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Abstract

The temperature dependence of lattice parameter and enthalpy increment of alloy D9, a titanium modified nuclear
grade austenitic stainless steel were studied using high temperature X-ray diffraction and inverse drop calorimetry
techniques, respectively. A smooth variation of the lattice parameter of the austenite with temperature was found.
The instantaneous and mean linear thermal expansion coefficients at 1350 K were estimated to be 2.12 · 10�5 K�1

and 1.72 · 10�5 K�1, respectively. The measured enthalpy data were made use of in estimating heat capacity, entropy
and Gibbs energy values. The estimated isobaric heat capacity Cp at 298 K was found to be 406 J kg�1 K�1. An
integrated theoretical analysis of the thermal expansion and enthalpy data was performed to obtain approximate values
of bulk modulus as a function of temperature.
� 2005 Elsevier B.V. All rights reserved.

PACS: 65.40.�b; 65.40.Ba; 81.05.Bx
1. Introduction

Austenitic stainless steels, as a class of engineering
materials, possess an attractive combination of physical
and mechanical properties, and as a result have wide-
ranging applications as well. They are the preferred can-
didates for the core components of a liquid metal cooled
nuclear fast reactor. Apart from the general require-
ments expected of any high temperature structural mate-
rial, the highly radioactive environment of a fast reactor
imposes specific demands on nuclear grade stainless
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steels. Among these, ensuring adequate swelling resis-
tance at fast neutron flux, as well as maintaining the re-
quired strength and ductility levels, are of paramount
importance in securing the overall structural integrity
of the core components. Based on the current under-
standing of irradiation induced void swelling in Fe–
Ni–Cr–C alloys [1], subtle modifications in composition,
in addition to an adroit manipulation of the microstruc-
tural elements have been resorted to in designing nuclear
grade stainless steels. The material of the present study,
namely alloy D9 is one such candidate, wherein the base
composition of a typical AISI 316 stainless steel is
altered in favour of a slightly higher Ni to Cr ratio,
and an enhancement in the silicon content by a
small amount [2]. More importantly, the compositional
ed.
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tailoring of alloy D9 is characterized by the fact that it
contains explicitly added titanium in amounts that are
a small multiple of the carbon content [2]. It is believed
that during the actual in-pile conditions, the presence of
titanium in the matrix is crucial for binding a portion of
the dissolved carbon in the form of tiny TiC precipitates
[3]. Further, a heterogeneous nucleation of these TiC
particles is facilitated by introducing a dislocation sub-
structure to the austenite matrix through a controlled
amount of prior cold work [4]. It is held, that the TiC-
matrix interfaces serve as sinks for the radiation induced
point defects and thus contribute to enhancing the swell-
ing resistance of alloy D9 [3,4].

For the Indian Prototype Fast Breeder Reactor
(PFBR) programme, several variants of alloy D9 with
the Ti/C ratio in the range 4–8 were studied in the recent
past with respect to their mechanical and forming prop-
erties [5–8]. But the thermophysical properties of these
alloys remain to be studied in detail. Since accurate ther-
mal property data are needed from the point of view of
enabling a confident design of engineering components,
it was decided to study the thermal properties of an
indigenously developed variety of alloy D9. Accord-
ingly, we have investigated in the present study the tem-
perature variation of lattice parameter and enthalpy by
high temperature X-ray diffraction (HTXRD) and
inverse drop calorimetry techniques, respectively. The
results of these experiments are reported in this paper.

The organization of this paper is as follows. In Sec-
tion 2, the essential details of the experimental methods
are presented. In particular, the procedures adopted for
the calibration the HTXRD spectra and the drop calo-
rimetry data are discussed in detail. This is followed in
Section 3 by the systematic presentation of experimental
results. Section 4 deals with an integrated theoretical
analysis of thermal expansion and enthalpy data
obtained in the present study in light of a novel thermo-
dynamic approach. This theoretical analysis is based on
the existence of an isobaric linear scaling relation
between enthalpy and specific volume [9,10]. In the final
section, the findings of this study are listed.
2. Experimental details

The alloy D9 used in the present study was procured
from MIDHANI India, in the form of rods of about
2.5 cm in diameter. The compositional details, as deter-
mined by standard wet chemical methods and by direct
reading optical emission spectrometry, are listed in
Table 1. For comparison, the nominal compositions of
other related varieties of austenitic stainless steels are
also listed. The bulk density of the sample, as measured
by a standard immersion technique is found to be
8.1 g cm�3. For both X-ray and drop calorimetry
investigations, the as-procured material was solution
annealed at 1323 K in argon atmosphere for approxi-
mately 1 h.

