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Аннотация. В рамках работы на примере микротвердости исследована возможность улучшения прочностных свойств интерметаллического 

соединения Ni3Al путем уменьшения среднего размера его зерна. Исследуется влияние деформации реагирующей смеси при 
самораспространяющемся высокотемпературном синтезе (СВС) на размер зерна и микротвердость интерметаллического соединения 
Ni3Al. СВС-экструзию проводили на экспериментальном стенде, позволяющем непрерывно контролировать параметры синтеза. Одним из 
ключевых факторов, влияющих на характеристики зеренной структуры и микротвердость, является степень деформации продукта синтеза. 
Увеличение диаметра экструзионного отверстия от 3 до 5 мм приводит к увеличению максимального линейного перемещения плунжера 
пресса вследствие более легкого выхода материала через отверстие большего диаметра. Предполагается, что при этом имеют место 
уменьшение сопротивления деформированию материала при приложении давления, увеличение степени деформации материала внутри 
пресс-формы и ее снижение в экструдированном материале. В результате средний размер зерна Ni3Al, оставшегося в объеме пресс-формы 
после синтеза, уменьшается на 40 % (от 7 до 5 мкм), а прошедшего через экструзионное отверстие – возрастает в два раза (от 3 до 6 мкм). 
По сравнению с Ni3Al, полученным методом СВС-компактирования, средний размер зерна экструдированного Ni3Al меньше в 5,6 раза 
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Abstract. In this paper we studied the possibility to enhance the microhardness of Ni3Al intermetallic compound by reducing the average grain size and 

the effect of the mixture deformation during self-propagating high-temperature synthesis (SHS) on the Ni3Al grain size and microhardness. We used 
an SHS extrusion test bench to continuously monitor the synthesis variables. One of the key factors affecting the grain structure and microhardness 
is deformation rate of the synthesis product. Increasing the extrusion nozzle diameter from 3 to 5 mm results in a longer displacement of the press 
plunger since it takes less force to extrude the material through the larger diameter orifice. It is assumed that the resistance to deformation under 
pressure decreases, while the deformation rate increases for the material in the mold, and decreases for the extruded material. As a result, the average 
grain size of Ni3Al remaining in the mold after synthesis decreases by 40 % (from 7 to 5 μm), while the grain size of the extruded material is doubled 
(from 3 to 6 μm). Compared to Ni3Al produced by SHS compaction, the average grain size of extruded Ni3Al is 82 % less (17 and 3 μm, respectively). 
Reducing the average grain size of extruded Ni3Al leads to a 600 MPa increase in microhardness. The results obtained may assist the development 
of guidelines for fine grain, high microhardness intermetallide/alloy manufacturing. 
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 Introduction

The  Ni3Al intermetallic compound is the  key com-
ponent of  advanced nickel-based superalloys providing 
high strength at elevated temperatures, and creep resis-
tance [1 – 4]. Despite the excellent mechanical properties 
at high temperatures, the applications of Ni3Al are limited. 
This is due to its low ductility at room temperature caused 
by intergranular embrittlement which significantly com-
plicates any machining [5 – 8]. As was shown in [9, 10], 
the  ductility and strength of  Ni3Al can be increased 
by alloying or refining the grains, for example, by severe 
plastic deformation  [11 – 14]. Still, severe plastic defor-
mation is suitable for small samples only such as disks 
~0.5 mm thick and up to 15 mm in diameter under torsion 
and pressure  [15], or plates less than 30 μm thick under 
multi-pass rolling [16].

Grain refinement in large Ni3Al samples requires 
deformation at temperatures close to the  melting point. 
Such conditions are achievable as the workpiece is crys-
tallized during the  self-propagating high-temperature 
synthesis and partial extrusion (SHS extrusion) [17, 18]. 
The  phase transformations occur simultaneously 
in the bulk of pressed powder [19] during the volumetric 
exothermic reaction of Ni3Al synthesis from the powder 
mixture of nickel and aluminum. Deformation of the mix-
ture is a way to control the average grain size of the Ni3Al 
compound synthesized under pressure [20, 21]. 

