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The Thermal Stability and Strength of Highly Alloyed Ni;Al
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In this study the L1, gamma prime phase (based on NizAl) has been highly alloyed with Cr, Co, W, and Ta in order to examine the effects
on strengthening and thermal stability. The order-disorder transition temperature of gamma prime is decreased with higher alloying content.
Thermodynamic calculations show that the ordering enthalpy decreases as the entropy term increases. Conversely, the hardness can be 1.5 times
higher comparing to that of a conventional Ni-based superalloy. This indicates that the strengthening effect of designing a gamma prime
composition toward higher entropy is significant, due to greater lattice distortion and higher anti-phase boundary energy of gamma prime.
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1. Introduction

Superalloys are widely used in high temperature environ-
ments, having the ability to tolerate the harsh working
environments with high temperature and pressure. They
exhibit a unique combination of good high-temperature
strength, oxidation resistance, corrosion resistance and
toughness.'™ Among various kinds of superalloys, Nickel-
based superalloy is the best choice of material for aero-engine
and power generation applications due to their excellent
phase stability and mechanical properties at high temperature.
The typical microstructure of Ni-based superalloys is mainly
composed of a FCC y matrix and a dispersion of ordered L1,
y' precipitates. These L1, ordered structure precipitates play
an important role in precipitation strengthening at high
temperature. In order to further improve the high temperature
mechanical properties of Ni-based superalloys, growing
content of refractory elements like Mo and W have been
added for solid-solution strengthening and to slow down the
phase transformation rate, but this also results in the higher
tendency for TCP phases formation. These TCP phases are
brittle and have been reported to be detrimental to the thermal
mechanical properties.®” Re and Ru addition can enhance
the creep resistance significantly,®') however, the densities
and costs of these additions are extremely high. Therefore,
new approach for alloy strengthening with better cost-
performance is still in demand.

A new alloy design concept called “high entropy alloy
(HEA) approach” has been proposed.'>'3) HEA can achieve
higher hardness and wear resistance, good oxidation and
corrosion resistance!*!'” by severe lattice distortion and
sluggish diffusion mechanisms.'® These findings inspire us
to study the composition of Ni-based superalloy toward
higher entropy for the purpose of utilizing these special
benefits in high entropy system. Since 3’ phase is vital for
high temperature strengthening in Ni-based superalloys, it is
intriguing to evaluate the influence of elevated mixing
entropy (ASpix) on this important phase. Main elements in
conventional Ni-based superalloy CM247LC, e.g. Co, Cr, Ta
and W are chosen for alloying with Ni3;Al in present work.
From previous studies on the site preference of ternary
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additions in NizAL'"?? it has been known that Ta and W
substitute for Al site; Co and Cr prefer substituting for Ni
site. Nevertheless, these studies only focus on small amount
of alloying in NizAl. Therefore, present study aims to
enhance the mixing entropy of NizAl by multi-elemental
additions with larger amount, not all the way into the high
entropy alloy catagory. A systematic addition for the purpose
of elevating ASy,x in ¥’ phase have been conducted, and the
phase stability, ordering property and strengthening mechan-
ism will be discussed.

2. Experimental Procedure

2.1 Process and materials

NizAl and other two alloys with higher amount of
equimolar Co, Cr, Ta and W addition were prepared by
vacuum-arc-melting; they are designated as alloy A, B, and
C. Pure Ni, Al, Co, Cr, Ta, W raw metal ingredients (purity
better than 99 mass%) were melted in high-purity argon
atmosphere and then solidified in a water-cooled copper
mold. All samples were reversed and re-melted more than
4 times to assure chemical homogeneity. Specimens were
cut from the button shape solidified ingots. The nominal
composition of alloy A, B and C is NizAl with 0 at%, 4 at%
and 8at% Co, Cr, Ta, W addition, respectively and listed
in Table 1. The metallographic specimens were prepared by
typical grinding and polishing in sequence. The micro-
structure and composition examinations were carried out by
scanning electron microscope (SEM, JEOL-5410) equipped
with energy dispersive spectrometry (EDS, Oxford Instru-
ments, Oxford, England) operating at 15kV. The crystal
structures were identified by X-ray diffractometer (Shimadzu

Table 1 Nominal and actual composition (at%) of alloy A, B, and C.

alloy Ni Al Co Cr Ta w
designed  75.0 25.0 — — — _

A actual 74.6 25.4 — — — —
B designed  63.0 21.0 4.0 4.0 4.0 4.0

actual 62.4 20.8 4.0 4.4 3.7 4.7
c designed  51.0 17.0 8.0 8.0 8.0 8.0

actual 51.6 16.4 8.2 8.0 8.0 7.8
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Fig. 1

XRD 6000) with Cu-target radiation at 30kV and 20 mA.
The XRD specimens were in plate form with dimension of
lem x lem x 3mm and scanned at 26 angle from 20 to
100° with a scanning rate of 2 deg/min. Pyris Diamond TG/
DTA of the Perkin-Elmer Instruments was used to examine
the thermal properties for all samples of 20-50mg in an
Al,O5 crucible, and tested from 1240 to 1400°C at a heating
rate of 10°C/min under 400 sccm of Ar flow. Micro-hardness
measurements were tested at room temperature by Mitutoyo
HM-115 micro-hardness tester with loads of 25g. The
indentation was conducted on the 3’ phase region and the
size of the indented area was 5—10 um. The duration time in
each indentation is 15s, and five measurements on each
sample were conducted to obtain an average value.

