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Thermoelastic equation of state of molybdenum
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We report some highP-T diffraction experimental results on molybdenum using synchrotron x-ray and
time-of-flight neutron-diffraction techniques. Unit-cell dimensions, measured uf+d0 GPa andT
=1475 K, were derived from the refinement results and fitted to a high-temperature third-order Birch-
Murnaghan equation of state. The derived thermoelastic parameters for molybdenum are: isothermal bulk
modulusKy=266(9) GPa with a pressure derivative of bulk moduld$oP =4.1(9), tenperature derivative
of bulk modulus 9K/dT=—3.4(9)x 10 2GPa/K, volumetric thermal expansivity=a+bT having a
=1.32(14)x 10 °K ! andb=1.26(15)x 10" 8 K 2. Further, all of the previous experimental data involving
shock wave, ultrasonic, thermal-expansion measurements were also analyzed and fitted to a high-temperature
Birch/Vinet equation of statéEOS and the thermal pressure approach of Mig+@&isen EOS, respectively.
With the greatly extendeR-V-T data coverage, we refined the thermoelastic parameter set for molybdenum as
isothermal bulk modulusy=268(1) GPa with pressure derivatives of bulk modul&/oP=3.81(6),
IK?/9P?=—1.41(13)x 10 2, temperature derivative of bulk modulut/dT=—2.13(31)x 10" 2 GPa/K,
volumetric thermal expansivitg=a+bT havinga=1.31(10)x 10" °K ! andb=1.12(11)x 10" 8K 2, and
an invariant ofaK1=5.43(5)x 10" 2 GPa/K over a widé>-T range. We have conducted a neutron-diffraction
study at simultaneous high pressures and high temperatures. Thermal vibrations of(R&bys-Waller
factorg of molybdenum were derived as a function of pressure and temperature. The experimental results of
thermoelastic equation of state parameters are compared with previous experimental data derived from shock
wave and ultrasonic elasticity measurements.

INTRODUCTION derivative of bulk modulus and Gneisen parameters. The
thermoelasticity is fundamental behavior of condensed mat-
Molybdenum is a high technology metal with wide engi- ter and has been applied in the modeling of hi}fi-phe-
neering applications for its thermal and mechanical strengttpomena_under dynamic shoékand inside the planetary
and also chemical resistances. The extreme stability and réteriors® However, to date, the thermoelastic equations of
fractory properties of molybdenum are considered to be asstate, specifically the pressure and temperature derivatives of
sociated with its body-centered-cubi¢bco structure  bulk modulus and thermal expansion, of most metals and
(Oﬁ-lmam), the result of a high percentage ofi‘tharac- ceramics have not been studied in a completed form. Re-
ter” in bonding hybrid orbits. It has been used as corrosioncently, high P-T x-ray/neutron-diffraction experiment has
resistant lining in chemical reactors and as an excellent higheen the most important way to derive the thermoelastic
strength material applicable at extreme conditions. MolybdeEOS. Large-volume high-pressure device running at high
num has a very high melting temperatufg,= 2893 K, and temperature plus high intensity synchrotron x-ray and/or
the Tm increases with app“ed pressd-r@t is observed in tlme-Of-ﬂlght neutron-diffraction teChniques prOVide the
acoustic velocity measurements that there is a phase trangneans to derive thermoelastic EOS, crystal structure, and
tion of bce-hepat high shock pressure of 210 GPa and highDebye-Waller factors of the sample materials.
temperature of 4100 K.However, further investigation by
static compression in a diamond—anvil cell up to 420 GPa  Li1GH P-T X-RAY AND NEUTRON DIEERACTION
(Ref. 3 could not confirm this phase transition and much
higher transition pressure has been suggested by computa- High-pressure/temperatune situ x-ray diffraction of the
tional modeling* Molybdenum has been used as flyer and/orpresent study was achieved by integrating a DIA-type cubic-
back reflector for shock wave experiments to provide certairanvil press, the SAM-85 at SUNY Stony Brook, with a syn-
equation of state referencg8.Accurate and precise mea- chrotron white radiation source from the superconducting
surements of its thermoelastic equation of state are criticalviggler port X-17B, NSLS, BrookhavehThe energy dis-
for theoretical/practical implications. persive spectra of the powder sample were collected with a
The thermoelastic equation of stdf09 is a measure of Ge solid-state detector at a fixed Bragg angle and displayed
relationship between pressure, volume, and temperéRire in real time on a multichannel analyzer. The relationship
V-T). The inclusion of temperature makes it distinct from thebetween diffraction energy, which gives thlespacing, and
P-V equation of state. The term “thermoelastic” emphasizesrecording channels was calibrated using fheadiation stan-
that the final outcomes of the EOS determination are thelards of F&°, Co®’, Cd'%, and F?°. The spectra of a mixture
thermoelastic properties of the matter, such as temperatuid diffraction standards Si, AD;, and MgO were taken right
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before and just after each experimental run to calibrdte 2 p.T path for Molybdenum diffraction experiments
and energy. The incident x-ray beam was collimated to a
beam dimension of 200100um (horizontal by vertical
and the detector optics limitedd2cceptance angle to 0.006°, i
which ensures high resolution of the observed diffraction /
spectra.

