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Abstract

In this work, the Ni3Al-based intermetallic alloy was subjected to room temperature dynamic plastic deformation tests by
using a split Hopkinson pressure bar technique. The dynamic compression processes were carried out at strain rates in the
range of =(1.9×102 ÷ 1×104 s-1). A strong impact of applied deformation conditions on microstructure and mechanical
properties evolution in the examined Ni3Al intermetallic, was documented. Generally, very high maximum compressive
stress values were obtained, reaching 5500 MPa for the sample deformed at the highest strain rate (i.e. =1×104 s-1). The
results of performed SEM/EBSD evaluation point towards an occurrence of dynamic recovery and recrystallization
phenomena in Ni3Al samples deformed at high strain rates.
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1. Introduction

Ni3Al-based intermetallic alloys exhibit a set of
physical and chemical properties that are highly
competitive to other high-performance metallic
materials e.g. a positive yield strength vs. temperature
dependence, a relatively low density, an excellent
corrosion resistance, and a good catalytic
performance as well [1-3]. Aforementioned properties
have already resulted in few successful applications of
nickel aluminides, mostly in the metallurgical
processing sector [1, 2]. Nevertheless, for a long time
wide industrial implementation of these materials
encountered many technological obstacles, mainly
related to their insufficient plasticity and a tendency to
brittle cracking. However, a prominent progress in
design, fabrication and processing of Ni3Al
intermetallics has taken place in recent years. It has
been already documented that a modification of
chemical composition (i.e. alloying with boron and
zirconium) [4], combined with a properly tailored
multi-stage thermomechanical treatment (including
cold-rolling and intermediate annealing) allows
substantially overcoming the problem of
intermetallics brittleness. Nowadays, fine-grained

polycrystalline Ni3Al-based tapes and strips obtained
by a thermo-mechanical treatment developed in our
department show a room temperature
strength/ductility ratio controlled in a wide range. It
was documented [5, 6] that depending on obtained
structural features the Ni3Al-based alloys combine
either ultimate tensile strength (UTS) up to 2900 MPa
with a small tensile elongation or the UTS of around
1100 MPa with the elongation up to 70%. In such
conditions they are ready to be moved into new fields
of industrial usage. The Ni3Al-based alloys in the
form of cold rolled sheets and foils have been
identified as competitive candidates in various hi-tech
aerospace, automotive or military applications. One of
emerging idea is to introduce the Ni3Al-based sheets
into a design of components subjected to impact or
shock loading (e.g. as materials for ballistic armors).
Indeed, preliminary ballistic tests of Ni3Al
intermetallics have been already performed giving
some positive results [2]. It was documented that the
Ni3Al-based alloy exhibited good performance during
shooting test with 7.63 mm caliber bullet.
Nevertheless, high-strain-rate properties of nickel
aluminides ought to be further examined in order to
validate their usefulness. A split-Hopkinson pressure
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bar (SHPB) setup has been accepted to be used in
experiments needed for such verification [7].

Although, there is a great number of papers on
static or quasi-static tensile and compression behavior
of Ni3Al-based alloys [8-12], a very limited
information is reported on mechanical response of
nickel aluminides deformed under dynamic
conditions. To our best knowledge, the only available
papers on this matter are authored by Grey et al. [13,
14] which present the results of Ni3Al alloys
fabricated by a powder metallurgy approach, and
subjected to compression tests at strain rates up to
103 s-1 and under the true strain limited to 0.2. 

Therefore, the main aim of this study is to examine
mechanical behavior and structural evolution of fine-
grained polycrystalline boron and zirconium doped
Ni3Al-based alloy upon high-strain rate compression
tests performed by using a SPHB setup. 

2. experimental

The material investigated was Ni3Al(Zr,B) alloy
with a nominal chemical composition of Ni-11.7Al-
0.4Zr-0.03B (wt. %). The material was fabricated
from pure elements by melting and casting in
a vacuum induction furnace. The as-cast ingots were
subjected to a preliminary cold-rolling to 50% of
thickness reduction followed by a post-deformation
annealing treatment at 1000°C, in argon atmosphere
(more details on applied treatments are shown
elsewhere [5]). Subsequently, cylindrical specimens
having diameter of 4 mm and height of 2 mm, were
electro-discharge machined from the obtained plates
for the dynamic deformation tests.

The high-strain-rate compression tests at strain
rate in the range of 102 to 104 s-1 were carried out at
room temperature by using a conventional SHPB
setup that is described elsewhere in details [15]. The
experimental SHPB setup was equipped with a striker,
incident and transmitter bars made of the high-
strength maraging steel. Diameter and length of
incident and transmitter bars were 20 mm and 1000
mm, respectively. The following strain rates were
applied upon the room temperature compression tests:
1.9×102; 3.7×103; 4.1×103; 6.5×103; 1×104 s-1. 

