulated condensers was 210 F. When a 
“rough” regime was used current strength was 5,0-6,0 A; Potential – 7.0 – 9.0 V. Volume of 
accumulated condensers – 630 F. The thickness of the received coatings was 30-35 .  

For comparison electric-spark alloying has been carried out on the installation “ELFA-
541” as well. Unlike from “ELITRON ” where an electrode performs a vibrate movement and 
renders an additional intensive mechanical influence on a undercoat, under the use of the 
ELFA-541 a cylindrical electrode with 1-2 mm diameter rolls around its axis, removes with  a 
permanent speed and does not touch  the undercoat. Interstice between the electrode and 
undercoat is regulated and automatically preserved in 5-50mkm range in the electrode and 
undercoat is regulated and automatically preserved in 5-50mkm range in the process of 
coating. Cast alloys Ti-8Ni-(1-3%) Cr were used as en electrodes. They were manufactured 
by melting and casting. Coating was realized by two regimes – at first “soft” and then by a 
“rough” regimes. Under the  “rough” regime the volume o accumulated condenser was 5 F; 
under the “soft” regime -3 F.  In both cases the rotate frequency of the electrode was 2000 
turn/min, when the speed of linear movement of the electrode was 1 cm/min .The thickness of 
coatings was 3-5 . The coatings obtained on the installation ‘Elfa-541” are considerably 
better than on the installation “ELITRON”. They are characterized by smaller roughness and 
cleanliness of a surface.  

Micro structural and micro-radio-spectral x-ray analyses of of Ti-8Ni-(1-3%)Cr alloys 
coatings samples were realized on the optical microscope “NEOPHOT-21” and on the micro 
analyzer CAMECA  MS-46. The crystalline structure and also the substrate were conducted 
on the general x-ray diffractometer DRON-2,0. During the exposure samples revolved in their 
plane. The studies have shown that the crystalline structure of the substrate and coatings 
constituted the structure of  – titanium. All coatings contain '' – martensite phase and nitride 
of titanium (Fig. 1,2).The  grain sizes of crystals in both cases do not exceed 100 nanometers; 
so it is possible to make the conclusion, that  received coatings have nanocrystalline structure. 
Investigations showed that a surface of the coating is characterized by a strong roughness.  
Thickness of a coating by a “rough” regime was 20-30  and by a “soft” regime – 10-15 . A 
surface cleanliness was better using a “soft” regime. Using of both powder and cast  
electrodes give almost the same results as regards to homogeneity and porosity of coatings.  
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Fig. 1. X-ray diagram of Ti-8Ni-1Cr alloy coating obtained on the “ELFA-541” 

 
 

 
 

Fig. 2. X-ray diagram of Ti-8Ni-1Cr alloy coating obtained on the “EITRON” 
  

The intensity of the reflexes of  – titanium in substrate as well as contents of titanium 
nitride in the coating obtained on “ELITRON” (30 - 35 )  is 2-3 times more than in coatings 
applied by way of electric spark alloying on the installation “ELFA” (3 - 5 ). Formation of 
titanium nitride is connected with conducting of the electric spark alloying process into the 
air. In this case the formation of the titanium oxides is not excluded. However, the reflexes 
corresponding of titanium oxides were not clearly fixed by x-ray structural phase analysis. 

Wear resistance of coatings was defined towards to weight lose. The test results are 
shown on fig.3. It is seen from a diagram that the surface of titanium by alloying with Ti-8Ni-
1Cr alloy noticeably increases its wear resistance.  
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Fig. 3.Change  of  the samples’ weight in the time. 1 - Substrate; 2 - Coating 

 
Measuring of the micro hardness of metallographic sections is carried out by device 

PMT-3 under 20g loading. The following results have been received:  
Micro hardness of the main alloy   H1=233.6 kg/mm2  
Micro hardness of a layer                H2=343.0 kg/mm2 
Micro hardness of the coating         H3=401.7 kg/mm2 
Increase of hardness of coating and intermediate layer is, evidently, the result of change 

of chemical content and also strengthening caused by as mechanical so electrodynamics 
peening during electro spark alloying of the surface.  

Thus, we can say that alloys Ti-8Ni -(1-3%) Cr are quite suitable for hardening of 
surface of titanium commercial alloys. 

Corrosion tests of coatings, with the thickness 30  , was carried in  preserved blood, 
physiological (0,9% NaCl) and tissue solutions. Corrosion rate of coatings after 120 hours 
tests is given on figure 4. As shown in the figure, corrosion rate of coatings in physiological 
solution is the smallest influence of chromium is not observed. In the tissue solution with 
increasing of chromium content corrosion rate of coatings rises and reaches amount ~ 0,06 
g/m2h. In the blood – with increasing of chromium corrosion rate of alloys coatings rise and it 
reaches 0,01 g/m2h. In general, all alloy coatings revealed good corrosion resistance.   

Study of corrosion resistance of coatings has been carried out also in 1% solution of 
hydrochloric acid. Kinetic curves are given on figure 5. Value of corrosion rate was 
determined after 100, 200, 300, 400 and 500 hours testing. As shown, the minimum corrosion 
rate of coatings is controlled after 100 hours. maximum losses are obtained after 200 hours 
testing: in this case by increasing of chromium in alloys content the corrosion rate increases 
and it reaches 0,0026 g/m2h (for Ti-8Ni-3Cr alloy coating). Farther increase of testing time 
leads to decreasing of corrosion rate of coatings and is equal to 0, 0008 g/m2h (Ti-8Ni-1Cr). A 
decrease of corrosion rate in this case is caused by the formation of the protective titanium 
oxides films on the surface of coatings. Results of chemical analysis after testing of alloy 
coatings in HCl solution are according to their corrosion resistance - quantity of moving ions 
of titanium and nickel are insignificant; with increasing of chromium content, quantity of 
moving ions in 1% HCl increases slightly. In general, all alloy coatings revealed good 
corrosion resistance in 1% HCl solution.  
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Corrosion tests of coatings with the thickness 5  has been carried out in the 
physiological solution (0,9% NaCl). The value of corrosion rate was determined after 100, 
200, 300 and 500 hours testing. All alloy coatings revealed absolute corrosion resistance 
(K=0, 0000 g/m2h). Corrosion rate of coatings after their testing in the solution 1% HCl 
during 240 hours was 0,0007 g/m2h. After corrosion tests of Ti-8Ni-(1-3%) Cr alloys coatings 
the best corrosion resistance revealed samples with Ti-8Ni-1Cr alloy coatings.  

Corrosion resistance of the coating with the thickness 5  , received on the device 
“ELFA” is approximately two orders higher, than coating with the thickness 30 , received on 
the device “ELITRON“.  
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Fig. 4. Corrosion rate of Ti-8Ni-(0-3) Cr coatings (thickness 30  ) in: 

1 - Blood; 2 - physiological solution; 3 – tissue solution. 
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Fig. 5. Corrosion rate of Ti-8Ni-Cr system alloys coatings (thickness 30 ) in 1% HCl 
solution: 1 - Ti-8Ni-1Cr; 2 - Ti-8Ni-2Cr; 3 - Ti-8Ni-3Cr 
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Corrosion testing of the Ti-8Ni-(1-3%) Cr alloys  coatings has been carried out also 
according to the following regime: cleaning+dezinfection+sterilization. Washing solution 
with addition of 0,5% hydrogen peroxide was used as cleaning solution means. Disinfection 
was done in boiling distilled water during 45 minutes with addition of cooling to the room 
temperature; Sterilization was done in: 1.air-drying chamber at 1800C, 45 min. and 2.solution 
6% H2O2 (Chemical sterilization). Twenty cycles of tests have been performed.  Corrosion 
loses of coatings increase with rising of chromium content in them and also with increasing of 
cycle’s quantity. Maximum loses are obtained after 20 cycles. For coating with 1% Cr 

m/s=0.035 g/m2 after 20 cycles. Corrosion losses of the known alloys are ~ one order more 
than the losses of Ti-Ni-Cr alloys. Visual control of alloys showed that known alloys 
withstand 10 cycle of cleaning without surface changing, but further their  surface condition 
changes, spots of oxide tint appear; the surface of Ti-8Ni-(1-3%) Cr alloys does not change 
after 20 cycles.  

Electrochemical investigations of Ti -8Ni-1Cr alloy coatings received by electro spark 
alloying method under two regimes with the thickness 30  and thickness 5   were carried 
out in NaCl, HCl and NaOH solutions ( Fig.6,7). 

Corrosion potentials of coating with 5μ thickness in 1% HCl and 10% NaCl and NaOH 
solutions are accordingly equal to 0.05, -0.11 and -0.21 V.  In NaCl solution two areas of self 
passivity in 0,07 -0,21 V and 0,9-1,52 V limits are observed. Average current density on the 
first stage is equal to 0.130μA/cm2, on the second stage it is 0.008μA/cm2. Corrosion rate 
calculated from Tafel extrapolation method is equal to 0,00005 g/m2h. The most aggressive                           
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Fig. 6. Potentiodynamic curves of Ti-8Ni-1Cr coating (thickness 30    ) 
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Fig. 7.  Potentiodynamic curves of Ti-8Ni-1Cr coating (thickness 5    ) 
 

area for coatings is NaOH  solution. On the anodic polarization curve unstable self 
passivity is observed; current density slowly, but constantly increasing and its average value 
is equal to 1,305μ A/cm2, that is one order higher than in NaCl solution. Repassivation begins 
at 0, 26 V. Corrosion rate is equal to 0,00001 g/m2hr. There are two areas of self passivity in 
HCl, as well as in NaCl solutions: the first in the areas of 0,17-0,37V, the second one –in the 
section of 0,82-1,45V with the average current densities 0.124 and 0.996μ A/cm2 accordingly. 
Corrosion rate does not exceed 0,00005 g/m2h. Corrosion potential of Ti-8Ni-1Cr alloy 
coatings with 5μ thickness in 1% HCl solution is equal to 0,12V, in 10% NaCl - -0,13, and in 
10% NaOH - -0,42V. In NaCl solution coating has self passiveness in the area of potentials 
0,72-1,62V, but average current density of passivity is big –495,580μ A/cm2. Minimum 
current density-45 μA/cm2 is observed at 1,62V potential and repassivation starts. Corrosion 
rate is equal to 0,00169 g/m2h. The pick of active dissolution is noticed in NaOH solution on 
the anodic polarization curve when potential is 0,02V and current density is 102, 3 μA/cm2. In 
the passive area within the limits of 0, 14-0,72V corrosion rate is equal to 0,0148 
g/m2h.Unstable self passivity has been noted in HCl solution. The first area is situated within 
the limits of 0,21-0,32V, average current density is equal to 1.58μ A/cm2. The second stage of 
passivity includes the area 0.72- 1.75V. Current density in this area is  26.53μ A/cm2and 
corrosion rate does not exceed 0.0051 g/m2h.  

According to potentiodynamic curves, corrosion resistance of the coating with the 
thickness 5  , received on the device “ELFA” is approximately two orders higher, than 
coating with the thickness 30 , received on the device “ELITRON“.  

 Corrosion and electrochemical investigations in 1%HCl, physiological and tissue 
solutions and also tests, according to the following regime: 
cleaning+dezinfection+sterilization  shoved that all alloy coatings revealed good corrosion 
resistance. The best corrosion resistance revealed samples with Ti-8Ni-1Cr alloy coatings.  
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Thus, we can say that alloys Ti-8Ni -(1-3%) Cr coatings are quite suitable for medical 
tools of multiply usage.  

The coatings received by electro spark alloying method with application both, cast and a 
compact Ti-8Ni-(1-3%)Cr alloys electrodes can be recommended for medical instruments to 
increase  their strength , hardness, wear and corrosion resistance.  
  
Conclusions:   
Nanocrystalline coatings were received by electro spark alloying of the Ti-5Al-3Sn and Ti-
3Al-0,5Cr commercial titanium alloys samples surface with application cast and a compact 
Ti-8Ni-(1-3%) Cr alloys electrodes.  
Preparation of the powders of the Ti-8Ni-Cr system alloys by mechanical alloying was carried 
out in the high energy ball mill of attriton type. Compacting of powders and manufacturing of 
electrodes was carried out by the method of cold pressing and high-temperature baking. 
Surface of samples from commercial titanium alloys was covered by electric-spark alloying 
method; compacted alloys Ti-8Ni-(1-3%) Cr were used as anodic electrodes; the thickness of 
coatings was 30-35 .  
To compare electric-spark alloying has been carried out with the cast Ti-8Ni-Cr alloys as en 
electrodes too. They were manufactured by melting and casting. The thickness of coatings 
was 3-5 . Using of both powder and cast electrodes give almost the same results as regards to 
homogeneity and porosity of coatings.   
 X-ray investigations showed that the crystalline structure of the of Ti-8Ni (1-3%) Cr alloys 
coatings and substrate constituted the structure of  – titanium. All coatings contain '' – 
martensite phase and nitride of titanium. The grain sizes of crystals in both cases do not 
exceed 100 nanometers; so it is possible to consider that the received coatings have 
nanocrystalline structure. Measuring of the micro hardness showed that increase of hardness 
of coatings up to 401.7 kg/mm2 is, evidently, the result of changing of chemical content and 
also strengthening caused by as mechanical so electrodynamics peening during electro spark 
alloying of the surface.  
Wear resistance of the coatings, defined towards to weight lose, showed that a surface of 
commercial titanium alloy noticeably increases its wear resistance by alloying with Ti-8Ni-
1Cr alloy.  
Corrosion and electrochemical investigations in 1%HCl, physiological and tissue solutions 
and also tests, according to the following regime: cleaning+dezinfection+sterilization shoved 
that all alloy coatings revealed good corrosion resistance. The best corrosion resistance 
revealed samples with Ti-8Ni-1Cr alloy coatings. 
 Comparing corrosion resistance of coatings with thickness of 30 μ and 5 μ revealed that in all 
solutions the coatings with thin layer showed the better corrosion resistance. The same results 
are received after the electrochemical investigations: corrosion resistance of the coatings with 
5 μ thickness is approximately two orders higher, than the coating with 30 μ thickness. 
Thus, we can say that Ti-8Ni-(1-3%) Cr alloys coatings are quite suitable for hardening of 
medical tools surfaces.  
 The coatings received by electro spark alloying method with application both, cast and a 
compact Ti-8Ni-(1-3%) Cr alloys electrodes can be recommended for medical instruments of 
multiply usage to increase their strength, hardness, wear resistance and corrosion resistance.  
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INVESTIGATION OF STRUCTURE, MECHANICAL PROPERTIES, 
CORROSION  RESISTANCE OF Ti-Ni-Si  SYSTEM  ALLOYS AND 

THERMODYNAMIC CALCULATION OF THEIR PHESE GIAGRAM 
 

M.MIKABERIDZE, G.GORDEZIANI, D.RAMAZASHVILI, L. AKHVLEDIANI AND 
E.GOZALISHVILI  

Titanium and titanium alloys have led to a wide and diversified range of successful 
applications which demand high levels of reliable performance in surgery and medicine as 
well as in aerospace, automotive, chemical plant, power generation, oil and gas extraction, 
sports, and other major industries. Development of high-strength titanium alloys for coatings 
of medical tools, implants or working parts of tools with the purpose of their hardening 
became the most important problem of medical industry. However, most of commercial 
titanium alloys have low hardness and insufficient corrosion resistance in aggressive washing 
and sterilizing media. In this connection, the development of new titanium alloys with high 
mechanical properties together with corrosion resistance represents significant interest, both 
for manufacturing medical tools and for coating them with the purpose of hardening their 
working parts [1 - 6 ]. 

The aim of the present work was the development of new corrosion resistant Ti-Ni-Si 
system alloys with increased strength and hardness by investigating phase equilibrium and 
structural transformations, mechanical properties and corrosion resistance. 

Smelting of the Ti-Ni-Si system alloys with constant content of nickel - 8% and variable 
content of silicon (0-5)% have been carried out in arc vacuum furnace with the unexpended 
tungsten electrode in the atmosphere of argon. Titanium sponge, nickel, and silicon were used 
as working mixture materials. Regime of melting was – 200-300 A, at 50V. For achieving the 
homogeneity of composition four and five times remelting was used. The control of chemical 
composition was carried out by comparative weighing of the received ingots. Difference in 
the weigh composed not more than 0,5%.The received rods were cut on 10 mm size pieces, 
which were placed into the special device, intended for getting the cylindrical ingots with 4,6 
and 10 mm diameters. Thermal treatment of alloys has been carried out via quenching from 
9500C in water. 

Microstructure of alloys has been studied in casting and quenching conditions. In 
casting condition the structure of these alloys consists of primary crystallized grains of -solid 
solution with dendrite structure.  

Study of microstructure of Ti-8Ni-(0-5)Si  alloys after quenching from 9500C show that 
alloys have three phase structure and they consist of solid solution of -titanium and 
compounds – Ti2Ni and Ti5Si3. Results of X-ray phase analysis (phase volumes):  

Ti-8Ni-1Si   --   44%  – Ti, 20% Ti5Si3, 36% Ti2Ni; 
Ti-8Ni-2Si  –  42%  – Ti, 18% Ti5Si3,  40%  Ti2Ni; 
Ti-8Ni-3Si  –  41%  – Ti,  15% Ti5Si3, 44% Ti2Ni; 
Ti-8Ni-4Si -- 41%  – Ti,   18% Ti5Si3,41%  Ti2Ni. 

Method of calculation of phase diagram CALPHAD [7] allows establishing character of 
borders of separate phases and their structures in experimentally unexplored areas of multi 
component systems. In this regard, the main issue there is a development of the correct 
thermodynamic models providing a prediction of phase transformations in studying materials.   

The thermodynamic study of a Ti-8Ni-(0-5)Si alloys is based on the description of its 
binary sub-systems: Ti-Ni; Ti-Si and Ni-Si by thermodynamic models. Models were proposed 

PHASE DIAGRAMPHASE DIAGRAM
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on the base of principles of Catastrophe theory. The thermodynamics descriptions of sub-
systems are taken from the TCC (Thermo-Calc Classic) [8] binary database. The ability of 
extrapolation of the database is verified for equilibrium binary solutions and chemical 
compounds.  

As a result of extrapolation and dimorphous transformation of adequate canonical forms 
of Catastrophe theory [9] the thermodynamic function of free energy of Gibbs (1) for irregular 
ternary solutions is deduced. This function is equivalent to Catastrophe A6 (Wigwam) [10]. 
Thermodynamic models of stoichiometric compositions of chemical compounds are presented 
by the equations 2-4 [11]: 
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A, B, C, D and E are five-member coefficients of binary interactions; M, N, P and S are 
four-member coefficient of ternary interaction. They consists of parts linearly dependent and 
independent on temperature: A=A0+AtT, B=B0+BtT…S=S0+StT; x1 , x2, x3 - mass fractions of 
constituent elements, where x1 + x2 + x3 = 1;  U, V, Z - interaction parameters between the 
elements in chemical compounds Ti2Ni, Ti3Si, Ti5Si3; y1, y2, y3 - concentrations of the phases 
being in equilibrium with specified compounds;       R - constant of entropy, which is equal to 
8,314 Joule; T – temperature in Kelvin; F0 , F0 ', F0 '', F0 '''- initial energy of components in 
each phase.         

Follow the thermodynamics law, equilibrium phases with the general tangent surface 
and lowest power level have equal chemical potentials. Proceeding from abovementioned, the 
computing model of phase equilibrium is developed. This model consists of the equations of 
chemical potentials, received as a result of minimization of free energy of Gibbs: 
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         (5) 

The thermodynamic calculations are carried out by means of the developed model (5) 
and using the POLY-3 module of the TCC software.  
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The calculated energies of formation of solutions and compounds: LIQUID, BCC, 
HCP, Ti5Si3, Ti3Si, Ti2Ni and composition of equilibrium heterogeneous phases are presented 
in table 1. 

Table 1. 
 
 

Numerical values of standard thermodynamic functions of 
the ternary Ti-8Ni-(0-5)Si alloys 

 

Alloys  
 

 

Temperature
To, K 

 

Phase structure 
 

Enthalpy H, 
J./mole 

 

Free Energy of 
Gibbs F, J./mole

Ti-8Ni-1Si 300  + NiTi2+ Ti5Si3 14528 -71552 
Ti-8Ni-2Si 1100  + NiTi2+ Ti5Si3 16943 -69520 

Ti-8Ni-0.2Si 1173  + Ti5Si3 25659 -58351 
Ti-8Ni-2.5Si 1190  +  + Ti5Si3 15553 -69161 
Ti-8Ni-3Si 1300  + Ti5Si3 21292 -77314 

Ti-8Ni-3.5Si 1425  + Ti5Si3+ Ti3Si 27371 -86891 
Ti-8Ni-4Si 1475  + Ti3Si 31739 -90236 

Ti-8Ni-3.7Si 1618  + Ti3Si +Liquid 36232 -93417 
Ti-8Ni-2.5Si 1700  + Liquid 39294 -96492 

 
Based on calculated values the phase diagram of the ternary Ti-8Ni-(0-5)Si alloys have 

been constructed ( Fig.1). 
Studying of mechanical properties of alloys has determined that silicon increases the 

tensile strength of the Ti-8Ni alloy but decreases their plastic properties (Fig. 2 and 3). 
Corrosion rate of Ti-Ni-Si system alloys has been carried out in 10% solutions of HCl, 

NaCl and NaOH. The results of 100-hour tests are given in the Figure 4. As is seen with 
increasing of silicon quantity corrosion rate of Ti-8%Ni alloy rises insignificantly in all 
solutions, though corrosion losses in HCl is more higher than in NaCl and NaOH solutions. 
Generally all alloys define good corrosion resistance. 

Corrosion resistance of titanium alloys in blood, physiological solution (0,9% NaCl), 
gastric juice (1% HCl) and tissue liquid, as well as in solutions used for disinfections, 
washing and sterilisation of medical instruments have been studied. 3 types of sterilization 
were used: 1. Chemical sterilization in 6% solution of hydrogen peroxide (during 3 hours, at 
500C); 2. Sterilization in air-drying chamber (at 1800C, 45 min); 3. Vapor sterilisation 
autoclave (at 1150C, 1,5 ATM, 30 min.). Washing solutions with addition of 0,5% hydrogen 
peroxide and washing solution “Blanizol”  were used as cleaning solution means. Disinfection 
was done in boiling distilled water during 45 minutes with addition of cooling to the room 
temperature [ 12]. 

All alloys have shown high corrosion resistance in blood, physiological solution and 
tissue liquid, but in 1% HCl solution corrosion rate of alloys increased with increasing of 
silicon content in alloys. After 100 hour testing corrosion rate of Ti-8Ni-5Si alloy constitutes 
K=0,28 g/m2h for casting state and K=0,206 g/m2h for quenching condition.(Table 2). 

Corrosion testing of Ti-8Ni-(0-5)Si alloys has been carried out according to the 
following regime: cleaning + dizinfection + sterilisation. Washing solution “Ariel” with 
addition of 0,5% hydrogen peroxide was used as cleaning solution means, sterilization in air-
drying chamber at 1800C for 45 min was carried out. To compare titanium standard alloys 
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have been studied as well. The results are given on the table 3. As it is seen corrosion loses of 
alloys Ti-8Ni-(0-5)Si increase with raising silicon content in alloys. Visual control after 10 
cycles testing show that alloy Ti-8Ni-1Si does not change its surface, but Ti-8Ni-5Si and 
standard alloys surface condition change- spots of oxide tint brown and temper colors appear. 
There was no point to carry out chemical sterilization (in 6% solution of hydrogen peroxide) 
using cleaning solution “Ariel” with H2O2. 

Corrosion testing of Ti-8Ni-Si system alloys has been carried out according to the 
following regime: cleaning + disinfection +sterilisation also by the using washing solution 
“Blanizol” as cleaning solution means; Results are given on the table 4. As it is seen corrosion 
loses of all alloys increase with raising testing time and silicon content in alloys; visual 
control after tests showed that only alloy Ti-8Ni-1Si does not change its surface, but as for 
others’ surface condition change -spots of oxide tint brown and temper colors appear. 
Corrosion loses of alloys after sterilization in 6% H2O2 solution are more, than after air drying 
chamber and vapor sterilization. From the obtained results it is possible to draw the 
conclusion that washing solution “Ariel” with H2O2 cannot be recommended for these alloys. 
The washing solution “Blanizol” is more favorable. Corrosion testing of Ti-8Ni-(0-5)Si alloys 
carried out according to the following regime: cleaning + dizinfection + sterilisation revealed 
good corrosion resistance of  Ti-8Ni-1%Si alloy. This alloy Ti-8Ni-1%Si can be 
recommended for manufacturing of high-strength medical instruments and coating with the 
purpose of hardening their working parts.                       

Ti-8Ni-Si system alloys with increased hardness and strength are not only suitable for 
medical tools  but are improvements on currently used materials. 

                                                                                                                              

                                                                                                                                         

                                                                                                                                 Table 2. 

Corrosion rate K, g/m2h of Ti-8Ni-Si system alloys after 100 hours testing 
 

Alloys 

Cast alloys Quenched alloys 
Physiolo

gical 
solution 
(0,9% 
NaCl) 

Blood Tissue 
liquid 

Gastric 
juice  

(1% HCl)

Physiolog
ical 

solution 
(0,9% 
NaCl) 

Blood Tissue 
liquid 

Gastric 
juice  
(1% 
HCl) 

Ti-8Ni-0,5Si 
Ti-8Ni-1Si 
Ti-8Ni-2Si 
Ti-8Ni-3Si 
Ti-8Ni-4Si 
Ti-8Ni-5Si 

0.0008 
0.0004 
0.0014 
0.006 
0.023 
0.025 

0.0009 
0.0005

6 
0.0012 
0.0028 
0.0026 
0.0028 

0.0009
7 

0.0002
6 

0.0005
0.002 
0.0032
0.0038

0.004 
0.0025 
0.0038 
0.03 
0.026 
0.283 

0.00032 
0.00026 
0.0009 
0.0028 
0.0022 
0.0032 

0.0008 
0.0003

4 
0.0007

8 
0.0018 
0.0028 
0.0026 

0.0006 
0.0005 
0.0004

6 
0.009 
0.0012 
0.003 

0.0026 
0.0022 
0.0025 
0.0282 
0.012 
0.206 
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Table 3. 
 

Corrosion loses of alloys m/s (g/m2), after cleaning in washing solution “Ariel” with 
addition of 0,5% hydrogen peroxide, dizinfection in boiling distilled water and sterilization in 

air drying chamber 
 

            Alloys 

m/s,  g/m2 
 

after  
5 cycle 

after  
10 cycles 

after  
20 cycles 

Ti-8Ni-1Si 0,3704 0,5153 12,790 
Ti-8Ni-2Si 0,4938 1,0032 14,597 
Ti-8Ni-3Si 1,2762 1,4588 16,315 
Ti-8Ni-5Si 1,2930 1,5512 19,723 

Pure Ti 0,5009 0,9115 2,01 
BT51 1,0207 1,6972 5,699 
BT6C 1,5000 1,9250 9,865 

 
Table 4. 