Molybdenum powderAlfa, 99.99% purity was packed
together with NaCl powder mixture in a cylindrical hexago-
nal boron nitridehBN sample chamber of 1 mm in diameter
and 2 mm in length. NaCl serves as the pressure statfdard
as well as the pressure medium. We purposely introduce
big volumetric ratio(~70%) of NaCl in the sample mixture 600
so as to reduce the x-ray opaqueness of the heavy metal Mc
The cylindricalnBN sample chamber was placed in an amor- 400 |
phous carbon heater and embedded in a boron-epoxy cube !
form the highP-T cell assembly. With our miniature diffrac- 200
tion optics and relatively high 2angle (20=8.510°) only
sample diffraction at high®-T conditions was observed and Pressure (GPa)
total elimination of diffraction from thénBN sample cham- ) _
ber was achieved. The sample temperature of the high- FIQ. 1. TheE-T path for_dlffractlo_n_study of molybdenum. The_
pressure/temperature cell assembly was monitored using quasihydrostatic compression conditions are z.achleved at .the high
W/5%Re-W/26%Rh thermocoupléC-type, Omega Engi- tempe_rature and remain so for the decompression and cooll_ng steps.
neering, Ind. and was controlled by a dc power supply. ForThe circular symbols are for synchrotron x-ray data and diamond

symbols are for time-of-flight neutron data. The empty diamond

the highP-T experiments the temperature was stable tosymbols are to indicate preheating processes before the neutron data

Wlthl? 2ttC O\.ﬁr_ tf;eogmetﬁerlod 0]; sevlers]lé)hours andf WaScollection. Only thoseP-V-T data collected at quasihydrostatic
constant to within In thé samplé VOIUMETessures tor 0gompression conditions are used to derive the thermoelastic
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the sample were all calculated from the lattice constants of,.ameters.
the NaCl pressure calibrant and were estimated to be accu-

rate .W't.h.'nAP: i_O.l(_SPa. . . lected at ambient conditions in Fig. 2 to show the quality of
_ Significant deviatoric stress is applied to the sample duritqaction data. Only thos®-V-T data collected at quasihy-
ing the initial “cold™ compression stage, \.Nh'Ch. Is indicated drostatic compression conditions, as listed in Table | and
by the fe’T‘af"ab'ei brqademng_ of the diffraction peaks. lotted in Fig. 3, were used to derive the thermoelastic pa-
Upon heating, deviatoric stress in the sample decreases as eters. We ran a le Bail profile refinemérfor synchro-
temperature rises. The quasihydrostatic condition can be af- ) x-ray-diffraction data using general structure analysis

tained when yield strength of the material drops drastically af stem(GSAS. 3 Structure and thermal factors are extracted
high temperatures and plastic flow occurs in the sample andy '

surrounding cell. The yield strength of the refractory metal is
quite high and quasihydrostatic condition can only be " [oe=8510° ' ’P=8.9GPa, T=1275K
achieved by softening of NaCl arftBN sample chamber. B
The total yield of NaCl at high temperatures was verified by = -
comparing the peak widthfull width at half maximum
(FWHM)] of the diffraction spectra. We used BT path
(Fig. 1) that the initial compression slightly exceeded the E» n
highest desired pressure, and then the whole cell assembl &
was heated to the highest desired temperature. Those dat.8
points collected during the cold compression stage involved 5,

scale)

(200)s
b (220),
(420)

L 1 1 1

severe deviatoric stress and were not included in the lattice §E . ‘P:0.0CiPa, T=300K
refinement. Quasihydrostatic conditions during the experi- 2 [ < § = |
ment were achieved because(dflarge volume proportion g r < < 2 7

of the NaCl (~70% in the sample mixture(ii) high- £ |- ) .
temperature creeping of NaCl pressure medium BB =L i § S
cell assemblyiii) refinements of diffraction data only for R Q ;"’/
those of decompression and cooling. The peak width for mo- . ] . 'l . S ]
lybdenum and NaCl observed at highT conditions were 30 40 50 6 70 80 %0 100
abc_»ut same as those observgd at anjt_ment conquns, a goo Energy (keV)

indication of quasihydrostatic conditidnThe deviatoric

stress on sample is estimated todge 03<0.3 GPa at high FIG. 2. HighP-T synchrotron x-ray diffraction of molybdenum
pressure and room temperature and it decreases to a level @larked with subscripk) and NaCl(marked with subscrips for
less than 0.02 GPa at high temperature3 2800 K.° salt. The similar peak widtliFWHM) for data collected at ambient

A diffraction spectrum of molybdenum at elevated pres-conditions and at hig-T conditions is a good indication of quasi-
sures and temperatures is compared with the diffraction colrydrostatic condition for sample.
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TABLE I. Cell volumes of molybdenum at higR-T.

P (GPa T (K) V (A3 P (GPa T (K) V (A3
0.00 301 31.15(B) Neutron diffraction
10.80 301 29.998) at highP-T conditions

9.97 874 30.37@)

9.58 1073 30.57@) 0.00 300 31.18@B)
8.89 1274 30.782) 0.61 300 31.105)
8.63 1475 30.94(2) 1.94 300 30.94@})
8.17 1272 30.849) 3.11 300 30.83%)
7.70 1072 30.730Q) 4.23 300 30.6812)
7.45 871 30.65[@) 4.43 475 30.76&)
7.02 674 30.588) 4.70 675 30.84%)
6.79 473 30.53Q) 4.97 875 30.93@)
6.55 306 30.48(11)

7.39 1275 30.98B)

7.00 1073 30.832)

6.60 873 30.73®)

6.20 674 30.67(R)

5.89 473 30.62B)

5.53 307 30.56(8)

6.20 1270 31.06@)

5.76 1072 30.95@)

5.43 874 30.87@®)

5.09 672 30.792)

4.68 473 30.72@)

4.41 308 30.67®)

