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Hydrostatic compression of iron and related compounds: an overview
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Abstract

Compression data for iron were collected using X-ray diffraction on samples under hydro-
static pressure. Stress inhomogeneity effects were eliminated by the use of an encapsulated
liquid pressure medium. Pressures were determined on the basis of both NaCl and ruby
fluorescence methods; no significant difference was observed when both were used at the same
time. Compression data for a gasketed sample of 7-FezSiOr * NaCl were also reported.
Comparisons of both data sets were then made with existing hydrostatic and non-hydrostatic
data for materials compressed in the diamond cell. The bulk modulus (K.) of iron reported
here was found to be 1.64*0.07 Mbar if the pressure derivative of bulk modulus (Ki) was set
at 4.0. The difference observed between bulk moduli calculated from hydrostatic and non-
hydrostatic data is attributed to the presence of stress anisotropy in the latter case, and is
apparently related to the shear strength of the sample. The discrepancies between the bulk
moduli obtained under hydrostatic and non-hydrostatic conditions for c-Fe, a-FezSiOr, 7-
FezSiOr, FqOr, FesOa, and SiOz appear to increase with increasing shear strength.

Introduction

The presence of iron in the earth's interior has led
to a great deal of interest in the elastic behavior of
iron and its compounds at high pressures. X-ray dif-
fraction of samples while under high pressures has
been utilized for the past l5 years to provide informa-
tion on bulk moduli and their pressure derivatives.
Many of the earlier studies used solid pressure-trans-
mitting media, which have been shown to introduce
some error (Jamieson and Olinger, l97l; Sato, 1977).
Recently, investigators have reduced the possibility
of such errors by immersing the sample in a liquid
medium. In this paper, we compare the results from
these investigations in terms of the effect of the pres-
sure-transmitting media on bulk modulus.

Experimental procedures

Compression measurements on a wide number of
samples of geophysical importance have been made
using the opposed diamond anvil device developed by
Bassett et al. (1967) based on an earlier design of
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Piermarini and Weir (1962).In this device a sample is
placed between the flat, parallel faces of two single-
crystal, l/8 cant diamonds. After pressure has been
applied to the sample by means of a piston-screw
assembly, dn X-ray beam is then directed through the
diamonds and the sample. The cell is designed so that
scattered X-rays are recorded on a cylindrical film.

In the case where a solid pressure-transmitting me-
dium is used, the sample is mixed with a highly com-
pressible material such as NaCl in a volume ratio of
I: l The NaCl serves as both a pressure-transmitting
medium and pressure standard. Pressures are then
calculated from the observed cell volume of the
NaCl, using either the Hildebrand equation (Weaver
et al., l97l) or the Decker equation (Decker, 1965).
Deviation between these two methods falls within
experimental error. The assumption made is that the
pressure of the surrounding solid medium is equal to
that of the sample. However doubt has recently been
cast on this assumption (Jamieson and Olinger,
t97r).

Since a liquid provides truly hydrostatic condi-
tions, it is desirable to surround the sample with a
liquid to ensure pressure uniformity. This procedure
has been followed in a number of recent investiga-
tions. The results on iron, reported for the first time
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here, also utilized this technique. Except for our use
of a gasket, the instrumentation used in this investi-
gation is virtually the same as that used by Takahashi
et al. (1968).

The iron sample was a finely-powdered iron sponge
supplied by Johnson Matthey and Company, Ltd.
The chemical purity of the iron was determined spec-
trographically. The following sample impurities were
observed: Mn 3ppm, Mg 2ppm, Ni 2ppm, Si 2ppm,
A1 lppm, and Cu less than lppm. NaCl was standard
reagent-grade.

