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Modeling of Lattice Parameter in the Ni-Al System

TAO WANG, JINGZHI ZHU, REBECCA A. MACKAY, LONG-QING CHEN, and ZI-KUI LIU

Considering the effects of temperature and composition, a phenomenological description of lattice
parameters in solid states was developed. The lattice parameter of the pure element is modeled under
the assumption of a linear temperature dependence of thermal expansion, while the lattice parameters
of substitutional solid-solution phases are treated similar to the Gibbs-energy modeling in the CAL-
PHAD (CALculation of PHAse Diagram) approach. Using this model, the lattice parameters of the
v and ' phases in the Ni-Al system were analyzed and the model parameters were evaluated. The
calculated lattice parameters and mismatches show good agreement with existing experimental data.

1. INTRODUCTION

THE 1attice parameter and thermal expansion are two
important material properties that are strongly correlated to
many thermophysical properties. Because of their importance
in both theoretical study and practical applications, a large
number of studies have been done on this subject from many
different points of view, using theoretical, experimental, and
empirical approaches.

The composition dependency of lattice parameters was
modeled in various ways, such as elasticity theory, various
potential approaches, and first-principle calculation, but none
of them is very successful:!'! they are neither simple nor
accurate enough. The most frequently used prediction of the
lattice parameters across a solid solution was the linear rela-
tionship proposed by Vegard."”! However, the investigations
on metallic systems always show some deviations from
Vegard’s law, because Vergard’s law is only valid when the
electronic environment of both kinds of atoms is undisturbed
by the formation of the solid solution, but, in reality, electrons
in states just below the Fermi level can also participate in
metallic bonding."”!

Due to the limited and scattered experimental data, the
temperature effect on the lattice parameter is often over-
looked, especially for multicomponent alloys. In many cases,
such an effect is assumed to be small enough to be neglected
or approximated by some arbitrary polynomials (the linear
relationship is often suggested). However, such an assumption
is seldom supported by the experimental results, except
in a very narrow temperature region.

In the present work, a simple phenomenological model is
developed to describe the lattice parameters of solid-solution
phases as a function of their composition and temperature.
The temperature effect on the linear-expansion coefficient
(o) of the pure element is considered first, and then the
lattice parameters of pure elements are then calculated from
the thermal expansion. The contribution from substitutional
solute is treated using an approach similar to that used in
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the Gibbs-energy modeling.!*! At the end of the Section II,
the modeling of the chemical-ordering effect will be discus-
sed in relation to the sublattice model.

Nickel-based superalloys are used for the manufacture
of aircraft turbine blades because of their good mechanical
properties at high temperatures. Many investigations indicated
that the difference between the lattice parameters of preci-
pitate y' (L1,) and matrix vy (fcc_A1) plays a very important
role in the microstructure evolution and properties of Ni-
based superalloys.”® In Section III, we apply our model
to the Ni-Al system, the most important constituent binary
system in Ni-based superalloys. We evaluate the model para-
meters of the v’ and vy phases to describe their lattice para-
meters and calculate the lattice difference between the
and vy phases.

II. MODELS

A. Pure Element

Based on quantum physics, Ruffa”! proposed the following

equation to describe the thermal-expansion coefficients:

(D
T owrp\e,) B

where T is the temperature; k is Boltzmann’s constant; w and
D are the inverse width and depth, respectively, of the Morse
potential; r, is the nearest-neighbor distance; 6, is the Debye
temperature, and x, = 6,,/T. The integral g(x;,) is given by
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Since Eq. [1] only considers the first order in the fre-
quency, it is usually accurate only up to about 0.76,,, but
gives the dominant contribution over the entire temperature
range. To extend this formula to higher temperatures, a cor-
rection term was added:!”!
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where

g1 (xp) = J dx (4]
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For low temperatures (7 << 6)), one can obtain

2kt (TN
oy, = . [5]
Swr, D \ 8,
which implies that «; is proportional to 77 for T << 6.
When the temperature is high (7' > 0,),
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[6

Because the contribution of the 1/7 term is not significant
at high temperatures, ¢, varies almost linearly with tempera-
ture in the high-temperature range, which will be adopted
in the present work, i.e., we can describe the thermal-
expansion coefficient by a linear function of temperature
as a first approximation.

«, = A+ BT (7]

The parameters A and B can be defined by available informa-
tion from the thermal-expansion experiments. Such a linear
relationship was observed by several investigations.!'*!"!?]