4.80 1275 31.253)

4.53 1075 31.153)

4.03 872 31.018)

3.66 674 30.95()

3.35 472 30.87®)

3.06 307 30.82®)

3.67 1273 31.428)

3.30 1075 31.26B)

2.78 873 31.17®)

2.44 674 31.08®@)

2.18 473 31.028)

1.87 307 30.952)

2.24 1274 31.543)

1.82 1070 31.498)

1.31 872 31.42®)

1.01 672 31.27Q

0.72 472 31.20@)

0.40 307 31.10&})

from the refinement of energy dispersive spectra using l¢he High Intensity Powder Diffractormet@rIPL) at the Los
Bail's technique. Peak positions and lattice parameters of th&lamos Neutron Science Cent@tANSCE). The time-of-
diffraction spectra are refined simultaneously for multipleflight neutron-diffraction spectra of the powder sample were
phases. The fitting of the diffraction profile is achieved bycollected by the detector banks at a fixed Bragg angle of
least-squares minimization of the differences between th@==*=90° for the highP-T experiments. The powder
observed pattern and a synthetic pattern. The relative errosample of molybdenum and NaCl mixture was loaded into a
of the lattice parameters are determined to be less thaspecially designed higR-T ceramic cell assembl§ for tor-
0.02% in all refinement results. Accordingly, the absoluteoidal anvil press and compressed by a Paris-Edinburgh
error in the pressure determination is abott0.04 cell’® To avoid deviatoric stress on the polycrystalline
~+0.06 GPa for the high-pressure/temperature cell assensample, in our high?-T neutron-diffraction experiments, we
bly. always preheat the powder sample to 800 K at each incre-
The highP-T neutron-diffraction data were collected on ment in pressure for about 3—5 min, empty diamond symbols
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Thermoelastic Equation of State for Molybdenum is now recognized as empirically the best and widely applied
325 . { ‘ . . in high-pressure geophysics:

Otv=a+bT
Lsts, a=132(1.32)x10° K" | P:3Kof(1+2f)5/2[1+Af+Bf2], (1)

b=1.26(1.26)x10° K*

whereA=3/2(K' —4), B=9/6 KoK"+K' (K’ —7)]+ 143/6
andf=1/2[(Vo/Vp)?®—1] is the Eulerian strain,

K=—-V(dPIdV)r, K'=0dK/dP, K"=5?K/oP2.

Later, Vinet et al. proposed that the isothermal pressure-
volume (P-V) relations for a wide variety of matters can be

CH H 13 H H
30.0 | K,=265.7 (265.6) GPa " Shogy - accurately described by the ‘“universal equation of
| dK/dP = 4.08 (4.12) state:20:21
dK/dT = -3.43 (3.43) x 10° GPa K’

30.5 -

Cell Volume (&%)
@
s )

29.5 ! 1 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0

Pressure (GPa)

P:3Ko(1+x)xZeXpE(K'—n(l—x) , 2)

FIG. 3. Cell volumes of molybdenum observed at hRHF Whe“?XZ(VP_/Vo)l/3 is simply the linear compression.
conditions are plotted as a function of pressure. Fitted isothermal This EOS is based on the universal relationship between

compressions are iAT=200K steps fromT=473K up toT  binding energy and the interatomic separation. Thermal con-
=1673 K. The circular symbols are for syncrotron x-ray-diffraction tribution to the pressure arises at high temperatures as the
data and square symbols are for neutron-diffraction data. The trientropy of the system increases. Many approaches have been
angle symbol is shock experiment data at room temperé@ager  proposed on equation of state to deal with thermal effects so
et al, 197 which falls nicely on theT=300K isotherm of the as to proces®-V-T data. We apply two widely employed
present study. The shaded line next to el673 K isotherm  methods, namely higfi- EOS and thermal pressure ap-
compression is EOS fit of shock experimentJ at1400 °C(Miller proach, to derive thermoelastic parameters fi@#/-T data
et al, 1988,zero-order fil. The thermoelastic parameters listed are of molybdenum.
for high-T Birch-Murnaghan EOS and those in parentheses are for Qne practical way is to introduce temperature effects in a
high-T Vinet “universal” EOS. Two highT EOS fitting curves modify equation of state to fit the-V-Tdata®22The highT
overlap perfectly. EOS modeling first heats the ambient voluig to high
temperature isobarically alorig=0 and then compress the
in Fig. 1. At this temperature, the NaGh a multilayer stack expanded volume/(0,T) along an isotherm to reach the
mixed with molybdenumbecomes very soft and the stress V(P,T). The following two essential modifications are made
field applied to the sample reaches a quasihydrostatic prete Eq. (1) and/or Eq.(2) to obtain highT EOS so that the
sure condition at high temperature. We took care in the packemperature effects are accounted for:
ing of the powder sample and pressure calibrant mixture to (i) To replaceVy/Vp with V;/Vpr, whereV, is cell
avoid further uncertainty in the pressure measurement. It haglume at ambient conditiond/+=V(0,T) at highT, Vp
been demonstrated that a pressure reading from a powderV(P,300K) at highP, and the observed,+=V(P,T) at
mixture of hard and soft materials can be quite different. Thesimultaneous highP-T conditions. TheV; can be obtained
so-called Lameeffect in the powder mixture makes the hard from isobaric thermal expansion at atmospheric pressure:
material experience noticeably higher stress than the soff;=V,exp(dT) anda=a(0,T)=a+bT—c/T2.2* The Eu-
material’® even if the total yield occurs in the soft material. lerian strain in highf Birch EOS is thus written ad
We used a multilayer packing scheme to achieve the “iso= [ (V+/Vp7)?*—1], and the linear compression in high-
(P,T)” condition for both sample and pressure calibr&ht. Vinet EOS is written ax=(Vp1/V)Y2.
The layered packing of powder mixture is also essential for (ii) To replaceK, with K, whereK is bulk modulus at
metallic samples to prevent electrical shorts between thambient conditions andk; is isothermal bulk modulus at

