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Samples of Ni3Al, Ni3Al:B and Ni–Al–Cr super alloys were prepared by directional solidification method
and their effect of alloying with ternary elements on the mechanical properties was investigated. In-situ
X-ray diffraction studies were carried out on undoped Ni3Al, Ni3Al:B with boron 500 ppm and Ni–Al–Cr
with 7.5 at.% of chromium super alloys at high pressure using diamond anvil cell. The results indicate that
micro-alloying with B forms c0-phase (L12 structure), similar to the pure Ni 3Al, while Ni–Al–Cr alloy
consists of c0 precipitates in a matrix of c-phase (Ni-FCC structure). The crystal structure of all three
alloys was stable up to 20 GPa. Micro alloying with boron increases bulk modulus of Ni3Al by 8% whereas
alloying with chromium has the opposite effect decreasing the modulus by 11% when compared to
undoped alloy. Further, the elastic modulus and hardness of Ni3Al, Ni3Al:B and Ni–Al–Cr alloys were
determined using the nano-indentation technique, in combination with compressibility data which
enabled the estimation of shear modulus and Poisson’s ratio of these alloys.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Ni3Al has received much attention as a high temperature struc-
tural material for applications in aerospace due to its low density,
high melting point and excellent oxidation resistance property [1–
5]. However, its intrinsic brittleness and poor tolerance to damage
at room temperature and low creep strength at elevated tempera-
tures have heavily retard its usefulness to actual application. To
overcome these challenges, commercial superalloys are typically
alloyed with Ni, Fe, Cr and Co as the major elements. Several other
trace elements are also added towards increasing the defects and
dislocations in order to increase their mechanical strength without
altering the crystal structure. The combination of Cr and B, for
example, leads to simultaneously improved corrosion resistance,
yield strength and ductility [6].

Ni3Al has highly ordered L12-type cubic structure with space
group Pm�3m and are known to be the hardest phase in the Ni–Al
system [5,6]. Alloying Ni3Al with chromium reduces the amount
of aluminum required to form Al2O3 which acts as protective coat-
ing in oxidizing and corrosive environments [7,8]. Addition of Cr
forms a two-phase composite system consisting of c and c0 phases
[6]. We know that Cr preferentially partitions to the c phase
because the atomic radius is very similar to that of Ni [9]. A num-
ber of studies have investigated the partitioning of transition metal
elements (such as Cr, Co, W, and Ta) using both experimental and
computational methods. Further, previous atom-probe tomogra-
phy (APT), scanning electron microscopy (SEM), and atom location
by channeling enhanced microanalysis (ALCHEMI) technique have
concluded that Cr occupies the Al sub lattice in the c0 phase
[10–12]. Chowdry et al. [12] studied the site occupancy behavior
of Cr in c0-Ni3Al using ab initio Density Functional Theory (DFT)
computational studies and 3D atom probe tomography (APT).
Their results show that chromium atoms prefer to be close by on
either nickel or aluminum sublattices or on a nickel–aluminum
mixed lattice, suggesting a potential tendency of chromium segre-
gation in the c0 phase. In our work, Ni–Al–Cr with nominal compo-
sition 75.7Ni–16.7Al–7.6Cr at.% was chosen such that both the c
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and c0 phases are stable [13]. Micro alloying of boron with Ni3Al is
known to improve the mechanical properties by suppressing
embrittlement and strengthening grain boundaries [14–16]. Mul-
ler et al. [17] studied the role of boron in ductilizing grain bound-
aries from structural, chemistry and bonding aspects. From micro
hardness studies, Qian and Chou [18] reported that for alloys
near-stoichiometric composition, the maximum ductilizing effect
occurred at about 500 ppm (0.23 at.%) boron. Further, they
proposed a cross slip of screw dislocations as the reason for the
ductilizing effect. Hence, we have chosen Ni3Al:B with nominal
composition 75Ni–25Al + 500 pm–B.

Several authors in the past few decades have studied the effect
of alloying on the bulk mechanical properties most commonly by
SEM and other bulk ex-situ measurements [19]. Furthermore, con-
siderable theoretical work has been completed in an attempt to
further understand the dopants that are likely to enhance elastic
properties beyond current state-of-the art materials [20]. Recent
study using density functional (DFT) calculations on chemical pres-
sure effect, for example, aim to identify those specific atoms in the
crystal lattice that significantly contribute to the increase in the
structural and elastic properties [21]. Pressure dependent studies
of these system have, however, been lacking in the literature for
comparison with theory efforts. In this study, we have chosen B
and Cr in an effort to understand and correlate the effect of alloying
with ternary elements on the elastic strength and crystal structure
of Ni3Al. We have carried out in-situ X-ray diffraction studies on
alloys of Ni3Al, Ni3Al:B (500 ppm of B), Ni–Al–Cr (7.5 at.% of Cr)
at high pressures using diamond anvil cell. Further, nano-
indentation measurements were carried out to determine the
elastic modulus and hardness.