The lattice parameter (¢) can be obtained from Eq. [7]
through integration of «; based on the definition o, = 1/a X
daldT, and the lattice parameter («;) at a given temperature
(Ty) can be used to determine the integration constant:

_ _ B o
a = agexp |A(T — Ty) + 5 (T° = Ty) (8]

The value of «, is about 1073 K~! for metals, so the
relative change in lattice parameter is very small (about | pct
with a change of 1000 K in temperature); thus, the lattice
parameter can be approximated by the following polynomial:

B s
a—WKMT—ﬂQ+2ﬁzﬁ%+O [9]

In Section 111, we calculate the lattice parameters of Al by
both Egs. [8] and [9], and the results are almost identical.

B. Binary System

Similar to the Gibbs-energy modeling,"! we add an excess
contribution to describe the deviation of the lattice parame-
ter from the Vegard’s law. Such a phenomenological model
can be written as

a = E xa; + “a [10]

where x; is the mole fraction of element i; %, denotes the
lattice parameter of pure element i defined by Eq. [9]; and
“a is the excess contribution expressed in the Redlich—Kister
polynomials:!'?!

“a= N Dxx > = x) [11]
=0

i

. , « ,
The interaction parameter (“/;;) can be expressed as a func-
tion of temperature:

1= AL+ SBLT [12]
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C. Ordered Phase

The ordered phase and related disordered phase can be
modeled by the sublattice model.""*'*! For a two-sublattice
model, (A, B), (A, B),, the lattice parameter a can be
expressed by the following equation:

a = > vy a2 v 2 Lt 2 2 )
i j { k [

i j=i =i

S okl + 2 2 DS vy i [13]
k 1>k

i j=i k

where yi and y!' are the site fractions of i in the first and
second sublattices. Similar to Eq. [12], the interaction param-
eters /;jx, Iy.ij and [;;, ) can be expressed as functions of
temperature. The term %a;, the lattice parameter of the end
member i, j, of the sublattice model, can be written as

%, j=

O+ Cyy + DT j# il

Pty

where C;; and D;; are model parameters.

The overall composition (x;) is connected with the site
fractions by x; = p(p + ¢) X yt + ¢(p + ¢) X yi'. When
x; =y} = yl, the phase is disordered, and Eq. [13] is equi-
valent to Eq. [10].

III. APPLICATION TO Ni-Al SYSTEM

In this section we will apply the previous phenomeno-
logical model to describe the lattice parameters of y" and y
phases in the Ni-Al system.

A. Pure Al and Ni

Many reports on the measurement of thermal-expansion
coefficients and lattice parameters for Al can be found in
the literature. Touloukian er al.!'® referenced 71 sets of data
for Al in their review, and later, Wang and Reeber!'"! cited
seven more in their report. Their selection of experimental
data are shown in Figure 1. Because the model is not applic-
able to the low-temperature range, only the experimental
data measured above 300 K are used to evaluate the param-
eters A and B in Eq. [7]. The results are plotted as the solid
line in Figure [.

As shown in Figure 1, the coefficient of linear thermal
expansion for Al shows a good linear relationship with tem-
perature from 300 to 800 K (standard deviation of Sy =7 X
1077 K™!, calculated as the square root of the sample vari-
ance of a set of values''®). The low-temperature behavior
deviates from the linearity because the model only accu-
rately describes the intermediate-temperature behavior. When
the temperature is very high (close to the melting tempera-
ture 7,,), the experimental results show a visible deviation
from the linear dependence, which is caused by the contri-
bution from thermal vacancies.!'”!

Based on the model parameters obtained from the previ-
ous evaluation, the lattice parameter of Al can be calculated
by Eq. [8] or [9]. Figure 2 shows the calculated lattice param-
eters compared with the experimental data, and it can be
seen that most experimental data can be well reproduced
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Fig. 1—Calculated linear thermal expansion coefticient of fec Al (solid line
a=168% 1077 +203X 107#Tand Sy = 1.1 X 107K for T > 300 K) in
comparison with experimental data from the literature (A, 1'% ¢, 121 4 166l
e, 171 5 1681 O 190 g (] 1701y,
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Fig. 2—Comparison of lattice parameter data for Al and the model
calculation (3, 1670 O, 1891 (71 5 1720 1730 A V41 and (3 1751). The dot-
ted and solid lines represent the results from Eq. [8] (@ = 4.0708 exp[l.68 X
1073 (7= 500) + 1.01 X 107 (7% = 500%)| and Sy = 1.3 X 107" 'A) and
Eq. [9] (a = 4.0708 X [1.68 X 107> (T — 500) + 1.01 X 107 (T? — 500%) +
I]and Sy = 1.3 X 107 A).