heating elements, since the protection tube between samglﬁgh temperaturesK ;=K + K(T—300) andK = dK/aT is
0

and furnace is sometimes eliminated in order to have mortt=he temperature derivative of the bulk modulus. The Hiah-
sample volume and less diffraction contamination from thebulk moF()quusK is applied to reduca/ to V iﬁ an isog
T T PT -

surroundings. A particular routine to correct diffraction op- thermal compression

tics and to determineP-V-T was taken for the data furth di ith f
reduction!’ Eight data points of unit-cell volumes collected |, . One may urther mo ify EOS with temperature effects on
' high-order derivatives, such a#K/JPdT,9°K/dT?, etc.

by high-P-T neutron-diffraction technique are listed in Table |1 oversuch further modifications are usually limited by

and plotted in Fig. 3 as square symbols. experimentalP-T range and become impractical in most
cases. With the limite®-T coverage and a quite small volu-
metric compression XV a/Vo<4%) of the molybdenum
sample in present study, we ignore &/d? term in thermal
Based on finite-strain theory’ Murnagﬁgrand BircH-g eXpanSion and high-order derivatives of the bulk modulus
have derived an equation of state that is independent df”, K, andK’. It is important to indicate that, when fitting
bonding character and interatomic potentials to describe isa¢he equation of state parameters, YW, T) data should be
thermal compression. The so-called Birch-Murnaghan EOS$hdependent of th®-T path. Therefore we are able to apply

HIGH-TEMPERATURE EQUATION OF STATE
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Thermoelastic Equation of State for Molybdenum

33
32
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o=a+b(T-300), a=127x10°K", b=112x10°K?
. K, = K, + dK/dT (T-300)

— 30 r P(V,T) = P(V,/V,,, K(T)) )
e 29 -
: 28 (aK;), = 543 x 10° GPa K 1
£ 27 ¢ - P(V,T) = P,(V, 300K) + P (0K,)
2 2
>
= 257
)
O 241t

23 1 K, = 268 GPa

22 b d;(/dP ; 3.82 »
d°KIdP" = -1.41x 10
21 b dKMAT =-2.13x 102 GPa K’ .

:!O ||||||||||||||||||| Loy L T T TTITIm el edusanog | FTTTESTOTAITTRTTINT] INATTTIRTINRIINTein L NI

0 20 40 60 80 100 120 140 160 180 200
Pressure (GPa)

FIG. 4. All experimental data of molybdenum observed at Hghi- conditions are plotted as a function of pressure. The inverted
triangles along the axis of P=0.0 GPa represent thermal-expansion data observed at atmospheric pressure. The circular symbols are for
synchrotron x-ray-diffraction data and square symbols are for neutron-diffraction data observed at simultane®43 .hifjie triangle
symbol is shock experiment data at room temperai@eeteret al, 1971 which falls nicely on thel =300 K isotherm of the present study.

The inverted triangles are for shock datd'at 1400 °C and the line is theero-order fitof Miller et al. (1988. The thermoelastic parameters
listed are for highF Birch EOS and for thermal pressure approach of Mieér@isen EOS, respectively. The highEOS isothermal
compression lines are drawn for the experimental pressure rangeRup 200 GPa, in a temperature stepAf =200 K fromT=473K to
T=1673K. The diamond symbols represétV-T data calculated from the isochoric heating on the basig#f300 K isothermal
compression. The results from two different approackigssobaric heating P=0.0 GPa) followed by isothermal compression diig
isothermal compressioT & 300 K) followed by isochoric heating, matches one another within 2% over the whole experifaehtainge.

the “global fit” to process all observe®-V-T data simul-  sion lines calculated from the fitted thermoelastic parameters
taneously, even though the experimental data were takefor high-T Birch-Murnaghan EOS and for highVinet EOS,
along isotherms. respectively. The diagram clearly shows that the thermoelas-
Thermoelastic parameters for molybdenum are derived byic parameters derived in the present study produce good fits
global fitting of the P-V-T data (Table ) to the highT  to the P-V-T data of molybdenum and two high-EOS,
Birch-Murnaghan EO$truncated to third order, i.eB=0 in high-T form of Egs.(1) and(2), overlap perfectly.
Eqg. (1)] and to highT Vinet EOS, respectively. The derived  Numerous experiments have been done on molybdenum
parameters from these two EOS are essgntially identical f%cluding shock wave experiments at room temperatanel
the P-V-T data coverage of the present highT diffraction 4t high temperatur® ultrasonic measurements of elastic
study. The isothermal bulk modulushs,o=266(9) GPaand  copstants at high temperatufés®! and thermal-expansion
pressure derivative of bulk modulus’=dK/dP=4.1(9),  measurements at atmospheric pres&i?@The shock wave
temperature derivative of bulk moduluK=9K/JdT  experiment at room temperature has reached an ultrahigh
=—3.4(9)x 10 >GPa/K, volumetric thermal expansivity pressure of 200 GPa and a significant volumetric compres-
a=a+bT with values ofa=1.32(14)x10 °K ! andb  sion of AV/V,=32%, which provides a very good constrain
=1.26(15)x 10 8 K2 Figure 3 plots the cell volumes as a on the bulk modulus and its pressure derivative. The high-
function of pressure together with the isothermal comprestemperature shock wave experiment has reached high pres-
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TABLE II. Thermoelastic parameters of molybdenum derived from different experimental data. Thermal expansiam: b
=daldT, at-3zg0xk=a+bT at T=300 K. The parenthesés#) are to show the errors for the derived parametiEmsn last digiy. The Ref.
Nos. indicate where the data are derived/quoted fi¢ig. 4B) and(Fig. 4V) stand for the highF Birch EOS fit and hight VinetEOS fit,
respectively. Boldfaced data derived from present study is the preferred data set of thermoelastic parameters of Mo.