2.1. High temperature X-ray diffraction (HTXRD)

studies

For HTXRD studies thin slices were cut from the
annealed rod and then cold rolled to obtain foils of
thickness ranging from 75 to 100 lm. These foils were
subsequently strain relieved by annealing them at
1323 K for about 30 min in an argon atmosphere. The
HTXRD studies were performed in a Philips-X�pert
MPD� system, equipped with the Büehler� high
vacuum heating stage. Typical instrument related para-
meters were: operating voltage of 40 kV; current of
45 mA for the X-ray tube; scan speed of 0.02� s�1 with
a counting time of 6 s per step and an angular range
(2h) of 20–80�. The heating stage consisted of a thin
(�80 lm) resistance heated tantalum foil, on top of
which the sample was placed. The temperature was mea-
sured by a W–Re thermocouple, which was spot-welded
to the bottom of the tantalum heater. The temperature
was controlled to an accuracy of about ±1 K. The dif-
fraction studies were performed using CuKa radiation
in the Bragg–Brentano geometry, at a temperature inter-
val of 50 K up to 1350 K. A heating rate of 1 Kmin�1

and a holding time of 60 min at each temperature of
measurement were adopted. The specimen stage was
flushed with high purity argon before the start of every
experimental run and a vacuum level of about
10�5 mbar was maintained throughout the experiment.
Owing to the intrinsic design of the heating stage and
also due to the residual non-planarity of our rolled foil
sample, there prevailed an unavoidable temperature
drop at the heater–sample interface. In addition, there
was also present a temperature gradient across the sec-
tion thickness of the sample. This temperature gradient
could be minimized by using a thin foil, although too
thin a foil resulted in buckling or sample geometry
deformation at high temperatures. Acquisition and pre-
liminary analysis of data were performed by the Philips
X�pert Pro� software, although at a latter stage, we
resorted to an independent processing of the raw data
for a precise determination of the peak position. The
2h calibration for the room temperature run was made
with the help of silicon and a-alumina standards. How-
ever, for high temperatures, we co-recorded the XRD
pattern of the tantalum heater together with sample
reflections. This was made possible by cutting a very
narrow keyhole-like wedge in the sample, exposing a
good amount of sample as well as the underlying tanta-
lum heater surface to the incident X-rays. The experi-
mentally obtained reflections for tantalum, vis-a-vis the
recommended temperature dependent lattice parameter
data, taken from the assessment of Reeber and Wang
[11] were used to calibrate the apparent shift introduced



Table 1
Nominal chemical compositiona in weight percent of alloy D9 investigated in the present study, listed together with the compositional
details of other related austenitic stainless steels

Element 304b 304Lc 316b 316 LNd 321e D9f D9g

Ni 9.7 9.3 11.7 12.5 9.0–12.0 14.9 ± 0.5 15.5
Cr 18.4 18.5 16.8 18.0 17.0–19.0 14.7 ± 0.5 13.5
Mn 1.4 1.16 1.9 1.6–2.0 <2.00 1.3 ± 0.05 2.0
Mo 0.15 2.1 2.7 2.2 ± 0.05 2.0
Cu 0.1 0.2 1.0 <0.050
Ti P5 · %C 0.18 ± 0.006 0.25
Nb <0.07
V 0.045 ± 0.005
Co 0.18 0.25 0.03 ± 0.005
Al <0.034
Sn <0.004
W 0.005
Si 0.6 0.7 0.4 0.05 61.00 0.65 ± 0.05 0.75
C 0.02 0.022 0.05 0.03 60.08 0.05 ± 0.005 0.04
N 0.010 0.08 <0.04
P 0.02 0.010 0.03 0.035 60.045 0.008 ± 0.001
S 0.01 0.011 0.02 0.025 0.005 ± 0.003
B 0.002
As <0.006
Fe Balance Balance Balance Balance Balance Balance
Density at �300 K (kg m�3) �7860 �8000 �7970 �7966 �8200h

a It must also be stated that in general there is considerable scatter in the stated compositions of the same steel by different
investigators and what is quoted here are those compositions for which experimental thermophysical property data are available.
b From Ref. [31].
c From Refs. [20,24].
d From IGCAR internal report (PFBR/01000/DN/1000).
e From Ref. [33].
f Determined in this study using direct reading optical emission spectrometry.
g From Ref. [21].
h Density determined in the present study using immersion technique.
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to the recorded 2h values, due to sample geometry defor-
mation. This procedure, however, did not yield any
absolute, or for that matter, separable estimates of the
total error in the recorded 2h, as distinctly arising from
the temperature difference between the heater foil and
the sample and that due to sample distortion upon pos-
sible buckling at high temperature. Four HTXRD runs
on samples of slightly varying thickness, in the range
75–100 lm were performed. Of these, one of the runs in-
volved concurrent recording of reflections from both the
sample and tantalum heater, and the other three
involved only the sample reflections. Thus, in addition
to ensuring proper averaging of the 2h values, we could
also estimate the correction to the measured 2h values to
get the actual ones. As a final point, we would like to
mention that repeated XRD runs performed on a
specific sample resulted in quite reproducible results.