The purpose of this study was to investigate the effect 
of mixture deformation during SHS extrusion on the ave
rage grain size and microhardness of the Ni3Al compound.

 Materials and Methods

We used a test hydraulic press for the SHS extrusion 
of Ni3Al. The press was equipped with an HF generator 
for inductive mold heating [22]. We processed a mixture 
of nickel (PNK-1L8, particle size: 1 – 5 μm) and aluminum 
(ASD-4, particle size: 1 – 4 μm) powders. The  powder 
mixture was placed in a steel mold, 58 mm inner diameter, 
3 to 5 mm extrusion nozzle diameter. The  process tem-
perature (inside the steel mold wall) was measured with a 
type K thermocouple, with ±7 °C accuracy. The pressure 
was calculated from the  press instrument readings pres-
sure and the punch area. The press plunger displacement 

was continuously measured using a Shahe 5403-200 digi-
tal linear scale, of ±0.6 mm accuracy. 

The  high-temperature synthesis of the Ni3Al inter-
metallic compound from a mixture of nickel and alumi-
num powders under pressure consists of  several steps: 
preloading the  powder mixture (3Ni + Al) in  the  mold 
(at 115 MPa); heating the pressed powder until (Ni-Al)-
eutectics is formed; melting the  aluminum component; 
initiation of the exothermic Ni3Al formation simulta
neously with applying the specified pressure to the high-
temperature synthesis product; holding the final product 
at the specified pressure (430 MPa).

The  key process variables which control the  grain 
structure of the synthesized intermetallide are the defor-
mation rate of the mixture in  the  mold and the  period 
of  pressure applied to the  thermally reacting powder 
mixture after the intermetallide synthesis reaction is ini-
tiated.

We manufactured Ni3Al cylinders with concave end 
faces, 58 mm diameter, 16 mm height in  the  middle 
by high-temperature synthesis under pressure at different 
deformation rates, and partial extrusion of the synthesis 
product from the mold through 3, 4, and 5 mm dia. nozz
les. The pressure was applied 1 s after the reaction initia-
tion. The holding time is 1 s, in order to ensure uniform 
pressure distribution across the mold which has extrusion 
nozzles of different diameters. An increase in  the  extru-
sion nozzle diameter leads to an increase in  the  mix-
ture deformation rate in  the mold. After passing through 
the extrusion nozzle, the material was shaped as a rod up 
to 180 mm long. 

The  samples of the material remaining in  the  mold 
were cut from the middle vertical cross sections as 1 mm 
thick plates, in order to eliminate the edge effects which 
may change the  structure and properties of the material. 
The samples of the extruded material were cut from a cross-
section passing through the axial axis. The samples were 
mechanically ground with a diamond paste. The  abra-
sive particle size was gradually reduced to 1 μm. Then 
the  samples were polished with an aluminum oxide sus-
pension (0.3 μm particle size) and cloth. In order to reveal 
the  grain structure, we applied argon ion etching, 0.6 kV 
accelerating voltage. A Carl Zeiss AXIOVERT-200MAT  
microscope was used for metallographic analysis. 

(17 и 3 мкм соответственно). Уменьшение среднего размера зерна экструдированного Ni3Al приводит к увеличению микротвердости на 
600 МПа. Полученные результаты позволяют разработать рекомендации по получению интерметаллидов и сплавов на их основе с мелким 
размером зерна и высокой микротвердостью. 

Ключевые слова: структура, размер зерна, микротвердость, СВС-экструзия, деформация, улучшение свойств
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The average grain size was measured by the random plane 
method according to GOST 5639-82 (150 measurements). 
We measured the microhardness with a PMT-3 microhard-
ness meter. The indenter load was 0.98 N, and the loading 
time was 15 s. The  final microhardness was the  mean 
value of at least 10 tests.

