Equation of State of MgAI204 Spinel to 1473K and 9.5 GPa
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Volume measurements of MgAIO

, Spinel asafunction of pressure and temperature ranging from ambient conditionsto 9.5 GPaand 1473

K were measured using synchrotron X-ray radiation at the National Synchrotron Light Sourcein aDIA-type cubic anvil apparatus (SAM-
85) using apowder sample. The volumes were fit with a Birch-Murnaghan equation of state, fixing K to 4, yielding K = 191 £3 GPa,

oK/oT =

1. Introduction

While MgALLO, spinel is awidely studied compound, it is a
very interesting material, worthy of further study. Itisuseful asa
reference material as there are many compounds which form in
the spinel structure. It isalso stable over ahigh pressure and tem-
peraturerange. Additionally, thereisevidencethat thisisahighly
irregular material. High pressure ultrasonic studies|Yoneda, 1990;
Chang and Barsch, 1972] have suggested avanishing bulk modu-
lus, yet high pressure x-ray diffraction experiments[Kruger et al.,
1997] found none (Fig. 1). A discontinuity in thermal expansion
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Extrapolation of the bulk modulus of spinel. Solid line corre-
sponds to that of Kruger et al [1997], dashed line corresponds
to that of Yoneda [1990], who predicts a softening over 10 GPa.

has been demonstrated by Brillouin spectroscopy to 1273 K
[Askarpour et al., 1993] and by dilatometry to 1173 K [Suzuki
and Kumazawa, 1980]. However, Peterson et al. [1991] found no
discontinuity by means of in situ time of flight neutron powder
diffractionto 1273 K. Itisclear that this compound requires fur-
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ther study.

In the present study, we usein situ x-ray diffraction to measure
the response of MgAl, O, spinel to high pressure and temperature.
Previous experiments have concentrated on high pressure [e.g.
Kruger et al., 1997] or high temperature [e.g. Askarpour et al.,
1993] alone. While many of the pressure experiments were per-
formed with more advanced techniques such as ultrasonics [e.g.
Yoneda, 1990], the present study isthefirst to combine high pres-
sureand high temperatureto find the equation of state of MgAlO,
Spinel.

2. Experimental Procedure

Experiments were performed on the powder sample of spinel
using a DIA-type cubic anvil high-pressure apparatus (SAM-85)
with white synchrotron radiation from the superconducting wig-
gler port (X-17 beamline) at NSLS. Diffraction patternswere col-
lected with collection times of about 1 minute by means of energy
dispersive analysis with atwo theta angle of 7.5°. Pressure was
calculated by Decker’s equation of state [Decker, 1971] using the
internal NaCl standard. The system is described in greater detail
by Weidner et al. [1992a,b]. The cell assembly used in this study
is also described elsawhere by Weidner et al. [1998].

In this experiment, the sample wasfirst compressed to 9.5 GPa
then heated to about 1473 K. Diffraction patterns were collected
at about every 200 K during the cooling cycle. Datais collected
during the cooling cycle to minimize deviatoric stress, which is
found to relax during heating [Wang et al., 1998]. At room tem-
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The pressure and temperature path of spinel. The ambient condi-
tion data was taken first, then the highest pressure and tempera-
ture. The temperature was dropped in 200 K intervals until room
temperature where the pressure wasrel axed dightly and the sample
was reheated. Data points were collected on cooling cycles to
minimize deviatoric stress.



perature, the pressure was relaxed and the samplewasreheated in
preparation for another cooling cycle. Thiswas repeated several
timesto cover the P-T range (Fig. 2).

Pressure (GPa) Temperature (K) Cell Volume (A3) Error

0.001 303.1 528.2087| 0.1283
9.525 1470.02 517.9313 0.1186
9.061 1274.48 516.8651 0.1822
8.695 1073.55 515.0472| 0.1416
8311 873.15 513.6863 0.1561
7.953 673.93 512.321 0.119
7.645 473.45 511.3134| 0.1953
7.442 311.85 510.0693 0.1669
8.63 14734 520.4007| 0.1889
8.169 1276.98 519.2462 0.1927
7.76 1073.66 517.442| 0.108
7.366 872.74 516.0957| 0.1758
6.993 674.45 514.7352| 0.1362
6.636 473.81 513.2149 0.1525
6.369 311.28 5125659, 021
7.892 147553 522.3477| 0.1546
7.405 1273.07 521.3958 0.2045
6.99 1072.3 519.5574 0.117
6.611 872.13 517.7764) 0.0978
6.232 6734 516.6283 0.1972
5.8%4 473.81 515.2077| 01752
5.686 308.46 514.4982 0.2019
6.978 1273.72 522.4714, 0.2005
6.5 1075.33 520.92 0.1249
6.099 873.15 519.3257| 0.1596
571 673.56 517.8159 0.1271
5333 472.85 516.4789 0.1012
5.062 309.4 515.8699 0.1593
6.013 1276.71 524.6741 0.1245
5545 1073.45 523.321 0.1502
5157 87321 521.7505/ 0.1981
4.775 671.03 520.1389 0.1119
4434 473.75 518.7966 0.10%4
4.169 309.11 518.0742' 0.1101
4.89 1275.08 527.8004 0.1257
4.432 1073.19 526.6859 0.1528
4.033 872.8 524.9255 0.1446
3721 673.66 523.3733 0.145
3.324 471.59 522.2238 0.1662
3.073 308.9 521.2699 0.1263
3.318 1076.84 520.219 0.2279
2.868 871.87 527.6307 0.1746
2.509 673.66 526.3622| 0.1597
2.187 473.63 525.0978 0.1324