2.2. Drop calorimetry studies

For enthalpy measurements, the bulk sample was cut
into smaller chips weighing about 50–100 mg. The mass
of each sample was precisely determined to an accuracy
of ±0.1 mg using a precision balance. The drop calorim-
etry measurements were performed with SETARAM-
HTC 96� high temperature calorimeter. The furnace
and the experimental chamber of this equipment were
evacuated initially and were subsequently purged with
pure argon before the commencement of an experimen-
tal run. An inert atmosphere was maintained through-
out the experiment to prevent the evaporation of
carbon from the graphite furnace at high temperatures.
During the preparatory stages, highly pure dry alumina
powder was filled up to two-thirds of a small recrystal-
lized alumina crucible housed at the bottom of the
experimental chamber. This alumina bed was heated
by the surrounding graphite furnace. The alloy D9 sam-
ples were placed in individual specimen slots, located
with the top assembly of the experimental chamber. In
addition, standard samples of a-Al2O3, supplied by
SETARAM were also loaded into the remaining slots
of the specimen carousel. The temperatures of the
furnace and that of the experimental chamber were
independently measured by Pt–Pt/Rh thermocouples.



Fig. 1. High temperature X-ray diffraction profiles of alloy D9
taken at different temperatures.
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The whole experiment, other than the act of dropping of
the sample was controlled through a computer that is
connected to the main equipment through a proprietary
interface module.

Previously weighed and cleaned samples were loaded
in to the specimen holder that was kept at the ambient
temperature, namely 295 K. The furnace was then grad-
ually heated to the desired experimental temperature
under argon gas cover at a rate of 10 K per minute. Once
the temperature of the alumina bed has reached the pre-
set value to within an accuracy of ±0.1 K, the samples
were dropped from their respective slots through a guid-
ing ceramic tube into the hot alumina bed. The heat ab-
sorbed by the specimen upon its drop from ambient
temperature into the preheated alumina bed was accu-
rately quantified by monitoring the change in tempera-
ture as well as the power supplied to the bed as a
function of time. This data acquisition was conducted
automatically by the proprietary software. The exercise
was repeated by dropping a-Al2O3 standards under
identical conditions. Presuming negligible heat loss due
to radiation, and besides invoking quasi-adiabatic con-
ditions to prevail in the experimental chamber, QS(T),
the heat energy transported from the bed to the sample
may be written as follows [12]:

QSðT Þ ¼ CðT ÞðmS=MSÞðHT � H 295ÞS. ð1Þ

In Eq. (1), mS is the actual mass of the sample, MS its
molar mass, HT � H295 is the measured enthalpy incre-
ment with respect to 295 K, which is the reference
temperature and C is a temperature-dependent calorim-
eter constant. The latter quantity may be obtained from
the heat change measured with respect to the standard
alumina reference (QR) and from the knowledge of its
critically assessed enthalpy values [13]. Thus,

QRðT Þ ¼ CðT ÞðmR=MRÞðHT � H 295ÞR. ð2Þ

In the above expression, mR and MR denote, respec-
tively, the actual and the molar mass of alumina refer-
ence, which is taken to be 101.96 gmol�1 [13]. For
alloy D9, the enthalpy values are measured at several
temperature intervals in the range 400–1100 K. A mini-
mum of two runs is performed at each temperature with
samples of slightly different mass. These values showed a
fair degree of agreement. To ensure a high degree of
reliability, we also measured the enthalpy of OFHC
grade copper (>99.99% pure) up to a temperature of
1100 K. A good agreement was obtained between the
values measured in the present study and reported val-
ues [14,15], including the latest assessment by the
authors [9]. At temperatures higher than about
1250 K, the alloy D9 samples showed mild signs of oxi-
dation. In any case, the present measurements did not
exceed this temperature limit.
3. Results

3.1. Lattice thermal expansion data

In Fig. 1, a stack of XRD profiles obtained with alloy
D9 for different temperatures is presented. This was a
typical HTXRD run made with �100 lm thick foil.
The lattice parameter a, was estimated from the three
fcc reflections, namely (111), (200) and (220). Finally,
an effective high angle corrected lattice parameter
at each temperature was obtained by the standard
Nelson–Riley extrapolation procedure [16]. In Fig. 2,
the lattice parameter data as a function of temperature
are plotted for three individual runs taken with foils of
slightly varying thickness. Although a certain amount
of scatter is noticed among the data obtained in the three
runs, an overall smooth variation of the lattice parame-
ter with temperature is clearly evident. As mentioned
earlier, one possible reason for the scatter in the data
could be the varying amount of sample buckling, in
addition to the temperature difference prevailing at the
sample-heater interface. The extent of this sample geom-
etry distortion induced shift in 2h is a very difficult issue
to be quantified in rigorous terms. However, we fitted all
the data from the three typical experimental runs to a