 Results and Discussion

Fig. 1 shows the press plunger position vs. time curves 
at  the mixture compression stage during the SHS extru-
sion through extrusion 3, 4, and 5 mm dia. nozzles. 

The  plunger displacement in  the  mold increases 
with the  diameter of the extrusion nozzle. This indicates 
a decrease in the resistance to deformation under pressure. 
It is assumed that  the  deformation rate of the synthesis 
product within the mold increases and that of the extruded 
material decreases. 

Fig. 2 shows that using larger nozzle diameters 
leads to a 40 % decrease in the average Ni3Al grain size 
of the material remaining in  the  mold after synthesis 
(from 7 ± 0.4 to 5 ± 0.3 μm). With regard to the extruded 
material, reducing the  nozzle diameter from 5 to 3 mm 
results in halving the  average grain size (from 6 ± 0.5 
to 3 ± 0.3 µm). Compared to the Ni3Al compound made 
by SHS compaction, the  average grain size is 82 % 
less (17 ± 0.5 and 3 ± 0.3 μm). SHS extrusion reduces 
the average grain size due to the higher deformation rate 
as the material exits the mold into the extrusion channel 
with a smaller nozzle diameter. 

It should be noted that  the  Ni3Al average grain size 
vs. extrusion nozzle diameter curve confirms the  above 

assumption that, as the  nozzle diameter increases, 
the  deformation rate of the synthesis product remaining 
in  the  mold increases and that of the extruded material 
decreases. 

Fig. 3 shows the  hardness curves for Ni3Al made 
by SHS extrusion. It can be seen that changing the extru-
sion nozzle diameter resulting in a decrease in the average 
Ni3Al grain size leads to an increase in the intermetallide 
microhardness by 16, and 20 % for the material remaining 

Fig. 1. Dependences of linear movement of press 
plunger during compression of the synthesis product 

in the mold without extrusion (1)
and with partial extrusion of the product through the nozzles

3, 4 and 5 mm diameter (2 – 4)

Рис. 1. Зависимости линейного перемещения плунжера пресса 
на стадии сжатия продукта синтеза в пресс-форме без экструзии (1) 

и с частичной экструзией продукта через отверстия 
диаметром 3, 4 и 5 мм (2 – 4) от времени

Fig. 2. Dependence of the average grain size of Ni3Al 
obtained by SHS extrusion on the extrusion nozzle diameter, 

1 s pressure holding period:
 – material inside the mold;  – extruded material 

Рис. 2. Зависимость среднего размера зерна Ni3Al, полученного 
методом СВС-экструзии, от диаметра экструзионного отверстия 

при времени задержки приложения давления 1 с:
 – материал внутри пресс-формы; 

 – экструдированный материал

Fig. 3. Dependences of microhardness of Ni3Al intermetallic
compound obtained by SHS-extrusion, remaining 

in the mold ( ) and extruded ( )

Рис. 3. Зависимости микротвердости интерметалллида Ni3Al, 
полученного методом СВС-экструзии, оставшегося внутри 
пресс-формы после синтеза ( ), и экструдированного ( )
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inside the mold after synthesis and the extruded material, 
respectively.

The  results are consistent with the  data reported by 
Stolin A.M., etc.  [23]. They indicate that SHS extrusion 
is suitable for making long products from brittle, hard-to-
deform refractory materials such as Ni3Al.

 Conclusions

Deformation of the high-temperature synthesis product 
during SHS extrusion significantly affects the average grain 
size and microhardness of the Ni3Al intermetallide (both 
remaining in  the  mold and extruded). The  higher defor-
mation rate of the material inside the  mold as the  extru-
sion nozzle diameter is increased from 3 to 5 mm, leads 
to a 30 % decrease in the average grain size and a 16 % 
increase in  the  microhardness. For the  extruded mate-
rial, as the  extrusion nozzle diameter is reduced from 5 
to 3 mm, the average grain size is halved, and the micro-
hardness is increased by 20 % (600 MPa). 

Our findings can be used to develop fine-grade, high-
microhardness intermetallide/alloy SHS extrusion pro-
cesses.