2. Experimental

2.1. Sample preparation and X-ray diffraction

Elemental powders of Ni3Al, Ni3Al:B (500 ppm) and Ni–Al–Cr with (Cr 7.5 at.%)
were mixed in stoichiometric ratio and made into pellets. Directionally solidified
alloys were made by Bridgman–Stockburger technique, the details can be found
elsewhere [22]. X-ray diffraction (XRD) pattern were collected on each of these
alloys. Previous studies show that Boron segregates at the grain boundaries
whereas Cr addition forms two phase system with c and c0 [23]. Hence, X-ray dif-
fraction XRD data of Ni3Al doped with boron of 500 ppm was fitted to Pm�3m (L12

phase) while Ni–Al–Cr XRD data was fitted to Pm�3m (L12) and Ni-type (FCC) phases.
Lattice parameters obtained from the X-ray diffraction pattern are listed in Table 1
and the results are found to be in agreement with the literature [24,25]. The alloys
were further characterized by electron microscopy techniques, further their elastic
properties were measured using in-situ X-ray diffraction under high pressure and
nano indentation measurements. The experimental details and results are
presented in the section below.

2.2. Electron microscopy

TEM samples were prepared by conventional mechanical polishing followed by
low-energy ion milling. A probe-corrected FEI Titan G2 60–300 kV S/TEM equipped
with an X-FEG source and state-of-the-art Super-X EDS detector system was oper-
ated at 200 kV for HAADF-STEM imaging and EDS mapping. The convergence and
inner collection semi-angles for the Titan S/TEM were 15 mrad and 77 mrad,
respectively. High-annular angle dark field (HAADF) technique whereby the atom
contrast is proportional to the atomic number Z of the scattering atoms was
employed for STEM imaging. HAADF-STEM image series were acquired and
Table 1
Crystal structure and lattice parameters of Ni–Al alloys studied.

Alloy S.G Lattice parameters

a (A) v (A3)

Ni3Al Pm�3m 3.572 ± 0.013 45.58
Ni3Al:B (500 ppm) Pm�3m 3.577 ± 0.005 45.80
Ni–Al–Cr (7.5 at.% Cr) Pm�3m; Fm�3m 3.567 ± 0.005 45.38
2-Phase
post-processed using the RevSTEM technique to correct for the sample drift distor-
tion and to significantly enhance the signal-to-noise ratio [26]. The EDS maps were
formed using X-ray lines: Ni–K, Al–K and Cr–K.

2.3. In-situ X-ray diffraction using DAC

In-situ X-ray diffraction studies were carried out on Ni3Al:B at B1 station,
CHESS, Ithaca in angle dispersive geometry at a wavelength 0.4858 Å. Ni3Al and
Ni–Al–Cr were studied in angle dispersive geometry using wavelength 0.4959 Å
at beamline 12.2.2, of Advanced Light Source (ALS), LBNL, Berkeley. The details of
the experimental set-up at both facilities can be found elsewhere [27,28].

For XRD at high pressures, alloys were loaded in diamond anvil cell. A stainless
steel gasket was indented to 50 lm thickness and a 200 lm hole was drilled which
serves as the sample chamber. Pre-indented gasket was placed in between the
culets of the two opposed diamond anvils. Methanol–ethanol mixture in the ratio
of 4:1 was loaded along with the sample which served as pressure transmitting
medium. Ni3Al:B was investigated up to 25 GPa. The crystal structure at ambient
conditions was found to have c0 phase which remained stable up to 20 GPa, the
highest pressure studied.

2.4. Nano-indentation

Nano-indentation tests were carried out using Hysitron Triboindenter (Hysi-
tron, Minneapolis, USA) with a diamond Berkovich indenter tip of 100 nm tip
radius. The details of the technique can be found elsewhere [29]. Nano indentation
was performed at the loading rate of 25 lN/s up to a peak load of 1000 lN where it
was held for 2 s and then unloaded completely at negative rate of 25 lN/s. The
hardness and elastic modulus were calculated by the Oliver and Pharr method
[30,31]. Samples were mounted on an epoxy mold and polished to mirror finish
using Al2O3 particles of various sizes down to 0.3 lm. The sample was then placed
in the Tribo-nanoindentor and applied load in the range 0–2000 lN.
3. Results and discussion