Fig. 2. The variation of the corrected lattice parameter of alloy
D9 with temperature, are presented for three different exper-
imental runs.
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second-degree polynomial in temperature increment
(T � 300). The resulting fitted data were further cor-
rected for possible errors in the measured temperature
using the co-recorded tantalum reflections. These cor-
rected data are marked as the best-fit line in Fig. 2. This
calibration method relied on the assumption that the
apparent errors in the measured 2h behaved identically
for both tantalum and the sample. Although lacking in
sophistication, this procedure yielded a fair amount of
success in our recent thermal expansion studies on stain-
less steel and inconel 600 [17,18]. It was estimated that
an uncertainty of ±25 K in temperature resulted in a
change of lattice parameter of about ±0.00275 nm for
T P 800 K. For lower temperatures, the error was much
less. The relative error in 2h was calibrated by using
silicon and a-alumina standards.

For the purpose of estimating thermal expansion, the
corrected lattice parameter data were fitted to a second-
degree polynomial in the temperature increment
(T � 300)

a ðnmÞ ¼ 0:358þ 4:574� 10�6ðT � 300Þ
þ 1:570� 10�9ðT � 300Þ2. ð3Þ

Once the lattice parameter was known as a function of
temperature, it became possible then to estimate the
instantaneous (aL-instantaneous), mean (aL-mean) and
relative linear thermal expansion coefficients (aL-rela-
tive) by the following relations:

aL-instantaneous ¼ ð1=aTÞ � ðdaT=dT Þ; ð4Þ
aL-relative ¼ ð1=a300Þ � ðdaT=dT Þ; ð5Þ
aL-mean ¼ ð1=a300Þ � fðaT � a300Þ=ðT � 300Þg. ð6Þ

In Fig. 3, the mean and the instantaneous linear ther-
mal expansivity values obtained in the present study
were plotted as a function of temperature. These values
were also listed in Table 2. For the sake of comparison,
we also report in Fig. 3, the data gleaned from the liter-
ature on 316, 304L [19,20] and on a slightly different
composition of D9 studied by Leibowitz and Blomquist
[21]. It might be remarked that notwithstanding the
diverse sources of errors that are invariably associated
with HTXRD experiments, the thermal expansion
values obtained in the present study for alloy D9 showed
an overall agreement with the data on related 316, 304L
and D9 stainless steels. While the present estimates
based on HTXRD characterized the lattice thermal
expansion of alloy D9, the data on other steels, taken
from literature were characteristic of bulk thermal
expansion, obtained by dilatometry. This fact partly ac-
counts for the relatively lower values of thermal expan-
sivity obtained in the present study for the present alloy
D9, as compared to the corresponding estimate for its
American counterpart [21]. Moreover, it must also be
stressed that the compositions of these two similar nucle-
ar grade stainless steels are by no means identical (see
Table 1). It must also be noted that the present thermal
expansivity estimates compare well with our earlier
experimental data on another variant of alloy D9 with
Ti/C = 6 [17]. However, for T P 1000 K, the D9 with
slightly higher titanium content showed a steep rise in
its thermal expansion behavior. At this stage, the role
of higher titanium in the matrix on thermal properties
is not clear; but it appears that a slightly larger titanium
content can have quite surprisingly distinct effects on
high temperature thermophysical properties. Further
experiments on alloy D9 with different Ti/C ratio are
required to establish a definite systematics.

3.2. Enthalpy data

In Fig. 4, the measured enthalpy increment
(HT � H295) values for alloy D9 were plotted together
with the currently available estimates on AISI 316 and
347 stainless steels [22–24]. It is clear that the enthalpy
values obtained in the present study for alloy D9 are



Table 2
The lattice parameter (a), instantaneous (aL-inst), relative (aL-rel) and mean (aL-mean) linear thermal expansion coefficients of alloy
D9 obtained in this study are tabulated as a function of temperature

T (K) a (nm) Specific volume
(10�4 m3 kg�1)

aL instantaneous
(10�5 K�1)

aL relative
(10�5 K�1)

aL mean from
300 K (10�5 K�1)

Mean thermal expansion
from 300 K (%)

