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ABSTRACT

The heat capacities of several Al-Ni-Ti compounds were determined by drop calorimetry over
the temperature range of 500-1500K. A modified Einstein model and a two-parameter poly-
nomial model provide reasonable representations of the experimental heat capacity data. The
heat capacities, C,, using a two-parameter polynomial representation are as follows: NigsTigs,
Cp =2239+824x103T (]/(mol K)), A10'45Ni0'5Ti0‘05, Cp =23.01+5.12x103T U/(mo} K))‘ A10‘16Ni0_74Ti0'10,
(,=18.36+10.76 x 103 T (J/(molK)); and Alg2sNigsTio2s, Cp=25.38+1.088 x 103 T (J/(molK)). The
experimental data are compared with the values derived from a thermodynamic database of Gibbs energy
functions. The analysis shows that (1) either model is a good representation of the data; (2) it is not ade-
quate to assume the Neumann-Kopp rule for the description of the heat capacities of Alg45Nig5Tig.05,
Alg16Nig.74Tio10 and Alg2s5NigsTio2s; (3) it is not appropriate to determine a compound C, from a thermo-
dynamic database of Gibbs energy functions if the compound is modeled by using the Neumann-Kopp

rule and any of its components undergoes melting in the temperature range of interest.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The Al-Ni-Ti system forms the basis for several important alloys:
shape memory alloys based on NiTi B2 phase [1], potential struc-
tural alloys based on AINi B2 phase [2], and superalloys based on
the /vy’ phase equilibrium [3]. The Al-Ni-Ti phase diagram has
been the subject of numerous experimental studies of phase equi-
libria [4-8] and rather less on thermodynamic properties [9,10,11],
although thermodynamic data, including the heat capacity, are very
important for phase diagram calculation and process simulation. To
remedy the situation, this work was performed to provide addi-
tional thermodynamic data for thermodynamic modeling of the
system.

There are many methods for measuring the heat capacity
[12-15]. The method selected in this work was drop calorimetry
[16,17]. However, one of the problems associated with experimen-
tal determination of heat capacity data is how to represent the data
mathematically. There are two models frequently used for repre-
sentation of the heat capacity data, i.e. modified Einstein model
[18] and polynomial model [19]. The experimental data determined
in this work were used to compare the two different models, and
also compared with the calculated values derived from a ther-
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modynamic database [20] to determine which provides the best
representation of the data.

2. Experimental procedure

Ti (99.99%), Al (99.97%), and Ni (99.996%) elemental powders
from Alfa Aesar were used to synthesize the samples for the exper-
iments. To remove surface contamination, the Ni powder was
reduced in a hydrogen gas furnace immediately before preparing
a compact of the elemental powders. Four compositions from dif-
ferent single-phase areas in the AI-Ni-Ti system were selected for
the measurement: A10.45Ni0.5Ti0_05, Nig5Tig 5, AlovlsNi0.74Ti0.10 and
Alg 25Nig 5Tig 25. For each composition, five samples were prepared
by synthesizing the compounds with a Kleppa high temperature
calorimeter (HTRC) at 1373 K and their enthalpies of formation were
determined, as described in [21]. The enthalpy values obtained
are reported in another paper [11]. XRD (X-ray diffraction) was
used to verify that the samples were single phase. DTA (differen-
tial thermal analysis) was used to determine any transformations
occurring in the experimental temperature range. The DTA scan rate
between room temperature and 1173 K was 10K/min and above
1173 K the scan rate was 5K/min. In order to determine the heat
capacities of the Al-Ni-Ti compounds, the heat contents were
measured using a Multi-detector High Temperature Calorimeter
Ligne 96 (MHTC 96) from Setaram (Lyon, France). The measure-
ments were carried out in the temperature range from 483 to
1500 K atintervals of 100 Kin an argon atmosphere. The calorimeter
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Fig. 1. Example of heat content determination for Nig5Tigs at 790 K.

temperature was calibrated using Zn shot (99.9999%), Ag (99.9%),
Au (99.99%), Sn (99.99%) and Al (99.99999%) foils, by compar-
ing their experimental melting points with the standard values.
At each temperature, five samples and five references (sapphire,
NIST SRM No. 720) were dropped alternately from room temper-
ature into the working cell of the preheated calorimeter. Fig. 1
shows the heat content result for NigsTigs at 790K. Each peak
corresponds to either a sample or a reference. The time interval
between peaks is about 20-30 min. The weight of each sample
was about 120 mg and the sapphire about 100 mg. Endothermic
effects are detected and the relevant peak area Q(T) is propor-
tional to the heat content of the dropped specimen between
room temperature (Tp) and the calorimeter temperature (7T), i.e.
AH(T):
T
Q(T):K(T)%AH(T):K(T)/ CpdT (1)
To

in which K(T) is a calibration coefficient obtained from the sap-
phire standard reference peaks, m and M are sample weight
and molecular mass, respectively. C, is molar heat capac-
ity.