by the present model (Sy = 1.3 X 1077 A). As shown in
Figure 2, when the temperature increases from room tem-
perature to the melting temperature, the lattice parameter
of Al only increases 2 pct. The dotted and solid lines rep-
resent the results from Eqs. [8] and [9], respectively, and
the differences between them are less than 0.015 pct.
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Fig. 3—Calculated linear thermal cxpansion coefficient of fee Ni (solid
line @ = 122X 1077+ 0.52 X 10 *T and Sy = 1.3 X 10 *K ' for 7>
300 K) in comparison with experimental data from the literature (X, !™!
200 211 g 120 O 1) A T2 g [ 125Y),

Many experimental studies on the thermal expansion of
Ni were performed in a wide temperature range, and more
than 100 investigations before 1975 have been reviewed by
Touloukian er al.""! Using the dilatometry technique, Kollie!""!
measured thermal expansions in the temperature range from
300 to 1000 K, while Mukherjee et al.™ investigated thermal
expansions for low temperatures up to 300 K. Yousuf er al.”*'!
studied the magnetic effect on the lattice expansion of Ni
by high-temperature X-ray diffractometry and reported the
lattice parameters and the thermal-expansion coefficients.
The datal'®2*! are plotted in Figure 3. The experimental data
show a clear peak around the Curie temperature 77 (633 K)
of Ni, which means that the magnetic phase transition has
a significant effect on the thermal expansion. In the low-
temperature range, the experimental results are in good agree-
ment with each other. However, at the high temperatures,
the thermal-expansion coefficient by Yousuf er al. is Jower
than those in previous reports.'*2*'! Since the purity of their
samples'?!) is higher than the others, the results from Yousuf
et al. were used to determine the model parameters in Eq.
[7] in the present work. The calculated linear thermal-
expansion coefficient of Ni is shown in Figure 3 as the solid
line. The low-temperature data (7 < 300 K) were not used
in the parameter determination and deviate from the solid
line because Eq. [7], as discussed in the previous section,
is only applicable in the high-temperature range.

Lattice parameters for Ni have been measured by many
investigators.!2!22I But, the agreements among their results
are quite poor, especially in the high-temperature range. One
of the possible reasons is the effect of magnetism, which
was recently emphasized by many investigators.!2%2"-3]
Figure 4 plots the selected data from the literature. The poor
agreements between the experimental data from different
researchers can be observed in the high-temperature range.
It, therefore, seems difficult to define a suitable mathematic
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Fig. 4—Comparison of lattice parameter data for Ni (k, 1210+ 1201 x 127]
e, 2 and O 21y and the model calculation (solid line @ = 3.5560 X 11.022 X
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description just on the basis of the experimental lattice-
parameter data.

After determining the model parameters in Eq. [7] from
the previous experimental thermal-expansion data, the lattice
parameter of Ni can be calculated from Eq. [9]. The calcu-
lated lattice parameter is shown in Figure 4 by the solid line.
In the fow-temperature range (7 < T,), the experimental
values are well reproduced by the calculation Sy = 1.5 X
107* A. At high temperatures, although the available experi-
mental data are relatively scattered, our modeling still shows
a reasonable description (Sy = 5.1 X 1073 A). As shown in
Figures 3 and 4, changes of slopes of both the thermal expan-
sion and lattice parameter near the Curie temperature were
observed experimentally. To reproduce the phenomena
requires a more accurate model that takes into account the
magnetic effect.

In the present work, we chose a 7}, value in Egs. {8] and [9]
of T,,/2, and a, was evaluated from the available experimental
data of the lattice parameter.

B. Binary Ni-Al System

1. Experimental data

The lattice parameters of the vy solid solution in the Ni-Al
system were measured by several groups.”*'*”) Most of those
values were measured at room temperature on samples
quenched from high temperatures. The temperature dependence
of the lattice parameter of Ni-Al alloys was investigated by
Kamara et al.**' using high-temperature X-ray diffractometry.
Another in-situ X-ray measurement was performed by Bottiger
et al®" on five different alloy compositions, and the lattice
parameters up to 553 K were reported.