 References / Список литературы 

1.	 Liu C.T., Sikka V.K. Nickel aluminides for structural use. 
Journal of Mechanical Engineering and Technology. 1986; 
38: 19–21. https://doi.org/10.1007/BF03257837

2.	 Taub A.I., Fleischer R.L. Intermetallic compounds for high-
temperature structural use. New Series. 1989; 243(4891): 
616–621. https://doi.org/10.1126/science.243.4891.616 

3.	 Amrit R.P., Manidipto M., Dilpreet S. A critical review on 
the  properties of  intermetallic compounds and their appli-
cation in  the modern manufacturing. Crystal Research and 
Technology. 2022; 57(3): 2100159.

	 https://doi.org/10.1002/crat.202100159
4.	 Tewari R., Sarkar N.K., Harish D., Vishwanadh B., Dey G.K., 

Banerjee S. Intermetallics and alloys for high temperature 
applications materials under extreme conditions. In: Mate­
rials Under Extreme Conditions. Tyagi A.K. ed. Amsterdam: 
Elsevier; 2017: 293–335.

	 https://doi.org/10.1016/B978-0-12-801300-7.00009-7
5.	 Stoloff N.S., Liu C.T., Deevi S.C. Emerging application 

of intermetallics. Intermetallics. 2008; 8(9-11): 1313–1320. 
https://doi.org/10.1016/S0966-9795(00)00077-7

6.	 Sikka V.K., Deevi S.C., Viswanathan S., Swindeman R.W., 
Santella M.L. Advances in processing of Ni3Al -based inter-
metallics and applications. Intermetallics. 2000; 8(9-11): 
1329–1337. https://doi.org/10.1016/S0966-9795(00)00078-9

7.	 Pope D.P., Ezz S.S. Mechanical properties of  Ni3Al and 
nickel-base alloys with high volume fraction of γ′. Interna­
tional Materials Reviews. 1984; 29(1): 136–167.

	 https://doi.org/10.1179/imtr.1984.29.1.136
8.	 Deevi S.C., Sikka V.K. Nickel and iron aluminides: an over-

view on properties, processing and applications. Intermetal­
lics. 1996; 4(5): 357–375.

	 https://doi.org/10.1016/0966-9795(95)00056-9

9.	 Schulson E.M., Baker I., Frost H.J. The strength and ducti
lity of intermetallic compounds: Grain size effects. Materials 
Research Society Symposia Proceedings. 1986; 81: 195–205. 
https://doi.org/10.1557/PROC-81-195

10.	 Polkowski W., Jóźwik P., Karczewski K., Bojar Z. Evolu-
tion of crystallographic texture and strain in a fine-grained 
Ni3Al (Zr, B) intermetallic alloy during cold rolling. Archives 
of Civil and Mechanical Engineering. 2014; 14(4): 550–560. 
https://doi.org/10.1016/j.acme.2014.04.011

11.	 Valiev R.Z., Estrin Y., Horita Z., Langdon T.G., Zechet
bauer M.J., Zhu Y.T. Producing bulk ultrafine-grained mate-
rials by severe plastic deformation. JOM. 2006; 58: 33–39. 
https://doi.org/10.1007/s11837-006-0213-7

12.	 Valiev R.Z., Alexandrov I.V., Zhu Y.T., Lowe T.C. Paradox 
of strength and ductility in metals processed by severe plastic 
deformation. Journal of Materials Research. 2002; 17: 5–8. 
https://doi.org/10.1557/JMR.2002.0002

13.	 Jóźwik P., Bojar Z. Analysis of grain size effect on tensile 
properties of  Ni3Al – based intermetallic strips. Archives 
of Metallurgy and Materials. 2007; 52(2): 321–327.