300 0.3595 1.224 1.28 1.28
350 0.3598 1.226 1.32 1.32 1.30 0.06
400 0.3601 1.229 1.36 1.37 1.32 0.13
450 0.3604 1.231 1.41 1.41 1.34 0.20
500 0.3607 1.234 1.45 1.45 1.37 0.27
550 0.3610 1.237 1.49 1.50 1.39 0.35
600 0.3613 1.240 1.53 1.54 1.41 0.42
650 0.3616 1.242 1.58 1.58 1.43 0.50
700 0.3620 1.245 1.62 1.63 1.45 0.58
750 0.3623 1.248 1.66 1.67 1.47 0.66
800 0.3627 1.242 1.70 1.72 1.50 0.75
850 0.3630 1.282 1.75 1.76 1.52 0.84
900 0.3634 1.255 1.79 1.80 1.54 0.92
950 0.3638 1.258 1.83 1.85 1.56 1.02
1000 0.3641 1.262 1.87 1.89 1.58 1.11
1050 0.3645 1.265 1.91 1.94 1.61 1.20
1100 0.3649 1.269 1.95 1.98 1.63 1.30
1150 0.3653 1.272 1.99 2.02 1.65 1.40
1200 0.3657 1.280 2.04 2.07 1.67 1.50
1250 0.3662 1.284 2.08 2.11 1.90 1.61
1300 0.3666 1.288 2.12 2.15 1.20 1.72

The specific volume is estimated by assuming a value of 56.41 for the average molecular weight of alloy D9. This value is similar to that
of 316 stainless steel.

Fig. 4. The measured enthalpy values for alloy D9 are plotted
together with the corresponding data on 316 and 347 stainless
steels, taken from literature [22].
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in excellent agreement with the data on related grades.
However for temperatures exceeding about 850 K, alloy
D9 exhibited systematically higher values than both 316
and 347. Before proceeding further, it must be men-
tioned that to the best of our knowledge, we are not
aware of any information on experimentally determined
enthalpy data for alloy D9. The enthalpy data obtained
in the present study in the temperature range 370–
1300 K were fitted to the following expression:
HT � H 295 ðJg�1Þ ¼ �93:76þ 0:2919T þ 1:896� 10�4T 2

þ 1:345� 10�7=T . ð7Þ

Eq. (7) fits the experimental data with a R2 value of
0.995 in the temperature range 370–1300 K. The isobaric
heat capacity Cp was readily obtained by differentiating
the above expression with respect to temperature

Cp ðJg�1 K�1Þ ¼ 0:2919þ 3:792� 10�4T

� 1:345� 10�7=T 2. ð8Þ

The Cp value at 300 K, as estimated from the above
expression turns out to be 406 J kg�1 K�1. This was
found to be slightly lower than the value of
412 J kg�1 K�1, reported for 316 stainless steel [22,23].
Once Cp had been known as a function of temperature,
it was then possible to calculate entropy (ST) as well as
Gibbs energy (GT) from their respective thermodynamic
definitions

ST ¼ S0 þ
Z

ðCp=T ÞdT ð9Þ

and

DGT ¼ DH � TDS. ð10Þ

Owing to the lack of low temperature heat capacity data
on alloy D9, we could not obtain an experimentally
based estimate for S0, the standard entropy at 298 K



Table 3
The thermodynamic functions of alloy D9 estimated in the present study from the measured enthalpy values are tabulated

T (K) HT � H300

(fit values) (J g�1)
Cp

(J Kg�1 K�1)
ST � S300

(J Kg�1 K�1)
GT � G300

(J Kg�1)

350 31.64 424.62 63.96 �1772.37
400 53.35 443.58 121.89 �6584.90
450 76.00 462.54 175.24 �14174.58
500 99.61 481.50 224.95 �24337.28
550 124.16 500.46 271.73 �36909.92
600 149.66 519.42 316.09 �51759.22
650 176.10 538.38 358.41 �68774.17
700 203.50 557.34 399.01 �87860.93
750 231.84 576.30 438.11 �108939.08
800 261.13 595.26 475.90 �131938.95
850 291.37 614.22 512.56 �156799.60
900 322.56 633.18 548.20 �183467.27
950 354.69 652.14 582.95 �211894.20
1000 387.77 671.10 616.88 �242037.64
1050 421.81 690.06 650.08 �273859.14
1100 456.78 709.02 682.62 �307323.89
1150 492.71 727.98 714.56 �342400.29
1200 529.59 746.94 745.94 �379059.45
1250 567.41 765.90 776.82 �417274.91
1300 606.18 784.86 807.22 �457022.33
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from literature. Under this circumstance, we invoke a
general assumption that the thermal properties of closely
related stainless steels do not show much of a variation
to the first order of approximation. Under such condi-
tions, it may be said that in the absence of reliable
experimental data for a new candidate, the value corre-
sponding to a well-studied homologous member of the
family may be taken as a representative of the entire
class itself. It is in this spirit, we have chosen the value
for the S0 of alloy D9 as 2.93 J kg�1 K�1. This value
corresponds to the standard entropy of 316 stainless
steel at 298 K [25]. It must be recalled that the composi-
tion of alloy D9 is essentially derived from 316 stainless
steel. In Table 3, the thermodynamic functions of alloy
D9 estimated in the present study are tabulated.
4. Discussion