 
Corrosion loses of Ti-8Ni-Si system alloys m/s  (g/m2), after cleaning in washing solution

“Blanizol”, dizinfection in boiling distilled water and sterilization after  
20 cycles 

 

Alloys 
m/s,  g/m2 

 
in air drying 

chamber 
in 6% solution of 

hydrogen peroxide 
vapor sterilization in 

autoclave 
Ti-8Ni-1Si 2,6951 11.3610 0,3910 
Ti-8Ni-2Si 2,8340 16.2991 0,4112 
Ti-8Ni-3Si 3,8780 16.0062 0,4194 
Ti-8Ni-5Si 5,7007 18.3657 0,4588 

 
 

Conclusions: 
New corrosion resistant Ti-8Ni-(0-5)Si alloys with increased hardness and  strength are 

developed. Optimum condition of thermal treatment providing high strength, hardness and 
corrosion resistance of alloys has been defined by quenching from 9500C. After quenching 
from 9500C x-ray phase analysis show that alloys have three phase structure and they consist 
of -titanium solid solution and compounds – Ti2Ni and Ti5Si3. Silicon increases the tensile 
strength (1000MPa) and hardness (42 HRC) of the Ti-8Ni alloy, but decreases their plastic 
properties.  

Theoretical investigation of the Ti-8Ni-(0-5)Si system alloys was carried out by the use 
of thermodynamic function of irregular ternary solutions and the help of equations expressing 
the free energy of stoichiometric compositions. The obtained model for computation of 
thermodynamic properties consists of chemical potentials and is elaborated by means of 
minimization of free energies of solutions and compounds. The numerical values of standard 
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thermodynamic functions and the equilibrium concentrations were calculated at the phase 
transformation temperatures. As a result of calculations the polythermal section of the phase 
diagram of ternary Ti-8Ni-(0-5)Si system alloys  was constructed. 

Corrosion testing of Ti-8Ni-(0-5)Si alloys in blood, physiological solution, gastric juice 
and tissue liquid showed good corrosion resistance of alloys. Corrosion study of alloys carried 
out according to the following regime: cleaning + dizinfection + sterilization, revealed good 
corrosion resistance of  Ti-8Ni-1%Si alloy. This alloy Ti-8Ni-1%Si can be recommended for 
manufacturing of high-strength medical tools and coating with the purpose of hardening their 
working parts. 

Ti-8Ni-Si system alloys with increased hardness and strength are not only suitable for 
medical tools but are improvements on currently used materials. 

 
 

 
 
Fig.1. Polythermal section of the phase diagram of Ti-8Ni-(0-5) Si system alloys  

 
 

 

Fig.2. Influence of silicon on the tensile strength and hardness of the Ti-8Ni alloy. 
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Fig. 3. Influence of silicon on the elongation and cross-section reduction of the Ti-8Ni alloy.

 
Fig.4. Corrosion rate of casting alloys of Ti-8Ni-Si system after 100 hours tests in  10% 
solutions of   HCl, NaCl and  NaOH 
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TECHNOLOGIES OF RENDERING HARMLESS AND 
REGENERATING SOLID AND LIQUID INORGANIC INDUSTRIAL 

WASTES 
 

G.JANDIERI, G. JISHKARIANI, D. SAKHVADZE, G. TAVADZE 
 
The more the world develops the more acute becomes the need for raising economic 

and ecological safety standards and sustainable development of industrial objects. This 
implies not only regeneration and recycling (wise re-application of) precious inorganic 
(metal) elements accumulated in many tens of billions of tons of secondary resources and 
wastes but also refinement and implementation of innovative, power-efficient technologies 
designed to rehabilitate ecologically polluted environment. Inorganic, heterogenic, metal-
containing wastes that are produced as a result of industrial activities are already being 
perceived by modern science and technology as valuable technogenic fossils for secondary 
use, the recycling and re-application of which may become a new economic impetus for 
world’s community development.  

It should be mentioned that, in present world, there are approximately 20 tons of natural 
resources annually per capita, the extraction and processing of which, in its turn requires 
about 800 tons of water and 2,5 kilowatt-hour power resources. From the above-mentioned 20 
tons, the share of technogenic waste is approximately 90% to 98%. According to current 
studies, the annual share of household waste per capita is about 0, 3-0, 6 tons, the rest of 
waste is produced as a result of industrial activities. As a result, the earth has accumulated 
hundreds of billions of tons of industrial waste that causes irreparable ecological damage to 
the environment. 

Therefore, community of the modern world, within the last decades has been intensively 
working to find solutions to this problem and recycling of waste in terms of ecological safety 
is considered to be one of the top priorities in this regard. 

Anthropogenic impact on to the environment has reached such a scale that the life itself 
is facing fatal catastrophe. Together with solid and liquid inorganic compounds there are 
approximately 2000 of different types of gases dispersed in the atmosphere. That have a 
harmful impact on an atmospheric climate and consequently on the health of the mankind. 

In the world, on the territory of many industrially developed countries, there are many   
unsolved problems, mainly, the heritage of the past.  In the past, a due attention was not paid 
to a wise management of industrial waste neither from ecological and economical nor from 
energetic and natural resource rational distribution point of view. 

In many parts of Georgia (Zestaphoni, Chiatura, Kazreti, Rustavi, Tkibuli) the above-
mentioned industrial wastes were accumulated and stored disregarding any of the environ-
mental issues.  Therefore, the overall strategy of waste management should not only be aimed 
at wastes produced within recent years, but also the ones, accumulated in the past times. 

In case with Georgia, most of the wastes are accumulated around massive industrial 
centers and suburbs of populated areas and require wise management, re-usage: recuperation, 
recycling, or regeneration. 

In a hierarchy of processing of inorganic industrial wastes, recycling is the main part of 
the management strategy chain. Importance of regeneration and recycling is unquestionable 
both, from environmental as well as economical safety point of view. Recycling creates a 
possibility of sparing natural resources, it minimizes pollution risks, as well as expenses 
related to controlling  the extent of pollution, it minimizes the space needed for dumping and 
makes production substantially cheaper. Regeneration-recycling is different from secondary 
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utilization, as it encompasses purposeful recycling, namely, technological process of repro-
duction of useful elements and their secondary usage within the particular industry. Therefore, 
regeneration-recycling may well be characterized as technological process of accumulation of 
waste and reproduction from it of useful inorganic elements as a result of their partition 
(recuperation) and their further processing (regeneration to a phase of initial metal). 

The following aspects should be considered when elaborating a sustainable system for 
regeneration-recycling of liquid and solid and powder inorganic industrial wastes.  

Control of the chemical compound of the wastes; 
Elaboration of the standards of regeneration-recycling; 
Estimation of costs necessary for the initial accumulation-recuperation process; 
Study of market demand for the recycled products; 
Study of impact of the technologies related to regeneration and recycling on to the 

environment. 
Rapid development of regeneration-recycling of the industrial wastes will only be pos-

sible if appropriate conditions for collaboration will be created with those industries that 
actually produce vast volume of metal-containing waste, accumulate it and either recycle it or 
have recycling on their agenda. Legal framework of the country should be such to support this 
initiative, the waste management infrastructure should be optimized and scientific and techno-
logical potential should be applied wisely. The above-mentioned strategy became a prere-
quisite for formation of the laboratory 8, meant for “Recycling of Metal-containing Tech-
nogenic Waste” in the LEPL Ferdinand Tavadze Institute of Metallurgy and Material Science. 

Metallurgy, thermoelectric power, production of cement and asphalt concrete, are consi-
dered to be the industries with a highest rate of energy consumption and damage they cause to 
the environment. Nevertheless, metallurgy is a leader among them, both in terms of economic 
usefulness and also in terms of ecological damage it causes.   

In a metallurgical industry, production of different metal alloys and compounds is 
accomplished at the expense of burning of the carbon containing power resources or at the 
expense of carbon-thermal oxidation regenerating high temperature chemical reactions. 

As carbon containing materials are used solid, liquid and gaseous power resources (car-
bon, chark, oil, natural gas) which are also significantly harmful for the ecology. It is known, 
that in carbon-thermal high temperature recovering processes the ratio of the extraction of the 
useful elements is circa 80-85%. Therefore, the remaining 15-20% is processed into different 
types of inorganic waste. This waste is: solid slime, powder and small dispersive oxide dust, 
wet filtration sludge and water used in filtration.  

 Taking Georgia as an example, we may note, that in Zestaphoni, where Ferro-alloy 
plant produces approximately 150 000 tons of silico-manganese (FeMnSi 17) annually, 
400 000 tons of slime is also being produced alongside. The slime, together with other 
compounds contains circa 10-15% of manganese and 2% of sulphur. It should be mentioned 
that, the slug due to its brittleness and inertness is often used as asphalt-concrete filler or in 
concrete production.  Far more complex is the issue of reutilization of dispersive dust and 
rendering it harmless. For instance, in casting of tempered iron the ratio of extraction of iron 
containing dispersive dust to products fluctuates within 20-100kg/tons, whilst in electric-
thermal production of Ferro-alloys (namely silico-manganese) the ratio variable reaches 
200kg. In any of the cases, the waste precipitates in an open atmosphere. In production of 
tempered cast iron the chemical composition of the flue dust produced is as follows: SiO2-14-
16; MgO-4-5; Al2O3-5-4; CaO-10-12; S-0.7-0.9; MnO-3-4, the rest- Fe2O3, Fe3O4. 
Granulometric composition: 200-34.5%; [200-100]-12.3%; [100-60]-19.0%; [60-20]-25%; 
[20-10]-7.5%; [10-1]-1.7%. After filtration of the dust containing comparatively big fractions 
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(200-1 mkm) through dry filter and then secondary filtration of the remaining mass through 
wet type gas filter equipment (such as Scrubber and Venturi pipes) especially thin dispersive 
sludge (0-1mkm) are left, with a chemical composition of %: Fecommon 30-50; CaO 5.0-8.5; 
SiO2 6.0-12; Al2O3 1.2-3.0; MgO 1.5-2.0; P 0.015-0.05; Scommon 0.2-0.9; Ccommon 2.5-30.0; Zn 
0.05-5.3, which if and is swept by draining rain or waters, is carried for long distances and 
deep down the soil to cause irreparable damage to the environment, resulting in contamination 
of soil and ground waters.  

 Similar is the state of things with secondary production of steel from the scrap by 
means of electric-arc furnaces. In a process of steel casting through secondary incandescence 
and rolling, scalings are added to a dust with fractions 0-5mkm containing iron 65% to 70%. 
According to the data provided by “Geosteel”Ltd.  operating in Rustavi, 6% to 8% of iron 
scrap being in production in form of scalings and dust is transferred into industrial waste. 

 The more difficult is the state with “Georgian Manganese” Ltd. where the dust 
produced as a result of electric-thermal processing of silico-manganese, the amount of which 
fluctuates within 10% of blended manganese contains %:  SiO2 -31,4; CaO-25÷30; Al2O3-
1÷2; Fe3O4-1÷2; Ccommon -2÷4; Pcommon -0,06; Mncommon -14÷24 (MnO,Mn2O3). Whilst its gra-
nulometric constitution is: [200-50]-42.54%; [50-10]-28.66%; [10-5]-16.72%; [5-1]-11, 67%. 

 Apart from the aforementioned ecological problems, the issue of recycling the disper-
sible oxide waste released in the form of dust from furnaces, namely collection of useful 
metals and their reproduction, represents the problem of global scale if we consider that iron 
takes the first place among top ten metallurgical products of the world and manganese 
occupies the fourth place following iron, copper and aluminum. 

 Traditional technology for processing waste of the metallurgical production-fine dis-
persible heterogeneous dust, including slime, is their agglomeration and reproduction, which 
aims at maximum collection of remaining valuable metallic elements [1]. Kneading and 
briquetting currently represent the most widespread technologies among known methods of 
agglomeration [2-4]. 

The method of agglomerating and kneading the dispersible dust implies physical-
mechanical processing of powder mass in a plate (disc) or cylinder (roller) type kneader. This 
method is based on the principle of volume growth of the solid body via gravitational rolling, 
where a mixture of water and lignosulphonate is used as a binder. Powder mass, sprinkled by 
the binder as a result of action of centrifugal forces originated from kneader rotation, which is 
continuously supplied to the kneader through the screw or conveyer transporter, having 
coated the periphery, falls under contractive, as well as twisting impact of inertia moment of 
rotation, initiated through gravitational field influence, as a result of which it performs 
complex motion and in the process of rolling produces sphere granules. Sizes of granules 
depend on duration of kneading process, binder quantity and gradient angle of plate kneader. 
Firmness of granules is affected by the rotation speed of kneader, binder type and chemical 
composition of the material to be agglomerated. The scheme of kneading process is shown on 
the Figure 1 (1 - dispersible heterogeneous dust to be agglomerated; 2 - 10-30 mm diameter 
granules formed by means of a granulator; 3 - water sprinkler; 4 - pointer of wet mass; 5 - 
plate type disc of granulator; 6 - disc starter; 7 - disc axis; 8 - foot). 

Low productivity and limited functional capacities are considered as disadvantages of 
the kneading technological process, since it can be successfully conducted only in the course 
of working on dry and self-flowing powder inorganic masses. By this method it is impossible 
to agglomerate waste kept in the open air for years and turned into slime. Besides, it needs to 
be noted that received balls are distinguished by low electromechanical firmness, which in the 
course of their electrometallurgical processing is reflected in the operation complexity of 
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melting process. Maintaining the optimum electrical regimes gets complicated and 
temperature and aeration regimes of furnace are violated. Low electrical firmness of balls is 
determined by their high electrical resistance, which, in case of their location between 
electrodes in the furnace, determines working with higher current intensity and causes their 
splitting. Their low mechanical stability is determined by unsatisfactory density of granules 
and non-homogenous (layer) structure. Reduction of electrical resistance of balls is possible 
via introduction of carbon-containing component into the material to be agglomerated, though 
it even more reduces its mechanical firmness, which is undesirable.  

 
Fig .1. Disc Granulator of Metal-Containing Fine Fraction Waste  

of Metallurgic Production (see references in the text)

From the ecological standpoint it is important that around the kneader so- called second-
ary pollination is high. This is determined by impossibility and technical unreasonableness of 
kneader sealing. Because of these factors, priority is given to roller-type kneaders, however, 
in this case, due to impossibility to observe the ball formation process and rationally regulate 
kneading regimes; fractional non-homogeneity of balls is high. This is one more weakness of 
kneading technology. Because of the aforementioned, described method of agglomerating and 
recycling fine dispersible waste of metallurgical production is not widely used and currently it 
is only applied in small and medium size plants.  

Briquetting technology acquired prevalence at a larger scale [3,4]. It envisages sector-
semi-sphere briquetting of fine dispersible heterogeneous inorganic dust, released in the 
current production, as well as of slimes, originated under the impact of atmospheric 
precipitates, by means of roller-type briquette – pressure with the following drying of 
briquettes in the rolling dryers. Briquetting is conducted by introducing lignosulphonate, a 
binder, into dispersible material, via supplying mixture to the special forms under high 
pressure. Due to possibility to generate high pressure, carbon-containing material is also 
mixed with the waste to be briquetted, which is desirable for increasing redox potential and 
improving thermo-electrical stability of briquettes.  

Rolling press of external cylinder grip, rotating around the horizontal axis, is used for 
briquetting. Mechanical firmness of received briquettes equals approximately 80-120 n/per 
briquette.  

In case of briquetting manganese-containing waste, rational terms and technological 
regimes are as follows: initial moisture load – 3.5-6.0%; amount of lignosulphonate only in 
case of briquetting dust – slime 8-10%, and in case of briquetting with carbon 7-8%; pressing 
capacity 20 mpa; drying temperature 130-140 0C;

Technical indicators of the briquetting process are as follows: productivity 40 t/hour; 
processing duration in the drying cylinder – 20-25 min; suitable output 50-60% (substandard 
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rotation 40-50%); electrical firmness of briquette received without deoxidizer – 2-3 a/cm2 and 
with deoxidizer 14-16 a/cm2. 

High energy costs and complexity of briquette-pressure maintenance, quick 
depreciation, stuck cells (forms get filled) and etc. increase cost of the briquetting process and 
are considered as disadvantages of the reviewed briquetting technology. 

 

 

Fig. 2. Technological Scheme for Briquetting and Melting  
of Metal- Containing Solid Waste 

 
Technological scheme of briquetting inorganic waste of metallurgic industry  made of 

separate technological units and operational passages is presented on the Figure 2 in the form 
of structural-functional model, where position 1 is bunker for receipt of  production waste 
(dust, slime) and various supplements; 2 - bunker for collection of materials; 3 - dozer – 
feeder operated under the computer system; 4 - screw device for mixing and homogenizing 
materials; 5 - reservoirs for liquid binding components; 6 - dosage system for binding 
components; 7- feedback system for controlling consumption of binding components; 8 - 
dozer-transporter of homogenized mixture of binding components and components to be 
agglomerated; 9 - briquette press; 10 - sieve for separation of briquettes and substandard fine 
fraction pieces; 11 - briquette dryer device; 12 - transporter of dry briquettes; 13 - transporter 
for substandard briquettes and fractions to be returned (returns the mass to the stock bin); 
14,15 - moisture control remote device with feedback to control console; 16 - block for 
controlling fractions of substandard briquette; 17 - weight control of substandard briquette 
output (blocks 16 and 17 supply the information to computer, where the signal for correction 
of supply of binding components is generated); 18 - power load control block for mixing and 
homogenizing materials.     

When briquetting metal-containing solid waste of manganese alloys production in 
accordance with the above method the output of agglomerated materials, suitable for 
metallurgical reprocessing, equals approximately 60%. The rest gets powdered in bunkers and 
drying rollers. Because of this it gets necessary to carry out repeated processing-briquetting of 
the powder mass received from decomposition of briquettes. The problem of low electrical 
firmness and splitting of briquettes on the furnace exit is important itself, as briquettes 
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without deoxidizing carbon are characterized by very high electrical resistance, which causes 
internal thermal extension of briquettes. As a result of this, thermal stretch voltages get 
originated in briquettes, which, upon their melting – during passing from furnace exit to 
reaction zone, finally leads to intense disorganization of briquettes. While in case of 
introducing a desired amount of deoxidizer, pressing the mixture in identical conditions due to 
reduction of compression degree from 2,5•103 kg/m3 to 2,0•103 kg/m3, does not ensure receipt 
of briquette with desirable firmness from the very beginning (50-60 n/t instead of 80-120 n/t). 
Therefore, the briquettes, except for passing through the rolling dryer, continue to decompose 
prior to moving to furnace, in the stock bin dosage and supply tract, which actually 
neutralizes positive effect of electrical firmness improvement. As a result, the indicator of 
regeneration of useful metallic elements declines.  

In order to improve the existing technologies for regeneration and recycling of desirable 
metals from solid waste containing metal oxides, we have developed the series of technical 
innovations [5,6], which on the one hand provide for combined usage of materials to be bri-
quetted and binding components with various dosage, based on their physical state and fea-
tures, and on the other hand represent a modern technological and constructive solution of a 
briquette-press.  

In the first case [5], joint agglomeration of fine dry dispersible dust of current produc-
tion of silicon manganese and slimes kept for years is offered, with a condition that the ave-
rage humidity of the preliminarily prepared mixture equals 3%. This approach excludes the 
necessity to introduce water to the dry waste to be briquetted for the purpose of plasticity, as 
well as to remove water from slime. The following substances may be used as binding 
components for the material to be agglomerated with proportion to mass %: plaster - 1-5%; 
cement - 1-10%; molasses - 1-10%, liquid glass - 1-10%, water - 1-5%. For briquetting dry 
and self-flowing powder waste, maximum amount of molasses, liquid glass and water may 
be taken, while for briquetting slimes maximum amount of plaster and cement from the 
given range is to be used. In both cases initial humidity of the received mixture shall not 
exceed 3%, which, as a result of natural drying and physical-chemical reacting of dry 
binders, added to the mixture, even more declines and briquettes do not require artificial 
drying. For ensuring high thermo electrical stability of briquettes, in case of offered binding 
components, it is possible to use practically any type of carbon-containing supplements, as 
well as fine fraction manganese concentrates, silica sand and various fluxes, direct usage of 
which in the melting process is inexpedient due to high dispersion and burn out (loss). 

In the second case [6], briquetting by means of special screw extruder-press, based on 
the method of extrusion of plastic mass, is offered. 

Figure 3 depicts modernized construction of extruder (1. bin for receipt of  mixture pre-
pared for briquetting; 2 - screw supplier; 3 - belt transmission with a starter and following 
wheel; 4 - electric engine; 5 - chain transmission unit of rotation; 6 - mixture pointer dozer; 7 
- high pressure screw – extruder; 8 - extrusion cap; 9 - pressed material; 10-bi-lateral profile 
transporter; 11 - system for pressurizing the working branch of transporter; 12- system for 
thermal processing; 13 - thermal impact regulation system; 14 - disc brush of transporter; 15 - 
sorting shield for briquetted mass and residual fractions (rotated) received from its splitting; 
16 – container for receiving the briquetted mass; 17 - container for receiving fine fraction 
rotated from agglomeration of the briquetted flow.  

Manganese-containing dust of Zestaphoni Ferroalloys Plant and slime were mixed in 
the laboratory conditions with deoxidizing carbon-containing fine fraction material as well as 
with binding components – liquid glass, with mass ratio – 5-6% (SiO2-22,7-29,6; Na2O-9,3-
12,8; SO2-0,15; -0,20; FeO-Al2O3-0,25%; initial density 1,36-1,45 g/sm3) and Portland 
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Cement with mass ratio 5-10% ( -60-67; SiO2-17-25; 12 3-3-8; Fe2O3-0,5-6; MgO-0,1-
4; alkaline compounds - 0,4-1,3; SO3-1-3.%).  

Through pressing homogenized mixture under 5-10 mpa (50-100 kgf/cm2) in a 
cylindrical laboratory device, with a 30 and 50 mm diameter hollow, testing samples of 
briquettes were received (Fig.4). 

Figures 5-6 show photo materials depicting morphological constitution of the agglome-
rated mass. Researches proved that briquettes received with liquid glass binder, regardless 
their high linear fitting and porosity (see data in table 1), are characterized by relatively high 
mechanical firmness. Micro-structural researches proved that this is determined by binding 
force of the liquid glass crystallization fiber matrix. However, application only of the liquid 
glass as a binder complicates preparation of the mixture to be briquetted and prolongs the 
briquette self-drying and hardening process. Advantage of using cement binder is obvious in 
case of slime briquetting, while preparation of homogenous (homogenized by humidity) 
mixture in this case is also problematic, since the cement, when contacting the moist, 
immediately undergoes local crystallization and hardening. 

 
Fig. 3. Extruder for Processing the Metal-Containing Dust and Slime 

 

 
 

Fig. 4. Manganese Containing Waste Agglomerated by means of Extrusion Method 30 mm. 
 
Therefore, preference is given to joint agglomeration of manganese containing waste 

extracted at the current production stage with slimes kept in the open air. Use of such mixture 
in the process of agglomerating excludes necessity of artificial moisturizing of the current 
dust up to 5% and also drains the excessive humidity from the slime having 10% humidity. 
Experiments held with consideration of this result showed that it is advisable to conduct bri-
quetting with the following components: manganese-containing dust – slime – deoxidizer – 
liquid glass – Portland Cement with proportions  4:6:1:0.5:0.5. 

 Data analysis shows that briquettes, which are bound using liquid glass binder, are 
distinguishable in terms of physic and mechanical characteristics. However, in terms of metal-
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lurgical characteristics, in particular in terms of briquette resistance to high temperature, 
briquettes, made of cement binder, show better results. In order to produce briquettes using 
necessary mixture preparation and extrusion technology, as it was already mentioned, it 
would be reasonable to recycle dust and sludge together. Data analysis shows that this option, 
among the above mentioned two, is intermediate in quality. A comparative analysis show that 
in terms of control prototype (teams), porosity is reduced by 35-40%, mitigation temperature 
is increased by 100-150°C. Fragility is reduced 1-1.5 times, and waste loss during annealing 
is reduced from 20-22% to 11-14%. 

 

1    2 
Fig. 5. Briquette Surface (1) and Stub (2) X50. 

Binder – Liquid Glass 

1    2 
Fig. 6. Briquette Surface (1) and Stub (2) X50. 

Binder – Portland Cement 
  
The second testing sample of briquettes (Fig.7) was received, which is distinguished by 

low linear fitting, porosity and high mechanic firmness. Binder: Portland Cement – 5%, liquid 
glass - 3%. 

1  2 
Fig. 7. Microstructure of Briquette Received from Homogenized Mixture of 
Manganese-Containing Dust and Slime; 1. Surface, X50; 2. stub, X100 

 

Technological operations, described above, can be used to bind manganese-containing 
waste, as well as solid industrial waste and materials containing iron and other metal oxides, 
among them barium-containing sludge in Kutaisi Lithopone Plant. 
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Table 1. Comparative analysis of technological indicators of briquettes produces using 
existing and developed method of industrial waste binding 

Indicators 
Initial 

moisture 
% 

Dry 
density 
g/sm³ 

Linear 
fitting 

% 

Coercion 
resistance 

kg/sm² 

Fragility 
% 

Electrical 
resistance 

a/sm² 

Commutation 
temperature 

0C 

Waste loss 
during 

annealing 
% 

Control 
(prototype) 

3.5 1.35 0,05 
_ 

17 2-3 750-850 20-22 

Trial (a) 0.45 1.55 0,032 18-19 5 8-8.5 900-950 15 
Trial (b) 0.25 2.02 0,016 14-15 10 5-5.5 950-1000 11 
Trial (c) 0.35 1.95 0.02 16-17 8 7-7.5 950-970 12 

Where (a) is an indicator for the briquette, made of dry dispersive waste, reducing agent 
and liquid glass binder (mass proportion 10:1:0.55); (b) – sludge briquette, made of reducing 
agent and cement binder (mass proportion 10:1:0.85); (c) – briquette made of dry dust, 
sludge, reducing agent, mixture of liquid glass and cement (mass proportion 4:6:1:0.5:0.5). 