The room-temperature lattice parameters of the y' phase
were determined by many investigators'32*33-11 on sam-
ples quenched mostly from 1173 to 1473 K. The temperature
effect on the y' phase was studied by Arbazov and Zelenkov
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Fig. 5—Order parameter vs temperature curve for the Ni-25 at. pet Al alloy.

in the temperature range of 293 to 974 K'?*! and by Taylor
and Floyd for 74 to 1273 KI*! using the dilatometry tech-
nique, and their results on the relative thermal expansion
agree with each other. Using high-temperature X-ray diffrac-
tometry, Kamara et al.,'**' Rao et al.,'** and Stoeckinger and
Neumann'®! investigated the temperature dependencies of
the ' lattice parameter. A typical experimental method
includes four steps: sample preparation, heat treatment
(homogenization or aging), quenching, and measurement
(mostly at room temperature). Kamara’s experiment proce-
dure!®?! can be described briefly as follows:

1. prepared the Ni-17.7 at. pct Al alloy by arc melting,

2. homogenized the samples at 1273 K for 30 minutes and
age them at 973 K for 168 hours,

3. quenched the annealed sample to room temperature, and

4. measured the lattice parameters at different temperatures
(293, 563, 713, 843, and 953 K) for 0.6 to 2 hours.

The measured lattice-parameter value is strongly affected
by experimental details. On one hand, the measuring tempera-
ture has a direct effect on the lattice parameter because of
the thermal expansion; on the other hand, many experimental
conditions can also impact the lattice parameter by changing
the composition and the order parameters of phases.

The order parameter 7, the degree of ordering, can be cal-
culated by the site fraction of various elements in the ordered
phase. For ' in the Ni-Al system, the order parameter can be
defined as

o
YAl T YAl

= [15]
3)’1/\1 + .VRI

where y4, and y}, are the site fractions of Al in the first
and second sublattices, respectively.

Using the thermodynamic descriptions by Dupin et a
the change of the order parameter with temperature is shown
in Figure 5 for the Ni-25 at. pct Al alloy. Obviously, the

l {53,54]
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order parameter changes very little in the low-temperature
range.

During measurement, the compositions of phases change
with the measurement temperature and the measurement time.
This evolution can be simulated by the Dictra software.” The
thermodynamic database from Dupin and co-workers?®***! and
the mobility database from Engstrom and Agren'™! were used
in the simulation. Since the diffusivity in the y" ordered phase
is much smaller than that in the y disordered phase (about one
order of magnitude smaller in the Ni-Al system!®™), only the
diffusion in the y phase was considered in the present simu-
lation. The average simulation size of the y phase (~1.5 um)
and the measurement temperatures (293, 563, 713, 843, and
953 K) were obtained from Kamara’s experiment,*? and the
initial composition (12.18 at. pct Al) is taken as the equilib-
rium compositions at the aging temperature (973 K). The
change of the average composition in the -y phase at 953 K
(the highest measurement temperature in Kamara’s experi-
ment*?} is shown in Figure 6, and the two dashed lines refer
to the initial composition and the equilibrium composition at
953 K, respectively. According to this figure, the composition
will not change significantly during the measurement (usually
less than 3 hours) if the temperature is lower than 953 K.

We can, thus, assume that the compositions of the samples
measured below the aging temperature are the same as those
at the aging temperature (frozen-composition assumption).

2. Evaluation of model parameters
According to Eq. [10], the lattice parameters of the vy
disordered solution can be described as

_ 0 0 :
a = xa da T xniani T xaxXni Aagni T BaipniT) [16]

The terms Ay n; and Bayn; are model parameters to be
evaluated from the experimental data of the y phase.

0.122 - 0
Initial Composition

Average Mole Fraction of Aliny

Final Composition

0.119 r

T T

10 10" 107 ' 10°
Time (h)

Fig. 6—Average composition in the 7y phase as a function of the holding
time during measurement at 953 K. The initial and final compositions (dot-
ted lines) refer to the equilibrium compositions at the previous annealing
temperature (973 K) and the measurement temperature (953 K), respectively.
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As the y and ¥’ phases are described with one single Gibbs
energy by two sublattices using the formula (ALNi); (ALNi),,*!
for the ' phase, Eq. [14] is rewritten as

Yapin = "an [17]
Canini = %ani [18]
Oaniar = 0.25%p + 0.75%; + Cniar + Driar T 119]
Oanini = 0.75% + 0.25%; + Carni + Darni T [20)

Due to the limited experimental data, the following
assumptions were made to reduce the number of indepen-
dent parameters:

Iniataini = 0 [21]