3.1. Crystal structure and elemental mapping

Pure Ni3Al and B-doped Ni3Al alloys formed only L12 structure
at ambient conditions, whereas Ni–Al–Cr forms a two-phase com-
posite system consisting of an ordered L12-type (c0) phase and a
disordered FCC (c) phase. HAADF-STEM image of the Ni3Al:B alloy
along the h100i projection is presented in Fig. 1(a). Because of the
low concentration and atomic number (Z = 5), the efficiency of the
B X-ray signals is not sufficient enough to be detected in the EDS
map. The presence of c and c0 phases are highlighted in the EDS
elemental maps of the Ni–Al–Cr superalloy, shown in Fig. 1(b).
The preferential partitioning of Cr, a well-known c-stabilizing ele-
ment, to the c phase is consistent with predictions in literature
[9,32]. Fig. 1(b) shows the HAADF-STEM image of a c/c0 interface
in the Ni–Al–Cr superalloy. In the c0 phase, Ni (Z = 28) and Al
(Z = 13) occupy the high and low intensity atom columns, respec-
tively, while those in the c phase exhibit similar intensity. Accord-
ing to literature [10], we expect the Cr to preferentially occupy the
Al sub-lattice in the ordered c0 phase.

3.2. Bulk modulus using XRD under high pressure

Figs. 2–4 show the X-ray diffraction patterns collected in angle
dispersive geometry for Ni3Al, Ni3Al:B and Ni–Al–Cr, respectively
at various pressures under hydrostatic conditions. From the XRD
data, pressure–volume data were extracted for all the three alloys.
Fig. 5 shows the P–V equation of state fit, which was obtained using
third order Birch–Murnaghan equation [34,35] of state given by,

PðVÞ ¼ 3B0
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From the fit, bulk modulus and its first order pressure derivative
were determined. The results obtained are given in Table 2. Crystal
structures of all three alloys studied are found to be stable up
to 20 GPa, the highest pressure studied.



Fig. 1. (a) HAADF-STEM image of Ni3Al:B superalloy along the h100i projection. (b)
EDS elemental maps of the Ni–Al–Cr superalloy microstructure clearly showing the
presence of c and c0 phases. (c) HAADF-STEM image of the coherent c/c0 interface in
the Ni–Al–Cr superalloy.

Fig. 2. X-ray diffraction pattern of Ni3Al at various pressures. Ruby fluorescence
line shift was used for pressure measurement.

Fig. 3. X-ray diffraction pattern of Ni3Al:B (500 ppm) at various pressures. Pressure
was measured using fluorescence line shift of ruby.

Fig. 4. X-ray diffraction pattern of Ni–Al–Cr (7.5 at.%) at various pressures. Pt refers
to platinum peak positions from which the pressure at each step was determined
using its equation of state [33].

Fig. 5. Pressure vs. volume data obtained for line represents the third order Birch–
Murnaghan equation of state fit curve.
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3.3. Elastic modulus and hardness

Fig. 6 shows the loading and unloading curve obtained for the
three alloys studied. The loading and unloading was repeated six
times and the average of hardness and elastic modulus were
obtained. It is well known that during nano indentation the maxi-
mum displacement (hm) at the peak load equals the sum of the
contact depth (hc) and the elastic surface displacement at the
perimeter of the contact (hs) [42].
hm ¼ hc þ hs ð2Þ

Bao et al. [42] defined recovery resistance (Rs) as a material
property to be an indicator of energy dissipation during an inden-
tation cycle,

Rs ¼ Fmax=h2s; ð3Þ



Table 2
Elastic modulus and hardness determined from nano-indentation technique and bulk modulus and its derivate determined from high pressure expt are listed below. Bulk
modulus obtained using third order Birch–Murnaghan equation of state for the alloys studied with first derivative of bulk modulus K’ set as 4.

Sample/crystal structure Elastic modulus E (GPa) Hardness H (MPa) Bulk modulus K (K’ set as 4) (GPa) Shear modulus G (GPa) K/G Poisson’s ratio m

Ni3Al 166.05 ± 5.08A 6.26 ± 0.28 186.3 ± 6.1A 61.95A 2.66 0.34A

Pm-3m (L12) 203.1 [19] 173.9 [22] 77.8a 2.24 0.31 [19]
173 [23]
164.91 [24]
180 [25]
182 [26]
141.26 [27]

Ni3Al:B 161.00 ± 12.65 4.28 ± 0.27 201.8 ± 3.7A 58.88A 3.43 0.36A

Pm-3m (L12)
Ni–Al–Cr 156.31 ± 9.23 4.37 ± 0.13 166.6 ± 5.8A 58.16 2.86 0.34
Pm-3m (L12) + FCC

Prikhodko et al. [36].
Kayser [37].
Halevy [38].
Wu and Li [39].
Kim [40].
Zhang et al. [41].