Bulk modulus Thermal expansion Greisen parameter
K1o=2681) (Fig. 4B) GPa a,=1.31(10) (Fig. 4B)X10°K ! y=1.7522) (Fig. 4B)
264(1) (Fig. 4V) 1.28111) (Fig. 4V) 1.71(24) (Fig. 4V)
2669) (Fig. 3 1.3214) (Fig. 3 1.8338) (Fig. 3
267 (Ref. 5 1.45(Ref. 32 1.52 (Ref. 28
261 (Ref. 28 1.44 (Ref. 33 1.58 (Ref. 35
268 (Ref. 29 1.70 (Ref. 2
262 (Ref. 30 a7_300 k=1.6521) (Fig. 4B)X10°K ™1
259 (Ref. 31 1.6323) (Fig. 4V)
273 (Ref. 39 1.7029) (Fig. 3
1.52 (Ref. 32 aK;=5.435) (Fig. X103 GPaK™
1.53(Ref. 33 (derived from thermal pressure approach
JK/IP=3.81(6) (Fig. 4B) 9ol dT=1.12A11) (Fig. 4B)X107 8K 2 for large P-T coverage
4.052) (Fig. 4V) 1.1812) (Fig. 4V)
4.1(9) (Fig. 3 1.2615) (Fig. 3 Aa/AP=—2.97(33) (Fig. 7)X10°K "1 GPa*
3.9(Ref. 5 0.25(Ref. 32
0.29 (Ref. 33
IKIFT=—2.1331) (Fig. 4B)X102GPaK™ da/dP=—2.9733) (Fig. 4B)X10°K 1 GPa ! Debye temperature
—1.7230) (Fig. 4V) —2.4432) (Fig. 4V) -
—3.409) (Fig. 3 —4.81(99) (Fig. 3 Opyw=4558) (Fig. 10)
—2.1(6) (Fig. 5 —3.0262) (Fig. 5 Op=445-474(Ref. 30
—1.21(Fig. 5 (Ref. 28 —1.77 (Ref. 29
—2.07 (Fig. 3 (Ref. 28 —3.04(Ref. 29
—1.70 (Ref. 29 —2.36 (Ref. 29
—1.73(Ref. 30 —2.52(Ref. 30
—1.63(Ref. 3) —2.41 (Ref. 39

PKIIP?=1.41(13) (Fig. 4B) X102
—4.34(Ref. 5

sure of 96 GPa af =1400 °C with volumetric compression expansivity a=a+bT with values of a

of AV/V,=21%), which should also provides a good con-=1.31(10)-1.28(11x10 °K ! and b=1.12(11)

strain on the pressure and temperature derivative of the bulk1.18(12)x 1078 K~2. As shown in the fitting results, Table

modulus. We have plotted both shock wave data sets on Fig}, the difference between Birch and Vinet EOS are mostly

3 and found out that the shock data at room temperature linggithin three sigmathree times of standard deviation

up very nicely with the isothern®(V,300 K) derived from

Birch EOS[Eq. (1)] and Vinet EOS[Eq. (2)]. While the THERMAL PRESSURE APPROACH

“zero-order fit’ of EOS for Miller etal’s (1988 T

=1400°C shock data has a signifiant mismatch with The The thermal pressure approach to prodesg-T data has

=1673 K isotherm. been widely applied for its thermodynamic significance. In
The P-V-T data coverage can be greatly extended bythis approach, the sample volumg is first compressed

including all of the previous experimental data. Thermoelasalong To=300 K isotherm tdov and then heated up to high

tic parameters for molybdenum are derived again with globatemperature isochorically t6/(P,T)=V(P.300K). The

fitting of all P-V-T data(Fig. 4) to the highT Birch EOS  equations of statél) and(2) may be followed exactly for the

(full expressiohand to highT Vinet EOS, respectively. The isothermal compression frory to Vp and an additional

derived isothermal bulk modulus {Birch EOS—Vinet EO5  thermal pressurd®y, term is introduced to take isochoric

K1o=268(1)-264(1) GPa; the pressure derivative of bulkheating @P/JT), into account for constant volum¥p

modulus K’=0K/dP=3.81(6)-4.062), and double =Vpr, i.e,

pressure derivatives  9°K/9P?=—1.41(13)x 10 ?;