Logini = Avaini T BT [22]
INi,A]:* = 3]*:A1,Ni = 3(Asani T Baarnil) [23]

where the asterisk refers to Al or Ni. Thus, Eq. [13] can be
simplified to

_ 1 1o I 10 10
a = yaryar Gaial T YAYN Garni T YNi YAl ONiAl
I 10 [ I
+ ynivni anini  3vaiynilenian T YaryNilsann {24]

Since x; = 0.75y% + 0.25 y/, and the phase is disordered
when x; = y; = y;, we obtain

{4/4*:ALN; + Crniar T Carni = Anini 125]

4Baini T Dricat T Darni = Baini o

Using the experimental lattice-parameter values of the
v phase and the previously obtained parameters A, n; and
Bainis the parameters of the ordered phase were evaluated
by the parrot module of the Thermo-Calc software."””! The
compositions and the site fractions used in the present work
were calculated from the thermodynamic descriptions by
Dupin et al.!3*%*1 All available experimental data were
selected in the present evaluation of model parameters, and
the data obtained at room temperature were given very low
weight because of the large discrepancies.

3. Results and discussion

All model parameters for the lattice parameters of the vy
and y' phases in the Ni-Al system are listed in Table . It
is shown that the lattice parameter of Al has a higher tem-
perature dependence than that of Ni. The Ni;Al has a rather
weak temperature-dependent lattice parameter, while the
hypothetic Al;Ni phase has the highest temperature depen-
dence. The interaction parameter is negative and becomes
more negative with increasing temperature, which reduces
the lattice mismatch between y and ', as discussed later.

Table I. The Optimized Parameters for the y and v' Phases
in Ni-Al System (in A)

Ogu.a = 4.0262 + 6.8572 X 1075 T + 4.1237 X 107%T?

Ogning = 3.5098 + 4.3266 X 1075 T + 9.2456 X 1077 T?

Oiar = 0.75%0g + 025% o — 85743 X 1072 — 84818 X 107 T
O = 0.25%ns0s + 0.7 ap. 0 — 11893 X 107" + 17764 X 1074 T
Lypie = —1.4516 X 107" — 12687 X 107 T

Logni = —4.8385 X 1072 — 42290 X 107° T
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The composition dependence of the lattice parameter of

the y solid solution at room temperature is calculated and
compared with experimental data in Figure 7, and the cal-

culated lattice parameters as a function of temperature for

various compositions are plotted with experimental values
in Figure 8. Although the trends with temperature are similar,
results by Bottiger er al.*'! are significantly smaller than
those reported by Kamara et al.'* It is, therefore, impos-
sible to reproduce both scts of data. The same situation
appears in the room-temperature data in Figure 7, where the
values reported by Bottiger et al. are smaller than other
available data.”?3% Since Bottiger’s investigation was
performed on thin-film samples from sputtering, their results
are likely to be influenced by several processing factors.
For example, Bottiger er al. found that a higher sputtering
pressure will reduce the lattice parameter. All experimen-
tal data except for those from Bottiger er al. were selected
for the evaluation of model parameters, and the calculation
can represent most of those experimental data reasonably
well (Sy = 4.1 X 1073 A).

The lattice parameters of the ¢’ phase measured at room
temperature are plotted in Figure 9, and they are quite scat-
tered. Compared with measurements of the disordered phase,
the lattice parameter of the ordered phase is much more
sensitive to experimental procedures, e.g., heat-treatment
tempcerature and time. The treatment history will change the
composition and order parameter and then cause large dis-
crepancies in the measured lattice parameters. The compos-
ition dependence of the lattice parameter of the ' phase at
room temperature was calculated by the present model as the
solid line in Figure 9, and the standard deviation is 7.4 X
107 A. The calculated curve lies among the experimental
data and displays a similar slope to those reported by Noguchi

The calculated temperature dependence of the y’-phase
lattice parameter is compared with the experimental data in
Figure 10. Both the data by Kamara ez al.*? and Stoeckinger
and Neumann'®! can be well reproduced by our model
(Figures 10(a) and (b), Sy = 2.5 X 10"* and 2.7 X 1077,
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Fig. 8—Temperature dependence of the lattice parameter of the y phase
in various Ni-Al alloys ( O, A, (0, <, V, Bl and + P2, The solid lines
represent the results of the model calculation (Sy = 7.9 X 10" A for Ref. 31
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O, 147 @ 181 191 A 1501 g 'S”l 71O, 1 and @ 178, The solid line
represents the results of the model calculation (Sy = 7.4 X 10 * /\)
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respectively). On the other hand, Rao et al.'*? did not report
the composition of their alloy. Their sample was prepared
by arc melting and was homogenized at 1273 K and was
found to be in the single-phase region by the metallographic
method. Thus, the composition of their sample is probably
between the Ni-rich part (23.0 at. pct Al) and the Al-rich
part (27.3 at. pct Al) of the ' single-phase region at 1273 K.
The predicted values for these two compositions are plot-
ted in Figure 10(c) as solid lines, and Rao’s data lie between
the two calculated curves and are closer to the Al-rich side
of the ' phase.