Adaptation of the above-mentioned technology, under cast iron annealing production 
conditions, is easy if the extruder is directly put in the proximity of seasoning area. Produced 
briquettes can be directly sent to the furnace charge. In case of scrap metal arc-welding recyc-
ling and steel production, it would be reasonable to add briquetted metal-containing dust and 
cinder, together with carbon-containing reducing agent formed in the slime layer while mel-
ting the scrap metal and fluxing supplement. However, during the production of Ferro-alloys 
briquettes should be added in the slime, which is accompanying a newly produced alloy (for 
example in the Mn 35-40% liquid slime of ferromanganese having high manganese levels), 
while it is being casted on the casting machine or is being poured in the slime carrier. At this 
time, on the one hand, briquetted mass granules are melting and binding in the high-tempera-
ture (1200-14000C) slime, together with carbonaceous reducing agent, and on the other hand, 
partial carbon-thermal recovery of oxides is progressing. I addition, if waste products contain 
carbonaceous phase constituents (which often happens while working on carbon ores), as a 
result of their dissociation,  volatile substances are removed (mainly in the form of CO and 
CO2 ) and it is enriched with basic and purposeful metal components (Mn, Si and others). 
Finally, when thermally processed and activated, briquettes are bound with slime, a new 
seasoning material-conglomerate is formed. 

We consider that the recovery of iron oxides without carbon, at the expense of self-
distributed high-temperature metal-thermal synthesis, initiated in the centrifugal speed (gravi-
tational pressure of masses) field, as one of the most energy-saving, resource-saving and eco-
logically safe technologies for regenerating and recycling valuable elements from metal-
containing solid oxide wastes [7]. This way we can develop new multi-component complex 
alloys based on iron, manganese, silicon and other parent metals, which are impossible (or 
expensive) to be produced using traditional technologies. It is obvious that after extraction 
process of valuable metals, new wastes materials are produced, which, basically, represent 
oxides of reducing agent (mainly corundum). Nevertheless, this waste is also useful and can 
be used as a raw material for making average-stress abrasive equipment. Extraction of 
valuable elements from metal-containing wastes and their usage purposefully, can be 
achieved by preparing metal-thermal briquettes and adding to liquid steel or cast iron. At the 
same time, thermal effect of liquid metal initiate metal-thermal briquettes and provide re-
oxidizing reaction with self-propagating characteristics, and oxidized metal compounds are 
transferred to the mass of liquid steel (cast-iron) and initiate sulphur reducing, deoxidizing 
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and alloying processing [8,9]. This partially reduces the necessity to use and produce 
expensive and ecologically harmful Ferro-alloys and alloys. 

Above-mentioned examples give us the reason to believe that our problem-solving tech-
nologies for regeneration-recirculation of dispersive metal-containing wastes from metallurgi-
cal production are innovative and recourse-saving effective, not only for ecological, but also 
for economical reasons.  

Apart from solid metal-containing waste, metallurgical production generates liquid 
waste. This means that technical water contains indissoluble solid particles and metal 
dissoluble salts. This inorganic waste is particularly toxic and is difficult to regenerate. In 
addition, in case of its exposure to the sewage, it may become ecologically much more 
dangerous than solid waste. Thus, in order to relieve its particularly dangerous influence on 
the environment, it is becoming acutely important to develop highly reliable, safe and 
economically bioremediation technologies such as phytoremediation [10,11] of soil and 
sewage, polluted by metal oxides, carbonates, sulphides and other materials, and 
biotechnology of bacterial leaching of metals from the waters [12,13]. 

Above mentioned eco-biotechnologies, intended for the ecological rehabilitation of the 
environment, take into consideration the application of those biological microorganisms and 
plants, which have the ability of structural-morphological destruction, transformation, and 
detoxification of hazardous organic and inorganic materials, among them mainly heavy metal 
oxides, sulphides, carbonates and other complex compounds; ability of turning indissoluble 
components into liquid, and inter-cellar absorption or membrane extraction. The data of the 
conducted researches in this field in Georgia is represented in our works [14, 15]. It must be 
noted, that in case of phytoremediation, the process of choosing and reproducing plants with 
hyper-cumulative characteristics in the contamination sites, which randomly transform 
harmful chemical elements and their compounds into biomasses, can be called filtration 
method, in other words.   

Phytoremediation itself represents a curative, prophylactic and preventive measure, as it 
enables us to restore chemically polluted environment, as well as to restrict toxic diffusion 
from contamination sites for a long period or prevent it entirely. Besides, purposeful 
vegetation of plants protects the soil from exhaustion and erosion. 

In case of Georgia, while using eco-technologies for the rehabilitation of the environ-
ment, damaged by the heavy industry, we must choose the plants which represent hyper-accu-
mulators of heavy metals. They will be chosen after preliminary examination, taking into con-
sideration the local flora, as their ability to accumulate is influenced by pH of the ground and 
its other characteristics. Phytoremediation method is easy and cheap and it implies planting 
particular plants regularly using simple agro technical methods. These can be bedding plants 
or mixed cultures. The main requirement for them is to have a strong ability of detoxification 
and effective reclamation and clearance of the environment from as many contaminating 
metals and its compounds as possible. 

In order to improve the quality of metal excretion, a chelating agent EDTA (Ethylene-
diaminetetraacetic acid) is used, which turns metals into comparatively dissoluble salts. 
Exertion effect is represented on the Figure 1, where you can see granules of various metal 
salts crystallized in the fibers of corn and artichoke. This obviously shows that the plants were 
able to absorb and accumulate aqueous solutions of chelates produced by the activity of 
EDTA. Microscopic pictures were taken after the end of vegetation period and drying in the 
open air. The results of the analytical research of the soil, gathered after the end of the first 
stage of phytoremediation, are given in Table 2. Change of pollution indicator in mass % is 
given in brackets. As we can see from the results, Sea meys and Leonurus cardiac have the 
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highest indicator for the excretion of copper and zinc; Cadmium is best excreted by Leonurus 
cardiac and Sea meys; Hebianthus tuberosus is the best absorber of lead and manganese, and 
Artemisa absintium and Linum autracum are the best nickel-gatherings. 

Table 2. Metal excretion from the soil as a result of phytoremediation, % 

Metal Sea meys Helianthus 
annuus 

Brassica 
juncea 

Hebianthus 
tuberosus 

Artemisia 
absinthium

Capsella 
bursapastorismedis 

Linum 
autriacum 

Leonurus 
cardiaca 

Cu 71.4 3.6 18.12 47.67 53.3 44.78 26.17 59.19 
Zn 60.6 9.7 1.82 17.5 3.40 6.60 14.19 26.22 
Cd 52.36 46.74 48.78 42.03 48.68 47.52 48.76 59.25 
Pb 47.74 44.81 46.83 66.84 45.21 38.47 45.91 46.96 
Mn 75.42 8.55 40.45 80.91 18.45 7.18 10.34 26.29 
Ni 21.68 17.68 29.50 26.96 32.98 24.88 31.55 28.44 
Co 59,64 57,65 58,40 49,53 57,08 55,05 55,39 51,40 

 
Notice: In the brackets are given concentration change indicators’ mass in percents. 
According to the results, it must be noticed that the phytoremediation technology of 

ecological rehabilitation of the environment is universal, as the plants can absorb toxic 
compounds not only from the ground, but from the water and air as well. For example, phyto-
technology of freshening polluted air, which can be used to reduce exhaustion of fumes from 
motorways and factories, causing thermal  effect, requires the usage of persistent ligneous 
plants such as horse chestnut “Aesculus hippocastanum”, Georgian oak “Quercus”, willow 
“Salix, Eldar Pine “Pinus Eldarica”, maple “acer”, alder-tree“Alnus”. These plants accumu-
late inorganic and organic substances with their leaves and roots, as well as they absorb toxic 
gases from factories, chemical and military industries and cars. They intensively participate in 
the absorption of exhaust gases, in particular carbon and nitrogen oxides CO, CO2, NO2 and 
use them in a general process of intermediary metabolism. For example, consumed CO by 
plant fibers firstly form into CO2, and then it participates in the process of photosynthesis, 
which is considerably enhanced by the activity of sun power.  

The direction of removing heavy metals and radionuclides from ground waters and re-
servoirs (Rhizofiltration) implies the absorption of heavy metals, radionuclides and organic 
substances by various plants. For example, using genetically modified asp “Ppulous Tremula 
L.”, water hyacinth “Eichornia” and others. 

We find it reasonable to develop systems of vegetation, which will be used in perma-
nently contaminated sites, and which restrict spreading of contaminants into the depth of the 
soil. On the other hand, protective ecological corridors along those rivers and reservoirs, 
where pesticide remains or other contaminants can be found. Application of the method of 
phytoremediation will considerably reduce the existence of heavy metals, oil dumping, toxic 
organic compounds and contaminant gases. It will result into ecological restoration of the 
environment and improved health of the population, maintenance and development of stable 
environment. 

Together with phytoremediation technology, microbiological recycling of waste 
products can be carried out, in particular cumulative or vat method of bacterial leaching of 
metals should be applied [12,13,16-18].  

Taking into consideration increasing ecological requirements, biotechnology of metals 
definitely belongs to “environment friendly technologies”. Bioprocesses are kin to animate 
nature and dissolution of products of biosynthesis is directed by biological processes. 
Biotechnologies make it more affordable to manufacture products using modern technologies 
and avoid environment pollution. The advantage of metal biotechnologies is its broad 
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currency, high level of mechanisation and, unlike chemical processes, so called “mild 
conditions”, which means normal pressure and temperature conditions. 

The method, developed in order to solve the above mentioned and similar problems, 
implies bacterial leaching of economically useful and ecologically harmful metal components 
(in our case manganese) soaked or dissolved in water, using autotrophic stain Thiobacillus 
ferrooxidans, which also uses inorganic remains of Kazreti minerals – pyrite - as its 
energizing material [16].      

Application of manganese-excreting autotrophic thio-bacteria “Thiobacillus ferroxi-
dans”, waste from hydrometallurgical recycling of sulphide mineral, in particular pyrite 
(FeS2) as an energizing material, extracted  from  poor ores of manganese and industrial 
waste, results into its oxidation following these chemical reactions: 

FeS2+3 ½O2 +H2O FeSO4+H2SO4   I stage (T.ferrooxidans) 
2FeSO4+ ½ O2+H2SO4  Fe2(SO4)3+H2O  II stage (T.ferrooxidans) 
FeS2+Fe2(SO4)3=3FeSO4+2S03    proceeds chemically 
S0+H2O+3/2O2=H2SO4    T.ferrooxidans 

Initial acidity of solution, which is to be leached, is decreased down to pH 2,5, which 
is controlled during the whole process and immediately after it becomes necessary, it is 
returned to the baseline condition using sulphur acid pH. The leaching process is conducted 
at room temperature 22-24°C. The leaching process mainly causes the following reactions: 

FeS2+3 ½ O2+H2O T. ferrooxidans FeSO4+H2SO4  
2FeSO4+MnO2+2H2SO4  MnSO4+Fe2(SO4)3+2H2O 
Fe2(SO4)3+3H2O  2Fe(OH)3+3H2O 

            
                                           Fe2O3   nH2O 

FeS2+MnO2+T. ferrooxidans FeSO4+MnSO4+H2SO4  (pH 2,5) 
MnCO3+2FeSo4 MnSO4+H2CO3+F2O3 

                                  

            H2O+CO2 
During the oxidation process, polycarbonate acid, the product of bacterial metabolism, 

in particular oxalate acid, is produced; 
2H2O+2CO2-HOOC-COOH 

MnO2+HOOC-COOH  Mn (OH) 2+2CO2 
Produced oxalate acid represents an active regenerator of magnesium dioxide, which 

is followed by the production of bivalent manganese sulphate:  
Mn(OH)2+H2SO4  Mn2+SO4

-2 

Correspondingly, final solutions, produced after filtering or decantation, consist of only 
manganese ions and sulphate anions, which as a basic solution – containing 70 g/l manganese 
– can be directly used to get metal electrolyte manganese. If we crystallize the solution, we 
will get chemically clear manganese sulphate powder, which complies with the quality 
requirements of CAS 10034-96-5,  6-47-53028-10-93. 

The technology of bacterial recycling of waste can also be used for excretion of harmful 
compounds and impurities (e.g. SiO2, P). We know that usage of the stain Hypomicrobinum 7 
in order to improve the quality of manganese ores, after six days of incubation, ensures reduc-
tion of phosphor by 90%. Researches show that manganese-oxidizing microorganisms, which 
can be found in minerals, are Metallogenium Sumbioticum. It intensively inhabits the sludge 
of the river Kvirila and in the waters below the enrichments plants of Chiatura, in 
carbonaceous ores in Chiatura mines; mineral waters of Darkveti and Pervisi; in the moss of 
river Kvirila and surrounding waters. In the water sludge near the plants of Chiatura mines 
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Leptothrix discospora is also widely spread. These bacteria have a special ability to destroy 
phosphates. The amount of recovered manganese ranges between 4.1-16.2 % as a result of the 
fission of the above mentioned bacteria; as for the iron, between – 1.1-14.6 %. After 
exploring the restorative micro flora of Chiatura mine, it was discovered that Aeromonus and 
Pseudomonas have the strongest ability to extract manganese. A special importance is given 
to silica bacteria, particularly Bacillus mucilaginosus. These stains are basically produced 
from the moss in the river Kvirila. They produce quite big (0.2-0.4 sm.) transparent colonies 
on solid nutrition areas (work it is executed with participation Ph.D A. Raphava). 

 

 

Fig. 8. Bacillus mucilaginosus Stain 24, X20000 
 

These bacteria show resistance to high and low temperatures. They optimally develop 
during neutral and weak alkaline reaction. In acid (pH<5.0) and alkaline (pH>8) areas cells 
start to die. 

Laboratory researches show that after biotechnological processing, the amount of phos-
phorus in manganese ores is reduced by 30-40%, and by 35-40% in case of silica. The amount 
of manganese is increased by 25-30%. It is obvious, that after the intensification of useless 
substance removal at the stage of mineral enrichment, waste production is reduced after they 
undergo metallurgical recycling, which definitely represents one of the most progressive tech-
nologies, which enables us to reduce harmful anthropogenic influence on the environment. 

Highly-productive, energy-saving Pyro and SHS metallurgical technologies used for re-
generation-recycling of inorganic metal-containing heterogeneous waste and phyto and biore-
mediation methods of rehabilitation of the polluted environment, are cheaper, easier and eco-
logically safer, in contrast with the traditional processes. They represent the innovational, 
energy-saving means of recuperation-recycling of valuable elements, as well as they create 
new possibilities for global expansion of waste-free production. Thus, we consider that the 
suggested technologies being one of the alternative ways of developing industrial ecology and 
sustainable economy, which may be called eco-metallurgy.  

Finally, it must be mentioned that, today we critically need to increase ecological awa-
reness and culture. While making any new technical decisions, technological operations must 
be planned in a way that we take into consideration ecological safety criteria. 
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EXPERIMENTAL STUDY OF BASALT FIBER REINFORCED  
CONCRETE    

 
                                                    David Nozadze, Paata Ejibia 
 
 
 
ABSTRACT 
 
This manuscript is about what Basalt Fiber Reinforced Concrete (BFRC ) is, how it works, how 
it is made and its properties. 
Fiber reinforced composite materials consist of high strength fiber embedded in a matrix. In this 
form, both fibers and matrix retain their physical and chemical identities, yet they produce a 
combination of properties that cannot be achieved with either of the components acting alone. In 
general fibers are the principal load carrying members, while the surrounding matrix keeps them 
in the desired locations and orientation, acting as a load transfer medium between them, and 
protects them from environmental damage. BFRC is a composite material that uses fine sand, 
cement, water, other admixtures and Basalt fibers. 
 
 
 Key words: Composite material, glass fiber, basalt fiber, polypropylene fiber  
 
 

Introduction 
   Basalt fibers are new unique and economic products with superior properties to similar one in 
present use like as glass fibers. These fibers as a basis for composites open a new page in the 
21st century material science. In their physical properties (strength, elasticity) basalt fibers 
considerably exceed mineral and glass fibers. Due the elasticity of micro and macrostructure, 
basalt fibers are vibration-resistant compared to similar products.  
    Basalt fiber is a typical ceramic fiber, it’s easy to disperse when mixed with cement concrete 
and mortar. In chemical properties basalt fibers are more resistant to aggressive media acids and 
alkalis. Fresh basalt fiber reinforced concrete has good characteristics, such as volume stability, 
good workability, good stability, excellent thermal resistance, anti-seepage, crack resistance and 
impact resistance. 
     
Fiber Reinforcement 
 
 BFRC uses basalt fibers as the principle tensile-load carrying member. The concrete matrix 
serves to bind the fibers together and transfer loads from one fiber to another via shear stresses 
through the matrix. Fiber reinforcement is a common method to increase the mechanical 
properties of materials [1]. It is an important topic that is taught to many engineers interested in 
material science. Asbestos fiber reinforced cement, Glass fiber reinforced plastic (GFRP) and 
glass fiber reinforced concrete (GFRC) are perhaps the most common and widely recognized 
forms of fiber reinforced composite materials. 
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         Fig.1 Basalt fiber                         Fig.2 AR glass fiber                Fig.3 Polypropylene fiber 
 
In order to resist tensile loads (from breaking or cracking), there needs to be a sufficient amount 
of fiber present. Additionally, the orientation of the fiber determines how effective that fiber 
resists the load. Finally, the fiber needs to be stiff and strong enough to provide the necessary 
tensile strength. Basalt fibers have long been the fiber of choice due to their physical properties 
and their relatively low cost. 
 

 

 

 
fibers 

Density 
(g/cm3) 

_ 
_ 

Mechanical 
strength 
(MPa) 

 

Elastic 
Modulus 
(GPa) _ 

 

elongation 
(%) _ 

AR Glass fiber 2.46 2700-3300 69 4.8 
polypropylene 
fiber 

0.91 270-650 38 15-18 

basalt fiber 2.65 4150~4800 100~110 3.3 
 

Table 1.Comparison of properties among basalt fiber and other fibers 

 

There are two main levels of reinforcement [2] that are used in composites:  

-The first is three-dimensional (3D) reinforcing. This occurs when chopped fibers are mixed into 
the concrete and the mortal is sprayed into forms. The fibers are distributed randomly throughout 
the concrete and point in all different directions.  

-The second level is two-dimensional (2D) reinforcing. This is fiber mesh (textile).In this case 
fibers are oriented in two directions within a thin plane, it is more efficient than 3D reinforcing. 
As mentioned in articles [3-4], the zone at the bottom surface is the best location place for textile 
reinforcement to resist tensile loads. 
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  Most efficient form of reinforcing is additional (3D)+(2D) reinforcing of concrete with chopped 
fibers and fiber textile [5], it allows us to increase not only the tensile and impact strengths, but 
also drastically improves materials bending strength. 
 

Sample Preparation 

 Samples were fabricated using a premix spray-up method as shown in the Figure 4.  

                                                      

                                                            Fig.4 Technological process 

The fabrication procedure of samples was described as follows: 

1. Cement, sand, admixtures and fibers were mixed and stirred uniformly in the special mixer. 

2. The uniformly stirred premix was sent to the spray-gun by a compressor with constant 
pressure. The gun sprayed the uniformly stirred premix on the mold. 

3. The thickness of each layer on which the gun sprayed the mixture was about 3mm. A roller 
was used to press the mixture to delete the bubbles and enhance the combination among fiber, 
cement, and sand. 

4. Steps 2 and 3 were repeated about 4 times to obtain the total thickness. 

5. The samples were taken out from mold after 12 hours and put on the room temperature. 

6. After 28 days, the samples were tested. 
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Tests  

 All specimens were prepared and tested according to the BS-EN 1170-5 and LNEC E397 
standards for determination of bending and compression Strength. 

 

                                                

                          Fig.5 Compression test                                                      Fig.6 Bending test 

 

 

 
Composite material 

Bending strength 
(MPa) 

Compression 
strength 
(MPa) 

Concrete  matrix 6.3 52.3 
PP fiber 0.1% 7.2 42.4 
PP fiber 0.2% 8.4 46.7 
AR glass fiber 1% 12.3 51.2 
AR glass fiber 1.5% 12.8 49.6 
AR glass fiber 2% 13.4 44.8 
AR glass fiber 2.5% 14.8 42.8 
Basalt fiber 1% 14.4 50.9 
Basalt fiber 1.5% 14 49.2 
Basalt fiber 2% 13.9 43.9 
Basalt fiber 2.5% 13.7 42.3 
 

Table 2. Test result of concrete matrix containing different fibers, different mixing quantities and  
no fiber. 
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Analysis of test results 
 
1. After putting fibers into concrete, as the fibers evenly distribute in concrete, they effectively 
prevent the disintegration of concrete and greatly improve the bending strength.  
2. In the case of similar volumes, improved bending strength of basalt fiber reinforced concrete 
is higher and the preferred volume of basalt fiber by weight is 1-1.5%. 
3. In the case of similar volumes of different fibers the addition of fibers slightly lowers the 
compression strength of composite.  
4. The compression strengths of basalt fiber and glass fiber reinforced concretes are same. 
 

Conclusion 

The application field of high performance concrete is growing, but the brittle and crack 
performance of common concrete is more serious. Fiber can hinder early plastic cracking 
and shrinkage cracking, and effectively improve properties of High Strength Concrete. 
Therefore, basalt reinforced concrete is a kind of representative High Performance Concrete. As 
a result of its improved durability and long-term performance, it can be widely used in the field 
of civil engineering. Therefore, basalt fiber reinforced concrete serves the functions of 
reinforcement, crack resistance, and can extend the life of construction in the fields of housing, 
bridges, highways, railways, urban elevated roads, runways, ports, subway tunnels, the coastal 
protection works, plant facilities. BFRC is natural material and will bring revolutionary changes 
in construction and transportation. 
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COMPOSITE MATERIALS REINFORCED BY BASALT AND CARBON 
HYBRID FIBERS 

N. CHIKHRADZE, L. JAPARIDZE, G. ABASHIDZE, G. PKHALADZE 

1. Introduction 
Polymeric reinforced materials are characterized by a number of advantages over traditional 
structural materials since they offer such unique properties as high specific strength in some 
cases, in combination with light transmission, radio transparency, high electrical insulating 
characteristics, non-magnetic properties, corrosion resistance.  

The possibility of the preparation of new materials with predetermined characteristics 
is one of the main advantages of reinforced plastics.  

In recent years an information on new type of polymeric composite-basalt plastic 
(BP), in which the basalt fiber is used instead of glass reinforcing one [1,2], is of frequent 
occurrence. Basalt fibers are practically highly competitive with glass ones by main 
mechanical characteristics and surpasses them by some of them, in particular, by water-
resistance and chemical stability (is shown below). But in the form of twisted and non-twisted 
threads, rovings, roving cloth and discrete fibers, basalt ones represent an alternative and 
promising reinforcing element for composites. In addition, at solving of a series of specific 
problems, for example, for preparation of materials with predetermined strength and 
deformation characteristics in different directions of load application, the combination of 
glass, high-strength basalt, high-strength and high-modulus carbon fibers were used, that is to 
say, the production of composites, reinforced by hybrid fibers (HFRC) was organized [3-8]. 

In parallel with the advantages, BP and HFRC, undoubtedly, are characterized by 
some disadvantages, which must be taken into account at the preparation and operation of 
structures and items with the use of BP and HFRC. These disadvantages involve: 
 Structural non-uniformity and inadequate stability of the technology of preparation leads 

to considerable dissipation of mechanical and other indexes, which may attain to 15-20% in 
relation to average values even at standard short-term testing. At long-term testing the 
dissipation increased. 
 Polymeric nature of a matrix determines an enhanced sensitivity of materials to the 

prehistory of preparation and to temperature-time regime of further operation, which is 
responsible for determines strength and deformation properties of BP and HFRC. At moderate 
temperatures for traditional structural materials a temperature-time dependence of mechanical 
and other properties appears only slightly, whereas the presence of polymeric matrix in 
considered materials predetermines an impossibility of the evaluation of strength or 
deformability at room temperature without specifying of time in the course of which the 
materials are in stressed state. 
  Directional locating of reinforcing fibers in the plane of reinforcement as well as a 

lamination of the structure in the direction perpendicular to mentioned plane, causes an 
anisotropy of mechanical and other properties. As a rule, a number of characteristics, 
necessary for determination of one or another properties of reinforced plastics, is considerably 
more than for isotropic materials. Moreover, the regularities of the behaviour of reinforced 
plastics at mechanical testing depend on the direction of load application. For example, for 
oriented composites a tension diagram in the direction of reinforcement is governed by 
Hooke’s law. At loading at an angle to the direction of reinforcement, this diagram becames 
essentially non-linear. A lamination of the structure of polymeric composites predetermines 
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their low resistance to interlayer shear and to transverse breaking off. Therefore, at bending, 
these materials may be destroyed because of the fact that tangential stresses will be higher 
than material’s resistance to interlayer shear instead of the fact that normal stresses (extending 
or compressing) may attain the limiting values. 
 Deformations, generated perpendicularly to reinforcing fibers, are mainly realized in 

matrix inter-layers because of low rigidity of the latter in comparison with glass, basalt or 
carbon fibers; this fact leads to the formation of the cracks in the interlayers of a binder 
between the fibers or at phase boundaries. Low crack resistance is particularly characteristic 
of oriented plastics. The cracks have little or no effect on the values of characteristics, 
obtained as a result of short-term testing. However, such characteristics of a material as 
hermetic, resistance to corrosive media, mechanical and electro-technical properties in the 
conditions of long-term operation at the appearance and intergrowth of the track are 
significantly impaired. 
  Relatively low value of elasticity modulus of reinforced plastics and composites leads to 

the fact that load-carrying ability of thin-wall structures is limited by deformability and 
stability instead of the strength. For complete use of high strength characteristics of the 
composites it is profitable to design the item and structure as three-layered or to provide the 
stiffening ribs. Designing must be carried out in a such a way as to the material will operate 
on tension instead of compression, whenever possible. However, it should be noted that in 
some cases the low elasticity modulus is a definite advantage of reinforced polymers (for 
example, pipe-lines from mentioned materials without the compensators of temperature 
deformation and etc.) 

Considered peculiarities of reinforced polymers, generally, and of BP and HFRC, in 
particular, must be taken into account at designing and at the use of structures and items from 
mentioned materials. 

Appearance of new generation of reinforced polymers – BP and HFRC is due to the 
quest for preparation of the materials, characterized by higher initial mechanical and other 
indexes and by higher stability of these indexes at the action of various operating factors. 

At the present time the volumes of the production and of the use of the composites, 
reinforced by high-strength and high-modulus fibers, are insignificant. The main consumers 
of mentioned materials are aviation and rocket-space engineering. The main barrier for 
widening of the fields of the use of such materials (for example, in wind power engineering, 
chemical production and etc.) is their high cost. 