temperature  derivative of bulk modulusk =gK/dT P(V,T)=P(V,300 K)JFJT (9P1aT)\dT. 3)
=—2.13(31)-1.72(30%x 10 2GPa/K; volumetric thermal 300
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280
The K(T) data of the present study are directly derived from FIG. 5. The bulk modulus of
275 1 T} V(T)-P Plot & High-T EOS Fits for each temperature steps m0|ytbdenur::_ pAOttﬁd agf;:nSt tlem'
perature, which shows the “elas-
— 270 + tic softening” effect due to in-
& = creasing temperature. The filled
o 265 1 ) diamond symbols are bulk modu-
=~ § lus derived directly from indi-
v 2607 Z vidual V(T)-P plots for each tem-
o 255 4 ; perature step. The empty diamond
=2 g symbols are bulk modulus derived
B 55 3 from individual highT EOS fit-
§ § ting curves of each temperature
X 245 = step. The regression result of
a dK/dT value of the present high-
240 P-T  diffraction  study is
_ By Gr,, —0.0216) GPa/K. The dK/dT
235 4 Milleretal,, (1988) : dK/dT ™1 =-0.0121 ("zero-order fit") ) Ko % values derived from different data
=-0.0207 ("best-fit")  GPa/K "es,.',,;.. sets(Ref. No. in bracketof ultra-
23Q T T T ; T ; . . sonic and shock wave experiments
0 200 400 600 800 1000 1200 1400 1600 1800 are labeled and placed next to the

linear regression lines.
_ Temperature (K) g

It has been observed experimentally that above Debye tenmeason that it does not have the intrinsic EOS feature pre-
perature®p, thermal pressurd, is a linear function of sented in the room-temperature shock data. The isotherm of
temperature, i.e., thedP/dT)y in the second term is an in- the zero-order fittogether with five experimental data ob-
variant inT> 0, high-temperature regiof:? Using simple  served in theT=1400°C shock wave experiment show a
calculus, one may get the invariant ofdR/dT),  significant concave curvature, which represent a srkall
=—(oVIdT)pl(aVIdP)r=aKy, and write thermal pres- large dK/dP, |d?K/dP?, and an unrealistically small
sure at constant volume in a rather simple for®,,  dK/dT. It has been considered that the isochoric thermal

= [2002K7d T=aK,(T—300). Thus we get pressure may not be true invariant over (/-T space and
additional modification may also be involved. In such case
P(V,T)=P(V,300 K)+ aK1(T—300. (4 thermal pressure is written asPy=/30(dP/dT),dT

= [aKT— (aKT/aT)Vln(VpTN0)+ . ] (T_300) . Th|S for'
This resembles the Mie-Gneisen equation of state, with mula was found to work quite well for many minerals, how-
the difference that the first term refersTe- 300 K isotherm,  ever, present study indicates that it is not applicable to the
instead of toT =0 K. The thermal pressure approach worksmetal Mo case.
over a large P-T range, with substantial compression

H : ,26,27
AV/IVy, an_d for many different materiafg: Next, we OTHER THERMOELASTIC PARAMETERS
compare highF EOS and thermal pressure approaches to see
if these two match one another in tieV-T data analysis. Furthermore, thermal Gneisen parameter at ambient

In the mean time, we include all the experimental data pereonditions, which quantifies the relationship between thermal
formed for molybdenum and greatly expand €T cover- and elastic properties, can be derived for molybdenum from
age of the investigation. the refined thermoelastic data with the thermodynamic
We conducted the global fit using thermal pressure apformula
proaches to fit all the data with E¢4) to derive isochoric
heating effects. The isochoric thermal pressures are plotted ay- Ky
in Fig. 4, shown as empty diamond symbols, together with Vth:m'
the isothermal compression lines derived from higkOS.
It is observed that the derived pressures and volumes withVith ay=1.65(21)< 10 °K™!, K;,=268(1) GPa, and
these two different approaches match within 2% for thepo=10.23g/cd plus the isochoric heat capacitCy
whole P-T range. =24.7 JImol/K!* the derived thermal Gneisen parameter
We have used the complete formula of the equation obf molybdenum is thus:yy,=1.75(22) for ambient condi-
state with higher-order derivatives, to fit the much more entions. This value is consistent with the derivation of the
largedP-V-T data. The present higR-T synchrotron x-ray shock wave experiments;=1.58— 1.7G3*+%We have de-
and time-of-flight neutron-diffraction experiments occupy rived an invarianteK=5.43(5)x 10”3 GPa/K over a wide
only a very small portion in the data space. NeverthelessP-T range using thermal pressure approach. With the figh-
they are still greatly valuable in fitting the thermoelastic EOS parameters derived for molybdenum in present study,
equation of state. We did not use Millet al’s (1988 shock  one should be able to plot thermal Grisen parameter as a
wave data af =1400 °C in the nonlinear regression of the function of pressure and temperature if there were such data
high-T EOS and for the thermal pressure approach, for théor specific heat.

©)
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Thermal Expansion of Molybdenum @ High Pressures 25
32.25 o Molybdenum
v
32.00 o AaL/AP =-3.7(5) x 107 K''GPa™
< 20
3175 z
fg 31.50 g
% 31.25 _é 15 1
9 31.00 §
= X
D 30.75 i
o 4
®© 1.0 1
30.50 £
S 1 oKy et 4
30.25 = K_Tz(?) =-29~-48x107K' GPa
30.00 - : : : , : 05 L ‘ , , .
200 400 600 800 1000 1200 1400 6.6 20 40 &% 5 i
Temperature (K) Pressure (GPa)
FIG. 6. The cell volumesV(P,T) of molybdenum plotted FIG. 7. Thermal expansions of molybdenum plotted as a func-

against temperature. The empty circles represent thér&wl'data  tjon of pressure. The diamond symbols represent thermal expansion
while filled solid symbols are the corrected cell volum&®.,T)  data derived from Fig. 6 and the dotted squar® at0.0 GPa is for
for isobaric Pcs of 1.5, 3.0, 4.5, 6.0, and 7.5 GPa, respectively. kjrhy’s (1963 thermal expansion dat@Ref. 32. The slope of the
Data points in between any two isobaric heating lines are correctefited straight line represents pressure derivative of thermal expan-

twice to bothP_s (volume up and down corresponds to decompres-sion, Aal/AP, which is well comparable to the thermodynamic
sion and compression, respectivelfrhe cell volume data foP derivation[Eq. (6)].

