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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 limi ted. 
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: 
preloa ding the powder mixture (3Ni + Al) in the mold 
(at 115 MPa); heating the pressed powder until (Ni-Al)-
eu tectics 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 samp les 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. 
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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 loa ding 
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). Compa red 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 pro duct 
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.
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