The as-deformed samples were cut along their
deformation axis (corresponding to the compression
direction) by using the EDM device and then
subjected to a structural characterization. The applied
metallographic procedure included mechanical
grinding on SiC papers followed by polishing with
3-1 µm diamond and 0.1 µm silica suspensions.
Microstructural examinations were carried out by
using FEI Quanta 3D field emission gun scanning
electron microscope (FEG-SEM), equipped with
electron backscatter diffraction system (EBSD).
During acquisition of EBSD scans (each of them

having at least 75000 measurement points) a step size
of 0.2 µm was applied. The post-processing of
collected EBSD data was performed by using TSL
Analysis 5 commercial software.

In order to quantify structural effects of applied
straining conditions, the EBSD technique was used to
determine fractions of low and high angle grain
boundaries (LAGBs<15° and HAGBs>15°,
respectively [16]), an average grain orientation spread
(GOSav) [17,19] and image quality (IQ) values
[17,19].

3. results and discussion
3.1. High-strain-rate compression tests

The results of high strain-rate compression test
point towards a high strain rate sensitivity of
examined Ni3Al-based alloy for the sample
compressed at the lowest strain rate ( =1.9×102 s-1),
where the maximum stress value of 1200 MPa was
recorded. On the other hand, rising the strain rate
resulted in intensive increase of maximum stress
values that reached even up to 5500 MPa for the
maximum applied strain rate (    =1.0×104 s-1) (Fig. 1).
What should be noted, even for such dynamic
straining conditions, the height reduction of 60% was
obtained without visible evidence of cracking.

The results obtained in compression tests were
subsequently used to compute values of strain rate
sensitivity parameter m, according to the following
formula:

(1)

where: σ1, σ2 denote stress values recorded at
corresponding    and    strain rates. By taking into
account that different strain values were obtained for
various strain rates, the m parameter was calculated
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Figure 1. Stress-strain curves recorded at room
temperature deformation of Ni3Al-based alloy at
various strain rates
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only for strain ε ≤0.08.
The increase of applied strain rate was assisted by

apparently higher stress values recorded during the
SHPB experiment, leading also to an increase of the
calculated values of the m parameter (Fig. 2).
Furthermore, the m value was almost constant within
the examined strain range of ε ≤0.08, for each
particular strain rate value.

Interestingly, the values of maximum compressive
stress obtained in the present work are few times
higher than these reported by Sizek and Grey [13] for
a binary Ni3Al(B) alloy tested with the SHPB device.
The aforementioned authors documented that for the
material deformed with strain rate 8000 s-1 (at room
temperature), the highest maximum stress value was
only ~1300 MPa. Such large differences between the
results presented here and in the literature, should be
justified by: 

(i) a substantially higher total accumulated
strain obtained in the present work (εt=0.54 vs.
εt=0.12);

(ii) different applied fabrication methods:
casting + thermomechanical treatment (this work) vs.
powder metallurgy approach ([13]);

(iii) the addition of zirconium to presently
examined alloy – this element significantly increases
effectiveness of the solid solution strengthening via
substitution of aluminum atoms in the Ni3Al crystal
lattice [17].

Furthermore, a strong impact of the strain rate on
yield stress value was recorded in the present work.
It is found that the yield strength increased from
~500 MPa to ~850 MPa when the applied strain rate
was                           and                            respectively.
It should be noted, that such behavior is not usual in
the case of f.c.c. metals having a high stacking fault
energy, and is quite different to that reported by Sizek
et al. [13]. 

Generally, room temperature plastic deformation
process of Ni3Al alloys carried out under static (or
semi-static) conditions proceeds similarly to that in
high stacking fault energy f.c.c. metals. It means that
the main involved deformation mechanism is
dominated by octahedral slip on closed-packed {111}
planes and along closed-packed <110> direction. This
glide system is characterized by a lack or low strain-
rate sensitivity of yield stress as a partial consequence
of low density of Peierls barriers. An increase of
temperature initiates the cross slip of screw
dislocations to {100} planes, which provides much
higher density of Peierls barriers, resulting in a high
strain rate sensitivity. Sizek et al. reported [13] that
the room temperature yield stress in the Ni3Al alloy
exhibits a little or no strain rate sensitivity, but
increasing strain temperature above 550°C provides
more visible changes of the yield stress. It should be
added that the authors [13] applied the maximum
strain of  ≤0.12 (at room temperature) which was 4.5
lower than that in the present work [13]. A higher
level of plastic strain enables an activation of
mechanical twinning [14] as well as generates much
more heat leading to increase of sample’s temperature
(even above 550°C). Such high sample temperature
allows the activation of dislocation slip in the
{100}<110> cubic system which is more typical for
b.c.c. crystals.

3.2 Microstructure evolution

The Ni3Al(Zr,B) alloy in the initial state was
characterized by a single phase (γ’) composition, and
equiaxed microstructure with an average grain size of
~10 µm (Fig. 3a-c). The results of EBSD
examinations revealed typical features of as-annealed
metals, i.e. almost complete lack of LAGBs inside
grains interior and corresponding very low GOS
values (the average GOSav value was below 1). 