=0.0 GPa(dotted squargsare derived from Kirby’¥1963 thermal
expansion datéRef. 32. ) o
present study. The solid symbols plotted in Fig. 6 are the
The change of thermal expansion with pressure is directhforrectedv(P.,T) data for five constan®s.
related to the change of bulk modulus with temperature. The thermal expansions at these five constant pressures
Through the thermodynamic identity, can be traced out in the isobaric heatWP.)- T plot with a
second-order linear regressions\of by + b, T+b,T2. Thus
da 1 [oKy the thermal expansioar=a+bT has the valua= (b, /bg)
(&_P) rd &_T> (6)  andb=(2b,/b,). We plot the six averaged thermal expan-
T T P sions for temperature range of 300—1300 K against pressure

Using the derived thermoelastic parameters, the pressufB Fig- 7. It is clearly shown that the volumetric thermal
derivative of thermal expansion for the molybdenum is€XPansion of molybdenum decreases monotonously with in-
calculated to be daloP=—2.97(33)— 4.81(99) creasing pressure. The fitted slope.of the straight line is the
x10~7K~'GPa’, depending on the choice &-T range pressure derivative o7f vlolumetlnc thermal expansion:
and thermoelastic equation of state. We derive the bul “/AP:._3'7(5)>.<10 K™"GPa ". This regression re-
modulus from individualN(T)-P plots and from individual sult falls right within the range of thermodynamic derivation
high-T EOS fitting curves for each temperature step, respec-

tively. Plotted in Fig. 5 are bulk moduli as a function of T | | | | |
temperature for all experimental data. The regression result !

of dK/dT of the present higlir-T diffraction study is !
—0.0216) GPa/K and the corresponding value @#/JP B T
=—3.02(62)<10 'K 1 GPa . The regressiodK/dT val-

ues of different data set for ultrasofiic*' and shock wavé&
experiments are also derived and shown in Fig. 5.

A different approach can be applied to evaluate this ther-
modynamic derivation. We plot cell volumes versus tem-
peratures along isobaric heating lin@sig. 6) in order to
derive thermal expansions at different pressures. The rav
experimentaP-V-T data, as shown by the empty circles, are e . .
pretty much lined up in the diagram, although with different BT T T !
pressures. One may correct the r&i¢P,T) data to certain 05 1.0 15 2.0 25 30
constant pressurd®.s to get the isobaric volumeg(P.,T)
using high-T Birch-Murnaghan equation of state. The trick d-spacing (A )
of this correction is to back derivé(0,T) from V(P,T) first

anq then Compres‘s’.(O,T) to V(PC_’T)' Here, vye,use the lybdenum and NaCl at simultaneous higkF condition. The
de”V?d thermoelastic parametets;o=266 GPa;K'=4.1; crosses are the experimental neutron counts and the curve is the
and K=—3.43x10 2GPaK! for the P-T coverage of Rietveld refinement fit to the experimental data.

1.0

(10°)

0.5

0.0
T

Norm. Count/Sec.

FIG. 8. The time-of-flight neutron-diffraction spectrum of mo-
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Debye-Waller Factor of Molybdenum at High P-T Conditions 12.0 — 1 r 1 ' T T T
30 30

00
=

4.97 GPa
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1000 <u>> (A?)
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[=]

20y 470 GPa
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0.0 + T T T T T 0.0 T T T
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Temperature (K)

FIG. 9. Normalized(to data collected at ambient conditions
isotropic thermal vibration of molybdenum at highT conditions. FIG. 10. The isotropic thermal vibration of molybdenum plotted
The P-T conditions are labeled next to the data points for easyas a function of temperature for two different data sgtesent
reading of the diagram. study and Ref. 38 See text for the details of the diagram interpre-
tation.

JdaldP=—29~—-4.8x10 'K 1GPal, two different

thermodynamic approaches result in comparable outcomessensitive to pressure. Plotted in Fig. 9 are isotropic thermal
parameters as a function of pressure and temperature, respec-

tively. The corresponding pressures and temperatures are la-
beled next to each data point. As pressure increases up to 4.2
The Debye-Walller factor is to indicate the thermal vibra- GPa, thermal vibrations of molybdenum atoms were virtu-
tion of the crystal latticé® The intensity of Bragg diffraction  ally unchanged within the experimental error. The increase
peak decreases as temperature of the crystal increased. Tofetemperature drastically raises up the thermal vibrations of
thermal effect is more pronounced at lar@e=|27/d;| molybdenum atoms. The mean-square thermal displacement
value (higher hkl, smallerd spacing. The atoms undergo (u?) of the molybdenum atom increases more or less in a
large amplitude random thermal motion with instantaneoudinear fashion with temperature as shown in Fig. 9. One may
nearest-neighbor spacing differing significantly from staticconsider the manifest of thermal vibration of atom as an
positions. For a crystal lattice, the diffraction intensity areindication of entropy of the system, where temperature domi-

DEBYE-WALLER FACTOR

weakened by the Debye-Waller factor: nates the process.
The Debye approximation is applied in discussing the in-
DW= e—4w2(u2)hk|/dﬁk|’ (7) tegral vibrational properties of crystaf$For a monatomic

cubic crystal with Debye frequency distribution, the tem-
where (u?) is the mean-square thermal displacement of arperature dependence of mean-square thermal displacement of
atom from its equilibrium position normal to the plah&l  the atom is written as
anddy,, is thed spacing associated with that plane.