The precision of the calorimeter was determined by measuring
the heat content of Molybdenum (NIST, SRM No.781D2) between
room temperature and temperatures in the range of 483-1496 K, as

—— NIST [22]
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Fig. 2. Heat content of Mo determined in this work and from NIST [22].
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Fig. 3. Heat content of Nig5Tig 5.
shown in Fig. 2. The obtained values were in excellent agreement

with the NIST standard reference data [22]. The maximum deviation
is approximately 0.8% from the recommended NIST data.

3. Results and discussion
3.1. Fitting with modified-Einstein model

Chase et al. [18] proposed the modified Einstein model for the
description of heat capacities for pure elements or compounds, as
expressed in the following equation:

2
G =3R(@E> _ OXO/T) |y ar? 4 s (2)
T ) (exp(®/T)-1)

where the first term is the contribution from the harmonic
lattice vibrations, and ® is the Einstein temperature; the sec-
ond term contains the contributions from electronic excitations
and low-order anharmonic corrections (dilatational and explicitly
anharmonic); the third term is from the high-order anharmonic
lattice vibrations; the last term, C;“ag, is an additional term for fer-
romagnetic compounds. This expression has also been successfully
applied in describing the thermodynamic properties of pure iron
by Chen and Sundman [23].
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Fig. 4. Molar heat capacity of Nig5Tigs.
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Fig. 5. XRD patterns of AI-Ni-Ti compounds: (El) Alp16Nig74Tip10; (b) Alp25Nigs50Tig2s; (C) Alg.45Nig50Tig05.

After integrating Eq. (2), one obtains the heat content:

1 b, ds
AH:A+3ROEW+§T +§T 3)

in which A is a constant of integration. This function was used in
fitting the experimental data. Although the Einstein temperature in
Eq. (3) could be used as a fitting parameter, we preferred to calcu-
late it as described below since no lower temperature specific heat
data were determined in our work and when the Einstein temper-
ature was used as a fitting parameter the uncertainty in the fitting
was large and unrealistic values were obtained for the other fitting
parameters.

3.2. Heat capacity fitting for Nig sTig 5

The Einstein temperature in Eq. (3) can be obtained from the
Debye temperature via @ = 3/7/6 x @p [24], where Op is the
Debye temperature. As discussed by Mitra and Chattopadhyay [25],
the Debye temperature of compounds can be calculated from the
Debye temperatures of their components based on the Neumann-

Kopp rule [26], that is

Op(Nig5Tig5) = \/ 0.5(@p(Ni))* + 0.5(EOp(Ti))’

= \/0.5 x 440% + 0.5 x 420% = 430K

®g(Nip5Tig5) = i/g@[) =346K

Using the least squares method, the experimental heat content data
of Nig5Tigs from 298 K to temperatures in the range 481-1393K
were fit using Eq. (3). Differentiating this fit resulted in an unreal-
istic Cp versus T function. The data were then fit using the reduced
form of Eq. (3) by neglecting the term in T3, this fit is shown in Fig. 3
and the following parameter values are given:

1
AH=3Rx346x103 ———
x x exp(346/T) — 1

+3.167 x 107572 — 3.23 (kJ/mol) (4)



60 R. Hu et al. / Thermochimica Acta 486 (2009) 57-65

(a) 100 - .
1 Al 4sNig 5Ty o5
1230
<]
:‘| 1230
; = :‘_-_-..-:_—:_—:—.."_-.——_~
E‘ (e ‘|: \ .
g -100 | }I —— Silver
= 1 ‘:
- -
g 1501 ’I. 113 First cycle
T 1 ! - - - Second cycle
-200 "
1078 1\'
-250 \
-300 — -
800 1000 1200 1400 1600 1800

Temperature, K

(c) 100

i Alo.ﬂaN' T'u.m

0.74

(b) T s i )
100+ AID 25N|0 SOTIO 25 —First cYCIe
| - - - Second cycle
1232
50
—_—
1514
JE—
= 1503
2 1512
E T R
2 1505
o I
= 100 ]
bt 1
© ] l|
D ||
T 150 1, 1207
] :.
1
.200} 1135 !
1
] 4
-250 — . 0 0 .
800 1000 1200 1400 1600 1800