3. Results and Discussions

3.1 Microstructure and composition analysis

Table 1 lists the designed and actual composition meas-
ured by SEM-EDS of alloy A, B and C. Alloy A is the
composition of Ni3Al, and alloy B, C with 4 and 8 at% of Co,
Cr, Ta, W addition. The actual composition is close to that of
the designed ones, and the SEM images of as-cast alloy A, B
and C are shown in Fig. 1.

According to these backscattered electron images, only
single y" phase presents in alloy A, and in alloy B, 8 phase
appears as the black regions within the y’ matrix along with
other white regions as the W-rich BCC phase. As for alloy C,
due to alloying beyond the solubility, the microstructure
constituents are more complex with 8, BCC phase and Laves
phase, however, the matrix is still the y’ phase. Figure 2
shows the XRD patterns of alloy A to C. Only ordered FCC
peaks present in alloy A. Besides ordered FCC, 8 and BCC
phase peaks are present in alloy B. Alloy C contains all the

The SEM images of as-cast alloy (a) A, (b) B, (¢) C and (d) D.

characteristic peaks of alloy B with additional peaks of Laves
phase. Consequently, the XRD results confirm that the
ordered FCC y’ phase present in these three alloys as the
matrix phase.

The lattice constant of y’ phase can be calculated from
XRD results, and it shows an increasing trend from alloy A,
B to C (0.3571, 0.3585 and 0.3592 nm, respectively). The
lattice parameter of Ni3Al has been reported to be 0.357
nm,?'29 which is close to that in present study. Mishima
et al.?” have studied the lattice parameter changes in Ni;Al
with transition and B-subgroup elements addition; based on a
linear relation between lattice constant and concentration
of constituent at constant temperature, Vegard’s Law was
proposed for the prediction of ' lattice parameter in Ni-based
superalloys. The value of a,/ is taken as 0.357nm and the
Vegard’s coefficients of alloying elements for y’ phase was
obtained as the following formulae:

a, = 0.357 — 0.0004X'c, — 0.0004X ¢, + 0.0208 X'y
+0.0194X "y 4 0.0258 X7 4 0.05X 1, + 0.046 X'y

According to Vegard’s Law, Ta addition enhances the lattice
parameter of 3’ significantly and so does W addition, while
Co and Cr just slightly decrease it. Hence the increase in )’
lattice constant from alloy A to C is reasonable due to the
increasing alloying content of Ta and W. According to
Vegard’s Law, the y’ lattice constants are 0.3597 and 0.3624
nm for alloy B and C, which are actually slightly higher
than the XRD analyzed values (0.3585 and 0.3592 nm). It is
possible that the presence of 8, BCC, and Laves phase may
constrain the ordered phase in present study.

The compositions of 3’ in alloy A, B and C are tabulated in
Table 2, and the values of calculated mixing entropy (ASpix)
are summarized in Fig. 3. The ASy is calculated from the
following equation:
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Fig. 2 The XRD results of as-cast alloy (a) A, (b) B, (¢) C and (d) D.

Table 2 The y’ composition (at%) of alloy A, B, C and some conventional
Ni-based superalloys.

y' composition Ni Al Co Cr Ta W Ti Mo Re Ru
alloy A 746 254 — — — — — — — —
alloy B 65.6 199 36 38 42 29 — — — —
alloy C 602 16,6 75 60 70 27 — — — —
alloy D/

CMATLC 129 694 155 58 34 23 21 14 01 — —
ME15 %7 69.0 17.7 53 25 19 29 — 05 02 —

RENE’ N5 y? 745 157 43 26 10 12 — 05 02 —

RR2100 y?®  67.1 169 86 14 26 29 — — 05 —

RR2101 "  66.1 166 88 14 27 30 — — 05 09

14

L |
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Fig. 3 The calculated mixing entropy (ASmix) of alloy A, B, C and some
conventional Ni-based superalloys.