Synchrotron x-ray diffraction in energy dispersive mode 5 B 3#%T (1Opyw T (©powr udu
does not provide a good intensity calibration at the Hgf {u >idea'_ka@2DW 2 T Opw Jo ei—1/"
conditions. Furthermore, x-ray diffraction, scattering by (8

atomic electrons not nuclei, attenuates significantly at large

Q=|2#/d| value in a fashion off.(Q)|? in addition to wheremis the mass of the atorkg is Boltzmann’s constant,
Debye-Waller factors. Thus it is difficult to apply Rietveld 7% is Planck’s constant an®p,, is the Debye-Waller tem-
refinement’ to obtain structural and thermal parameters. Theperature, a characteristic temperature of the particular mate-
time-of-flight neutron diffraction directly sense the motion of rial. Strictly speaking®p,y is not identical with the Debye
nuclei and the spectra collectéfig. 8 cover a much large temperature determined from heat-capacity measurement,
range of scattering vect@ (d spacing down to 0.5 Al For  but their numerical values are generally cld8at high tem-

only five free parameters involvedattice and thermal pa- perature, i.e.T>0p,y, the(u2> is proportional to the abso-
rameters for Mo and NaCl, respectivelplus fitting for  lute temperaturd. The(u?) versus temperature curve is thus
background and absorption correction, the neutrondinear and the slope of the curve is inversely proportional to
diffraction data are of qualities suitable for Rietveld refine-square of ®p,,. In the low-temperature region, i.eT
ment. The refinement result on isotropic thermal vibration<®p,,, zero-point motion is predominant and independent
shows significant dependence on temperature, however, nof temperature. The current thermal vibration data of molyb-
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denum observed at high pressures and high temperatures drigh-P-T synchrotron x-ray/neutron-diffraction experiments.
plotted together with Lawsoet al’s low-temperature data in  Different equation of state approaches, namely AigeOS
Fig. 10 in order to demonstrate the Debye approximation. and thermal pressure, have been applied in the data analysis
There is an apparent mismatch between two data sets athd the overall thermoelastic parameters obtained are in con-
their absolute values. Also noticed is that both data sets neeglstent with one another. Previous experimental data of shock
some corrections to make the measurements meaningful. Thgaye, ultrasonic elasticity, and thermal expansion have been
low-temperature data have negative values at temperatuigilized in the global fitting of the thermoelastic equation of
rangeT<100K (discussed in Ref. 14 as “offset” phenom- giate of molybdenum. There are noticeable differences in the
enon, while high-temperature data have an unusual kinkjerived thermoelastic parameters when the experimental data
from T=300K to T>400K. The reasons for these effects .o\ ar a much large pressure range. However, better con-

are not clear to us for now and more experimental studies arg it are needed on the high-temperature related ther-
needed to exclude the system error. Nevertheless, both daia .| <tic parameters, i.e., to greatly extend RHE cover-

sets can still be fitted with straight lines of similar slopesfelge Thermal Gmeisen parameter has been derived for the
(Fig. 10. The dashed line drawn in the diagram is the bes mbient conditions and i8-T function could be determined

representative curve of thermal vibration of molybdenum ad ; X .
a function of temperature. The derived Debye-Waller tem-'f the corresponding heat-capacity data were available. The

perature,® p,,=455(8) K, is inversely proportional to the temperature derivative of bulk modulus and pressure deriva-
square root of the fitted slope of the curve at high—tive of thermal expansion of molybdenum are derived inde-
temperature portionT>200K). pendently from the curve fittings of isothermal compression

The derived Debye-Waller temperatuBga,,,=455(8) K (Figs. .3 anq % isobaric he_atingFigs. 6 and J, and glastic
is comparable to the acoustic and calorimetric Debye temS°ftening (Fig. 5), respectively. These two derivatives are

perature @, =445-474K%* The Debye temperature has comparable with one another by different approaches and
been related to the acoustic phonon modes with a cutoff freSan be well mterpref[ed by a thermodynamic relation&ip.
quency (_6)]. The thermal V|b_rat|on_s of molybdenum atoms are re-
fined from neutron-diffraction experiments are plotted as a
672N\ 13/ E\ 12 function of pressure and temperature. Temperature has sig-
v ) (p) ) ) nificant effect on the thermal vibrations while pressure
m shows little effect. The derived Debye temperat@ig,,,
whereN is the Avogadro’s numbel,, is the molar volume, based on the Debye-Waller factor measurement, is a thermo-
p is the density, andE is the elastic constant for acoustic dynamic measure of the elastic behavior of the material. It is
wave propagation. Equatiof®) has been used to derive a virtually identical at highP-T conditions to those derived
thermal Debye temperatuf@p value in a range of 400-600 from the low-temperature data. This indicates that the
K depend on the choice of elastic constémilk, shear, or a Debye-Waller temperature is an intrinsic and atom-specific
combination. The Debye temperatur®, derived from property generally applicable over a wide thermodynamic
acoustic approach has been demonstrated in general agré®T range, as demonstrated by its comparability to the acous-
ment with the derivation from the calorimetric approach us-tic and calorimetric approaches.
ing specific-heat data of the low temperatures. A mechanical
interpretation of®,, may be given by equating the thermal
energykg® to the phonon energy of an atom at its resonance ACKNOWLEDGMENTS
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