Table 1.
Cell Volumes of Spinel

3. Resultsand Discussion

The P-V-T data (table 1) were fit to a high temperature Birch-
Murnaghan eguation of state. We usethe Birch-Murnaghan equa-
tion of state that has the form:
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and we replace the room temperature parameters with their high
temperature counterparts given by:

KT:KO{BKTJ (T-300) , Ki=K;+ Ky (T -300)
aT Jp and aT ),

.
Ve =Vl expl | a(T)dTJ
300

where o(T) isgiven by:

a(T)=o,+a,T

Using aleast-squaresfit, fixing K’ =4, we cal cul ated the coeffi-
cientsin Table 2. Previous high-pressure x-ray diffraction studies
[Kruger et al., 1997] yielded a K =196(+1), K'=4.7(+0.3), and
KK,"16. Unfortunately, the resolution of our datawasinsufficient
to accurately determine even K’ If K’ was not fixed to 4, the
iteration returned the very uncertain, low value of .2(£1.6). Pre-
vious high-temperature studies[e.g. Suzuki and Kumazawa, 1980]
found an anomaly in the thermal expansion around 930 K. While
this temperature isin our P-T range, our data was unable to re-
solve decisively an anomal ous thermal expansion.

We found that our analysis would be greatly enhanced if we
had precise isobaric and isothermal lines. To achievethis, we set
our datainto a P-T grid (Fig. 3), with an effort to minimize the
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Fig. 3
Pressure and temperature grid to which the cell volumeswere
fitted.



change in both pressure and temperature. Leaving the cell vol-
umes unaltered, we added the gridded points to our data and ran
thisextended list through aniteration of the high-temperature Birch-
Murnaghan eguation of state fixing the coefficients to the values
in Table 2. From the iteration, we determined the deviation of
each cell volumefromthemodel. Thecell volumes of the gridded
datawere then adjusted by the difference of thisdeviation and the
deviation of the original data point fromitsmodel. Thisgivesthe
gridded data the same deviation from the model as the origina
datapoint. Thisisillustrated in Fig. 4 whereadatapoint ischosen
(6.5 GPaand 1075.33 K) which isgridded to 6 GPaand 1073 K.
It can be seen that the deviation from their respective models is
exactly the same. Wetested the fit by putting the new data points
through a least squares iteration and comparing the new coeffi-
cientswith those we obtained from the ungridded data. We found
all of the coefficients to be within two standard deviations of the
ungridded ones.

Present Study  Yoneda  Kruger et al.
K, (GPa) 191(£3) 196.4 196(%1)
K, [4] 5.68 4.7(x0.3)
K,’ -0.64 =-0.03
(OK/9T), -.009(%.02)
vV, (E) 528.8(%.2) 528.22
o, 10° (K?) 2.03(£.15)
o, 10% (K*) 1.0(=.17)
0%K/OTOP (10%)  -2.5(+2.1)
Table 2.
Birch-Murnaghan equation-of-state parameters of spinel at high
temperature
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Example of the gridding procedure. The gridded point (6 GPa
and 1073 K) hasthe same deviation from the 1073 K model asthe
ungridded point (6.5 GPaand 1075.33 K) hasfrom the 1075.33 K
model.

With our grid, we are able to perform accurate comparisons
with previousroom temperature studies. A very clear comparison
can be made if the P-T data is changed in terms of the Eulerian
strain parameter (f=[(V,/V)#*-1]/2) and normalized pressure (F=P/
[3f(1+2f)>7) [Birch, 1978]. We combine our room temperature
datawith the high-pressure x-ray diffraction study of Kruger et al.
[1997], using our best estimate of their V, (529.5 AQ), and afitto
the coefficients of Yoneda [1990] (Fig. 5) using a fourth-order
Birch-Murnaghan equation of the form:

) G e o)t

Yoneda [1990] predicts avanishing bulk moduluswhich Kruger
et al. [1997] do not see. Thetwo modelsarevery different at high
strain, but are unfortunately quite similar at low strain. The reso-
lution of our study isnot good enough to differentiate between the
two models; our data could fit either model.

Using the gridded values, we can make aplot of In(V) vs. T at
constant pressure (Fig. 6). Within the resolution of our data, we
see no evidence of a discontinuity in thermal expansion, but in-
stead see a consistent curvature which lends credence to the o,
term.

While our datais of insufficient resolution to distinguish be-
tween the high-pressure models or to confidently support or con-
tradict anon-linearity in thermal expansion, itisagood first step
in high pressure and high temperature in situ x-ray diffraction ex-
periments on spinel. It isclear that further study is needed, espe-
cialy hydrostatic experiments at higher pressure.

4. Acknowledgements
We would like to thank Donald Weidner for his helpful
assistance and use of his regression software.

350
« Present study
K
300 [ m Kruger
——4th order B-M fit
to Yoneda
250
©
joR
2
Y 200 é
150
100 - - - - -
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
f
Fig.5

Room temperature equation of state of MgAI.O, using the nor-
malized pressure (F) and Eulerian strain (f) parameters defined in
thetext. Thesolid lineis afourth-order Birch-Murnaghan equa-
tion of state based on the elastic moduli given by Yoneda[1990].
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Natural log of volume vs. temperature at constant pressure. The
isobars are fitted with aquadratic curve. We see no discontinuity
in thermal expansion, but we do see a systematic increase.
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