ASpix = —R(XaIn XA+ XgInXg +--+),

where R is the gas constant, X, means the molar fraction of
constituent A, Xg means the molar fraction of constituent B,
and so on. Review the development of Ni-based superalloys,

the growing addition of Mo, W, Re and Ru all mainly
partition to y matrix, so the mixing entropy of y’ phase from
Ist to latter generation superalloys still keeps at a lower level
(Fig. 3). Therefore in present study, it is the first time to focus
on evaluating the effect of increasing mixing entropy of y’
phase.

3.2 Thermal stability of y’ phase

Figure 4 shows the XRD results of the (100) and (110)
ordered FCC peaks in alloy A to C after 1100, 1200 and
1300°C aging. According to JCPDS card, the intensity of
(100) and (110) ordered FCC peaks were considerably lower
than the main peaks such as (111) and (200). After such high
temperature treatment, some weak intensity peaks may be
interfered by the other strong intensity peaks. Therefore not
all the (100) and (110) ordered peaks both presented at the
same time in the XRD results. In addition, after different
aging temperature the specimens were scanned at least two
times at different positions for minimizing the effect of
preferred-orientation.

The ordered FCC peaks of all three alloys exist after 1100
and 1200°C aging, but the peak has disappeared after 1300°C
aging in alloy C. In addition, the intensity of ordered peaks
in alloy B weakens significantly indicating that the order-
disorder transition was in the process. The order-disorder
transition temperature of NizAl alloy is slightly lower than
its melting temperature which is about 1375°C.>®) The '
disordering temperature decreases from alloy A to C, and this
proves that the higher randomness of atomic distribution in y’
lattice can reduce its thermal stability. Similar result of
decrement in order-disorder transition temperature was also
reported. The disordering temperature of NizAl alloy
decreases significantly with minor Fe addition.>?

The DTA measurement results of alloy A to C from 1240
to 1400°C are shown in Fig. 5. The solidus temperature of
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Fig. 4 The XRD results of alloy A, B and C after (a) 1100, (b) 1200 and (c) 1300°C heat treatment.
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Fig. 5 The DTA results from 1240 to 1400°C of alloy A, B and C. Fig. 6 The micro-hardness of ¥/ in alloy A, B, C and D.

alloy A is about 1367°C, and for alloy B, the solidus
temperature of y’ is 1316°C. The y’ solidus temperature in
alloy C has been further reduced to about 1258°C. Although
there are B, W-rich BCC, Laves phases present in alloy B and
C, thermal aging experiments have confirmed that the solidus
temperatures of y’ phases in present study shows a trend of
decrease with higher mixing entropy. It is interesting that the
melting temperatures of Co, Cr, Ta and W (1495, 1907, 3017
and 3422°C, respectively) are all higher than that of NizAl
From the rule of mixture, the y’ solidus temperature should
be increased. However, the higher alloying in NizAl also
lowers its thermal stability.

3.3 Micro-hardness analysis of y’ phase

In order to evaluate the strengthening effect from higher
entropy system, micro-hardness analysis has been conducted
on the y’ phase region in alloy A, B and C. For comparisons,
single phase Y’ of CM247LC has been prepared by the same
mean and its hardness is also tested. The y’ composition of
CM247LC was reported in our previous work,?® and it is
listed in Table 2 (named alloy D here); SEM and XRD
analysis have shown that alloy D contains mainly 3’ phase
(Fig. 1(d) and 2(d)). The lattice constant of alloy D is
estimated to be 0.3582nm, which is close to the a,
calculated from Vegard’s Law (0.3589nm). The micro-
hardness of ' phase from alloy A to D are plotted in
Fig. 6, and the results show that the hardness values are
significantly increased with higher alloying (300.4, 494.0 and
601.4 Hv for sample A, B and C, respectively). The value of
alloy D is about 401.9 Hv, which is lower than that of alloy B
and C. It shows that the hardness of ' phase with higher
ASnix can surpass those in traditional superalloys due to
higher degree of solid-solutions. This significant strengthen-

ing effect in y’ indicates that designing Ni-based superalloys
toward higher mixing entropy can be expected helpful for
improving their mechanical performances.

3.4 Discussions
3.4.1 y’ composition and thermal stability

In present study, the ASy,ix of ¥/ phase has been elevated
by alloying Co, Cr, Ta and W to the base composition NizAl.
With considerable quantities of alloying additions, the
maximum randomness of atomic occupancy in NizAl L1,
ordered lattice was proposed previously;3! the content of Ni
and Al should excess 25 and 6.25at% in order to maintain
the symmetry of atomic distribution for lowest degree of
ordering. The content of Ni and Al in y’ phase of present
alloy B and C are far beneath these limits, hence the ordering
can be retained as experimental results have shown.