In regard to the cost of BP and HFRC, it should be noted that the ways for their cost 
reduction, probably, are associated with a cheapening of initial materials as well as of 
mechanization of the production instead of the increase of the output, concentration and 
specialization of the production. In this connection, the problem of the cost reduction for 
composites by, if only for, partial replacement of expense and scarce carbon fiber by 
considerably cheaper (by an order) basalt one without significant impairment of main 
operating properties of the material is highly topical. Moreover, the share of reinforcing fibers 
as well as of a binder in the expenses of raw materials is distinct for the composites of various 
types. For the composites, in which the nonwoven reinforcing elements are used in the form 
of threads and mats, the expenses of reinforcing materials attain to 30-35% of all material 
expenses. At the same time the expenses of reinforcing materials in the form of the cloths 
may attain to 50-70% at the preparation of basalt plastics. Therefore an essential effect in the 
reduction of composite’s cost may be attained by replacing of the cloths from twisted threads 
by nonwoven reinforcing materials and roving cloths. 
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Price cost reduction for BP and HFRC is also possible at the expense of introducing of 
efficient fibers-reinforces into the matrix composition. This method allows a considerable 
decrease of fiber content without an essential reduction of characteristics of the resulting 
material. 

One more way for enhancement of the efficiency of the use of BP and HFRC in action is 
a rational design and the use of the items from them with regard to the effect of real 
environment on the material.  

2. General methodology of investigations 
 
At designing of structures and items from composite materials, primarily the values of 

their calculated resistances are necessary. By long-term calculated resistance of the material in 
normal conditions the product of normative resistance of the material by coefficient of long-
term resistance and by coefficient of the uniformity of its mechanical characteristics is meant: 

 
                                                     Rcl=RnorK -t Ku 

 
Normative resistance ( norR ) was determined a strength limit of the materials under 

study by the results of short-term testing of small samples, carried out in accordance with 
acting standards. Coefficient of long-term resistance ( K -t) was determined by testing to 
failure of the series of the samples of the materials at long-term loading at the stresses 
comprising a definite part from a strength limit of the material. Uniformity coefficient ( uK ) 
was determined by well-known three sigma rule by calculation of arithmetic mean and by 
root-mean-square deviation of the strength, which are defined on the basis of statistical 
analysis of the results of mass testing of strength properties of BP and HFRC. 

Calculated resistances of the materials, operating at the joint action of static load and 
regimes, different from normal ones (elevated temperature, high humidity, corrosive medium 
and etc.) were determined by multiplying the long-term calculated resistances into 
corresponding coefficients of operating conditions: 

 
              tc

t
c KRR ,        wc

w
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c KRR ,       atmc

atm
c KRR  

 
where K t,  wK , corK , atmK  - coefficients of operating conditions of composites, service of 
which is provided, respectively, in water or at high humidity at the action of corrosive media, 
in atmospheric conditions, as well as at synchronous long-term action of load as well as of 
external factors. In some cases the coefficients of operating conditions were determined at the 
joint action of various factors, for example, of temperature, water /humidity (Kt,w). 
The objects of investigations were: 
Basalt reinforced plastics:

BP-1.  Sheet basalt plastic. Thickness ( )-1,5-2,5mm; density ( )-1360-1380 kg.m-3; 
Matrix – unsaturated polyester resin  of Turkish production (65 mass%). Reinforcing element 
– chopped fiber, obtained by cutting of basalt roving of Georgian production with following 
characteristics: rectilinear density 600-4800 tex; elemental fiber diameter 10-16 ; specific 
tenacity 350-450 mN/tex. 
The mode of preparation: contact moulding (without pressure and temperature). 
Expected field of application: light-transparent guarding building structure. 
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BP-2. Basalt  cloth – based laminate.  
  = 0,7-5,0 mm;     = 1530-1560 kg.m-3 . Matrix-phenol-formaldehyde resin of Ukrainian 

production (25-35 mass%). Reinforcing element – cloth from twisted threads of Georgian 
production with following characteristics: thickness 0,25-0,35 mm; surface density 150-450 
g/m2; density in warp 4-8 th/cm; density in weft 6-12 th/cm, or cloth from basalt roving with 
the indexes: thickness 0,4-0,9 mm; surface density 300-700 g/m2; density in warp – 1,7-3,5 
th/cm; density in weft 2,9-4,0 th/cm; 
The mode of preparation: direct pressing, pressure 45-55 kgf/cm-2, pressing temperature 140-
1600C, holding time on 1 mm-5-12 min. 
Expected field of application: shells of three–layered building panels (among them for 
corrosive media). 

BP-3. Oriented basalt plastic.   = 1,0-7,0 mm;   = 1520-1540 kg.m-3. Matrix-epoxy-
phenol resin of Ukrainian production (25-32 mass%). Reinforcing element-permanently 
oriented basalt fiber in the form of roving (data see in BP-1). 
The mode of preparation: production of veneer, its impregnation by a binder, direct pressing 
of semifinished item. 
Expected field of application- auxilliary structural elements and details.  

BP-4. Pressed basalt plastic.  = 2,0-8,0 mm;   = 1850-1950 kg.m-3. Matrix – 
modified phenol-formaldehyde resin of Ukrainian production (25-35 mass%). Reinforcing 
element-chopped or permanently oriented basalt fiber (data see in BP-1, BP-2).  
The mode of preparation-preliminary impregnation of reinforcing element, direct pressing at 
the temperatures of 140-1600C; pressure 250-350 kgf/cm2, holding time 2-5 min on 1  mm of 
material. 
Expected field of application: structural materials for corrosive media 
Composites on the basis of hybrid fibers:
HFRC-1 . Oriented bi-directional composite.  = 1,5-2,5 mm;  = 1450-1550 kg.m-3. Matrix 
– epoxy resin of Ukrainian production (70-75 mass%). Reinforcing elements – glass and 
carbon fibers (GF, CF), located in the composite by the scheme, presented in Fig.1. Glass 
fibers of alkali less composition are presented in the form of roving of Ukrainian production. 
Polyacrylonitrile  carbon rovings of Russian production offer the strength 3,0 GPa and 
elasticity modulus 220 GPa. Ratio GF : CF = 0,3÷0,7 (by mass). 
The mode of preparation: production of prepreg, its direct pressing. 
Expected field of application: shell of wind turbine blade. 
HFRC-2. The same, but 20% of carbon fiber is replaced by basalt one in the form of roving. 
HFRC-3. Oriented composite.  = 2-3 mm,  = 1450-1550 kg.m-3. Matrix – the same as in 
the  case of HFRC-1 and HFRC-2; Reinforcing elements – the same as in the case of HFRC-1 
and HFRC-2 . They are located by the scheme, shown in fig. 2. 
The mode of preparation: the same as in the case of HFRC-1 and HFRC-2. 
Expected field of application: the spar of wind turbine blade. 
HFRC-4. The material similar to the composite HFRC – 3, but 20% of carbon fiber is 
replaced by basalt one in the form of roving. 

The results of determination of normative resistances at various types of stressed state 
(tension, bending, compressing, shear -  sh

nor
c
nor

b
nor

t
nor RRRR ,,,  as well as of short-term 

elasticity modulus at tension, bending and compressing ( c
ts

b
ts

t
ts EEE ,, ) and coefficients of 

uniformity of strength properties of the materials under study are given in Table 1. 
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          Figure 1. Structure of composite                                Figure 2. Structure of  composite     
                            intended for shell                                                         intended for spar 

 
 
Returning to the problem on uniformity coefficient of material, it should be noted that 

testing, carried out for its determination were performed at room temperature – humid 
conditions. Incidentally, in the course of operating of the structures by the use of plastic 
materials, they may undergo to various temperature- humid effects and it may be suggested 
that these effects may exert some influence not only to the variation of absolute values of 
mechanical properties of BP and HFRC, but, to some extent, they may reflect on the indexes 
of uniformity of strength properties of the materials. To check this suggestion the 
investigations were carried out to reveal the influence of preliminary action on the indexes of 
uniformity of strength properties of BP-1, BP-2, HFRC-2 and HFRC-4 at tension.  

 
Table 1. Normative resistances, short-term elasticity modulus and uniformity coefficients for 
BP and HFRC 

Material 
t
norR , 

MPa 

b
norR , 

MPa 

c
norR , 

MPa 

sh
norR , 

MPa 

t
tsE , 

GPa 

b
tsE , 

GPa 

c
tsE , 

GPa 
Ku 

 
BP - 1 

 
BP - 2 

 
BP - 3 

 
 

BP - 4 

 
69,0 

 
250,8 

 
480,6 

 

0,560
0,85  

 
145,0 

 
130,0 

 
750,8 

 

0,260
0,130  

 
105,6 

 
105,5 

 
410,2 

 

5,210
0,110  

 
55,0 

 
75,0 

 
190,0 

 
 

- 
 

 
6,0 

 
26,0 

 
31,5 

 

5,19
3,19  

 
- 

 
- 

 
- 
 

 
- 

 
- 

 
- 

 
- 
 

 
- 

 
0,65 

 
0,78 

 
0,75 

 
 

0,75 
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HFRC-1 

 
 

 
HFRC-2 

 
 

HFRC-3 
 
 

HFRC-4 

 

1,163
6,195  

 

2,228
5,292  

 

9,6
4,455  

6,85
2,132  

 

3,270
2,480  

 

4,351
2,567  

 

9,19
1,718  

9,95
7,415  

 

1,219
1,261  

 

9,319
2,410  

 

0,8
8,420  

7,107
2,160  

 

1,8
2,10  

 

2,10
2,12  

 

2,1
8,24  

4,2
8,8  

 

9,3
4,9  

 

4,5
0,15  

 

8,5
9,96  

8,19
7,49  

 

 

4,3
5,14  

 

4,5
4,23  

 

2,5
6,78  

4,16
8,58  

 

 

2,4
6,10  

 

8,5
6,14  

 

1,4
1,78  

7,16
0,51  

 
0,72 

 
 
 

0,68 
 
 

0,74 
 
 

0,70 

 
Remark: 1 BP-1. Resistances at shear are given in the direction, perpendicular to sheet plane. 
2. BP-2. For efforts acting in the   direction of the base of basalt cloth ( =7mm). 
3. BP-3. At the ratio between longitudial and transverse fibers, equal to 1:1 for efforts, acting 
in the direction of fibers. 
4. BP-4. In numerator and denominator at reinforcing by chopped  and oriented fibers, 
respectively. 
 5. HFRC-1, HFRC-2, HFRC-3, HFRC-4. In numerator and denominator the values along and   
transversely to X axis, respectively (Fig. 1,2). 

Under prolonged (long-term) strength of the solid the dependence of time duration up to 
failure on the stress and temperature is meant. The coefficient of long-term resistance is a 
value, determined by testing of a series of the materials samples under prolonged loading to 
failure at the stresses, constituent a definite part from material strength limit. Thus, in the 
terms “long-term resistance” and “durability” an equal meaning is assigned. 

The equation of temperature-time dependence of the solids, as it well known, relates 
durability (  ), stress ( ) and temperature (T) to each other [9,10]: 

 

kT
U 0

0 exp                                 (1), 

 
where   0   - is  a constant, approximately equal to 10-13 sec, which in order of a value 

is near to the period of thermal oscillations of atoms; U0 – initial activation energy of the 
process of material destruction; k – Boltzmann’s constant;     - average coefficient of 
overstresses. 

Physical meaning of the formula (1) may be explained by means of thermal 
fluctuation theory of strength. According to this theory, destruction is kinetical, thermally 
fluctuating process of permanent accumulation of damages, developed in the body since the 
load application to its destruction. Breaking of inter-atomic bonds, activated by applied stress, 
is an elementary act of destruction process.  

In the course of experiments it has been established that BP and HFRC under our 
study are, mainly, obey the temperature-time dependence. Along with it, it should be noted, 
that in relation to BP and HFRC, which are bi or more component composites, physical 
meaning of the values 0 , U0   and    is not reasonably evident. But it should be taken into 
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account that the main goal of our investigations is to obtain the empirical relationships 
between long-term resistance (durability) of new types of structural materials and the 
conditions of their operation. In this case the question about physical meaning of above-
mentioned values does not need to be posed. 

From (1) the following is obtained: 0
0 lg

lg e
kTU

                             (2).                                                     

If in formula (2) it is granted that   ,consti  we obtain   BTU0                          

(3),  

where,      
e

K
B

i

lg

lg
0  

Thus, the linear dependence between material strength and temperature at const  is 
in existence. At elevating of testing temperature, primarily, the adhesion bonds are broken at 
the boundaries of basalt (glass) – binder and in the matrix the cracks, parallel to the fiber, are 
formed, since U0 values for silicate fibers are equal to 350-385 kJ/mole and the values of 
activation energy of destruction of polymeric matrix  comprise 125-190 kJ/mole. Intensity of 
breaking of adhesion bond: carbon-binder is of lesser importance, since U0 for 
polyacrylonitrile is near to U0 for binder (200 kJ/mole). In spite of this fact, in materials under 
study, breaking of adhesion bond doesn’t lead to their destruction since reinforcing element 
continues an operation as the bundle of non-bound fibers. In this case minimal breaking stress 
for uni-directional basalt plastics is estimated as a half of breaking stress, obtained by 
standard testing of the material at normal temperature. 
 
3. Mechanical properties of BP and HFRC 
 
3.1. Effect of duration of static loading and temperature on strength 

 
Dependence of breaking stress of BP and HFRC on temperature was estimated by the 

coefficients of operating conditions  tsTTK / , where t    and  ts   are breaking 
stresses for the samples after temperature action and at short-term testing, respectively. The 
values of  TK   are presented in Table 2.

Table 2. Coefficients of operating condition KT in the structures, operating at elevated 
temperatures 
 
 

Material 

Temperature, K 
313 333 

Tension, 
Compression Bending Shearing Tension, 

Compression Bending Shearing 

BP-1 0,65 0,85 0,67 0,60 0,79 0,63 
BP-2, BP-3 0,88 0,79 0,78 0,77 0,72 0,72 

BP-4 0,70 0,88 0,72 0,63 0,78 0,66 
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HFRC-1 0,72 0,88 0,77 0,70 0,85 0,72 
HFRC-2 0,72 0,82 0,82 0,70 0,79 0,77 
HFRC-3 0,74 0,86 0,88 0,71 0,81 0,80 
HFRC-4 0,75 0,85 0,79 0,74 0,78 0,75 

 
Remark: 1. Coefficients of operating conditions of materials in the structures at temperature  
273 K are taken to be unity; 
2. At intermediate temperatures Kt may be determined by interpolation. 

If in formula (1) it is granted that  constTT i , then  
0

0 lgAU                         (4), 

where     
e

kTA i
i lg

.   

In regard to material under study, the linear relationship between strength and 
durability logarithm is mainly obeyed at normal as well as at the temperatures of 313 K and 
333 K. Mentioned temperatures are considerably less than temperature of forced elasticity of 
BP and HFRC and because of this fact the dependence  lg    on tension hasn’t a kink, 
characteristic of the case of the action of high (>350K) temperatures. Below these 
dependences are presented in the coordinates lg    (in contrast to the coordinates   
lg , used in the theory of the strength of the solids).    

                                              

                   
 

Fig. 3. Curves of long-term strength of BP-3,          Fig. 4. Curves of long-term strength BP-4 
(tension): 1-BP-3; 2-BP-4, uni-directional;                          of BP-1 at various temperatures 
                 3 – BP-4, full strength.                                         (bending). 1 – 313 K; 2 – 333 K 

 
To estimate a time dependence of the strength, the coefficients of operating conditions 

of the material were used:  tsK / , where  breaking stress after the time interval, 
corresponding to service life of the structure or item. The values  K    for   BP and HFRC are 
given in Table 3. 
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Table 3. The values of the coefficient   K  at various types of stressed state 

Material Tension Compression Bending 
103h 104h 105h 103h 104h 105h 103h 10 4h 105h 

BP-1 
BP-2 
BP-3 
BP-4 

0,71 
0,86 

- 
0,81 

0,65 
0,75 
0,68 
0,77 

0,60 
0,68 
0,56 
0,70 

0,71 
0,81 
0,88 
0,89 

0,68 
0,67 
0,77 
0,78 

0,58 
0,59 
0,61 
0,51 

0,68 
0,83 
0,87 
0,78 

0,56 
0,72 
0,74 
0,72 

0,45 
0,55 
0,59 
0,63 

HFRC - 1 
HFRC - 2 
HFRC - 3 
HFRC - 4 

0,91 
0,88 
0,90 
0,81 

0,79 
0,73 
0,76 
0,72 

0,69 
0,66 
0,71 
0,62 

0,85 
0,82 
0,88 
0,79 

0,76 
0,71 
0,77 
0,70 

0,62 
0,59 
0,68 
0,62 

0,78 
0,80 
0,82 
0,80 

0,69 
0,63 
0,66 
0,63 

0,55 
0,51 
0,59 
0,49 

 
Direct experimental determination of  is fraught with great difficulties: the 

maintenance of constant external conditions and predetermined stress over a long period of 
time is necessary. Therefore the values  were determined for three values: 1,102, 103 hours 
by extrapolating on the basis of equation (1), obtained curve  and by assuming that external 
factors don’t distort a linear character of temporal dependence of the strength. 

Hence, we have, separately, the coefficients of operating conditions providing the 
temperature influence as well as considering the loading duration. Over many years the 
method of multiplying of these coefficients has been used to account the joint effect of these 
factors on long-term resistance. But as it was shown in [11], this method leads to considerable 
overstating of calculated resistances of glass plastics, especially at the temperatures close to 
glass transition temperature of a binder. To check this fact, a materials under study were 
subjected to the joint action of loading and temperature (313 K, 333 K), correlating the data, 
obtained in this case with the values of the coefficients of operating conditions  K   and  KT 
(Table 4). 

 
Table 4. Values of coefficients of operating conditions of BP at bending 

Coefficient Temperature, 
K BP - 1 BP - 2 BP - 3 BP - 4 

KT 313 
333 

0,84 
0,65 

0,88 
0,72 

0,90 
0,85 

0,85 
0,79 

K  
)5( year  

 
0,52 0,82 0,89 0,83 

KKT  313 
333 

0,44 
0,34 

0,72 
0,59 

0,80 
0,76 

0,71 
0,66 

TK  
)5( year  

313 
333 

0,41 
0,28 

0,69 
0,49 

0,75 
0,69 

0,65 
0,59 

T

T

KK
K  

313 
333 

0,93 
0,82 

0,95 
0,83 

0,94 
0,91 

0,91 
0,89 

  
The analysis of the data of Table 4 confirms the fact that the method of coefficients 

multiplying really leads to enhanced values of the coefficients of operating conditions and 
consequently to overstating of calculated resistances of BP. Thus, it was decided to determine 
the coefficients of operating conditions for the joint action of external factors and loading. 
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3.2. Effect of the time of loading action and temperature on deformation characteristics  

Deformability of the materials under study, caused by force action, was estimated by 
short-term and long-term elasticity and shear modulus (Es-t, E -t, Gs-t, G -t)  were determined 
by short-term static testing of small standard samples as a ratio between the increment of 
stress and the increment of relative deformation of a sample. tt GE ,  were obtained by 
long-term static testing of the samples at stresses equal to calculated long-term resistance   of 
materials as a ratio between the stress and maximum relative deformation of the sample at 
damping of creep. It should be noted that the term “long-term elasticity modulus “ is 
conventional in this case, since deformations of polymeric composites at long-term loading, in 
reality, aren’t elastic. 

At the temperatures, no greater than the temperature of beginning of binder 
destruction, reinforcing fibers act as linear-elastic materials. Binders are characterized by 
visco-elastic properties. Therefore, deformations of BP and HFRC, generally, depend 
significantly on duration and temperature of operation. 

As might be expected, in uni –directional or orthogonally-reinforced BP and HFRC, 
the creep is formed at the action of constant loading applied to the direction of reinforcement. 
But after a time, this process is practically terminated. This fact is quite clear since at first an 
effort is distributed between fibers and binder, but stresses in binder relax and all stresses are 
progressively imparted to fibers. 

At loading of BP and HFRC, randomly reinforced and oriented at angle to loading 
direction, creep isn’t damped and is continued up to material destruction. Creep anisotropy of 
these materials is expressed to a considerable more extent than an anisotropy of elastic 
properties and sharply enhances with temperature elevation. 
 
4. Resistance of BP and HFRC to environment
 
4.1   Mechanical characteristics at atmospheric action 
 

It is well known that by selecting of corresponding regimes of accelerated testing on 
atmospheric resistance the reduction of mechanical characteristics of materials may be 
relatively readily attained. But the determination of reasonably accurate correlation between 
the results of natural and accelerated testing on ageing of polymeric composites was 
unsuccessful. So far as we know, this problem wasn’t solved up till now in relation to 
inorganic as well as to organic materials. In this connection it was decided to perform the 
bench testing on natural ageing of BP and HFRC in environmental conditions of South 
Caucasus. 

Ageing of BP and HFRC, intended for operation in atmospheric conditions, is a result 
of complex action of such factors as chain reaction of oxidation, temperature-humid 
deformation of a binder, penetration of moisture into material with further leaching of fiber, 
abrasive action of dust.  

Exposure of BP and HERC in unloaded state and under stresses, close to calculated 
resistances of materials, revealed a considerable difference in the character of development of 
ageing processes in loaded and unloaded composites, as well as a difference between the 
values of long-term resistance and creeping of the samples, tested in atmospheric and 
laboratory conditions. Binder nature has a pronounced effect on atmospheric resistance of BP 
and HFRC.  It is difficult to judge about atmospheric ageing of BP and HFRC on the basis of 
polyester matrix, since the process of binder hardening isn’t finished; this leads to 
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enhancement of elasticity modulus by 5-15%. True enough, the strength reduction by 8-17% 
still takes place. 

As a result of atmospheric ageing, mechanical characteristics of BP and HFRC on the 
basis of epoxy and phenol-formaldehyde matrixes are gradually decreased depending on 
material thickness and applied stress. Difference in the variation of mechanical indexes of 
loaded and unloaded samples is revealed to a greater extent than in BP and HFRC on the basis 
of polyester matrix. Ageing process of materials are developed, mainly, on the surface; in this 
connection their atmospheric resistance significantly depends on material thickness. Existence 
of stressed state has a pronounced effect on intensification of ageing of BP and HFRC on the 
basis of epoxy and phenol-formaldehyde binders in atmospheric conditions; in this case the 
effect of materials thickness is reflected to the greatest extent. Thus, a great number of BP-2 
samples of 1,0 mm thickness, exposed at stress of 0,75 ts , were destructed immediately at 
the stand before expected exposure time, whereas the samples of 4,5 mm thickness weren’t 
destroyed. The results of mechanical testing have shown a slight reduction of the strength of 
these samples (stresses in both cases were equal). 

 As a result of performed investigations, the values of the coefficients of operating 
conditions of BP and HFRC in service, have been obtained (Tabl.5) 

 
Table 5. Coefficients of operating conditions – Katm of BP and HFRC 

Material For calculated 
resistances 

For long-term 
elasticity modulus 

Remark 

BP-1 0,69 0,80 Presented  coefficients 
are given: for BP-1 of 
1,5-3,0 mm thickness, 
for BP-2, BP-3 and 
BP-4 of 2,0-7,0 mm 
thickness and for all 
types of HFRC - 5,0-
8,0 mm of thickness. 

 

BP-2 0,75 0,82 
BP-3 0,79 0,83 
BP-4 0,72 0,75 

HFRC-1 0,82 0,85 
HFRC-2 0,79 0,81 
HFRC-3 0,85 0,88 
HFRC-4 0,79 0,82 

 
4.2. Mechanical characteristics at the action of water and some corrosive liquid media 
 
               Stability of mechanical properties of BP and HFRC is determined by resistance of 
reinforcing component of material, matrix and adhesion bond between them to aqueous and 
chemical media. An advantage of basalt fiber over other ones, in addition to higher thermal 
stability, must consist in water resistance and chemical endurance. In order to prove this fact, 
the action of alkali and mineral acids of various concentration (up to 60%) was studied on 
threads strength from alkalineless, alkaline and basalt glass, used in composites. Chemical 
composition of these glasses is the following (in mass%): aluminborosilicate (alkaliless) – 
SiO2-54; Al2O3 – 14; B2O3 – 10; CaO-16; MgO-4; Na2O – 2; sodiumcalcium silicate 
(alkaline) - SiO2-71; Al2O3 – 3; CaO-8; MgO-3; Na2O – 15; basalt one: SiO2-49; Al2O3 – 16; 
Fe2O3 – 10; CuO – 9; MgO-7; Na2O-4; MnO<1; TiO2<1.  It was studied the behavior of 
roving, offering the non-twisted strand with a diameter of elementary fiber of the order of 10-
16μ. 

Testing were carried out in water and in the media, most characteristic for chemical 
production: in caustic soda, sulphuric and nitric acids. Solution temperature comprised 18-
220C. Before testing the samples were preliminary conditioned. Duration of static action of 
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corrosive medium on threads was taken to be 240 hours, since the most intensive reduction of 
strength of fibers and of materials on their base at normal temperature is observed within first 
200-240 hours, after which some stabilization of their strength indexes takes place. After 
maintenance in corrosive media the samples of threads were tested on the machine at relative 
humidity of air – 75-78% by determination of breaking load – P (P0 – breaking load of dry 
threads). Because of some reversibility of strength reduction in fibers at the action of 
corrosive media, the samples of threads didn’t dried before testing on the machine. 

As is seen from the data of Table 6 the 5-10% solutions of caustic soda have the most 
destructive effect on alkalineless threads. With increasing of the concentration of NaOH, the 
stability of strength characteristics of threads enhanced.  
           With increasing of the temperature of alkaline solution the total solubility of glass fiber 
enhances. In this case maximum solubility is slightly smoothed, in doing so its displacement 
is observed to the realm of higher concentrations.  
 
 Table 6.  Reduction of breaking strength of threads in corrosive media of various 
concentration 

Corrosive 
media* 

Residual strength    100% 

 
1% 5% 10% 25% 45%**

Caustic soda 

Sulphuric 
acid 

Nitric acid 
    

 
Remark: in numerator – indexes of threads from alkalineless glass; In denominator - indexes 
of basalt threads. 
* reduction of glass threads in water comprised 40%, of basalt threads 15%. 
** maximum concentration of H2SO4 – 45%, of HNO3-60%. 
 

Testing of glass and basalt threads in sulphuric and nitric acids has shown that a factor 
of concentration exerts a lesser influence on the variation of strength characteristics.  By the 
example of behavior of alkaline glass threads it may be noted a some increased influence of 
sulphuric and nitric acids on them in concentration range of 5-10%. But effect of this 
influence is very limited.  