14.	 McFadden S., Mishra R., Valiev R., Zhilyaev A.P., Mukher-
jee A.K. Low-temperature superplasticity in nanostructured 
nickel and metal alloys. Nature. 1998; 398: 684–686.

	 https://doi.org/10.1038/19486
15.	 Korznikov A.V., Idrisova S.R., Dimitrov O., Pyshmintsev I., 

Sirenko A.A., Korznikova G. Structure and mechanical pro
perties of the nanocrystalline intermetallic compound Ni3Al. 
The Physics of Metals and Metallography. 1998; 85(5): 564–
567. 

16.	 Demura M., Kishida K., Suga Y., Takanashi M., Hirano T. 
Fabrication of thin Ni3Al foils by cold rolling. Scripta Mate­
rialia. 2022; 47(4): 267–272.

	 https://doi.org/10.1016/S1359-6462(02)00139-2
17.	 Lebrat J.P., Varma A. Self-propagating high-temperature 

synthesis of  Ni3Al. Combustion Science and Technology. 
1992; 88(3-4): 211–221.

	 https://doi.org/10.1080/00102209308947237
18.	 Hibino A., Matsuoka S., Kiuchi M. Synthesis and sintering 

of Ni3Al intermetallic compound by combustion synthesis pro-
cess. Journal of Materials Processing Technology. 2001; 112(1): 
127–135. https://doi.org/10.1016/S0924-0136(01)00558-1

19.	 Merzhanov A.G. History and recent developments in SHS. 
Ceramics International. 1995; 21(5): 371–379.

	 https://doi.org/10.1016/0272-8842(95)96211-7
20.	 Ovcharenko V.E., Lapshin O.V., Ramazanov I.S. Formation 

of the granular structure in the intermetallic compound Ni3Al 
in high-temperature synthesis under compression. Combus­
tion, Explosion and Shock Waves. 2006; 42(3): 302–308. 
https://doi.org/10.1007/s10573-006-0055-1

21.	 Si J., Gao F., Han P. Zhang J. Simulation on extrusion pro-
cess of  TiAl alloy. Intermetallics. 2011; 19(2): 169–174. 
https://doi.org/10.1016/j.intermet.2010.08.021

22.	 Ovcharenko V.E., Akimov K.O. Effect of  deformation on 
the grain size of the Ni3Al intermetallic compound synthesized 
under pressure. Inorganic Materials. 2020; 56(11): 1122–1126. 
https://doi.org/10.1134/S0020168520110114

23.	 Stolin A.M., Bazhin P.M. Manufacture of  multipurpose 
composite and ceramic materials in the combustion regime 
and high-temperature deformation (SHS Extrusion). Theo­
retical Foundations of Chemical Engineering. 2014; 48(6): 
751–763. https://doi.org/10.1134/S0040579514060104

https://doi.org/10.1007/BF03257837
https://doi.org/10.1126/science.243.4891.616
https://doi.org/10.1002/crat.202100159
https://doi.org/10.1016/B978-0-12-801300-7.00009-7
https://doi.org/10.1016/S0966-9795(00)00077-7
https://doi.org/10.1016/S0966-9795(00)00078-9
https://doi.org/10.1179/imtr.1984.29.1.136
https://doi.org/10.1016/0966-9795(95)00056-9
https://doi.org/10.1557/PROC-81-195
https://doi.org/10.1016/j.acme.2014.04.011
https://doi.org/10.1007/s11837-006-0213-7
https://doi.org/10.1557/JMR.2002.0002
https://doi.org/10.1038/19486
https://doi.org/10.1016/S1359-6462(02)00139-2
https://doi.org/10.1080/00102209308947237
https://doi.org/10.1016/S0924-0136(01)00558-1
https://doi.org/10.1016/0272-8842(95)96211-7
https://doi.org/10.1007/s10573-006-0055-1
https://doi.org/10.1016/j.intermet.2010.08.021
https://doi.org/10.1134/S0020168520110114
https://doi.org/10.1134/S0040579514060104


Izvestiya. Ferrous Metallurgy. 2023; 66(1): 57–61.
Akimov K.O., Ivanov K.V., etc. Grain structure formation and microhardness of Ni3Al intermetallic compound fabricated by SHS extrusion