4.1. General remarks

Two issues merit a detailed clarification in discus-
sion of present results. In the first, it must be men-
tioned that what is measured in the present study is
the relative lattice thermal expansion of the austenite
as a function of temperature, where as the microstruc-
ture of alloy D9 is one of consisting finely dispersed
TiC particles in the fcc matrix. Going by our XRD re-
sults, it is clear that the volume fraction of these TiC
precipitates is not appreciable enough to record their
presence in the X-ray diffraction profile. Nevertheless,
their presence as nanoscale particles was conformed
through high-resolution electron microscopy studies
[34]. The presence of TiC has two fold effects on the
lattice parameter of austenite matrix. Being a mechan-
ically hard phase (TiC has a higher shear modulus than
austenite) and by virtue of the fact that these particles
are fairly uniformly dispersed in the matrix, it is quite
likely that the austenite matrix is in a state of compres-
sion. We may call this as chemical compression, as
opposed to uniform hydrostatic compression that is
characteristic of a typical high-pressure experiment.
We believe that this chemical compression effect will
not get relieved to any appreciable extent even at high
temperatures, especially since TiC particles are fairly
stable at these temperatures. In view of this, what
was monitored in the present study had been the lattice
expansion of this strained austenite phase. It is true
that TiC although present in only small volumes, also
experiences a net thermal expansion. But, we may
discount this phenomenon, as its thermal expansivity
is one order less than that of austenite. In any case,
even the small expansion of hard TiC would only serve
to aggravate the interfacial strain of the austenite/TiC
aggregate. In the present experiment, since the presence
of TiC was not noticed in the HTXRD spectrum, we
have effectively ignored the role of these precipitates
in affecting the thermal expansion behavior of alloy
D9. In other words, it is only the constrained thermal
expansion behavior of alloy D9 that is discussed in this
study. This point must be kept in mind, while enacting
a comparison with other results.



A. Banerjee et al. / Journal of Nuclear Materials 347 (2005) 20–30 27
The second point that must be brought to discussion
table is the fact that there is in general a paucity of infor-
mation on the thermophysical properties of alloy D9.
Using dilatometry, Blomquist and Leibowitz studied
the bulk thermal expansion behavior of a D9 stainless
steel that has a slightly different composition from the
presently studied one [21]. In addition, we have previ-
ously elucidated the thermal expansion behavior of
another D9 variety that had a Ti/C ratio of about six
[17]. The results of these studies, as shown in Fig. 3,
bring out the fact that the thermal expansion behavior
of alloy D9 are invariably subject to certain scatter. As
mentioned before, the mild upward turn seen in the ther-
mal expansivity of alloy D9 with Ti/C = 6 (see Fig. 3)
could not be obtained in the present study performed
with a steel having Ti/C = 4. On the other hand the ther-
mal expansion values obtained in the present study
compare fairly well with that of 316 stainless steel [19].
However, the bulk thermal expansion characteristics of
304L stainless steel, as studied by Cezairliyan and Miil-
ler [24] reveal a marked rise at high temperatures,
approaching the melting point. This could not be con-
firmed in the present study, as the maximum tempera-
ture reached in the present experiment did not exceed
1350 K. It was also found that any prolonged hold at
temperatures exceeding about 1250 K in the high tem-
perature X-ray diffraction stage resulted in appreciable
oxidation of the alloy and this added to the intrinsic dif-
ficulty in obtaining a good clean XRD pattern at high
temperatures. It is likely that this pronounced rise seen
in high temperature thermal expansivity of austenitic
stainless steels could arise from the proliferation of
defects as well as due to the domineering influence of
lattice anharmonicity.

The above picture seems to derive support from the
behavior of the enthalpy values measured in the present
study (see Fig. 4). It is clear that with respect to the base
316 stainless steel data, the enthalpy of alloy D9 exhibits
a steady rise for temperatures exceeding about 850 K. As
discussed in the previous section, it is not clear as to how
much of this increase is an intrinsic property of the aus-
tenite matrix or it stems from the presence of a small
fraction TiC particles in an otherwise clear austenite
matrix. In addition, it is also possible that an onset of
lattice anharmonicity or the proliferation of point de-
fects at high temperatures may induce further complica-
tions at high temperatures. Clearly further studies are
required for a better elucidation of this point.