The relative thermal expansion of the -y phase (25 at. pct Al)

204

0.5

Relative Thermal Expansion (%)
°
T

o
. . . . A 1964
shown in Figure 11 is given by o] ©Amazov. I
v Taylor, 1952
’ ? !
Aa” a7 — ady
e [26] |
ol Y 05 , : ; , . , .
293 a293 200 400 600 800 1000 1200 1400 1600

Temperature (K)
! . .
where ay, is the lattice parameter of the ' phase at 293 K.
T Fig. 11—The comparison of the experimental relative thermal expansion

The calculated .reSUItS (Sy = 0.06 pet) agree reasonably well of the ' phase (25 at. pct Al) (O 2 and ¥ M1y and the model calculation
with the experimental data.!?>*¢! (solid line) (Sy = 0.06 pet).
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C. Mismatch between the vy and y' Phases

The /' lattice mismatch (8), defined as the relative dif-
ference of the lattice parameters of the matrix vy (¢”) and the
precipitate y' (a”'),

!
a’'—a’

0= —— 27
0.5(a” + a%) 1271

is considered to be an important microstructural quantity.
Accurate lattice-mismatch data can be used to analyze the
microstructural evolution and have been a focus of many
investigations on commercial Ni-based alloys.*%0"!

The precipitation in a Ni-12.7 at. pct Al alloy aged at
973 K was studied by Phillips;'**! the mismatch data were
calculated from the lattice parameters obtained by X-ray
measurements on the quenched sample. Kamara et al.!*!
aged a Ni-17.7 at. pct Al alloy at 973 K for 168 hours and
measured the lattice parameters of the -y and 7' phases at
different temperatures (293, 563, 713, 843, and 953 K) by
high-temperature X-ray diffractometry. From those data, they
calculated the corresponding mismatches.

Using the results from the present work, the lattice mis-
match between the vy and ' phases in the Ni-Al binary sys-
tem were predicted and plotted in Figure 12. The solid curve
shows the mismatch between the two equilibrium phases. On
the other hand, as pointed out earlier, if the holding time is
not long enough, the 7y and ' phases in the samples would
maintain their compositions at the aging temperature (973 K),
and their lattice parameters should, thus, be calculated using
the corresponding equilibrium compositions at the aging tem-
perature. The corresponding mismatches thus calculated are
shown by the dashed line in Figure 12 for the aging tem-
perature of 973 K.

10-] + Kamara, 1996 |
& Phillips, 1966

Mismatch (10°9)

-2

T
200 400 500 800 1000 1200 1400 1600
Temperature (K)

Fig. 12—The calculated mismatch between the y and y' phases (+*?! and
& ¥y The solid curve shows the mismatch under the equilibrium condi-
tion, and the dashed lines represent those under the frozen composition
assumption (Sy = 4.1 X 10 %),
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Since an accurate determination of the y-y' lattice mis-
match in the laboratory is often difficult because it is very
sensitive to the experimental conditions, such as sample
preparation'®'! and aging time,'°?! the data reported by
Phillips"*®! and Kamara et al."**! can be considered to be well
represented by the present calculations (Sy = 4.1 X 107%),

Furthermore, as shown in Figure 12, the lattice-mismatch
value decreases with increasing temperature and crosses zero
at around 1252 K. This phenomenon is also supported by
several experimental investigations in commercial Ni-based
superalloys. 133263651

1V. CONCLUSIONS

A phenomenological model is developed to describe the
lattice parameters of a substitutional solid solution. The lattice
parameters of the pure elements are modeled under the
assumption of a linear temperature dependence of thermal
expansion, and those for solution phases are treated by an
approach similar to that used in the Gibbs-energy modeling.
This model has been applied to the Ni-Al system. Most avail-
able lattice-parameter data of the y and y' phases in the
Ni-Al system can be reproduced, and the -y lattice mis-
match can also be reasonably predicted by taking into account
the slow diffusion during the measurement.
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