A This study.

Fig. 6. Load–displacement curves for Ni3Al, Ni3Al:B and Ni–Al–Cr with the
maximum load of 2000 lN.
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and

Rs ¼ 2:263 E2
r =H ð4Þ

where Fmax is the peak load during nano-indentation, Er and H are
the reduced elastic modulus and the hardness in the nano-indenta-
tion. The values of E and H of the Ni alloys measured by nano-inden-
tation technique are listed in Table 2. Bulk modulus is found to
increase by 16 GPa for Ni3Al:B while alloying with chro-
mium decreases by 16 GPa. In the Ni–Al–Cr system, the compres-
sive strength of both c and c0 phases remains indistinguishable
within the experimental uncertainty. This indicates that the com-
pressive strength of both the phases is influenced by the movement
of defects and dislocations within the grains and through the grain
boundaries thus keeping uniform compressibility in order–disorder
systems. Our findings suggest that, under hydrostatic conditions,
micro-alloying of Ni3Al with boron increases the compressive
strength by 8% while alloying with chromium shows a decrease of
10% when compared to the pure Ni3Al alloy.

From the compressibility and the nano-indentation results, it
can be noted that alloying with either ‘B’ or ‘Cr’ in Ni3Al leads to
a slight decrease in the elastic modulus and hardness with increase
in the bulk modulus. Under the same load, the diamond indentor
penetrated deeper in Ni–Al–Cr system than Ni3Al and Ni3Al:B,
implying that Ni–Al–Cr was the least hard. The activation, mobility
of dislocations is governed by the resolved shear modulus. In an
attempt to correlate the hardness and elastic properties, we have
calculated shear modulus from the experimental bulk modulus
and elastic modulus using the relation for homogenous isotropic
materials, given by.

m ¼ ðE=2GÞ � 1 and ð3K � EÞ=6K ð5Þ

where ‘K’ is the bulk modulus, ‘E’ is the elastic modulus, ‘G’ is shear
modulus and ‘m’ is Poisson’s ratio. Shear modulus ‘G’ is given by

G ¼ 3KE=ð9K � EÞ ð6Þ

Using the above relations, shear modulus and Poisson’s ratios
are determined for the three alloys and the results are listed in
Table 2. Elastic modulus, shear modulus and hardness are highest
for the Ni3Al. Whereas, Ni3Al:B shows highest bulk modulus. In Ni3-

Al:B alloy, Boron segregation at the grain boundaries forms defects
that causes an increase in bulk modulus by 8% higher than pure
Ni3Al. Whereas, addition of Cr to Ni3Al shows opposite effect with
a slight decrease in decrease in bulk modulus by 11% lower than
the pure Ni3Al. As per Pugh criterion, K/G value should be greater
than 1.5 for ductile materials [43]. From Table 2, it can be noted
that the Ni3Al:B alloy has the highest K/G value indicating highest
ductility and strength of all the alloys studied.

Nano-indentation results indicate a slight decrease of hard-
ness and elastic modulus on alloying with boron or chro-
mium. Hardness being a measure of plastic deformation, a
decrease with alloying of B and Cr indicates decrease in the resis-
tance to the plastic flow. On the other hand, elastic modulus
caused by elastic deformation of crystal lattice is found to decrease
on alloying with boron or chromium. Although E, H, G values
decreases in both B and Cr alloyed systems, bulk modulus increases
in the B-doped system relative to the pure Ni3Al.

4. Conclusion

Presence of both c and c0 phases and the preferential segregation
of Cr to the c phase are confirmed by the HAADF-STEM image and
EDS spectroscopy data. In the case of Ni3Al alloyed with Cr, the
decrease in compressibility can be attributed to the weakening of
lattice due to the lattice site substitution of Cr. Whereas, in the case
of B-doped Ni3Al alloy, B segregates to the grain boundaries which
hinders the movement of defects and dislocations between grains
causing an increase in bulk modulus and a decrease in shear
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modulus ‘G’ relative to pure Ni3Al. Ni3Al:B has the highest K/G value
which is indicative of highest strength and reveals it as a ductile
material out of the Ni–Al alloys studied in the present work. Further,
a slight increase in Poisson’s ratio value for the B-doped alloy re-
flects this effect on the decrease in the compressive strength. For
the Ni–Al–Cr system, the measured E, G and B decreases such that
Poisson’s ratio remains unchanged relative to pure Ni3Al. Hence,
we conclude that grain boundary strengtheners can improve the
strength and ductility greater than the lattice site substituent.
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