4.2. Combined analysis of enthalpy and volume data

It is a well-known fact that for temperatures exceed-
ing the Debye characteristic temperature (hD), the
thermal Grüneisen parameter (cG) for most of the con-
densed systems is fairly temperature-insensitive. This
suggests that there is an interesting trade-off between the
temperature dependencies of thermal and elastic quanti-
ties involved in the thermodynamic definition of cG [26]

cG ¼ ðaV V =CpÞ � BS. ð11Þ

It is obvious that a rise in temperature brings about
an increase in aV, V, and Cp, and a decrease in BS, the
adiabatic bulk modulus. During the course of his pio-
neering studies on the thermal physics of condensed
matter, Grüneisen argued that in addition to cG, the
ratio (k) between volume thermal expansivity (aV) and
isobaric specific heat (Cp) was also a temperature-inde-
pendent quantity [27,28]. The full thermodynamic impli-
cations of these hypotheses have recently been explored
by us to bring out explicitly the multifarious inter-
relationships that are possible between thermal and elas-
tic quantities [9,10,27,28]. One of the useful outcomes of
these studies is the finding that, in the place of the clas-
sical Grüneisen approximation concerning k, it is profit-
able to invoke a linear scaling relation between enthalpy
and thermodynamic volume [9]. Incidentally, the origi-
nal hypothesis of Grüneisen concerning constant k, im-
plies that the enthalpy varies linearly as the logarithm
of thermodynamic volume [27]. That is to say,

k ¼ ðaV =CpÞ ¼ ðo ln V =oHÞp; ð12Þ

is a temperature-independent constant. This fact, taken
together with the temperature insensitivity of cG, implies
that the energy product BSV must also be temperature-
independent (vide Eq. (11)). It has now been established
that both cG as well as k are indeed temperature-sensi-
tive in a mutually coupled fashion [9,28]. Further, it
has recently been demonstrated that a number of
systems exhibit a linear scaling relationship between en-
thalpy and volume under constant pressure conditions.
The interesting aspect about this scaling relation is that
it allows for the temperature variation of both cG as well
as k to be expressed in simple terms [9,10]. In the present
study, we apply this thermodynamic formalism for an
integrated treatment of enthalpy and specific volume
data obtained in the present study.

In Fig. 5, we have portrayed the response of the en-
thalpy change with respect to the corresponding change
in specific volume. The effect of temperature on these
two prominent themodynamic quantities is implicitly
contained in this graph. In other words, each data point
corresponds to a specific temperature and hence the lin-
ear correlation seen in Fig. 5 is an isobar. In the first, it is
instructive to note the remarkable linear correlation be-
tween these two quantities. This correlation is significant
in the present context, especially since it provides a
means for estimating the adiabatic bulk modulus from
purely thermal property data. The relevant physics is
extensively dealt with in our recent paper and hence only
a brief working account is recalled here [9].

Let us invoke the definition of thermal Grüneisen
parameter (cG) as given in Eq. (11) and substitute
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volume is illustrated with the data obtained in the present
study.
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therein the definitions of aV = (o lnV/oT)p, and
Cp = (oDH/oT)p to obtain the following relation:

cG=BS ¼ ðoV =oDHÞp. ð13Þ

It emerges from the above expression that a linear
correlation between enthalpy increment (DH) and spe-
cific volume (V) signifies the temperature insensitivity
of the ratio cG/BS. In other words we may write the
following approximation:

cG=BS ¼ c0=B0; ð14Þ

where c0 stands for the Grüneisen parameter at the
reference temperature (T0) and B0 is the corresponding
value of the adiabatic bulk modulus. A similar identity
regarding the temperature independence of cG/BT is
readily obtained, if Cp is replaced by CV in defining
cG. In either case, the physical significance of this deduc-
tion is that the effect of temperature on both enthalpy
and molar volume being commensurate, the variation
of cG with temperature, albeit expected to be small, is
entirely decided by the temperature sensitivity of bulk
modulus. Since it is known that BS(T) is one of usually
decreasing with temperature, it follows that cG is also
decreasing with temperature. It must be mentioned that
this statement is basically a high temperature approxi-
mation and is obeyed as such for temperatures greater
than the Debye temperature (hD). In addition, the sys-
tem under consideration should not derive appreciable
contribution from extraneous factors like point defects
and other electronic degrees of freedom that only
contribute to destroy the linearity of the relationship
between enthalpy and volume.