In terms of thermal stability, according to DTA and XRD
results, the thermal stability of j’ can be decreased with
higher ASpix. The reason might be due to the random atomic
distribution interfering the bonding in ordered structure.
Based on the binary mixing enthalpies of constituent
elements listed in Table 3, when the main bonding such as
Ni-Al and Ni-Ta in Niz(Al, Ta) y’ is substituted by Co-Al,
Co-Ta and even others, the enthalpy will decrease and thus
result in weaker bonding. JMATPRO software (Ni alloys
database)®? has been utilized for calculating the ordering
enthalpy of y’ phase from alloy A to C. The enthalpy of 3’
formation at 1000°C is calculated against the enthalpy of
mixing of the FCC phase with the measured compositions.
The calculated values are —6.4, —6.2 and —5.7 kJ/mole for
alloy A, B and C, respectively. These calculations suggest
that the 3’ ordering energy would influence its thermal
stability, so it is important to retain high )’ ordering enthalpy
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Table 3 The mixing enthalpies (kJ/mol) of binary atomic pair.>3
AH pix Ni Al Co Cr Ta W
Ni — —-22 0 -7 -29 -3
Al —22 — —19 —10 —19 -2
Co 0 —19 — —4 —24 —1
Cr -7 —10 —4 — =7 +1
Ta -29 —19 —24 -7 — -7
w -3 -2 —1 +1 =7 —

when introducing high entropy strengthening for Ni-based
superalloys in the future.
3.4.2 Strengthening of y’ phase

In conventional Ni-based superalloys, alloying additions
such as Mo, W, Re and Ru are responsible to improve the
mechanical properties, however, these eclements are mainly
solutes in y phase. On the contrary, ' compositions have
evolved not as significantly as those of y throughout the
evolution of Ni-based superalloy compositions. According to
Fig. 3, it is clear that the AS,; of y’ phase in Ni-base
superalloys has not changed much. Therefore the strengthen-
ing of y’ phase is also a critical issue that needs to be
addressed. Through higher alloying in y’, the hardness can be
markedly enhanced. Compare the hardness of alloy C and
alloy D (601.4 and 401.9Hv), the ¢’ strength is 1.5 fold
higher for alloy C. Higher degree of lattice distortion can be
one of the underlying mechanisms for strengthening. The
extent of lattice distortion in multi-element alloy system can
be calculated from following formula:>¥

n A 2
5= 100 /Zc,(l - Q) ,
iz r

where r = Zf':l c;r; and ¢;, r; are the atomic percentage,
atomic radius of iy, element. The § value calculated from the
y' composition in alloy C is 6.01, while that of CM247LC
(alloy D) is 5.68. Hence the stronger lattice distortion may
contribute to higher " hardness. Furthermore, the strength-
ening of y’ phase is also related to the magnitude of anti-
phase boundary (APB) energy.”) The APB energy variation of
ternary addition Ta in NizAl alloy has been proposed by first-
principle calculation, and the Ta substitutes with Al can
markedly change the APB energy of )’ phase. The APB
energy of Ni3Al alloy is about 181 mJ/m? of (111) plane. For
NizAl,_,Ta, system, the APB energy stays nearly constant
with x < 0.2, and abruptly increases when x > 0.2. It reaches
to the maximum APB energy (about 600 mJ/m?) when x is
in the range of 0.25 to 0.5. After x > 0.5, the APB energy
gradually falls and indicates that the formation of APB
becomes more unstable. According to the NizAl;_,Ta, of y’
in alloy C, the x is about 0.3 so the APB energy of y’ in
alloy C may reach to about 600 mJ/m?. In contrast, the Ta
content of 3’ phase in conventional Ni-based superalloys
is much lower, so less enhancement in APB energy. From
JMATPRO calculation, the APB energy of ' in CM247LC is
only around 200 mJ/m?, that is much lower than that of y in
alloy C. Therefore, the highly alloyed 3’ phase can possess
higher resistance against plastic deformation due to enhanced
lattice distortion and higher APB energy.
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Increasing the mixing entropy of alloys implies strong
solid-solution strengthening. So, solid-solution strengthening
of Ta and the strengthening due to higher mixing entropy are
related. Furthermore, the increase of anti-phase boundary
(APB) energies due to Ta addition can contributes to the
significant increase in hardness. According to the NizAl;_,-
Ta, of alloy B, the x is only 0.17, so the enhancement of
APB energy from alloy A to B would not be so obvious.
Consequently, the additional 3" hardness (about 200 Hv) from
alloy A to B mainly can result from the strengthening by
elevated mixing entropy (lattice distortion). As for the y’
hardness increment from alloy B to C, the additional 100 Hv
can be attributed to both further solid-solution strengthening
and the increase in APB energy. So, choosing the right
element to increase the entropy term is critical for improving
the strength of NizAl y".

4. Conclusion

The mixing entropy of ordered y’ has been elevated to
study its effects on thermal stability and hardness. Improve-
ment in hardness can be achieved due to lattice distortion
strengthening and higher anti-phase boundary energy of y'.
On the other hand, the thermal stability of gamma prime
phase is decreased due to greater disordering.
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