Data on strength reduction in threads from alkalineless glass and basalt threads in 
sulphuric and nitric acids are presented in Table 6 sulphuric acid acts considerably more 
aggressively in concentration range of 5-10%. Concentration factor of nitric acid doesn’t 
effect significantly on the value of strength reduction of glass threads. The character of acid 
action on basalt threads remains identical but a level of residual strength of these threads after 
exposure in the media remains higher in comparison with a level of the strength of 
alkalineless, glass threads. 

After drying of the samples of BP and HFRC, which were exposed in water or at 
elevated humidity of air at room temperature over a long period of time a tendency for 
restoration of mechanical characteristics is found which, predominantly, is indicative of 
physical character of the action of these media on materials. The character of behavior of BP 
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and HFRC in water and at elevated humidity under loading may be significantly different 
from the behavior of unloaded material. 

As indicated earlier, the joint effect of environment and time of its action on long-term 
resistance of materials to destruction is every so often estimated by multiplying of 
corresponding coefficients of operating conditions. But as with separate accounting of the 
effect of duration of the action stresses and temperature, this method causes the considerable 
errors, during which in direction of the increase of calculated resistances in all cases, that is to 
say in direction of reduction of safety factor.  

Analysis of obtained data permits to conclude that if at room temperature the physical 
character of water action on BP and HFRC is dominated, then by temperature elevation the 
chemical activity of aqueous medium becomes predominant. It may be also concluded that a 
long-term operation of materials under study don’t cause a sharp decrease of their load-
carrying capacity and destruction, since the medium temperature (313K, 333K) is 
significantly lower then the glass transition temperature of the binders and reinforcing 
elements (basalt, glass, carbon) are sufficiently stable in these conditions. 

The further stage of the work was the determination of long-term resistance of BP and 
HFRC in water and in 1 % solutions of caustic soda, sulphuric and nitric acids. Long-term 
resistance of BP and HFRC on bending was studied by the procedure, described in [12]. 
Long-term resistance of the materials, operating in water and corrosive liquid media, is 
nothing more nor less than the coefficient of their operating conditions, accounting the joint 
action of temporal factor and of water or anyone corrosive medium on the materials. For 
example, in Fig.5, the dependence of    corw

tK   on logarithm of durability for BP-1 is 
presented. At predetermined operating time for this material – 105 hours (11,4 years) 
conventional  corw

tK obtained by extrapolating of experimental data, depending on testing 
medium, comprises from  0,58   to 0,11. Results of testing presented in Fig. 5, permit to 
propose the following coefficients of long-term resistance of BP-1 on bending at its assumed 
operation in stressed state in water and in 1% solutions of caustic soda, sulphuric and nitric 
acids (Table 7). 

 
                                

 
 
Fig 5. Dependence of corw

tK  on a logarithm of durability at the bending of BP-1 
1-water; 2-H2SO4; 3-HNO3; 4-NaOH 
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Table 7. Coefficients of long-term resistances of BP-1 in water and in the solutions of   
caustic soda and acids 

Exploitation 
conditions 

Proposed time of exploitation 
Up to 1 year To 3 years To 5 years To 10years 

Dry state 
Water 

1% NaOH 
1% H2SO4 
1 % HNO3 

0,67 
0,42 
0,22 
0,20 
0,25 

0,64 
0,36 
0,20 
0,18 
0,21 

0,62 
0,33 
0,18 
0,15 
0,19 

0,58 
0,29 
0,15 
0,11 
0,16 

 
Processing of these and other above-presented results of investigations, for all 

materials, considered in this work, permitted to obtain the reference data on long-term 
calculated resistances of BP and HFRC. These data, by our opinion, may be beneficial at 
designing of structures  and items by the use of BP and HFRC. 

 
 

 
4. Conclusion

At present a sufficient experience is accumulated in world practice in the field of the 
technology of preparation of basalt plastics and composite materials with reinforcing 
structures from hybrid fibers. Development of the works along this line is determined by 
possibility of preparation of new generation of materials with a wide spectrum of properties. 
Along with it, a diversity of the requirements, imposed to structural materials, tended to the 
fact that none of newly elaborated materials can occupy the dominant place at current stage of 
technology development, at least, in the immediate future. Each type of materials may be 
optimal in certain specific cases, as shown in presented work. A wide spectrum of needed 
materials, apart from considered here, may be prepared by the use of a number of reinforcing 
fibers with various elastic and strength characteristics and combined with carbides and oxides 
of the binders, as well as of reinforcing schemes which permit a purposeful control of 
strength, rigidity and other properties of materials.  

In parallel with it, it should be noted that at present the data for physical-mechanical 
properties of basalt plastics and composites on the basis of hybrid fibers as well as for 
variation of these properties in expected operating conditions are extremely limited, which 
retards their use as structural materials. 

We hope that the engineers of various specialities may find in this work the practical 
recommendations on the approach of estimation of serviceability of materials in operating 
media, generally, as well as the data on calculated resistances of basalt plastics and 
composites on the basis of hybrid reinforcing fibers, in particular. 
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referatebi

uakuak 669:536.453.001.002 669:536.453.001.002

Tms metalurgia: mecniereba da praqtika. iuxvidi v.  saerTaSoriso konferenciis 

moxsenebaTa krebuli “araorganuli masalaTmcodneobis Tanamedrove teqnologiebi 

da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w.

TviTgavrcelebadi maRaltemperaturuli sinTezi, sxmuli Zneldnobadi araor-

ganuli masalis namzadebis da damcavi danafarebis misaRebad (Tms-metalurgia) gvev-

lineba erTerT perspeqtiul mimarTulebad.  Tms-metalurgia erwymis aRmdgenel 

(temperaturul) da elementebiT (Tms) qimiur procesebs. wvis maRali temperatura 

(3000-40000C) da intesiuri gafantva aucilebelia Senadnobis wvisas, rom procesi 

warimarTos wnevis qveS airisa da centridanuli Zalis zemoqmedebiT. es miTiTebebi 

uzrunvelyofs wvis procesis da sinTezis produqtis Tvisebebis warmarTvas. 30 

wlis manZilze miRebulia  seriozuli Sedegebi Semdeg mimarTulebebiT:

1. Catarebulia maRaltemperaturuli mravalkomponentiani Txieri fazis qimiuri 

gardaqmnis  Termituli tipis narevis eqsperimentuli da Teoriuli kvlevebi, sadac 

didi adgili eTmoba  maRaltemperaturul hidrodinamikur  procesebs, aseve  wnevisa 

da centridanuli Zalis gavlenas wvis procesze.

2. qimiuri da fazuri Sedgenilobis  da sxmuli masalis mikro-da makro- struq-

turis  marTva. (pirdapiri da inversiuli fazuri dayofa, fenovani da gradientuli 

masalis miReba, „dawvrilmarcvlovneba“, kompoziciuri masalis struqturuli Sedge-

nilobis marTva, nanoamorfuli masalis miReba).

3. Txier fazaSi Tms -s procesis gamoyeneba  fundamentaluri da praqtikuli 

amocanis gadasaWrelad, kerZod, sali da cecxlgamZle masalebis misaRebad (maT Soris 

iseTi Senadnis misaRebad, romelic muSaoben intensiur cveTaze da maRal temper-

aturaze).

Tms-s procesis ganviTarebaSi aqtiur monawileobas iReben ruseTis, amerikis, 

iaponiis, CineTis, saqarTvelos, somxeTis, yazaxeTis, italiis, safrangeTis da a.S. mec-

nierebi. aRniSnul statiaSi moyvanilia   gansakuTrebiT saintereso kvlevis Sede-

gebi. sur.10, cxr. 3, bibliogr. 20.

uakuak 536.422.4 536.422.4

kondensirebul sistemebSi swrafi reaqciebis siCqaris  raodenobrivi gansaz-

Rvris axali meTodebi. Steinbergi a. saerTaSoriso konferenciis moxsenebaTa kre-

buli “araorganuli masalaTmcodneobis Tanamedrove teqnologiebi da meTodebi”, 

Tbilisi, gamomcemloba “meridiani”, 2012 w. 

warmodgenilia zogierTi homogenuri da heterogenuli masalebis  swrafi maRal-

temperaturuli daSlis reaqciis kinetikis Seswavlis Sedegebi. naCvenebia, rom rigi 

sistemebisaTvis swrafi reaqciebis konstantebi, romlebic dominireben  maRal tem-

peraturebze, Zlier gansxvavdebian aseTebisagan dabali temperaturebisaTvis. swrafi 

maRaltemperaturuli reaqciebi, Tms, wvisa da afeTqebis analogiur pirobebSi, Seswav-
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lili  iqna eleqtroTermuli analizis (ETA) axali unikaluri meTodiT. es meTodi 

da axali Termuli analizis xelsawyo ETA -100 gamoyenebuli iyo Ni-Al, Ti-C, Ta-C 
da zogierT sxva sistemebSi, uairo wvis da afeTqebis meqanizmebis Sesaswavlad. 

sur.12, bibl.18.

uakuak 621.9.048.7.001.8 621.9.048.7.001.8

eleqtronul-sxivuri teqnologiebi da maTi gamoyenebis perspeqtivebi. oqrosaS-

vili m. saerTaSoriso konferenciis moxsenebaTa krebuli “araorganuli masalaTm-

codneobis Tanamedrove teqnologiebi da meTodebi”, Tbilisi, gamomcemloba “meridi-

ani”, 2012 w.

Seswavlilia: Ti-Cu gardamavali fenis mikrostruqtura da fazuri Semadgenloba, 

romelic formirebulia titanis orTqlis nakadis kondensaciis da reaqtiuli 

difuziis gziT; fuZeSris zedapiris agebulebis gavlena kondensatis fazur Sedge-

nilobasa da mis adheziaze fuZeSresTan. naCvenebia eleqtronul-sxivuri teqnolo-

giiT rentgenostruqturulad amorfuli fxvnilebis miRebis SesaZlebloba. sur. 13, 

bibliogr. 11.

uakuak 621.385.8.33.2 621.385.8.33.2

skanirebadi eleqtronuli mikroskopiis Tanamedrove mdgomareoba. berneri a. 

saerTaSoriso konferenciis moxsenebaTa krebuli `araorganuli masalaTmcodneobis 

Tanamedrove teqnologiebi da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w.  

ganxilulia  Tanamedrove skanirebadi eleqtronuli mikroskopis dizainis ori 

ZiriTadi mimarTuleba. pirveli mdgomareobs eleqtronuli optikis damuSavebaSi 

dabalenergetikuli (200 ev – mde) mikroskopiisaTvis, romelic saSualebas iZleva 

miRweul iqnas erTdroulad maRali sivrciTi garCevisunarianoba da Zlieri kon-

trasti. meore mdgomareobs deteqtorebis axali sistemis damuSavebaSi, romelic 

saSualebas iZleva maRali garCevisunarianobis mqone gamosaxulebis miRebisa, sx-

vadasxva signalebis gamoyenebiT, kontrastebis sxvadasxva saxeobebis: topografi-

ulis, orientaciulis, atomuri nomris mixedviT kontrastis da fazuri kontrastis 

CvenebiT. sur.6, cxr.1.

uakuak 669.017.164/165 669.017.164/165

erTfaziani intermetalidebis sinTezi.. oniaSvili g.,  TavaZe g. saerTaSoriso 

konferenciis moxsenebaTa krebuli “araorganuli masalaTmcodneobis Tanamedrove 

teqnologiebi da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w.

naSromSi Seswavlilia erTfaziani naerTebis miRebis SesaZlebloba titan–ali-

uminis sistemaSi TviTgavrcelebadi maRaltemperaturuli sinTezi– Tburi afeTqebis 

reJimSi. SemuSavebulia teqnologia da dadgenilia teqnologiuri parametrebi erT-

faziani masalebis misaRebad. gadmocemulia titan-aluminis sistemaSi nanostruq-
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turuli masalebis miRebis Teoriuli da praqtikuli safuZvlebi. Seswavlilia 

miRebuli masalebis fizikur–meqanikuri Tvisebebi da mikrostruqtura. aRniSnulia, 

rom TviTgavrcelebadi maRaltemperaturuli sinTezi– Tburi afeTqebiT miRebuli 

erTfaziani,  nanostruqturuli masalebis Tvisebebi yovelTvis aRemateba maTi sam-

rewvelo gziT miRebuli analogebis Tvisebebs.   sur. 6,  cxr. 2, bibliogr.5.

uakuak 669.018.95’26’295:536.453 669.018.95’26’295:536.453

Tms-metalurgiis meTodiT titanis da qromis karbidebis da boridebis fuZeze 

sxmuli kompoziciuri masalebis miReba. gorSkovi v., iuxvidi v.  saerTaSoriso kon-

ferenciis moxsenebaTa krebuli“araorganuli masalaTmcodneobis Tanamedrove te-

qnologiebi da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w.

naCvenebia liTonuri kompoziciuri masalebis (qromis karbidi – nikelis alu-

minidi,  titan-qromis karbidi-nikelis aluminidi da titanqromiani boridi-nikelis 

aluminidi), karbidul, boridul da intermetalidur fazebs Soris sxvadasxva Se-

fardebiT pirdapiri sinTezis SesaZlebloba. naCvenebia, rom sinTezis optimalur 

pirobebSi Cr, Ti, B da C lokalizdebian karbiduli da boriduli fazebis marcvlebSi, 

xolo Ni da Al qmnian intermetalidur matricas. kompoziciuri masalebis struqtu-

ruli mdgenelebia Cr
7
C

2
, TiC-Cr

7
C

3
da NiAl. Seswavlilia qimiuri da fazuri Sedge-

nilobis formirebis kanonzomierebani, miRebuli masalebis makro da mikro struq-

turebi. plazmuri da eleqtrorkaluri daduRebis meTodebiT miRebul danafarebs 

gaaCniaT maRali saeqspluatacio maxasiaTeblebi. naCvenebia Tms-metalurgiul pro-

cesSi ufro iafi madnuri nedleulis gamoyenebis SesaZlebloba sxmuli kompozici-

uri masalebis misaRebad. sur. 5, cxr. 3,  bibliogr. 20

uakuak 539.378.3:621.785.36 539.378.3:621.785.36

 folad-aluminis myar fazaSi difuzuri SeerTebis eleqtrostimulireba Termo-

plastikuri damuSavebis pirobebSi. maWaraZe d., namiCeiSvili T., nozaZe d., oqrosaSvi-

li m. saerTaSoriso konferenciis moxsenebaTa krebuli “araorganuli masalaTmcod-

neobis Tanamedrove teqnologiebi da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 

2012 w.

SemoTavazebulia folad-aluminis eleqtrokontaqturi xurebis da difuziuri 

SeerTebis kombinirebuli meTodi, romelic arsebiT gavlenas axdens SeerTebis zonis 

myarfazuri formirebis pirobebze: uzrunvelyofs SesaerTebeli zedapirebis ukeTes 

fizikur kontaqts, sakontaqto zedapirebis moTelvas (gasufTavebas), mtkice SeWid-

vis kvanZebis warmoqmnas da SenarCunebas. amasTan, sakontaqto zedapirebis aqtivacia 

ufro swrafad da efeqturad miiRweva meqanikurad an vakuumSi damuSavebasTan Se-

darebiT. Catarebuli eqsperimentuli monacemebis Tanaxmad, fizikuri kontaqtisa da 

SeWidvis Zalebis warmoqmna Seesabameba myari sxeulebis modelisa da SekavSirebis 

simtkicis ganviTarebis kinetikis Tanamedrove warmodgenebs.

Catarebulia meqanikuri gamocdebi statikur da dinamikur reJimebSi, gansazRvru-

lia struqtura da fazuri Sedgeniloba folad-aluminis SeerTebis sazRvarze. 

sur.5, cxr.2, bibliogr.8.
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uakuak 669.018.45-172 669.018.45-172

Zneldnobadi liTonebis msxvili profiluri monokristalebi. Sapovalovi v. 

saerTaSoriso konferenciis moxsenebaTa krebuli “araorganuli masalaTmcodneobis 

Tanamedrove teqnologiebi da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w. 

aRwerilia Zneldnobadi liTonebis msxvil profiluri monokristalebis miRebis  

axali meTodi. aRniSnuli meTodis daxmarebiT miRebulia msoflioSi yvelaze 

didi zomis monokristalebi  volframisa da molibdenis firfitebis saxiT, zomiT 

20X160X170mm. monokristalebs aqvs orientirebuli struqtura  dezorientirebis 

kuTxiT  ara umetes 5 gradusisa. sur. 6. 

uakuak 620.192.47 620.192.47

zekritikuli qcevis  ganzogadoebuli modeli polikristaluri masalebis sab-

oloo deformaciisas. nadareiSvili a., petuSkovi v., saxvaZe g. saerTaSoriso kon-

ferenciis moxsenebaTa krebuli “araorganuli masalaTmcodneobis Tanamedrove te-

qnologiebi da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w. 

aRwerilia polikristalur masalis zekritikuli deformaciis pirobebSi kvle-

vis Sedegebi. Termomeqanikis kanonebis mixedviT, warmodgenilia ZiriTadi fardoba 

ganzogadebul fiziko-meqanikuri modelis saboloo deformaciis. modelSi gaTval-

iswinebulia regulatorebis iseTi sasazRvro pirobebi, rogoric aris garemos si-

blante, Sinagani cvalebadi sistemebis meore rigis gradienti da garemos struqtu-

ris masStaburi parametri (damaxasiaTebeli sigrZe) da aseve dazianebis kinetikis  

mikrostruqturuli modeli. sur. 4,  cxr. 1, bibliogr.18.

uakuak 669.35’27:621.9.044 669.35’27:621.9.044

axali nanostruqturuli Cu–W kompoziciebis cxlad afeTqebiT dawnexva. 

feiqriSvili a., CageliSvili e., godibaZe b., wiklauri m.,  dgebuaZe a.,mamniaSvili g.,  

akofovi f.,  arabajiani n., gegeWkori t.,  SarabiZe l.  saerTaSoriso konferenciis 

moxsenebaTa krebuli “araorganuli masalaTmcodneobis Tanamedrove teqnologiebi 

da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w.

ganxilulia spilenZi-volframi nanostruqturuli kompoziciis dawnexvis pro-

cesis Sedegebi  cxlad afeTqebiTa da vakuumSi statikurad  dawnexili nimuSebi-

saTvis. Seswavlilia miRebuli nanostruqturuli nimuSebis struqtura, sisaleebis 

ganawileba moculobaSi da eleqtronuli Tvisebebi. detaluradaa aRwerili afeTqe-

biT dawnexvis teqnologia  da am meTodis Taviseburebebi. naCvenebia, rom afeTqe-

biT cxlad dawnexvis teqnologia gamoirCeva upiratesobiT statikur dawnexvas-

Tan SedarebiT da saSualebas iZleva daiwnexos grZeltaniani namzadebi Teoriuli 

simkvrivis maxloblobaSi maRali simkvriviTa da bzarebis gareSe. amasTan, afeTqe-

biT dawnexili namzadebi gamoirCevian simtkicis gacilebiT maRali maxasiaTeblebiT, 

sisalis erTgvarovani ganawilebiTa da eleqtronuli maxasiaTeblebis gacilebiT 

ukeTesi maCveneblebiT. magaliTad, relaqsaciis koeficienti afeTqebiT dawnexili 
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nanostruqturuli Cu–W kompoziciisa Seadgens 4.3-8.6,  maSin rodesac Cveulebrivi 

marcvlis zomis kompoziciisaTvis misi mniSvneloba utoldeba 8-10. aseve dagenilia, 

rom nanostruqturuli kompoziciebi gamoirCevian maRali winaaRmdegobiTa da amT-

viseblobis dabali gavleniT gareSe magnituri velisagan. sur.8, cxr.1, bibliogr.5.

uakuak 621.763:669.76‘781’4’892’891’3’787  621.763:669.76‘781’4’892’891’3’787 

Bi-Pb-Sr-Ca-Cu-O kompozitebi, damzadebuli dartymiTi talRebiT konsolida-

ciis teqnologiiT. CiRvinaZe j., aSimovi s., maCaiZe T.,  maRraZe o., donaZe g.,  dvali 

g., feiqriSvili a., CageliSvili e., feiqriSvili v. saerTaSoriso konferenciis mox-

senebaTa krebuli “araorganuli masalaTmcodneobis Tanamedrove teqnologiebi da 

meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w.

Bi-Pb-Sr-Ca-Cu-O maRaltemperaturuli zegamtari mikrofxvnilebisa da dartymi-

Ti talRebiT konsolodaciis teqnologiis gamoyenebiT sinTezirebulia konsoli-

direbuli maRaltemperaturuli zegamtarebi. myarfazovani reaqciis teqnologiis 

gamoyenebiT oqsidebis mikrofxvnilebidan siTezirebulia Bi-Pb-Sr-Ca-Cu-O sistemis 
maRaltemperaturuli zegamtari mikrofxvnili. Semdgom es mikrofxvnili damuSave-

bulia dartymiTi talRebiT konsolodaciis teqnologiiT. Sedegad miRebulia  Bi-
Pb-Sr-Ca-Cu-O zegamtari sistemis kargad konsolidirebuli nimuSebi. dartymiTi 

talRebiT konsolodaciis teqnologiis gamoyenebam aCvena, rom wnevis gazrdiT P≈12 
GPa-mde Bi/Pb2223 sistemis kompozitebis zegamtar mdgomareobaSi gadasvlis kriti-

kuli temperatura sawyisi masalis Тс=107К-dan gaizarda  Тс=138 К-mde (e.i. 31 К-iT). 
sur.7, bibliogr. 21. 

uakuak 533.9.082.74:621.762.242 533.9.082.74:621.762.242

amoniumis paramolibdatis pirdapiri aRdgena da Mo da Mo
2
C fxvnilebis Tms 

meTodiT miReba. aidiniani s., baRdasariani a., niaziani o., manukiani x., xaratiani s. 

saerTaSoriso konferenciis moxsenebaTa krebuli “araorganuli masalaTmcodneobis 

Tanamedrove teqnologiebi da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w. 

warmodgenilia amoniumis paramolibdatis pirdapiri aRdgenis kvlevis Sedegebi, 

wvis reJimSi molibdenis da molibdenis karbidis miRebis mizniT.magniumTermuli aR-

dgenis pirobebis Sesarbileblad  (Т=28000C) da molibdenis da molibdenis karbidis 

(Mo
2
C), wvrilmarcvlovani fxvnilebis misaRebad naSromSi SemoTavazebulia magni-

umTermuli reaqciis dabalekzoTermul reaqciebTan, AMT+C an AMT +Zn, SeTavseba. 
ДТА/ДТГ analizis meTodebiT dadgenilia, rom AMT aRdgenis procesi iwyeba ufro 
susti aRmdgenlebiT (Zn, С) SedarebiT dabal temperaturebze, Semdeg grZeldeba Zl-

ieri (Mg)-iT. sur. 7, bibliogr. 16.

uakuak 666.798.2:536.453  666.798.2:536.453 

heterofazuri metalokeramikuli kompozitebis Tms – kompaqtireba. oqroscvariZe 

o., milmani i., TavaZe g., baZoSvili T., biakova a. saerTaSoriso konferenciis moxsene-
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baTa krebuli “araorganuli masalaTmcodneobis Tanamedrove teqnologiebi da meTo-

debi”, Tbilisi, gamomcemloba “meridiani”, 2012 w. 

miRebulia praqtikulad uforo, maRali modulis, nanokazmis Tms-kompaqtirebiT 

konsolidirebuli TiB-Ti, Cu-TiB
2
, Fe-TiB

2
/ TiB-Ti kompozitebi. maT aqvT gazrdili 

meqanikuri simtkice da bzarmedegoba. rentgenostruqturuli da metalografiuli 

analizis meTodebiT Seswavlilia TiB-Ti+B
4
C danafaris gardamavali fenis fazuri 

Sedgeniloba TiAl da TiB-Ti fuZe-Sreebze. TiAl-is fuZe-Sreze, Al-is atomebis maRali 

difuzuri Zvradobis gamo, Cndeba gardamavali fena. Catarda Tms-teqnologiiT kom-

paqtirebuli nanomasalebis (romelic samfeniani kompozitis saxiT iqna miRebuli)  

meqanikuri Tvisebebis da struqturis gamokvleva. Catarda TiB-Ti da TiAl fuZe-
Sreebze TiB-Ti+7%B

4
C Tms-danafaris sisalis HV temperatuli damokidebulebis 

kvleva 20-800°С-is temperaturul intervalSi. TiB-Ti+7%B
4
C danafaris mikrosi-

sale (damoukideblad imisa, romel fuZe-Srezea datanili) 20-6000С temperaturul 
intervalSi praqtikulad erTnairad klebulobs. roca danafari datanilia TiB-Ti 
fuZe-Sreze, sisale 800°С -ze rCeba maRali HV ≈ 5,5 gpa. sur.9, cxr.1, bibliogr.1.

uakuak 621.921.1 621.921.1

metalokeramika nanokristaluri abraziuli karbidebis fuZeze. miqelaZe a., gaCe-

CilaZe a., margievi b., cagareiSvili o. saerTaSoriso konferenciis moxsenebaTa kre-

buli “araorganuli masalaTmcodneobis Tanamedrove teqnologiebi da meTodebi”, 

Tbilisi, gamomcemloba “meridiani”, 2012 w.

samuSaos mizans warmoadgenda nanokristaluri abraziuli karbidebis TiC, WC da 
B4C fuZeze metalokeramikis miReba. damuSavebuli meTodi iTvaliswinebs element-

ebis (Ti,W,B) karbidebis in situ sinTezs ultradispersul mdgomareobaSi kompozitSi 

maTi Tanabari ganawilebiT.  meTodi mdgomareobda komponentebis marilebis Txevadi 

xsnarebisa da maRalmolekuluri naxSirwyalbadebis gafrqvevaSi aRmdgenel da kar-

bidwarmomqmnel atmosferoSi. aRdgenisa da karbidizaciis seleqciuri procesebis 

Sedegad miRebulia kompoziciuri maRaldispersuli fxvnili. naperwklur-plazmuri 

sinTezis meTodiT kompaqtirebul sistemebSi SenarCunebulia sawyisi fxvnilebis na-

nokristaluri mdgomareoba. miRebuli metalokeramikebidan damzadebulia piloturi 

nakeTobebi. sur. 14,  bibliogr. 8.

uakuak 621.762.242 621.762.242

fxvnilovani kompoziciuri masalebis miReba. mirijanaSvili z., RaribaSvili v., 

kandelaki a. saerTaSoriso konferenciis moxsenebaTa krebuli “araorganuli ma-

salaTmcodneobis Tanamedrove teqnologiebi da meTodebi”, Tbilisi, gamomcemloba 

„meridiani”, 2012 w.