Temperature, K

First cycle

--------- Second cycle

s
E
g
L
L -
i 1364
=100 ::
1907
851 ?
=150
-200 - i r - v T T T
600 800 1000 1200 1400

Temperature, °C

Fig. 6. DTA of Al-Ni-Ti compounds (arrows indicate heating or cooling): (a) Alg.45Nig50Tio.05; (b) Alp25Nig50Tio25; () Alg1sNig74Tio10-

In addition to the heat content data obtained from the MHTC 96,
the heat content determined from the High Temperature Reaction
Calorimeter (HTRC) is shown and it is in excellent agreement with
the results from the MHTC 96.

After differentiating the heat content fit equation, the specific
heat capacity of Nig 5Tig 5 was determined to be

346 )2 exp(346/T)
T ] (exp(346/T)—1)

The function is shown in Fig. 4.

Low temperature specific heat data for Nig 5Tig 5 were measured
by Gorbunov et al. [27] and they obtained a value of 26.37 J/(K mol)
at 298.15K. Extrapolation of the fit to our data, Eq. (5), down to
298.15 K gives a value of 24.21 J/(K mol), which could be considered
as good agreement.

cpzzR( +6.33 x 1073T(J/(molK))  (5)

3.3. XRD, DTA and heat content results for AlI-Ni-Ti compounds

XRD and DTA were used to characterize the Al-Ni-Ti ternary
compounds. XRD was used to verify that the synthesized alloys
were the desired compounds. DTA was used to determine if any
phase transformation occurred in the temperature range of the heat

content measurement as these could produce a discontinuity in the
heat content function.

The XRD results are shown in Fig. 5 and show that the alloys are
single phase corresponding to the desired compounds.

DTA scans were used to determine if any phase transforma-
tions occur in the experimental temperature range for the ternary
compounds, as shown in Fig. 6. Pure silver was used for cali-
bration in the reference crucible. On heating, the silver melting
appears as an exothermic peak near 1230K, the melting point of
silver. However, on cooling it appears at lower temperatures due
to undercooling. There is also a heat flow change at 1173 K which
corresponds to a programmed change in the heating rate. The DTA
scans indicate no phase transformations for the Alg45Nig50Tig.05
up to 1703 K. This is actually in contradiction with phase dia-
gram calculation results by using a thermodynamic database [20],
which shows that the L2; phase coexists with the B2 phase from
room temperature up to 1573 K, above which only the B2 phase
is stable and it melts at 1902 K. The discrepancy suggests that
we have probably retained the B2 structure metastably down
to low temperatures via quenching or the database might need
improvement. For the Aly25Nig50Tig25, a small endothermic peak
was observed on heating around 1513 K. This corresponds to the
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melting of a few percent of eutectic phase present in this sam-
ple which was observed metallographically but not by XRD. This
observation is found in fair agreement with results from a Scheil
solidification simulation performed on this alloy by using the
database [20], which indicates a monovariant eutectic reaction
L— L2 +B2 from 1528 to 1373K in the end of the solidification.
The calculated melting temperature for this alloy is 1771K. In
our fitting to the heat content data, we did not include the last
data point at 1612K since it is above 1513 K. For Alg16Nig 74Tig10,
there is significant melting starting around 1637 K on heating;
however, no phase transformation occurs during the temperature
range for heat content measurement (400-1495K). The observed
melting temperature for this alloy is very close to the calculated
one, 1633 K, by using Dupin’s Ni-based thermodynamic database
[20].

The heat content of A10.45Ni0_5Ti0.05, AlO.lGNiO.74TiO.lO and
Algo5Nig5Tig2s were determined using the drop calorimetry
method described above, and the results are shown in Fig. 7(a-c).
The highest temperature data point in Fig. 7(c) was not used for the
fit as explained in Section 3.3.