Now coming to the present context, a practical ap-
peal of Eq. (13) would be in estimating the temperature
dependent bulk modulus from a combined knowledge of
the slope of the V–DH curve (Fig. 5) and cG. Of these,
the former quantity namely, (oV/oDH)p is found to be
1.072 · 10�11 m3 J�1. The temperature variation of cG
is the most difficult one to quantify accurately. In the
present study, the temperature variation of cG is treated
in terms of its isobaric volume dependence. Thus, differ-
entiating the Grüneisen relation, as given in Eq. (11)
with respect to temperature at constant pressure yields
the following thermodynamic relation [28]:

ðo ln cG=o ln V Þp � ðo ln k=o ln V Þp þ dS ¼ 1. ð15Þ

In the above expression, which is an exact thermody-
namic identity, dS = �(aVBS)

�1 · (oBS/oT)p, is the adia-
batic Anderson–Grüneisen parameter and k = aV/Cp is
the Grüneisen ratio [29]. Further, the fact that V and
DH are linearly related implies that (o lnk/o lnV)p = �1
[30]. Therefore, within scope of the present theoretical
framework, we obtain,

ðo ln cG=o ln V Þp � �dS. ð16Þ

Alternately in the integrated form, we may write the
following power law expression for cG:

cG ¼ c0ðV =V 0Þ�dS . ð17Þ

Combining Eqs. (14) and (17), the following relation
characterizing the isobaric volume dependence of BS is
readily obtained:

BS ¼ B0ðV =V 0Þ�dS . ð18Þ

Therefore the estimation of temperature dependent BS

from thermal expansion data entails only the specifica-
tion of two quantities, namely B0 and dS. For alloy
D9, there are no experimental data available on either
of these two quantities. Therefore, following the law of
homologous behavior among solids of similar physical
chemistry, we assume the B0 and dS values of 316 stain-
less steel to be valid for alloy D9 as well. These values
are taken as: B0 = 154 GPa [31] and dS = 5.5 [32]. The
value of c0 may be estimated from Eq. (13) using the
slope of the curve of Fig. 5 and B0. This turns out to
be 1.65. This is fairly close to the value of 1.74 deduced
for 316 stainless steel based on shock wave data [32].
The temperature dependent values of adiabatic bulk
modulus and Grüneisen parameter estimated via Eqs.
(18) and (17), respectively, are tabulated in Table 4. At
this juncture, it must be borne in mind that the bulk
modulus obtained in the present study are only plausible
estimates, especially since they are based on the validity
of the linear scaling relation between enthalpy and ther-
modynamic volume. Such a linear scaling, although
clearly exhibited by the experimental data obtained in
the present study, is nevertheless subject to the uncer-
tainties inherent of the high-temperature thermal prop-
erty data. In other words, there is an intrinsic error
margin associated with the slope of the curve in Fig. 5.
In view of this point, extrapolating the validity of the
linear scaling up to melting point (Tm) may be fraught
with some uncertainty. Besides, it is known that at



Table 4
The temperature dependent adiabatic bulk modulus (Bs) values
and the thermal Grüneisen parameter (cG) calculated in the
present study using the linear scaling relationship between
enthalpy and specific volume (Fig. 5) are tabulated

T (K) cG Bs (GPa)

300 1.65 154
350 1.63 152
400 1.61 151
450 1.60 149
500 1.58 147
550 1.57 145
600 1.54 144
650 1.52 142
700 1.50 140
750 1.48 138
800 1.46 136
850 1.44 134
900 1.42 132
950 1.40 130
1000 1.38 128
1050 1.35 126
1100 1.33 124
1150 1.31 122
1200 1.29 120
1250 1.27 118
1300 1.25 116
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temperatures very close to the melting point, the prolif-
eration of vacancies as well as the domineering influence
of lattice anharmonicity contribute to a sharp fall in the
elastic properties. Therefore it is likely that the perfect
linearity witnessed in the moderately high temperature
domain between the quantities (DH) and V may be ren-
dered invalid at very high temperatures. Despite this lim-
itation, we would like to emphasize that the high
temperature bulk modulus values estimated in the pres-
ent study, when viewed together with the experimental
enthalpy and specific volume data constitute a fully ther-
modynamically consistent composite data set. In Fig. 6,
Fig. 6. The temperature variation of adiabatic bulk modulus of
alloy D9 calculated in the present study is compared with the
literature data on 316 stainless steel [19].
the BS values of alloy D9 estimated in the present study
are plotted together with the corresponding values for
316 stainless steel. The latter values are calculated from
the experimentally measured Young�s modulus data and
a temperature independent value of 0.285 for the Pois-
son ratio [19]. The fact that the BS of alloy D9 bears
close similarity to the BT of 316 is noteworthy.
5. Conclusions

In the present study, lattice parameter and enthalpy
values for a titanium modified nuclear grade austenitic
stainless steel, namely alloy D9 have been measured in
the temperatures range 300–1350 K. Both thermal
expansivity and specific heat of alloy D9 obtained in
the present study exhibited a good overall agreement
with the reported values for other related austenitic
stainless steels. A combined analysis of thermal expan-
sion and thermochemical data has been made in the
spirit of a modified Grüneisen formalism to obtain ther-
modynamically consistent estimates for high tempera-
ture bulk modulus.
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