gaumjobesebuli Tvisebebis mqone fxvnilovani kompoziciuri masalebis warmoe-

bis problemis gadaWris erT-erT SesaZlo pirobad SeiZleba CaiTvalos Cvens mier 

SemuSavebuli teqnologiis gamoyeneba, romlis komerciuli interesi ganisazRvreba: 

1. aradeficituri nedleulis-liTonSemcveli warmoebis narCenebis bazaze, xarisxiani 
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da iafi sawyisi sakazme komponentebis –liTonTa qloridebis (WCl
6
, CrCl

3
, CoCl

2
,  

NiFeCl
4
 da sxva) miRebiT, romlebic warmoadgenen farTo speqtris fxvnilovani masa-

lebis miRebis Sualedur produqtebs; 2. qlorid-oqsiduri kazmis liTon – an wy-

albadTermuli aRdgeniT gaumjobesebuli Tvisebebis mqone ultradispersuli an na-

nokristaluri Tvisebebis mqone fxvnilebis (CrB,CrB
2
, (TiCr)B

2
, Cr

3
C

2
,  NiCr-TiC, (TiCr)

B
2
-Al

2
O

3
, (TiCr)B

2
-Ni-Cu-Al

2
O

3
, TiC-WC-Co-Ni, WC-Co, WC-FeNi da sxva) warmoebiT; 3. 

procesebis avtoTermul reJimSi warmarTvis SesaZleblobiT da teqnologiis ciklis 

simartiviT; 4. unarCeno teqnologiis da ekologiuri sakiTxebis uzrunvelyofiT. 

sur.11, cxr.1, bibliogr. 26.

uakuak 66.018.86 66.018.86

radiaciulad mdgradi masalebi. kekeliZe n. saerTaSoriso konferenciis mox-

senebaTa krebuli “araorganuli masalaTmcodneobis Tanamedrove teqnologiebi da 

meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w.

damuSavebulia axali principi da axali teqnologia da Seqmnilia maRalefeq-

turi, eleqtronuli, radiaciulad mdgradi masalebi, romlebSic eleqtruli da op-

tikuri parametrebi mniSvnelovnad ar icvleba swrafi neitronebis da eleqtronebis 

didi nakadebiT (Ф≥1018 nawilaki/sm2) dasxivebis Semdeg. sur. 12, bibl. 19.

uakuak 621.039.512:669.781.004.4 621.039.512:669.781.004.4

masalebi neitronuli dacvisaTvis  10B-is  fuZeze. CxartiSvili l., cagareiS-

vili o., gabunia d. saerTaSoriso konferenciis moxsenebaTa krebuli “araorganuli 

masalaTmcodneobis Tanamedrove teqnologiebi da meTodebi”, Tbilisi, gamomcemloba 

“meridiani”, 2012 w.

struqturuli modelebis gamoyenebiT gamoTvlilia 10B izotopis maqsimaluri 

SesaZlo koncentraciebi elementaruli boris kristalur, amorful da nanostruq-

turul modifikaciebSi da, agreTve boris zogierT naerTSi. gakeTebulia daskvna, 

rom neitronuli gamosxivebisgan saTanado dacva SesaZlebelia boris naerTebisa da 

kompozitebis Txeli fenebis meSveobiT, Tuki masala gamdidrebulia 10B izotopiT. 
aRwerilia boris dispersuli kristaluri fxvnilebis miRebis teqnologiebi, rom-

lebmac unda uzrunvelyon xarisxiani danafarebis Seqmna plazmuri meTodiT. cxr.1, 

bibliogr. 22. 

uakuak 621.[039.512.9.044:669.046.542]:679.826 621.[039.512.9.044:669.046.542]:679.826

sinTezis procesi liTon – naxSirbadis sistemaSi xelovnuri almasis miRebisas 

maRali wnevebisa da neitronuli dasxivebis  pirobebSi. CxartiSvili i., SaraSeniZe j. 

saerTaSoriso konferenciis moxsenebaTa krebuli `araorganuli masalaTmcodneobis 

Tanamedrove teqnologiebi da meTodebi~ Tbilisi, gamomcemloba `meridiani~, 2012 w.

SemuSavebulia xelovnuri almasebis  miRebis teqnologia maRali wnevebisa da 
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neitronuli dasxivebis  gamoyenebiT. sawyisSi warmoebs liTon-naxSirbadis sistemis 

datvirTva susti  dartymiTi talRebiT. naxSirbadi gadadis aqtivirebul mdgomareo-

baSi. Semdgom warmoebs sistemis dasxiveba Cqari neitronebiT dabaltemperaturul 

reJimSi  sur.1, cxr. 2, bibliogr. 4.

uakuak 669.017.11 669.017.11

polikomponentiani sistemebis mdgomareobis diagramebis ageba nawilobrivi sis-

temebis gamosaxvis meTodiT. SuraZe o. saerTaSoriso konferenciis moxsenebaTa 

krebuli “araorganuli masalaTmcodneobis Tanamedrove teqnologiebi da meTodebi”, 

Tbilisi, gamomcemloba “meridiani”, 2012 w.

jamuri C+N≤0,005 %-is Semcveli Fe – Cr – Mn-is sistemis Senadnobebis mikros-
kopiuli, rentgenostruqturuli, mikrorentgenospeqtruli, diurometriuli, feri-

tometriuli analizebisa da kuTri elwinaRobis gansazRvriT agebulia Fe – Cr – Mn 
sistemis rkiniT mdidari Senadnobebis izoTermuli Wrilebi 700 da 12000C tempera-
turebisTvis. dadgenilia, rom rkinaqrommanganumian γ-myar xsnarSi qromis zRvruli 

xsnadobis zRvari ufro naklebia, vidre am sistemis arsebul diagramebzea warmodge-

nili. Seswavlilia Si, Mo, W-isa da γ(Fe70:Cr5:Mn25) myari xsnaris kvazi sistemebi. 
700 da 11000C temperaturebisTvis agebulia: kvazibinaruli [γ(Fe70:Cr5:Mn25) – Si, 
γ(Fe70:Cr5:Mn25) – Mo, γ(Fe70:Cr5:Mn25) – W], kvazisammagi  [γ(Fe70:Cr5:Mn25) – Si – Mo,  
γ(Fe70:Cr5:Mn25) – Si – W,   γ(Fe70:Cr5:Mn25) – Mo – W]  da kvazioTxmagi [γ(Fe70:Cr5:Mn25) 
– Si – Mo – W] sistemebis mdgomareobis diagramebi. sur. 12,  cxr. 4, bibliogr. 33. 

uakuak 669.14.046.558:669.15-198 669.14.046.558:669.15-198

specialuri foladebis Sedgenilobisa da maTi kompleqsuri feroSenadnobebiT 

ganJangvis teqnologiis damuSaveba. oklei a., margievi b., ratiSvili m., SuraZe o.. 

saerTaSoriso konferenciis moxsenebaTa krebuli “araorganuli masalaTmcodneobis 

Tanamedrove teqnologiebi da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w.

naSromSi moyvanilia ferdinand TavaZis metalurgiisa da masalaTmcodneobis 

institutSi Catarebuli specialuri foladebis (kriogenuli, cveTamedegi, aramag-

nituri) damuSavebis kvlevis Sedegebi. es kvlevebi warmoadgenen kompleqsuri gan-

mJangvelebis da modifikatorebis gamoyenebiT xarisxiani foladebis warmoebis sa-

mecniero-teqnikuri mimarTulebis Semdgom ganviTarebas. aRniSnuli mimarTulebis 

damuSavebaSi didi wvlili ekuTvnis f. TavaZes. cxr. 6, bibliogr. 25.

uakuak 669.15’74-198.002.2 669.15’74-198.002.2

manganumis dabalxarisxiani madnebis gamoyenebis efeqturoba ferosilikomanganu-

mis warmoebis dros. mosia j., mindeli m., mgelaZe v. saerTaSoriso konferenciis 

moxsenebaTa krebuli `araorganuli masalaTmcodneobis Tanamedrove teqnologiebi 

da meTodebi~, Tbilisi, gamomcemloba “meridiani”, 2012 w.

statiaSi ganxilulia optimaluri Sedgenilobis manganumSemcveli kazmis 



 346

formirebis amocanis gadawyveta, romelic uzrunvelyofs ferosilikomanganumis 

miRebis procesis warmarTvas damakmayofilebeli teqnikur-ekonomiuri maCveneblebiT 

Terjolis ubnis dabalxarisxiani da importuli maRalxarisxiani manganumis mad-

nebis  erTdrouli gamoyenebis dros. cxr. 2, bibliogr. 2.

uakuak 669.14.018.841’26’24-194 669.14.018.841’26’24-194

ekonomiuradlegirebuli mJavamedegi qrom-nikeliani austenituri foladebi. 

TavaZe l. saerTaSoriso konferenciis moxsenebaTa krebuli `araorganuli masalaT-

mcodneobis Tanamedrove teqnologiebi da meTodebi~, Tbilisi, gamomcemloba `meridi-

ani~, 2012 w.

ferdinand TavaZis metalurgiisa da masalaTmcodneobis institutSi 1967-

1999 wlebSi SemuSavebulia ekonomiuradlegirebuli mJavamedegi, qrom-nikeliani, 

austenituri foladi ЭП667,  romelmac Secvala ZviradRirebuli Senadnobi 

ЭИ943. gaaCnia ra eqvivalenturi koroziamedegoba, foladi ЭП667
1. warmoadgens gansakuTrebul sakonstruqcio masalas qimiuri, navTobqimiuri, 

samedicino, kvebis da farmacevtuli mrewvelobis maRal temperaturebsa da 

wnevebze momuSave danadgarebisaTvis.

2. uwylo ftorwyalbadis warmoebis teqnologiuri areebisaTvis damuSavebulia 

ekonomiuradlegirebuli, mJavamedegi, qrom-nikeliani, austenituri foladi 

03Х20Н18М2Д2. dadgenilia, rom foladis kalciumiT, boriT da itriumiT 

kompleqsuri mikrolegirebiT, mniSvnelovnad izrdeba marcvalTSorisi koro-

ziisadmi winaaRmdegoba.

3. dReisaTvis mimdinareobs saZiebo-sakonstruqtoro samuSaoebi azotSemcveli 

austenituri da dupleqs foladebis misaRebi, azotis wnevis qveS momuSave, 

sadnobi danadgaris Sesaqmnelad. sur.2, bibliogr. 8.

uakuak 699.14.018.2.001.892 699.14.018.2.001.892

maRalteqnologiuri foladebisa da Senadnobebis damuSaveba. ratiSvili m. saer-

TaSoriso konferenciis moxsenebaTa krebuli “araorganuli masalaTmcodneobis 

Tanamedrove teqnologiebi da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w.

naSromSi moyvanilia mimoxilviTi informacia akad. f. TavaZis mier mravalkompo-

nentiani liTonuri sistemebis mdgomareobis diagramebis kvlevis Sedegad damuSave-

buli gansakuTrebiT efeqturi, ekonomiurad legirebuli, maRali simtkicis, krio-

genuli, mxurval – da koroziamedegi foladebisa da Senadnobebis Sesaxeb. agreTve 

moyvanilia (2002 – 2010 wlebSi) Catarebuli axali Taobis korozia – da cveTame-

degi foladebis kvlevis Sedegebi, rac warmoadgens  masalaTmcodneobis samecniero 

da teqnologiuri safuZvlebis ganviTarebis logikur gagrZelebas.  sur. 2, cxr. 5, 

bibliogr. 12.
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uak uak 669.15-194.3:621.78669.15-194.3:621.78

kompleqsurad legirebuli axali markis sakonstruqcio foladebis Termuli 

damuSaveba da simtkiceze gamocdebi. papiZe s., zivzivaZe b. saerTaSoriso konferen-

ciis moxsenebaTa krebuli `araorganuli masalaTmcodneobis Tanamedrove teqnolo-

giebi da meTodebi~, Tbilisi, gamomcemloba `meridiani~, 2012 w.

naSromSi ganxilulia axali  markis sakonstruqcio foladebis gamodnobis 

meTodika, maTi meqanikuri Tvisebebis mokle daxasiaTeba qimiuri Semdgenilobisa da 

moSvebis temperaturis cvalebadobasTan kavSirSi. cxr.4, bibliogr.8.

uakuak 669.15-194.2:678.019.245 669.15-194.2:678.019.245

daballegirebul foladebSi moZrav marcvalTa sazRvrebze minarevebiT gamowveu-

li mamuxruWebeli Zalis gansazRvra da Termomeqanikuri damuSavebis meTodebis 

dadgena. luarsabiSvili n., baZoSvili v. saerTaSoriso konferenciis moxsenebaTa  

krebuli `araorganuli masalaTmcodneobis Tanamedrove teqnologiebi da meTodebi~, 

Tbilisi, gamomcemloba `meridiani~ 2012 w.

ricxviTi gaTvlebiT gansazRvrulia daballegirebul foladebSi moZrav marc-

valTa sazRvrebze minarevebiT gamowveuli mamuxruWebeli Zalis da  deformirebuli 

austenitis rekristalizaciis siCqaris mniSvnelobebi. maTze dayrdnobiT dadgenilia 

daballegirebuli foladisaTvis specialuri Termomeqanikuri damuSavebis meTodebi, 

romlebic uzrunvelyofen wvrildispersuli nanoganzomilebiani austenitis da mar-

tensitis moSvebis fazuri mdgenelebis miRebas da maRal meqanikur Tvisebebs. sur. 

4, cxr.4, bibliogr. 14.

uakuak 669.141.246-146  669.141.246-146 

liTonis  uwyveti  Camosxmis  teqnologiis srulyofa. Jordania i., qevxiSvili 

g., loria j.  saerTaSoriso konferenciis moxsenebaTa krebuli `araorganuli ma-

salaTmcodneobis Tanamedrove teqnologiebi da meTodebi~ Tbilisi, gamomcemloba 

`meridiani~, 2012 w.

damuSavebulia, damzadebulia da gamocdilia feroSenadnobebis uwyveti Camosx-

mis agregati. dadgenilia urTierT kavSiri usxmulo glinvis konstruqciul da 

teqnologiur parametrebs Soris, ris safuZvelzec damzadebulia usxmulo glinvis 

danadgari. sur. 4, bibliogr. 7.

uak 669.017.13.295’24’26uak 669.017.13.295’24’26

Ti-Ni-Cr  sistemis SenadnobTa nanokristaluri danafarebis korozia-medegobis da 

eleqtroqimiuri maxasiaTeblebis Seswavla. miqaberiZe m., ramazaSvili d.,  axvlediani l. 

saerTaSoriso konferenciis moxsenebaTa krebuli `araorganuli masalaTmcodneobis 

Tanamedrove teqnologiebi da meTodebi~ Tbilisi, gamomcemloba `meridiani~ 2012 w.

titanis komerciuli Senadnobebis zedapiris eleqtronaperwkluri legirebiT 

miRebulia nanokristaluri danafarebi sxmul da kompaqtur Ti-8Ni-(1-3%)Cr Senad-
nobTa eleqtrodebis gamoyenebiT. kompaqturi eleqtrodebi miRebulia SenadnobTa 
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fxvnilebis meqanikuri legirebiT, maTi civad dawnexviT da maRaltemperaturuli 

SecxobiT. Ti-8Ni-(1-3%)Cr SenadnobTa nanokristaluri danafarebi aumjobeseben  ti-

tanis komerciul SenadnobTa sisales, cveTamedegobas da koroziul mdgradobas.

rekomendebulia maTi gamoyeneba mravaljeradi moxmarebis samedicino instrumentebis 

danafarebisaTvis. sur.7, bibliogr. 14.

uakuak 669.017.13.295’24’782 669.017.13.295’24’782

Ti-Ni-Si sistemis SenadnobTa struqturis, meqanikuri Tvisebebis, koroziamedegobis 
Seswavla da maTi fazuri diagramis Termodinamikuri gaTvla. miqaberiZe m., gorde-

ziani g., ramazaSvili d., axvlediani l., gozaliSvili e. saerTaSoriso konferenciis 

moxsenebaTa krebuli `araorganuli masalaTmcodneobis Tanamedrove teqnologiebi 

da meTodebi”, Tbilisi, gamomcemloba `meridiani”, 2012 w.

Ti-8Ni-(0-5)Si nawrTob SenadnobTa mikrostruqtura Sedgeba α - myari xsnarisa da 
Ti

2
Ni da Ti

5
Si

3
 SenaerTebisgan. siliciumi zrdis SenadnobTa simtkices (1000 MPa) da 

sisales (42 HRC), Tumca amcirebs maT plastikur Tvisebebs. Termodinamikuri gamoT-

vlebis Sedegad agebulia Ti-8Ni-Si sammagi sistemis fazuri diagramis poliTermuli 

Wrili. maRali koroziuli mdgradobiT samedicino instrumentebis gamrecx, sadez-

infeqcio da sasterilizacio areebSi, agreTve sisxlSi, fiziologiur da qsovilur 

xsnarebSi gamoirCeva Senadnobi Ti-8Ni-1%Si, romelic SeiZleba rekomendebuli iqnas 

maRali simtkicis samedicino instrumentebis da danafarebis dasamzadeblad. maRali 

simtkicis da sisalis mqone Ti-Ni-(0-5)Si Senadnobebi SeiZleba rekomendebuli iqnas 

agreTve amJamad gamoyenebuli masalebis gasamtkiceblad da Tvisebebis gasaumjobese-

blad. sur.4, cxr. 4, bibliogr. 12.

uakuak 631.434.54.007.2 631.434.54.007.2

myari da Txevadi araorganuli sawarmoo narCenebis regeneraciisa da gauvnebe-

lyofis teqnologiebi. jandieri g., jiSkariani g., saxvaZe d., TavaZe g. saerTaSoriso 

konferenciis moxsenebaTa krebuli `araorganuli masalaTmcodneobis Tanamedrove 

teqnologiebi da meTodebi~ Tbilisi, gamomcemloba `meridiani~ 2012 w.

ganxilulia metalurgiul mrewvelobasTan dakavSirebuli myari da Txevadi ara-

organuli sawarmoo narCenebis regeneracia-reciklirebisa da garemoze mavne anTro-

pogenuli zemoqmedebis problemebis Tanamedrove mdgomareoba. liTonSemcveli dis-

persiuli mtverisa da Slamidan faseuli elementebis regeneraciis mizniT SemoTava-

zebulia liTonTa myarfazuri aRdgenis maRalmwarmoebluri piro _ da Tms metal-

urgiis axali meTodebi, xolo xsnarebSi gadasuli narCenebis gauvnebelyofisaTvis 

damuSavebulia iseTi energodamzogi teqnologiebi, rogorebicaa fitoremediacia da 

liTonTa mikrobiologiuri gamotutva. moyvanilia laboratoriuli kvlevebis Sede-

gebi, dasabuTebulia maTi praqtikuli realizaciis ekologiuri da ekonomikuri 

mizanSewoniloba. sur.8, cxr.2, bibliogr.18. 

uakuak 691.332.2 691.332.2

bazaltis boWkoTi armirebuli betonis eqsperimentaluri kvleva. nozaZe d., 

ejibia p. saerTaSoriso konferenciis moxsenebaTa krebuli `araorganuli masalaTm-
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codneobis Tanamedrove teqnologiebi da meTodebi”, Tbilisi, gamomcemloba `meridi-

ani”, 2012 w.

boWkoebiT armirebuli kompoziciuri masala warmoadgens maRali simtkicis 

boWkoebs, ganTavsebuls matricaSi. boWkos da matricas aqvs sakuTari fizikuri da 

qimiuri Tvisebebi, maTi erToblivi kombinacia iZleva iseT Tvisebebs, romelTa miR-

weva SeuZlebeli iqneboda TiToeuli maTganisaTvis cal-calke. ZiriTadad boWko 

aris datvirTvis matarebeli, xolo matrica warmoadgens Semkvrels, romelic axdens 

Zabvebis gadanawilebas boWkoebze da icavs maT garedan dazianebisagan. bazaltis 

boWkoebiT armirebuli betoni aris kompoziciuri masala, romelic Seicavs qviSas, 

cements, wyals,  bazaltis boWkos da sxvadasxva minarevebs. sur. 6, cxr.2,   bibli-

ogr. 5. 

uakuak 678.06:677.521  678.06:677.521 

bazaltisa da naxSirbadis hibriduli boWkoebiT armirebuli kompozituri ma-

salebi. CixraZe n., jafariZe l., abaSiZe  g., fxalaZe g. saerTaSoriso konferenciis 

moxsenebaTa krebuli “araorganuli masalaTmcodneobis Tanamedrove teqnologiebi 

da meTodebi”, Tbilisi, gamomcemloba “meridiani”, 2012 w.

warmodgenilia im kvlevebis Sedegebi, romlebic mimarTulia polimeruli ma-

tricisa da hibriduli (naxSirbadi, bazalti) boWkoebis safuZvelze kompozituri 

masalebis teqnologiis Sesaqmnelad. problema mdgomareobs masalaSi ZviradRire-

buli naxSirbadis boWkos bazaltis boWkoTi nawilobriv an mTlianad SecvlaSi. 

hibriduli maarmirebeli boWkos gamoyeneba saSualebas mogvcems mniSvnelovnad Se-

vamciroT kompozitidan damzadebuli nakeTobis Rirebuleba masalis fizikur–meqani-

kuri Tvisebebis  gauaresebis gareSe. sur.5, cxr.7, bibliogr.12.
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SUMMARIES 

UDC 669:536.453.001.002
SHS metallurgy: Science and practice. Yukhvid V.I. International Conference “Modern 

Technologies and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. House 
“Meridiani”, 2012.

Self-propagating high-temperature synthesis of cast refractory inorganic materials, items, 
and protective coatings (SHS metallurgy) is one of most promising directions of SHS research 
and development. SHS metallurgy is based on the combined use of metallo-thermic (thermit) 
reactions and conventional SHS from the elements. High combustion temperatures (3000–
4000°С) and intense melt splashing during combustion generate a need for carrying out the 
synthesis under gas pressure or in centrifugal machines in order to control the processes of 
combustion, structure formation, and product properties. 

The most important results obtained for over the past three decades can be summarized as 
follows. 

(1) Experimental and theoretical studies on high-temperature liquid-phase reactions in 
thermit-type multicomponent mixtures shed light on the mechanism of liquid-phase dynamics 
in these systems and on the effects of gravity, microgravity, and centrifugal forces on their 
combustion. 

(2) A number of means for regulating the composition and structure of cast materials 
have been elaborated, such as direct and inverse phase segregation to fabricate  layered or 
functionally graded materials, the size composite constituents and controlling their composition, 
and preparation of amorphous nano-grained materials. 

(3) Liquid-phase SHS processes have been utilized to fabricate (i) a number of new hard 
and heat-resistant alloys and items made thereof (including lined tubes for transportation of 
abrasive/aggressive media and high-temperature melts); (ii) oxide materials for use in abrasive 
tools and cast molding equipment; and (iii) protective coatings of machine parts operating in 
conditions of intense wear and elevated temperature.

The presentation will be addressed to the most important contributions to the development 
of SHS metallurgy made by the researchers and engineers from Russia, USA, Japan, China, 
Georgia, Armenia, Kazakhstan, Italy, France, etc. Fig. 10, Tab. 3, Ref. 20. 

UDC 536.422.4
Some new methods for quantitative determination of rates of fast reactions in condensed 

systems. Shteinberg A.S. International Conference “Modern Technologies and Methods of 
Inorganic Materials Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

Some experimental and theoretical data on kinetics of fast high-temperature decomposition 
of some homogeneous and heterogeneous energetic materials are given. Sometimes kinetic 
constants of fast reactions dominating at high temperatures were shown to signifi cantly differ 
from those of low-temperature reactions. 

A new non-isothermal kinetics method – electrothermal analysis (ETA) used for the study 
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of fast high-temperature reactions occurring under conditions similar to SHS, combustion and 
explosion is discussed. This method and a new TA-instrument ETA-100 were used to study 
mechanism of gasless combustion and explosion in the Ni–Al, Ti–C, Ta–C and Ti–B and some 
other systems.  Fig. 12, Ref. 18.

UDC  621.9.048.7.001.8
Electron-beam technologies and perspectives of their applications. Okrosashvili M.N. 

International Conference “Modern Technologies and Methods of Inorganic Materials Science” 
(Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

The results of studying the microstructure and phase composition of Ti–Cu transitional 
layer forming by condensation and reactive diffusion of titanium steam components are 
presented. It was investigated the infl uence of surface structure of the matrix on phase com-
position of the condensate as well as on its adhesion whith the matrix. The possibility of 
production of X-raying amorphous powders by eectron-beam technology. Fig. 13, Ref. 11.

UDC 621.385.8.33.2
Modern state of scanning electron microscopy. Berner A. International Conference 

“Modern Technologies and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. 
House “Meridiani”, 2012.

Two main tendencies in modern SEM design were considered. The fi rst is the development 
of SEM optics operating successfully at low energies of the electron probe down to 200 eV 
in order to achieve simultaneously high resolution and a strong image contrast.  The second 
is the development of a detector system allowing high resolution imaging in different signals 
exhibiting different types of contrast: topographic, orientation, Z-contrast and phase contrast. 
Tab. 1, Fig. 6.

UDC 669.017.164/165
Synthesis of single phase intermetallics. Oniashvili G.S., Tavadze G.F. International 

Conference “Modern Technologies and Methods of Inorganic Materials Science” (Proc.), 
Tbilisi, Publ. House “Meridiani”, 2012.

The work describes the possibilities to obtain single-phase compounds in Ti–Al system 
in Self-propagating High-temperature Synthesis (SHS) – Thermal Explosion (TE) mode. The 
technology is elaborated and technological parameters are established for obtaining single-phase 
materials. Besides, theoretical and practical bases are presented for fabrication nanostructure 
materials in Ti–Al system. Physical and mechanical properties and microstructure of materials 
are studied. It is established  that the properties of single phase nanostructured materials  
obtained by SHS–TE method are better than their industrial analogues. Fig. 6, Tab. 2, Ref. 5.
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UDC 669.018.95’26’295:536.453 
Production of cast composite materials on the basis of carbides and borides of titanium and 

chromium with SHS metallurgy method. Gorshkov V.A., Yukhvid V.I. International Conference 
“Modern Technologies and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. 
House “Meridiani”, 2012.

The carbides and borides of titanium and chromium have high hardness and stability to 
aggressive medium at high temperatures. The results of investigations appeared in the report 
are such as regularities of SHS, properties of cast composite materials (CCM) on the basis 
of titanium and chromium carbides and borides with a nickel-aluminum intermetallic bond, 
and also the diractions of their practical application. The synthesis was carried out in SHS 
reactor at initial nitrogen pressure 4 MPa. The analysis of synthesis products showed that the 
combustion products have the cast layered structures and are separated easily from each other 
with mechanical way. Fig. 5, Tab. 3, Ref. 20.