The room temperature dynamic compression of
the Ni3Al(Zr,B) intermetallic resulted in an intensive
structural evolution which was increasing with
increasing the applied strain rate. The sample cold
deformed at the lowest strain rate ( )
showed only slight increase of LAGBs fraction (Fig.
3d) and the average GOS value (from GOSav=0.5 to
GOSav=3.7) (Fig. 4a), as compared to the material in
its initial state. Much more extensive structural
changes were observed for samples compressed at
higher strain rates. Starting from 
(Fig. 3. g-i), a significant change of grains
morphology (from equiaxed to elongated ones) and an
increase of LAGBs fraction and grain orientation
spread (GOSav= 8.1) were noted. This tendency was
generally maintained upon a further increase of the
strain rate up to . However, it should be
noted that the sample subjected to compression at the
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Figure 2. Changes of strain rate sensitivity parameter m of
Ni3Al-based alloy versus strain level
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highest considered strain rate ( ) breaks
the inclination on diagram presented in Fig. 4a. The
slightly lowered GOSav value measured for this
sample points towards a possible occurrence of
dynamic recovery and even early stages of
recrystallization. 

Above described evolution of the GOS parameter
is in line with changes of the relative IQ values (Fig. 4b).
It is documented that increase of the strain rate up
to results in almost linear decrease of
the relative IQ. For higher strain rates, the relative IQ
values seem to be stabilized at constant level. 

Summing up the evolution of the GOS parameter,
it is worth noting that its concept is based on the
assumption that plastic deformation in a
polycrystalline metallic material causes local changes
in the orientation of the crystal lattice in the volume of
individual grains. Such local crystal lattice rotations
are necessary to preserve the integrity of the material
subjected to plastic deformation. Therefore, along
with the increase in the degree of plastic deformation,
the value of the GOS parameter also increases
(compare Fig. 3 b, e, h, k, and n). In the material
after dynamic plastic deformation (starting from 

= 3.7×103 s-1) grains with a GOS value from the
range of 8-10 dominate, in contrast to the starting
material (after recrystallization), where grains with
GOS <1 are definitely dominant.

4. conclusions

Based on the results of high-strain-rate
compression tests of the Ni3Al alloy carried out at
room temperature by using a conventional SHPB
setup, the following conclusions are drawn:

1. The examined Ni3Al alloy exhibits a high strain
rate sensitivity – along with the increase of the strain
rate, the value of m also increases.

2. The increase of strain rate results in the
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Figure 3. Examples of EBSD images obtained for
investigated Ni3Al-based alloy: initial stage – a-
c) and after dynamic compression at room
temperature with deformation speed  : d-f)
1.9×102 s-1; g-i) 3.7×103 s-1; j-l) 6.5×103 s-1; m-o)
1.0×104 s-1(a,d,g,j,m – IQ maps with LAGBs and
HAGBs visualization; b,e,h,k,n – GOS maps;
c,f,i,l,o -  IPF maps)

 
 
 
 

&e

Figure 4. The results of quantitative EBSD analyses obtained for the investigated material: a) average GOS parameter,
b) relative IQ parameter values
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intensive strain hardening reflected by a substantial
rise of the maximum stress values (up to 5500 MPa
for the = 1.0×104 s-1) without formation of any
visible cracks. However, the increase of strain rates
was also accompanied by achievement of higher true
strain values, thus the observed changes should be
considered in terms of a superposition of strain rate
and true strain effects.

3. The increase of the strain rate has a strong
impact on the evolution of microstructure in the
examined Ni3Al alloy reflected by the change of grain
shape, the formation of slip bands, and the increase of
both, LAGBs fraction and average GOS values.

4. The sample subjected to compression at
= 6.5×103 s-1 was characterized by a slightly

lowered fraction of grains having high GOS values
(and thus the lower average GOS). This finding might
be related to a possible occurrence of local structure
restoration phenomena such as dynamic recovery and
recrystallization. 
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ISpItIvanJe DInaMIčkIh DeforMacIJa koD ni3al InterMetalne
legure tehnIkoM raZDvoJene hopkInSonove poluge poD

prItISkoM
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Apstrakt

U ovom radu je ispitivana dinamička plastična deformacija na sobnoj temperaturi kod Ni3Al intermetalne legure tehnikom
razdvojene Hopkinsonove poluge pod pritiskom (SHPB). Postupci dinamičkog sabijanja su izvedeni sa deformacijama pri
istezanju u opsegu =(1.9×102 ÷ 1×104s-1). Zabeležen je veliki uticaj primenjenih uslova za deformaciju na mikrostrukturu,
kao i na razvoj mehaničkih osobina kod ispitivanih Ni3Al intermetalnih legura.  Uglavnom su dobijene veoma visoke
vrednosti za pritisak naprezanja, gde je za uzorak deformisan pri najvišoj vrednosti istezanja iznosio 5500 MPa (t.j.

=1×104s-1). Rezultati koji su ispitani SEM/EBSD postupkom ukazuju na postojanje fenomena dinamičkog obnavljanja i
rekristalizacije u uzorcima Ni3Al koji su deformisani pri visokim vrednostima istezanja.

Ključne reči: Ni3Al legure; Razdvojena Hopkinsonova poluga pod pritiskom; SEM/EBSD analiza
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