61

Кирилл Олегович Акимов, младший научный сотрудник лабора-
тории физики консолидации порошковых материалов, Институт 
физики прочности и материаловедения Сибирского отделения 
РАН
ORCID: 0000-0002-3204-250X
E-mail:  akimov_ko@ispms.ru 

Константин Вениаминович Иванов, д.ф.-м.н., ведущий науч-
ный сотрудник лаборатории физики консолидации порошковых 
материалов, Институт физики прочности и материаловедения 
Сибирского отделения РАН
ORCID: 0000-0002-8003-271X
E-mail:  ikv@ispms.ru 

Марина Григорьевна Фигурко, инженер лаборатории физики 
консолидации порошковых материалов, Институт физики проч-
ности и материаловедения Сибирского отделения РАН
E-mail:  figurko.marina@mail.ru 

Владимир Ефимович Овчаренко, д.т.н., профессор, главный 
научный сотрудник лаборатории композиционных материалов, 
Институт физики прочности и материаловедения Сибирского 
отделения РАН
ORCID: 0000-0003-1776-1212 

Kirill O. Akimov, Junior Researcher of the Laboratory of Physics of Con-
solidation of Powder Materials, Institute of Strength Physics and Mate-
rials Science, Siberian Branch of the Russian Academy of Sciences
ORCID: 0000-0002-3204-250X
E-mail:  akimov_ko@ispms.ru 

Konstantin V. Ivanov, Dr. Sci. (Phys.-Math.), Leading Researcher of the 
Laboratory of Physics of Consolidation of Powder Materials, Institute of 
Strength Physics and Materials Science, Siberian Branch of the Russian 
Academy of Sciences
ORCID: 0000-0002-8003-271X
E-mail:  ikv@ispms.ru 

Marina G. Figurko, Engineer of the Laboratory of Physics of Consolida-
tion of Powder Materials, Institute of Strength Physics and Materials 
Science, Siberian Branch of the Russian Academy of Sciences
E-mail:  figurko.marina@mail.ru 

Vladimir E. Ovcharenko, Dr. Sci. (Eng.), Prof., Chief Researcher of the 
Laboratory of Composite Materials, Institute of Strength Physics and 
Materials Science, Siberian Branch of the Russian Academy of Sciences
ORCID: 0000-0003-1776-1212 

Information about the Authors Сведения об авторах

Received 04.08.2022
Revised 26.01.2023 

Accepted 27.01.2023

Поступила в редакцию 04.08.2022 
После доработки 26.01.2023 

Принята к публикации 27.01.2023

К. О. Акимов – синтез образцов, проведение экспериментов, 
анализ полученных данных, написание статьи, подготовка 
графиков.
К. В. Иванов – проработка содержания разделов, обсуждение 
результатов, корректировка и написание статьи.
М. Г. Фигурко – подготовка образцов для экспериментов.
В. Е. Овчаренко – создание идеи статьи, выбор объекта и мето-
дики исследования.

K. O. Akimov – synthesis of the samples, experimentation, analysis of 
the obtained data, writing the text, preparation of graphs.

K. V. Ivanov – elaboration of the sections content, discussion of the 
results, correction and writing the text.
M. G. Figurko – preparation of the samples for experiments.
V. E. Ovcharenko – creation of the article idea, selection of the object 
and methodology of the research.

Contribution of the Authors Вклад авторов

https://orcid.org/0000-0002-3204-250X
mailto:akimov_ko@ispms.ru
https://orcid.org/0000-0002-8003-271X
mailto:ikv@ispms.ru
mailto:figurko.marina@mail.ru
https://orcid.org/0000-0003-1776-1212
https://orcid.org/0000-0002-3204-250X
mailto:akimov_ko@ispms.ru
https://orcid.org/0000-0002-8003-271X
mailto:ikv@ispms.ru
mailto:figurko.marina@mail.ru
https://orcid.org/0000-0003-1776-1212