UDC 539.378.3:621.785.36
Electro-stimulation of steel-aluminium diffusion connections under thermoplastic  pro-

cessing in the solid phase. Macharadze D., Namicheishvili T., Nozadze D., Okrosashvili M. 
International Conference “Modern Technologies and Methods of Inorganic Materials Science” 
(Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

There is offered combined method of electric contact heating and diffusion connection 
of steel with aluminum, which makes an essential effect on solid phase shaping conditions, 
provides better physical contact and contact surface cleaning, formation and conservation of 
solid setting units. Activation of contact surfaces is achieved more effectively and quickly, than 
at mechanical and vacuum treatment. Formation of physical contact and setting corresponds 
to contemporary conceptions of solid body model and kinetics of development on connection 
strength by the data of the carried out tests. 

There is carried out mechanical testing in static and dynamic modes. There is determined 
structure and phase composition in steel-aluminum connections. Fig. 5, Tab. 2, Ref. 8.

UDC 669.018.45-172
Large refractory metal single crystals grown by plasma-induction zone melting. Shapovalov 

V.A. International Conference “Modern Technologies and Methods of Inorganic Materials 
Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012. 

In the article, a new method of production of large refractory metal single crystals is 
described.  Tungsten and molybdenum single crystals of dimensions 20x(140–160)x170 mm 
were grown.  Single crystals are oriented, the maximum angle of disorientation of structure 
fragments does not exceed of 5o. Fig. 6.
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UDC 620.192.47 
Generalized gradiant model of post critical behavior of polycrystal materials. Nadareyshvili 

A.I., Petushkov V.A., Sakhvadze G.J.  International Conference “Modern Technologies and 
Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

There are described the experimentally observably phenomena of post-critical deformation 
of solids. A generalized physical-mechanical model for fi nite deformations of damaged material 
based on the thermodynamics laws is presented. Regulators for  well-posed  boundary problem 
as a viscosity, second order gradients of internal variables of system and characteristic length 
scale of structure are used. The model includes also micro-structural nucleation and growth of 
damages. Fig. 4, Tab. 1, Ref. 18.

UDC 669.35’27:621.9.044 
Hot explosive consolidation of novel nanostructured Cu–W composites. Peikrishvili A.B., 

Chagelishvili E.Sh., Godibadze B.A., Tsiklauri M.V., Dgebuadze A.A., Mamniashvili G.I.,  
Akopov F.Kh., Arabajian N.L., Gegechkori N.L., Sharabidze L.M. International Conference 
“Modern Technologies and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. 
House “Meridiani”, 2012.

Copper–20 wt.% tungsten (Cu–20%W) powder mixtures were consolidated into cylindrical 
rods using both hot shock wave consolidation (HSC) and hot vacuum compaction (HVC) 
processes.  Two types of Cu–W precursor compositions, one with a nanometer-scale W and 
another with coarser grain sizes of > 1 μm W were, consolidated to near theoretical density at 
800  and 1000 °C.  The shock wave loading intensity was about 10 GPa; the loading intensity 
during static compression was 33.9 MPa (346 kg/cm2).

The investigations showed that the combination of high temperatures (above 800 °C) and the 
use of a two-stage shock wave processing method were found to be benefi cial to the consolidation 
of the Cu–20%W composites and resulting in high densities, good integrity, and good electrical 
properties.  The structure and property of the samples depended on the distribution and size 
of the precursor W particles.  It was established that for the Cu-W composites, the use of the 
nanoscale W precursor gave better results than that with the > 1 μm grain size.  Specifi cally, the 
coeffi cient of relaxation is lower, 4.3-8.6 versus 8.0-10 for the Cu-W composition made with 
the larger, micrometer W grain size.  It was further established that the electrical properties of 
the consolidated composites with nanoscale W are characterized with higher resistance and 
weaker dependence of the susceptibility on applied external magnetic fi eld.

It was demonstrated that HSC undoubtedly has advantages compared to other technologies 
(e.g., HVC) allowing the fabrication of novel Cu–W composites with improved electrical 
properties, sometimes even better than those of pure Cu. Fig. 8, Tab. 1,  Ref.  5.

UDC 621.763:669.76’781’4’892’891’3’787    
Bi–Pb–Sr–Ca–Cu–O compositions fabricated by Shock Wave Consolidation (SWC) 

technology. Chigvinadze J., Ashimov S, Machaidze T., Magradze O, Donadze G., Dvali G., 
Peikrishvili A., Chagelishvili E., Peikrishvili V. International Conference  “Modern Technologies 
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and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

The high-temperature superconductors of Bi–Pb–Sr–Ca–Cu–O system were synthesized 
using micropowders and Shock Wave Consolidation (SWC) technology. The superconductive 
micropowder was synthesized from oxide micro-powders using the solid state reaction and 
subjected to treatment by SWC. Finally, the consolidated superconductive composites of Bi–
Pb–Sr–Ca–Cu–O system are produced. The application of SWC technology showed that  with 
increase of pressure up to P > 12 GPa the critical temperature of superconductive transition of 
Bi/Pb (2223) composite is increased  from Tc =107 K for starting material up to Tc =138 K (i.e. 
by 31 K) for the consolidated sample fabricated at pressure P >12 GPa.

It is foreseen the synthesis with application of technology similar to used one for micro-
powders of oxide nano-powders and the investigation of fabricated HTSC samples. These make 
it possible to increase considerably the critical temperature of superconductive transition Тс and 
also the current carrying ability in samples synthesized from oxide nano-powders. Fig. 7, Ref. 
21.

UDC 533.9.082.74:621.762.242
Direct reduction of ammonium paramolybdate to Mo and Mo2C powders by SHS.                       

Aydinyan S.V., Baghdasaryan A.M., Niazyan O.M., Manukyan Kh.V., Kharatyan S.L. 
International Conference “Modern Technologies and Methods of Inorganic Materials Science” 
(Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

An alternative way for the production of molybdenum and molybdenum carbide via direct 
reduction of AMT by applying SHS method was suggested. Taking into account that AMT+Mg 
reaction is characterized by high exothermic effect (Tad=28000C), it is supposed to perform 
controllable combustion synthesis due to coupling with low AMT+C or AMT+Zn reactions 
and obtain fi ne powders of molybdenum and molybdenum carbide (Mo2C). According to DTA/
DTG analyses performed, the reduction process of AMT starts with weaker reducer (Zn, C) at 
relatively lower temperatures and then continues with stronger one (Mg). Fig. 7, Ref. 16.

UDC 666.798.2:536.453 
SHS-Compaction of hetero-phase metal-ceramic composites. Okrostsvaridze O.Sh., 

Milman Y.V., Tavadze G.F., Badzoshvili T.V., Byakova A.V. International Conference “Modern 
Technologies and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. House 
“Meridiani”, 2012.

It was obtained  practically non-porous high-modulus composites of compositions TiB–Ti, 
Cu–TiB2, Fe–TiB2/TiB–Ti, etc. consolidated by SHS-compaction of nano-charge. They possess 
enhanced mechanical strength and crack growth resistance.

By the methods of X-ray diffraction analysis and metallography it was studied phase 
composition of transition layer of TiB–Ti+B4C coating on the TiAl and TiB–Ti substrates. In 
result of high diffusion mobility of Al atoms, a transition layer is formed on the TiAl substrate.

It was investigated mechanical properties and structure of the compacted by SHS technology 
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nano material obtained in the form of three-layer composite. It was performed  investigation of 
temperature dependence of HV hardness of TiB–Ti+7%B4C coating on the substrates TiB–Ti 
and TiAl in the temperature range 20–8000С.

Actually the values of micro-hardness of TiB–Ti+7%B4C coating (irrespective of what 
substrate is coated) in the temperature range 20–600°С are lowered equally. When the TiB–Ti 
is coated, hardness at 800°C remains high HV ≈ 5.5 GPa. Fig.9, Tab. 1, Ref. 1.

UDC 621.921.1
Ceramic-metal based on nanostructured abrasive carbides. Mikeladze A.G., Gachechiladze 

A.A., Margiev B.G., Tsagareishvili O.A. International Conference “Modern Technologies and 
Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

The work aims to obtain metal-ceramic materials (TiC–Ni, WC-Co and B4C–CuMn) 
based on abrasive nanocrystalline carbides. Developed method of producing of metal-ceramic 
materials means in situ synthesis of carbides of constituent elements (Ti, W, B) in form of ultra-
dispersive powders and their homogeneous distributing in composition. For this purpose, it 
was used the spraying of liquid solutions of salts of components together with carbon sources 
– high-molecular hydrocarbons. The fast solidifi cation of liquid solutions is a precondition 
of quenching crystalline-nuclei-growth in carbide-phase. It determines the formation on 
nanocrystalline structure of synthesized powders. To retain nanocrystalline structure of obtained 
metal-ceramic powders they have been compacted by the method of spark-plasma synthesis. 
These soled alloys have been used for producing of pilot samples of goods. Fig. 14, Ref. 8.

UDC 621.762.242
Obtaining of powders of composite materials. Mirijanashvili Z., Garibashvili V., Kandelaki 

A.  International Conference “Modern Technologies and Methods of Inorganic Materials 
Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

The developed technology can be considered as a possible condition for the solution of 
the problem for producing powder composite materials with improved properties. Commercial 
interest in the technology is determined by:

1) the obtaining  high-quality and cheap source of charge components – metal chlorides 
(WCl6, CrCl3, CoCl2, NiFeCl4, etc) on the basis of non-defi cient material (metal-containing 
waste products) which are intermediates for a wide range of powder materials (CrB, CrB2, 
(TiCr)B2, Cr3C2, NiCr–Cr3C2, NiCr–TiC, (TiCr) B2–Al2O3, (TiCr)B2–Ni–Cu–Al2O3, TiC–WC–
Co–Ni, WC–Co, TiC–WC–Co–Ni, WC–FeNi, etc.); 

2) the production of ultra-dispersed or nano-crystalline powders with improved properties 
via metal- or hydrogen-thermal reduction of the chloride-oxide charge;  

3) the possibility of providing processes in auto-thermal mode; the simplicity of the 
technological cycle; 

4) the provision of wasteless technology and meeting of environmental issues. 
Fig.11, Tab. 1, Ref. 26.
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UDC 66.018.86  
Radiation resistant materials. Kekelidze N. International Conference “Modern Technologies 

and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

It was developed the new concept and new technology and was created radiation- resistant 
high effective electronic materials, in which electrical and optical parameters do not considerably 
change even after the irradiation by high fl uxes of fast neutrons and electrons (Ф ≥1018 particles/
cm2). Fig. 12,  Ref. 19. 

UDC 621.039.512:669.781.004.4
10B-based materials for neutron-shielding. Chkhartishvili L., Tsagareishvili O., Gabunia D. 

International Conference “Modern Technologies and Methods of Inorganic Materials Science” 
(Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

Utilizing structural models it has been calculated the maximum possible concentration of 
isotope 10B in crystalline, amorphous and nanostructured modifi cations of elemental boron, as 
well as in some boron compounds. It is concluded that adequate neutron-protection is possible 
to be provided by the thin layers of boron compounds and composites, on condition that the 
material is enriched in   isotope 10B.

This work describes technologies for such dispersed crystalline powder, which should 
ensure the formation of high-quality coatings by the plasma-method. Tab. 1, Ref. 22.

UDC 621.[039.512.9.044:669.046.542]:679.826 
Synthesis process in the metal–carbon at high pressures and neutron irradiation for artifi cial 

diamonds. Chkhartishvili I., Sharashenidze D. International Conference “Modern Technologies 
and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

The technology of artifi cial diamonds using high pressures and neutron irradiation is 
described. First stage is the loading of metal-carbon by weak shock waves. Graphite is transferred 
to the activated state. Further irradiation with fast neutrons is produced in the low-temperature 
regime. Fig. 1, Tab. 2, Ref. 4.

UDC 669.017.11
Construction of poly-component diagrams systems by the method of the image of partial 

systems. Shuradze O. International Conference “Modern Technologies and Methods of 
Inorganic Materials Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

For alloys with the total concentration of carbon and nitrogen ≤ 0.005 %  by methods of 
light microscopy, X-ray diffraction, X-ray micro-spectral, durometric and ferrite metric analy-
ses, and also by defi nition specifi c electrical resistant, there are constructed isothermal cuts 
of a corner of system Fe–Cr–Mn rich with iron at temperatures 700 and 1200°C. It is estab-
lished that the border of limiting solubility of chrome in γ-solid solution is located below that 
in known structural diagrams of this system. Diagrams of multicomponent quasi systems of 
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solid solution γ – (Fe70:Cr5:Mn25) and alloying elements Si, Mo and W are studied. At tem-
peratures 700 and 11000C  there are constructed phase diagrams of quasi binary systems [γ 
– (Fe70:Cr5:Mn25)–Si,  γ–(Fe70:Cr5:Mn25)–Mo and γ–(Fe70:Cr5:Mn25)–W; quasi ternary 
systems γ-(Fe70:Cr5:Mn25)–Si–Mo, γ-(Fe70:Cr5:Mn25)–Si–W, γ-(Fe70:Cr5:Mn25)–Mo–W 
and quasi quaternary system γ-(Fe70:Cr5:Mn25)–Si–Mo–W. Fig. 12, Tab. 4, Ref. 33.

UDC 669.14.046.558:669.15-198 
Development of special steels and their deoxidizing technology with use of multi-com-

ponent ferroalloys. Oakley A., Shuradze O., Ratishvili M., Margiev B. International Confer-
ence “Modern Technologies and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. 
House “Meridiani”, 2012.

In the paper, there are presented the results of research performed in the F. Tavadze 
Institute of Metallurgy and Materials Science on development of special steels (cryogenic, wear 
resistant and nonmagnetic). This research is an example of further development in scientifi c 
and technological fi elds of fi ne steel manufacture by use of multicomponent deoxidizers and 
modifi cation materials. Tab. 6, Ref. 25.

UDC 669.15’74-198.002.2
Effi ciency of low grade manganese ore in production of ferrosilicon manganese. Mosia 

J., Mindeli M., Mgeladze V. International Conference “Modern Technologies and Methods of 
Inorganic Materials Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

In this paper we solve the problem of formation of manganese-containing mixture of optimal 
composition, providing the process of obtaining of ferrosilicon manganese with satisfactory 
technical and economic performance, while simeltuneous using of low-grade manganese ores 
from Terjola and high-quality imports of manganese ore and agglomerates. Tab. 2, Ref. 2.

UDC 669.14.018.841’26’24-194      
Low cost nickel–chromium austenitic acid proof steels. Tavadze L. International Conference 

“Modern Technologies and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. 
House “Meridiani”, 2012.

There are given data about low cost austenitic acid proof steels of type 
0.3CNi20Cr18Si3Mo3Cu3Nb(EP667) developed in F. Tavadze Institute of Metallur-
gy of Georgian Academy of Sciences in 1967–1999’s, which can be used instead of alloy 
EI943(0.6CNi28Cr23Mo3Cu3Ti) in an environment, where they have equivalent corrosion re-
sistance, and also as an independent constructional material for the equipment of the chemical, 
petrochemical, medical, food and pharmaceutical industry working at raised temperatures and 
under pressure.

For the technological environment of production of anhydrous hydrogen fl uoride it was 
developed low cost austenitic steel 0.03C20Cr18Ni2Mo2Cu. The increase of resistance against 
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intercrystalline corrosion by complex doping of acid proof nickel–chromium steels with 
calcium, boron and yttrium has been established.

For the smelting austenitic and duplex steels with high nitrogen content, in the F. Tavadze 
Institute of Metallurgy and Materials Science there are working on setting up of special 
equipment for steel production under the pressure of nitrogen. Fig. 2, Ref. 8.

UDC 669.14.018.2.001.892  
The theory and technology of development of hi-tech steels and alloys. Ratishvili M. 

International Conference “Modern Technologies and Methods of Inorganic Materials Science” 
(Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

The paper presents the survey information about development of the most effective low 
alloyed, high-strength cryogenic, heat- and corrosion-resisting and other steels and alloys, on 
the basis of researches of a structure of multicomponent diagrammed conditions of the metal 
systems at the Georgian Institute of Metallurgy under the leadership of F.N. Tavadze. 

Results of research on created of new generation hi-tech corrosion- and wear-resistance 
steels during 2002–2010 as logic continuation of development of scientifi c basis and materials 
technology are also presented. Fig. 2, Tab. 5, Ref. 12.

UDC 669.15-194.3:621.78
Heat treatment and strength tests of the new model complex-alloyed structural steels. 

Papidze S., Zivzivadze B. International Conference “Modern Technologies and Methods of 
Inorganic Materials Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

There are considered the melting methodology of the new model complex-alloyed structural 
steels, their snapshot of mechanical properties in dependence on chemical composition and 
tempering temperature. Tab. 4, Ref.  8.

UDC 669.15-194.2:678.019.245
Analysis of impurity inhibition of moving grain boundaries in low alloy steels and the 

development of methods for TMT. Luarsabishvili N., Badzoshvili V. International Conference 
“Modern Technologies and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. 
House “Meridiani”, 2012.

It should be noted that the analysis of impurity inhibition of moving grain boundaries in 
low alloy steels gives a fairly accurate numerical values   for the rate of recrystallization of de-
formed austenite, on the basis of which the possibility of a special mode thermo-mechanical 
treatment is found. This treatment provides the obtaining of fi ne, nanosized austenite and phase 
components after the tempering, guarantees high mechanical properties of steel. Fig. 4, Tab. 4, 
Ref. 14.
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UDC 669.141.246-146
New technologies and methods of inorganic materials. Zhordania I.S., Kevkhishvili G.Sh., 

Loria J.B. International Conference “Modern Technologies and Methods of Inorganic Materials 
Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

The machine of continuous casting of ferroalloys was designed, constructed and tested. It 
was established the correlation between the structural and technological parameters of the free 
rolling. The design is developed and used in metal VCRM. Fig. 4, Ref. 7.

UDC 669.017.13.295’24’26
Investigation of corrosion resistance and electrochemical characteristics of nanocrystalline 

coatings of Ti–8Ni–Cr system alloys. Mikaberidze M., Ramazashvili D., Akhvlediani L. 
International Conference “Modern Technologies and Methods of Inorganic Materials Science” 
(Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

Nanocrystalline coatings were received by electro spark alloying of the commercial 
titanium alloys samples surface with application cast  and a compact Ti–8Ni–(1–3%)Cr alloys 
electrodes.  Compacting of powders was prepared by mechanical alloying, with subsequent cold 
pressing and high-temperature baking. The nanocrystalline coatings   increase hardness, wear 
and corrosion resistance of  the commercial titanium alloys surface and can be recommended 
for coatings of medical tools of multiply usage. Fig. 7, Ref. 14.

UDC 669.017.13,295’24’782
Investigation of structure, mechanical properties, corrosion resistance of Ti–Ni–Si system  

alloys and thermodynamic calculation of their phase diagram. Mikaberidze M., Gordeziani 
G., Ramazashvili D., Akhvlediani L., Gozalishvili E. International Conference “Modern 
Technologies and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. House 
“Meridiani”, 2012.

New corrosion resistant Ti–8Ni–(0–5)%Si alloys with increased hardness and  strength 
are developed. After quenching from 9500C alloys have three phase structure and they consist 
of a-titanium solid solution and compounds – Ti2Ni and Ti5Si3. Silicon increases the tensile 
strength (1000 MPa) and hardness (42 HRC) of alloys, but decreases their plastic properties. 

Polythermal section of the phase diagram of ternary Ti–Ni–Si system alloys was constructed 
on base of thermodynamic calculations. Corrosion testing in blood, physiological solution, 
gastric juice and tissue liquid and also according to the following regime: cleaning + disinfection 
+ sterilization, revealed good corrosion resistance of Ti–8Ni–1%Si alloy. This alloy Ti–8Ni–
1%Si can be recommended for manufacturing of high-strength medical tools and coating with 
the purpose of hardening their working parts. Ti–8Ni–Si system alloys with increased hardness 
and strength are not only suitable for medical tools but also are improvements on currently used 
materials.  Fig. 4, Tab. 4, Ref. 12. 
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UDC 631.434.54.007.2 
Technologies of rendering harmless and regenerating solid and liquid inorganic industrial 

wastes. Jandieri G., Jishkariani G., Sakhvadze D., G. Tavadze G. International Conference 
“Modern Technologies and Methods of Inorganic Materials Science” (Proc.), Tbilisi, Publ. 
House “Meridiani”, 2012.

There is discussed is the actual state of  possibilities of regenerating and recycling of solid 
and liquid inorganic industrial wastes occurring as a result of metallurgical industry and avoi-
dance of malicious anthropogenic impact they may have onto mankind.   

There are suggested innovative solid-phase recovery, high power pyro- and SHS-metallurgy 
me thods to regenerate and recuperate pure metals from metal containing dispersive dust and 
sludge. Whilst to render harmless the waste remaining in solution, power-effi cient tech no lo gies 
are suggested such are phyto-remediation and microbiological bucking of metals. There are 
pro vi ded are results of the laboratory studies, proved economic and ecological feasibility for 
put ting those results into practice. Fig. 8, Tab. 2, Ref. 18.

UDC 691.332.2
Experimental study of basalt fi ber reinforced concrete. Nozadze D., Ejibia P. International 

Conference “Modern Technologies and Methods of Inorganic Materials Science” (Proc.), 
Tbilisi, Publ. House “Meridiani”, 2012.

Fiber reinforced composite materials consist of high strength fi ber embedded in a matrix. In 
this form, both fi bers and matrix retain their physical and chemical identities, yet they produce 
a combination of properties that cannot be achieved with either of the components acting alone. 
In general fi bers are the principal load carrying members, while the surrounding matrix keeps 
them in the desired locations and orientation, acting as a load transfer medium and protects 
them from environmental damage. BFRC is a composite material that uses fi ne sand, cement, 
water, other admixtures and Basalt fi bers. Fig. 6, Tab. 2, Ref. 5.

UDC 678.06:677.521
Composite materials reinforced by basalt and carbon hybrid fi bers. Chikhradze N., Japaridze 

L., Abashidze G., Pkhaladze G. International Conference “Modern Technologies and Methods 
of Inorganic Materials Science” (Proc.), Tbilisi, Publ. House “Meridiani”, 2012.

We present the results of the research work done on the development of technology for 
the fabrication matrix resin based hybrid composites reinforced with carbon, basalt fi bers. 
The problem consists in a partial or total substitution of expensive carbon fi bers in the 
material. An application of hybrid reinforcing fi bers will permit a considerable reduction 
of the item cost without signifi cant loss of physical-mechanical properties of the materials. 
Fig. 5, Tab. 7,  Ref. 12.
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РЕФЕРАТЫ

УДК 669:536.453.001.002
СВС-металлургия: Наука и практика. Юхвид В.И. Международная конференция «Со-

временные технологии и методы неорганического материаловедения» (Сб.докл.), Тбили-
си, изд. «Меридиани», 2012.

Самораспространяющийся высокотемпературный синтез литых тугоплавких неор-
ганических материалов, изделий и защитных покрытий (СВС-металлургия) является 
одним из перспективных направлений исследований в проблеме СВС. СВС-металургия 
сочетает в себе восстановительную (термитную) и элементную (СВС) химические ста-
дии. Высокая температура горения (3000-40000С) и интенсивный разброс расплава при 
горении вызывают необходимость проводить процесс под давлением газа и центробеж-
ным воздействием. Эти методические приемы позволяют управлять процессами горения 
и химического превращения, структурой и свойствами продуктов синтеза. 

За более чем 30 лет получены важные результаты по следующим направлениям: 
– экспериментальное и теоретическое исследования высокотемпературных жидко-

фазных химических превращений в многогокомпонентых смесях термитного типа; боль-
шое внимание в этой части уделяется высокотемпературным гидродинамическим про-
цессам, а также воздействию давления и центробежной силы на горение; 

– управление химическим и фазовым составом, микро- и макроструктурой литых 
материалов (прямое и инверсионное фазоразделение, получение слоевых и градиентных 
материалов, “измельчение” структурных составляющих композиционных материалов и 
управление их составом, получение аморфных наноразмерных материалов); 

–  использование жидкофазных СВС-процессов в решении прикладных и практиче-
ских задач, таких как получение новых твердых и жаропрочных сплавов; литых изделий 
из них (в том числе трубчатых для транспорта абразивных, агрессивных сред и высоко-
температурных расплавов),  прямое нанесение  защитных покрытий на детали машин и 
механизмов, работающих в условиях интенсивного износа и высокой температуры. 

Наиболее активное участие в развитии СВС-металлургии  принимают исследователи 
из России, США, Японии, Китая, Грузии, Армении, Казахстана, Италии, Франции и.д. В 
докладе представлен обзор наиболее интересных и важных результатов, полученных при 
решении перечисленных выше проблем. Рис.10, табл.3, библиогр. 20.

УДК 536.422.4
Новые методы количественного определения скоростей быстрых реакций в конден-

сированных системах. Штейнберг А. С. Международная конференция «Современные 
технологии и методы неорганического материаловедения» (Сб.докл.), Тбилиси, изд. 
«Меридиани», 2012.

Представлены результаты изучения кинетики реакций быстрого высокотемператур-
ного разложения некоторых гомогенных и гетерогенных энергетических материалов. По-
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казано, что для ряда систем кинетические константы быстрых реакций, доминирующих 
при высоких температурах, сильно отличаются от таковых при низких температурах. 
Быстрые высокотемпературные реакции в условиях, аналогичным СВС,  горения и взры-
ву, были изучены новым уникальным методом электротеплового анализа (ЕТА). Рис.12, 
библиогр.18. 

УДК 621.9.048.7.001.8
Электронно-лучевые технологии и перспективы их применения. Окросашвили М.Н. 

Международная конференция «Современные технологии и методы неорганического ма-
териаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.  

Изучены микроструктура и  фазовый состав переходного слоя Ti-Cu, сформирован-
ного путем конденсации парового потока титана и течения реактивной диффузии. Вы-
явлено влияние состояния поверхности подложки на фазовый состав конденсата и на  
адгезию с подложкой. Показана возможность получения рентгено-аморфных порошков  
применением электронно-лучевой технологии. Рис.13, библиогр.11.

УДК 621.385.8.33.2
Современное состояние сканирующей электронной микроскопии. Бернер А. между-

народная конференция «Современные технологии и методы неорганического материало-
ведения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

Рассмотрены две основные тенденции в дизайне современных растровых электрон-
ных микроскопов. Первая состоит в разработке электронной оптики для низкоэнерге-
тической (до 200 эВ) микроскопии, позволяющей одновременное достижение высокого 
пространственного разрешения и сильного контраста. Вторая заключается в разработке 
новой системы детекторов, позволяющих получение изображений с высоким разреше-
нием при использовании разных сигналов, показывающих различные виды контраста: 
топографического, ориентационного, контраста по атомному номеру и фазового контра-
ста. Табл.1, рис.6.