The heat content values determined from the Kleppa calorime-
ter (HTRC) at 1373 K are also shown on the plots in Fig. 7. They
are in good agreement with the results from the MHTC 96. The
heat content data were fit to an equation of the form AH =A+
3ROg(1/eP:/T — 1)+ (b/2)T? and the results for each compound,
shown in Fig. 7(a-c), were as follows:

1

_ -3
AH = 3R x 348 x 10 xp(348/T) -1

For Alg 45Nig.5Tig 05,

+1.71 x 107872 — 3.83(k]/mol) (6)

1
exp(351/T) -1

+2.63 x 10°5T2-3.75(k]/mol) (7)

For Alg 16Nig.74Tig.10, AH = 3R x 351 x 1073

1

_ -3
AH = 3R x 347 x 10 7@([)(347/]_) —

FOFA10'25N10.5Ti0.25 ,

+8.88 x 107672 — 3.03(k]/mol) (8)
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Table 1

Heat capacity fit for AI-Ni-Ti compound.
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Compound Phase Temperature range (K) Cp=a+bT+c[T? +dT? (J/(mol K))
a 6 x 103 cx10-° d x 108
27.98
23.01 5.12 selected fit
Alg 45Nig5Tig 05 B2 484-1497 12.4 13.1 20.28
32.88 -17.02 11.55
—153 260 21.48 -95.4
AlosNig s B2 500-1500 20.92 6.91 [19]
Alg25Nig5Tig 25 L2 481-1602 26.41
25.38 1.088 selected fit
54.45 -20 —186.5
6.9 43.6 -22.4
36.9 5.5 —41.67 -10.14
Nio5Tios B2 485-1394 29.6
22.39 8.24 selected fit
333 0.096 -26.87
20.0 12.54
52.35 120 73.58 —49.5
Alp16Nig74Tig10 L1, 483-1495 28.24
18.36 10.76 selected fit
-9.57 40 62.2
58.55 —-78.6 46.5
-50.99 100 11.06 -23.76

The same approach is used for the Einstein temperature for the
above compounds with use of a Debye temperature of 424 K for Al.
The corresponding heat capacities were determined by differenti-
ating Eqs. (6)—(8) resulting in the following expressions:

2
For Alg 45Nig sTig.0s, Cp = 3R(¥) M
(exp(348/T)—1)
+3.42 x 1073T (J/(mol K)) (9)
2
FOl‘Alo_lGNiovaiovm, Cp = 3R(?) M
(exp(351/T)-1)
+5.26 x 1073T(J/(mol K)) (10)
2
For Alp 25Nig 5Tip.25, Cp = 3 x 8.314<£> M
T ] (exp(347/T)-1)
+1.776 x 1072T(J /(mol K)) (11)

3.4. Fitting with polynomial model
Heat capacity is commonly expressed in the following form [19]:
c
CI,=a+bT+ﬁ+dT2 (12)

and depending on the substance and accuracy of the data some
parameters may be set to zero. Correspondingly, the heat content
is
bo 1, d3

AH:I+aT+§T —cT +§T (13)

The physical meaning for each term and constant was described
in [28], including the lattice vibration, electronic and vacancy con-
tributions.

The heat capacity may be expressed as

2m? 2
G = Char + ?NAN(EF)k +3BVeR| T

Svac) E2 Evac 2
+Nakp ex {—} Vac ax {— }T
AKB €Xp Ks ké P KgT

272
+?NAN(EF)’<2/3)’GT2

+BycNakgexp { %} Elac exp { _Evac } T-1 (14)
kg ké kgT

Char is the harmonic lattice vibration contribution; Ny, R, kg are
Avogadro, gas and Boltzman constants; S is the cubic expansion
coefficient; y is the thermodynamic Griineisen parameter; N(Ef)
is the electron density of states at the Fermi level; Eyac, Svac are the
formation enthalpy and entropy of vacancy, respectively.

Grimvall [28] fitted the heat capacity with an equation of the
following form:

Cp=a+bT+cT™2+dT? +eT! (15)

In this work, different numbers of terms were used to fit the heat
content data followed by differentiation to obtain the C, equation.
The results are listed in Table 1.

An example of the heat capacity functions obtained for
Alg16Nig74Tig10 by using different numbers of terms is shown in
Fig. 8. As can be seen from Table 1 and Fig. 8, fits to the data with
more than two terms leads to physically unrealistic parameter val-
ues and functional behavior. Since the electronic contribution and
low-order anharmonic corrections are linear in T [29], C,=a+bT
was selected as the fit for these compounds. Table 1 also shows
that the heat capacity of Aly45Nig5Tig g5 in this work is very close
to that of Alg 5Nig 5 from [19] and in agreement with measurements
from [30,31,32], seen Fig. 9.