УДК 669.017.164/165
Cинтез однофазных интерметаллидов. Ониашвили Г.Ш., Тавадзе Г.Ф. Международ-

ная конференция «Современные технологии и методы неорганического материаловеде-
ния» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

В работе изучена возможность получения однофазных материалов в системе титан-
алюминий в режиме самораспространяющиися высокотемпературный синтез (СВС) -те-
пловой взрыв. Разработана технология и установлены технологические параметры для 
получения однофазных материалов. Переданы  научные  и  практические основы получе-
ния наноструктурных материалов в системе титан- алюминий. Изучены физико-механи-
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ческие свойства и микроструктура полученных материалов. Отмечено, что свойства на-
ноструктурных материалов, полученных в режиме СВС - тепловой взрыв, всегда выше, 
чем у промышленных аналогов этих сплавов. Рис.6, таб.2, библиогр.5.

УДК 669.018.95’26’295:536.453
Получение литых композиционных материалов на основе карбидов и боридов титана 

и хрома методом СВС - металлургии. Горшков В.А., Юхвид В.И. Международная кон-
ференция «Современные технологии и методы неорганического материаловедения» (Сб.
докл.), Тбилиси, изд. «Меридиани», 2012.

Карбиды и бориды титана и хрома обладают высокой твердостью и стойкостью к 
агрессивным средам при повышенных температурах. В данной работе изложены резуль-
таты исследования закономерностей синтеза, состава, структур и свойств литых компо-
зиционных материалов (ЛКМ) на основе карбидов и боридов титана и хрома с интерме-
таллидной (никельалюминиевой) связкой, а также приведены примеры их практического 
использования. Синтез проводили в СВС - реакторах при начальном давлении азота 4 
МПа. Анализ продуктов синтеза показал, что во всем изученном интервале соотношений 
исходных реагентов продукты горения имеют литой вид, причем металлическая и оксид-
ная фаза продуктов горения формируется в виде слоев, которые имеют четкую границу и 
легко отделяются друг от друга механическим путем. Рис.5, табл.3, библиогр. 20.

УДК 539.378.3:621.785.36
Электростимулирование  диффузионного соединения  сталь-алюминий   под термо-

пластической обработкой в твердой фазе. Мачарадзе Д.М., Намичеишвили Т.Г., Нозадзе 
Д.А., Окросашвили М.Н. Международная конференция «Современные технологии и ме-
тоды неорганического материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

 Предложен комбинированный метод электроконтактного нагрева и диффузионно-
го соединения сталь-алюминий, который оказывает существенное влияние на условия 
твердофазного формообразования: обеспечивает лучший физический контакт и очистку 
контактных поверхностей, образование и сохранение прочных узлов схватывания. При 
этом активация контактных поверхностей достигается эффективнее и быстрее, чем при 
механической и вакуумной обработке. По данным проведенных экспериментов, форми-
рование физического контакта и схватывания соответствует современным представлени-
ям модели твердого тела и кинетики развития прочности соединения.

Проведены механические испытания в статическом и динамическом режимах, опре-
делены структура и фазовый состав в стыке сталь-алюминия. Рис.5, таб.2, библиогр.8.

УДК  669.018.45-172
Крупные профилированные монокристаллы тугоплавких металлов. Шаповалов В.А. 

Международная конференция «Современные технологии и методы неорганического ма-
териаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.  
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Описан  новый метод получения крупных монокристаллов тугоплавких металлов. С 
помощью метода  выращены самые крупные  в мире монокристаллы вольфрама и молиб-
дена в виде пластин размером 20´(140–160)´170  мм. Монокристаллы имеют ориентиро-
ванную структуру с углом дезориентации не более 5 градусов.  Рис.6.

УДК 620.192.47
Обобщенная модель закритического поведения поликристаллических материалов 

при конечных деформациях. Надарейшвили А.И., Петушков В.А., Сахвадзе Г.Ж. Между-
народная конференция «Современные технологии и методы неорганического материало-
ведения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

В статье описываются экспериментально наблюдаемые явления закритического 
деформирования поликристаллических материалов. С позиции  законов термодинамики 
представлены основные соотношения обобщенной физико-механической модели поведения 
среды при конечных деформациях. В модели включены такие регуляторы корректности 
краевой задачи, как вязкость среды, градиенты второго порядка от внутренних переменных 
системы и  масштабный параметр (характеристическая длина) структуры среды, а также 
микроструктурная модель  кинетики  повреждаемости. Рис.4, табл.1, библиогр.18.

УДК 669.35’27:621.9.044
Горячее взрывное пресование новых наноструктурных Cu–W композиции. Пеикриш-

вили А., Чагелишвили Э., Годибадзе Б., Циклаури М.,   Дгебуадзе А., Мамниашвили Г., 
Акопов Ф., Арабаджян Н., Гегечкори Т., Шарабидзе Л. «Современные технологии и ме-
тоды неорганического материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

 
В настоящей работе рассмотрены результаты процесса прессования наноструктур-

ных композиции Cu–W методами горячей взрывной консолидации  и статической   прес-
совке в вакууме.  Изучены структуры полученных образцов,  распределение твердости 
по объему и электронные свойства. Детально описаны особенности процесса взрывной 
консолидации композиции и особенности этой технологии.

Установлено, что  горячее  взрывное прессование имеет преимущество перед ста-
тическом компактировании в вакууме и позволяет получит гораздо прочные стержни 
из наноструктурных Cu–W композиции с равномерным распределением твердости и с 
улученными показателями электронных свойств. Например: коэффициент релаксации 
для наноструктурных композиции составляет 4.3-8.6 тогда как для обычных композиции 
(микронным размером зерна) он составляет 8-10. Наноструктурные Cu–W композиции 
гораздо стойки и в меньшей мере подвергаются влиянию внешнего магнитного поля.  
Рис.8, таб.1, библиогр.5.

УДК  621.763:669.76’781’4’892’891’3’787  
Bi-Pb-Sr-Ca-Cu-O композиты изготовленные технологией консолидации ударной 
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волной. Чигвинадзе Дж., Ашимов С., Мачаидзе Т., Маградзе О., Донадзе Г., Двали Г., Пе-
икришвили А., Чагелишвили Э., Пеикришвили В. Международная конференция «Совре-
менные технологии и методы неорганического материаловедения» (Сб.докл.), Тбилиси, 
изд. «Меридиани», 2012.

 
Проведен синтез высокотемпературных сверхпроводников системы Bi-Pb-Sr-Ca-

Cu-O с использованием микропорошков и Shock Wave Consolidation (SWC). Из микро-
порошков оксидов с использованием твердофазной реакции синтезируется сверхпрово-
дящий микропорошок и он подвергается обработке по SWC технологей. В результате 
получаются консолидированные образцы сверхпроводящих композитов системы Bi-Pb-
Sr-Ca-Cu-O.

Применение SWC показало, что с увеличением давления до P≈12 ГПа критическая 
температура перехода в сверхпроводящее состояние композитов Bi/Pb2223 увеличилась 
от Тс=107 К исходного материала до Тс=138 К (т.е. на 31 К) для консолидированного об-
разца полученного давлением P≈12 ГПа.

Синтез аналогичной технологией применяемой нами для микропорошков и исследо-
вание высокотемпературных сверхпроводников системы с использованием нанопорош-
ков оксидов позволит еще больше увеличить критическую температуру перехода в сверх-
проводящее состояние Тс, а также существенно повысит токонесущую способность в 
образцах, синтезированных на основе нанопорошков оксидов. Рис.7, библиогр. 21.

УДК 533.9.082.74:621.762.242
Прямое  восстановление  парамолибдата  аммония  и  получение  порошков  Мо  и  

Mo2C методом СВС. Айдинян С.В., Багдасарян А.М., Ниазян О.М.,  Манукян Х.В., Хара-
тян С.Л. Международная конференция «Современные технологии и методы неорганиче-
ского материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

Представлены результаты исследований по прямому восстановлению парамолибда-
та аммония с целью получения молибдена и карбида молибдена в режиме горения. Для 
смягчения условий магниетермического восстановления АМТ (Тад=28000C) и получения 
мелкозернистых порошков молибдена и карбида молибдена (  Mo2C), в работе предлагает-
ся сочетание вышлуказанной реакции с низкоэкзотермичными реакциями AMT + C или 
AMT + Zn. Методами ДТА/ДТГ анализов установлено, что процесс восстановления AMT 
начинается более слабыми восстановителями (Zn, С) при относительно низких темпера-
турах, а затем продолжается сильным (Mg) восстановотелем.  Рис. 7, библиогр. 16.

УДК 666.798.2:536.453 
СВС-компактирование  гетерофазных металлокерамических композитов. Окросцва-

ридзе О.Ш., Мильман Ю.В., Тавадзе Г.Ф., Бадзошвили Т.В., Бякова А.В. Международная 
конференция «Современные технологии и методы неорганического материаловедения» 
(Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

Получены практически беспористые высокомодульные композиты составов TiB-Ti, 
Cu- TiB2, Fe-TiB2/ TiB-Ti и др., консолидированные СВС-компактированием наношихты. 
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Они обладают повышенной механической прочностью и трещиностойкостью.
Методами рентгеноструктурного анализа и металлографии изучен фазовый состав 

переходного слоя покрытия TiB-Ti+B4C на подложках TiAl и TiB-Ti. На подложке TiAl, 
вследствие высокой диффузионной подвижности атомов Al, образуется переходный слой.

Было выполнено исследование механических свойств и структуры компактирован-
ного СВС технологией наноматериала, полученного в виде трехслойного композита. Вы-
полнено исследование температурной зависимости твердости HV СВС-покрытия TiB-
Ti+7%B4C на подложках TiB-Ti и TiAl в интервале температур 20-800°С.

Величина микротвердости покрытия TiB-Ti+7%B4C (независимо от того, на какую 
подложку нанесено) в интервале температур 20-600°С снижается практически одинако-
во. Когда покрытие наносится на подложку TiB-Ti, твердость при 800°С остается высо-
кой - HV ≈ 5,5 ГПа. Рис.9, таб.1. библиогр.1.

УДК 621.921.1
Металлокерамика на основе нанокристаллических абразивных карбидов. Микеладзе 

А.Г., Гачечиладзе А.А., Маргиев Б.Г., Цагарейшвили О.А. Международная конференция 
«Современные технологии и методы неорганического материаловедения (Сб.докл.)», 
Тбилиси, изд. «Меридиани», 2012.

В работе поставлена цель получения металлокерамики (TiC-Ni, WC-Co, B4C-CuMn) 
на основе нанокристаллических абразивных карбидов. Разработанный метод получения 
металлокерамики предполагает in situ синтез карбидов элементов (Ti,W,B) в ультради-
сперсном состоянии с их равномерным распределением в композиции. С этой целью 
применен метод распыления солевых растворов компонентов совместно с источниками 
углерода – высокомолекулярными углеводородами. Быстрый перевод жидких растворов 
в твердое состояние является предпосылкой подавления роста кристаллов-зародыщей 
карбидной фазы. Это определяет формирование нанокристаллической структуры полу-
чаемых порошков. С целью сохранения нанокристаллической структуры полученных 
порошков металлокерамики  в работе проводили компактирование методом  искрового 
плазменного синтеза. Изготовлены пилотные образцы твердосплавных изделий. Рис.14, 
библиогр. 8.

УДК 621.762.242
Получение порошков композиционных материалов. Мириджанашвили З.М., Гари-

башвили В.И., Канделаки А.З. Международная конференция «Современные технологии 
и методы неорганического материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 
2012.

 
Одним из возможных условий решения проблемы производства порошковых компо-

зиционных материалов  с улучшенными свойствами  можно считать использование нами 
разработанной технологии. Коммерческий интерес технологии определяется:      

1) получением качественных и дешевых исходных шихтовых компонентов – хлори-
дов металлов (WCl6, CrCl3, CoCl2, NiFeCl4  и др) на базе недефицитного сырья (метал-
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лосодержащих отходов производства), которые являются промежуточными продуктами 
для получения порошковых материалов широкого спектра;

2) металло–или водородотермическим  восстановлением хлорид-оксидной шихты с 
производством порошков ультрадисперсных или нано кристаллических измерений (CrB, 
CrB2, (TiCr)B2, Cr3C2, NiCr- Cr3C2, , NiCr- TiC, (TiCr)B2- Al2O3,  (TiCr)B2  -Ni-Cu- Al2O3,  
TiC-WC-Co-Ni, WC-Co, TiC-WC-Co-Ni, WC-FeNi и др.) с улучшенными свойствами; 

3) возможностью проведения процессов в автотермичеком режиме и простотой тех-
нологического цикла;

 4) обеспечением безотходности технологии и экологических вопросов. 
Рис.11, таб.1, библиогр. 26.

УДК  66.018.86  
Радиационно-стойкие материалы. Кекелидзе Н.Р. Международная конференция «Со-

временные технологии и методы неорганического материаловедения» (Сб.докл.), Тбили-
си, изд. «Меридиани», 2012.

Разработаны новый принцип и новая технология и созданы высокоэффективные 
электронные радиационно-стойкие материалы, в которых электрические и оптические  
параметры не изменяются значительно после облучения большими потоками быстрых 
нейтронов и электронов  (Ф≥1018частиц /см2). Рис.12, библиогр.19.

 

УДК 621.039.512:669.781.004.4
Материалы для защиты от нейтронов  на основе 10B. Чхартишвили Л., Цагарейшвили 

О., Габуния Д. Международная конференция «Современные технологии и методы неор-
ганического материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

С помощью структурных моделей вычислены максимально возможные концентра-
ции изотопа 10B в кристаллических, аморфном и наноструктурных модификациях эле-
ментарного бора, а также в некоторых его соединениях. Сделан вывод, что надлежащую 
нейтронную защиту возможно обеспечить тонкими слоями соединений и композитов 
бора при условии, что материал обогащен изотопом - 10В.

Описаны технологии получения дисперсных кристаллических порошков, которые 
должны обеспечить формирование качественных покрытий плазменным методом. Таб.1, 
библиогр.22.

 

УДК 621.[039.512.9.044:669.046.542]:679.826
Процесс синтеза  в системе металл – углерод при высоких давлениях и нейтронном 

облучении для получения искусственных алмазов. Чхартишвили  И.В., Шарашенидзе 
Д.А. Международная конференция «Современные технологии и методы неорганическо-
го материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.  

Разработана технология получения искусственных алмазов с применением высоких 
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давлений и нейтронного облучения. Вначале производится нагружение системы металл-
углерод слабыми ударными волнами. Графит переводится в активированное состояние. 
В дальнейшем производится облучение быстрыми нейтронами в низкотемпературном 
режиме. Рис. 1, таб. 2, библиогр. 4.

УДК 669.017.11
Построение диаграмм поликомпонентных систем по методу изображения частичных 

систем. Шурадзе О. В.  Международная конференция «Современные технологии и ме-
тоды неорганического материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

На сплавах с суммарным содержанием углерода и азота ≤ 0,005 %  методами свето-
вой микроскопии, рентгеноструктурного, микрорентгеноспектрального, дюрометриче-
ского и ферритометрического анализов, а также определения удельного электросопртив-
ления   построены изотермические разрезы богатого железом угла системы Fe–Cr–Mn 
при температурах 700 и 12000С. Установлено, что граница предельной растворимости 
хрома в γ-твердом растворе расположена ниже, чем в известных структурных диаграм-
мах этой системы. Исследованы диаграммы многокомпонентных квазисистем твердого 
раствора    γ(Fe70:Cr5:Mn25) и легирующих элементов Si, Mo и W. Для температур 700 и 
11000С построены диаграммы состояния: квазибинарных систем [γ(Fe70:Cr5:Mn25)–Si,  
γ(Fe70:Cr5:Mn25)–Mo и γ(Fe70:Cr5:Mn25)–W; квазитройных систем γ(Fe70:Cr5:Mn25)–
Si–Mo, γ(Fe70:Cr5:Mn25)–Si–W, γ(Fe70:Cr5:Mn25)–Mo–W и квазичетверной системы  
γ(Fe70:Cr5:Mn25)–Si–Mo–W.Рис.12, таб.4, библиогр.33.

УДК  669.14.046.558:669.15-198 
Разработка специальных сталей  и технологии их раскисления с использованием 

комплексных ферросплавов. Оклей А.Л., Шурадзе О.В., Ратишвили М А.,  Маргиев Б.Г. 
Международная конференция «Современные технологии и методы неорганического ма-
териаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

 В работе приведены результаты исследований проведённых в Институте металлур-
гии и материаловедения им. Ф. Тавадзе по разработке специальных сталей (криогенной, 
износостойкой, немагнитной). Приведённые исследования представляют дальнейшее 
развитие научно-технического направления по производству качественных сталей путём 
использования комплексных раскислителей и модификаторов. Таб.6, библиогр.25.

УДК 669.15’74-198.002.2
Эффективность использования низкосортных марганцевых руд в производстве фер-

росиликомарганца. Мосия Д, Миндели М., Мгеладзе В.  Международная конференция 
«Современные технологии и методы неорганического материаловедения» (Сб.докл.), 
Тбилиси, изд. «Меридиани», 2012.  

В настоящей статье дается  решение задачи формирования марганец содержащей 
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шихты оптимального состава, обеспечивающей процесс получения ферросиликомарган-
ца с удовлетворительными технико-экономическими показателями при одновременном 
использовании низкосортных марганцевых руд участка Терджолы и высококачественных 
импортных марганцевых руд и  агломератов. Таб.2, библиогр.2.

УДК  669.14.018.841’26’24-194   
Экономнолегированные аустенитные хромоникелевые кислотостойкие стали. Тавад-

зе Л.Ф. Международная конференция «Современные технологии и методы неорганиче-
ского материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

 
В Институте металлургии и материаловедения им. Фердинанда Тавадзе в 1967-1999 гг.
разработана экономнолегированная, кислотостойкая, хромникелевая, аустенитная 

сталь ЭП667, которая заменила дорогостоящий сплав ЭИ943. Имея эквивалентную кор-
розионную стойкость, сталь ЭП667 является особым конструкционным материалом, для 
работающих при высоких температурах и давлениях аппаратов химической, нефтехими-
ческой, медицинской, пищевой и фармацевтической промышленностей.

Для технологических сред производства безводного фтористого водорода разработа-
на экономнолегированная кислотостойкая аустенитная сталь 03Х20Н18М2Д2.

Установлено, что комплексное микролегирование стали кальцием, бором и иттрием 
значительно увеличивает ее сопротивление к МКК. Ведутся поисково-конструкторские 
работы по наладке специального оборудования для выплавки азотсодержащих сталей 
под давлением. Рис.2, библиогр.8.

 

УДК 669.14.018.2.001.892  
Разработка высокотехнологичных сталей и  сплавов. Ратишвили М.А. Международ-

ная конференция «Современные технологии и методы неорганического материаловеде-
ния» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

 
В работе приведена обзорная информация по разработке особо эффективных эко-

номнолегированных, высокопрочных криогенных, жаро – и коррозионностойких сталей 
и сплавов на основе исследований диаграмм состояний металлических систем, осущест-
вленной под руководством Ф. Н. Тавадзе.

Приведены исследования по разработке коррозионно – и износотойких сталей ново-
го поколения, что представляет логическое продолжение развития научных и технологи-
ческих основ металловедения. Рис.2, таб. 5, библиогр. 12.

УДК 669.15-194.3:621.78
Термическая обработка и прочностные испытания новых марок комплексно-леги-

рованных конструкционных сталей. Папидзе С., Зивзивадзе Б. Международная конфе-
ренция «Современные технологии и методы неорганического материаловедения» (Сб.
докл.), Тбилиси, изд. «Меридиани», 2012.

В работе рассмотрена методика выплавки новых марок комплексно-легированных 
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конструкционных сталей, краткая характеристика их механических свойств в зависимо-
сти от химического состава и температуры отпуска. Таб.4, библиогр.8.

УДК 669.15-194.2:678.019.245
Анализ примесного торможения движущихся границ зерен в низколегированных 

сталях и разработка способов их ТМО. Луарсабишвили Н.Н., Бадзошвили В.И. Между-
народная конференция «Современные технологии и методы неорганического материало-
ведения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

Путем численного анализа примесного торможения движущихся границ зерен в низ-
колегированных сталях, определены значения  скоростей рекристаллизации деформи-
рованного аустенита, на основе которых возможно составление режимов специальной 
термомеханической обработки. Такая обработка обеспечивая получение ультрамелкоди-
сперсного, наноразмерного аустенита и фазовых составляющих после отпуска, гаранти-
рует высокие механические свойства стали.  Рис.4, таб.4, библиогр.14.

УДК 669.141.246-146
Совершенствование технологии непрерывной разливки металлов. Жордания И.С., 

Кевхишвили Г.Ш., Лория Д.Б.  Международная конференция «Современные технологии 
и методы неорганического материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 
2012.  

Разработана, изготовлена и опробована опытная машина непрерывного литья ферро-
сплавов. Установлена взаимосвязь между конструктивными и технологическими пара-
метрами процесса бесслитковой прокатки. Разработана конструкция валков и изготовлен 
литейно-прокатный агрегат. Рис.4, библиогр.7.

УДК 669.017.13.295’ 24’ 26
Исследование  коррозионной  стойкости  и электрохимических  характеристик нано-

кристаллических  покрытий  сплавов  системы Ti-8Ni-Cr. Микаберидзе М.П., Рамазашви-
ли Д.П., Ахвледиани Л.А. Международная конференция «Современные технологии и ме-
тоды неорганического материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.

Методом электроискрового легирования получены нанокристаллические  покрытия 
на повехности коммерческих сплавов титана с применением литых и компактных элек-
тродов сплавов Ti-8Ni-(1-3%)Cr. Компактные  электроды были получены механическим 
легированием порошков сплавов с последующим холодным прессованием и высокотем-
пературным спеканием. Нанокристаллические покрытия увеличивают твердость, изно-
состойкость и коррoзионную стойкость коммерческих сплавов титана и могут быть ре-
комендованы для покрытий медицинских инструментов многоразового использования. 
Рис.7, библиогр.14.
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УДК 669.017.13,295’24’782
Исследование структуры, механических свойств, коррозионной стойкости сплавов 

системы Ti-Ni-Si и термодинамический расчет фазовой диаграммы. Микаберидзе М.П., 
Гордезиани Г.А. , Рамазашвили Д.Р., Ахвледиани Л.А., Гозалишвили Э.И. Международ-
ная конференция «Современные технологии и методы неорганического материаловеде-
ния» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.  

Микроструктура сплавов Ti-8Ni-(0-5%)Si после закалки с 9500C состоит из  α -твер-
дого раствора титана и соединений – Ti2Ni и Ti5Si3. Кремний увеличивает предел проч-
ности (1000MPa) и твердость (42HRC) сплавов, но уменьшает их пластические свойства. 
В результате термодинамических расчетов построен политермический разрез фазовой 
диаграммы сплавов тройной системы Ti-Ni-Si.   

Высокую коррозионную стойкость в моющих, дезинфицирующих и стерилизующих 
средах медицинских инструментов, а также в крови, физиологическом и тканевом рас-
творах выявил сплав Ti-8Ni-1%Si, который может быть рекомендован для изготовления 
высокопрочных медицинских инструментов и покрытий. Сплавы Ti-8Ni-(0-5%)Si с по-
вышенной прочностью и твердостью рекомендуются не только для медицинских инстру-
ментов, но и для упрочнения и усовершенствования используемых в настоящее время 
материалов. Рис.4, таб.4, библиогр.12.

УДК  631.434.54.007.2
Технологии регенерации и обезвреживания твердых и жидких неорганических про-

изводственных отходов. Джандиери Г., Джишкарини Г., Сахвадзе Д., Тавадзе Г. Между-
народная конференция «Современные технологии и методы неорганического материало-
ведения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.  

Обсуждается современное состояние вопроса регенерации и утилизации твердых и 
жидких неорганических промышленных отходов  металлургической промышленности. 
Приведен обзор возможностей предотвращения вредоносного антро поген ного воздей-
ствия отходов на окружающей среде. Предложены новые методы реге не ра ции ценных 
металлов из металлсодержащей дисперсионной пыли и шлама с по мо щью твердо и жид-
кофазных восстановительных реакции пиро- и СВС-металлургии. Для обезвреживания 
отходов сточных вод, предложены такие энергос бере гаю щие технологии, как фитореме-
диация и микробиологическое выщелачивание металлов. Представлены результаты ла-
бораторных исследований и обоснована экономическая и экологическая целесообраз-
ность применения предлагаемых технологии на практике.Рис.8, табл.2, библиогр.18.

УДК  691.332.2 
Экспериментальное  исследование бетона армированного базальтовим волокном. 

Нозадзе Д., Еджибиа П. Международная конференция «Современные технологии и ме-
тоды неорганического материаловедения» (Сб.докл.), Тбилиси, изд. «Меридиани», 2012.  

Композиционный материал, армированный базальтовым волокном состоит из высо-
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копрочных волокон распределенных в матрице. В таком виде, как волокно, так и матрица 
сохраняют свою физическую и химическую идентичность и создают сочетание свойств, 
которые не могут быть достигнуты ни одним из компонентов  в отдельности. Волокна 
являются основным несущим элементом, в то время как окружающая матрица удержива-
ет их в месте, действуя в качестве среды передачи нагрузки между ними и защищает их 
от окружающей среди. Бетон, армированный базальтовим волокном представляет собой 
композиционный материал, который состоит из мелкого песка, цемента, воды, специаль-
ных примесей и базальтового волокна. Рис.6, табл.2, библиогр.5.

УДК 678.06:677.521
Композитные материалы, армированные базальтовыми и углеродными гибридными 

волокнами. Чихрадзе Н., Джапаридзе Л., Абашидзе Г., Пхаладзе Г. Международная кон-
ференция «Современные технологии и методы неорганического материаловедения» (Сб.
докл.), Тбилиси, изд. «Меридиани», 2012.  

        
Представлены результаты исследований по разработке технологии изготовления ком-

позитов на основе полимерной матрицы и гибридных (углерод, базальт) волокон. Про-
блема состоит в частичной или полной замене в материале дорогого углеродного волок-
на базальтовым. Использование гибридных армирующих волокон позволит значительно 
снизить стоимость изделий из композитов без заметного ухудшения физико-механиче-
ских свойств материалов. Рис.5, таб.7, библиогр.12.
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