The results show that the vacancy contribution terms T-! and
T-2 are either not significant in this temperature range or are below
the sensitivity of the measurements. The higher-order anharmonic
vibration contribution (T2 term) is likewise small so that it could
not be effectively measured by the drop method.
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3.5. Heat capacity comparison

The heat content and heat capacities measured by MHTC 96
were compared with those calculated from a Ni-based superal-
loy database [20], as shown in Fig. 9. In Fig. 9(a’), heat capacities
of AlysNigs from experiments [30,31,32] and a thermodynamic
assessment work [33] are also added to compare with the heat
capacity of Alg45Nig5Tiggs, for which the L2 phase is suspended
during the calculation in order to obtain metastable B2 for a
meaningful comparison over the whole temperature range. The
plot shows that the experimental heat capacities of Aly5Nigs and
Alg 45Nig 5Tig o5 are, as expected, very close to each other while both
calculations deviate from the measurements in the same way. As a
matter of fact, the experimental and calculated heat content of all
alloys containing Al are not in good agreement, and the calculated
heat capacities are higher than those derived from experiments and
show a discontinuity around 933 K, which corresponds to the Al
melting point.

Thermodynamic databases available today are all developed
on the basis of the CALPHAD (CALculation of PHAse Diagrams)
method [28], where multi-component phase diagrams are com-
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molar heat capacity of Alg2s5Nig5Tio2s; (c) heat content of NigsTigs; (¢') molar heat capacity of Nig5Tigs; (d) heat content of Alg16Nip74Tig1; (d’) molar heat capacity of
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puted through modeling the Gibbs energy of each individual phase.
For a ternary stoichiometric compound AxBy(;, its Gibbs energy
Gayubyc, is usually described by using a linear additive approxima-
tion:

Gayc, = X°Gy +y°GE +2°GE +a+bT (16)

where OG? is the Gibbs energy of the pure element i of structure
@, usually at the standard reference state, and a is the enthalpy of
formation, b is the entropy of formation. The use of Eq. (16) implies
that the Neumann-Kopp rule is applied in the description of the
heat capacity of the ternary compound. As a result, features on the
heat capacity curves of the pure elements will be noticeable on the
curve of the compound. It is well known [34] that a simple extrap-
olation of the heat capacity of a pure element above its melting
point may lead to unreasonable Gibbs energies that make the solid
stable again at temperatures far above the melting point. In order
to avoid this problem, the heat capacity for a pure solid element
above its melting point is then forced to approach that of the liquid
[35]in a way such as shown in Fig. 10 for Al. The kink at the melting
point 933.47 Kis profound and it will be kept in the thermodynamic
description of alloys containing Al.
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database [34].

T/IK

a function of temperature from thermodynamic



R. Hu et al. / Thermochimica Acta 486 (2009) 57-65 65

Sometimes, if the experimental or theoretical information on
Cp is available, the Gibbs energy of a stoichiometric compound is
described just like that for a pure element by a power series in
temperature [36]. In this case, no artifacts mentioned above will
arise below the melting point of the compound.

For compound phases exhibiting homogeneity ranges, like the
ones investigated in this work, one needs more complicated mod-
els, such as the sublattice model or compound energy formalism
[35], for their Gibbs energy description, but the assumption for the
heat capacities is usually the same as in Eq. (16) for the so-called
end-members because it is hard to obtain information about C, for
all the end-members.

Fig. 9(a’-d’) shows that the heat capacities from the two fitting
models are in reasonable agreement except for Alg15Nig.74Tig1. For
the three Al-containing compounds investigated in this work, the
calculated heat capacities are significantly larger than the mea-
sured ones over the whole temperature range, and this suggests
that the use of the Neumann-Kopp rule in thermodynamic mod-
eling is problematic, as was also found by Huang and Chang [37]
in the Al-Re system. To account for the experimental data, either a
formation heat capacity term is necessary in describing the Gibbs
energy of formation of the so-called end-members in the compound
energy formalism or different reference states should be used.

4. Conclusions

Amodified Einstein model and a polynomial model provide good
representations of the heat capacity data determined from drop
calorimetry experiments. The fit from both models showed that
the terms from the higher-order anharmonic vibrational effects and
vacancy contributions could not realistically be included in the fit-
ting models, indicating either insufficient experimental sensitivity
or the terms are very small in this temperature range relative to the
first two terms. Thermodynamic databases containing Gibbs energy
functions are not suitable for deriving the specific heat functions of
compounds in temperature ranges where melting of one or more
components occurs, unless the Gibbs energies of the compounds
are not described by using the linear additive approximation.
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