The finely-powdered iron is immersed in a liquid
and contained by a gasket between the diamond an-
vils. A methanol-ethanol mixture 4:l by volume
(Piermarini et al., 1973) was selected as the pressure-
transmitting medium. The gasket consists of a foil of
tempered 301 stainless steel 0.25 mm thick (initial
thickness) with a hole 0.2-0.4 mm in diameter. The
anvil faces range from 0.5-0.7 mm across. A chip of
ruby (0.05 mm across) is placed in the hole with the
sample and alcohol mixture (Barnett et al., 1973).

As in the earlier compression studies, a MoKa X-
ray beam was directed through the sample, and dif-
fracted X-rays were recorded photographically by
placing a film cassette behind the sample. The diffrac-
tion pattern from an external flake of polycrystalline
NaCl was recorded on the same film as a means of
detecting and recording any variation in cell geome-
try.

Lattice parameters and cell volumes of the com-
pressed iron were calculated from the (ll0), (200),
(2ll), and in some cases (220) diffraction lines. The
values listed in Table I are averages of the measured
lines for a given run. The lattice parameters thus
calculated are accurate to 0.07 percent, the volumes
to 0.21 percent. Pressures are accurate to 10.75 kbar.

Pressures were applied to the samirles in cycles.

Table l. Experimental data. The effect of pressure on the lattice

parameter a, and the resulting volume change V/Vo, of iron at

(25+5)"C. Hydrostatic conditions are present.

cycle Iron
P(Kbar )  a ( tcc ) l  v /vo

Table 2. Bulk modulus, Ko and (0K/7P)r, Kl of iron.

Kot Investlgato r

r . 6 4  5 . 0 6
r  . 6 4  5 . 9 4
L . 7 3  4 . 0
L . 6 4  4 . O

Voronov & Vereshchagln (1961)
Rotter  & SnlEh (1966)
Takahashi et al. (1968)
Thls work

NaCl Ruby
V/Vo P(Kbar) I/ lo

Once an individual sample was loaded, the cell was
taken up in pressure until the maximum pressure
desired for that cycle was attained. A period of an
hour or more was then allowed to elapse to permit
relaxation of the gasket, and then pressure on the
sample was measured by the ruby technique. The X-
ray diffraction procedure was then employed to ob-
tain compression data and NaCl pressures, then the
pressure was remeasured using the ruby method.

Once the desired information was obtained for a
given pressure, pressure was released slightly until the
next desired pressure was attained. This procedure
was then repeated until all desired pressures were
attained. At this point the pressure in the cell was
released, and the cell was X-rayed again at one bar
pressure in order to determine the room pressure
values for lattice parameter and cell volume. This
technique was employed so that the thickness of the
sample ((0.25mm) was as nearly constant as possible
over all pressure runs for a given cycle.

Results

A summary of all relevant data can be found in
Table 4. Experimental data for iron are reported in
Tables l-3 and Figure l. The value of the l-bar
isothermal bulk modulus, K6, was calculated by
means of a least-squares fit of the experimental data
to the Birch-Murnaghan equation of state:
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Table 3. Values of the isothermal bulk

obtained for given values of K6 from

equation of state.

modulus, i(0, of iron
the Birch-Murnaghan
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where Z and Vo are the volume at pressure P and I
bar respectively, and K6 is the value of (AK/AP)r
evaluated at I bar. If the assumption is made that Ki
is equal to 4, an assumption that is justified for oxides
and silicates, the resulting bulk modulus (Ko) was
found to be equal to L64*0.07 Mbar. Table 3 shows
additional values for Ko, with the assumption of
other values for K6.

Discussion

As can be seen in Table 2, the bulk modulus re-
ported in this paper is slightly lower than the recalcu-
lated value of Takahashi et al. (1968), which is based
upon non-hydrostatic data. The difference between
these two values is believed to be significant, although
the errors are such that a small amount of overlap
exists between bulk moduli.

The static Ko reported here is consistent with ultra-
sonic bulk moduli reported by Voronov and Ve-
reschagin (1961) and Rotter and Smith (1966); how-
ever, there is a significant difference among Kl values.
It should be noted, however, that variation of K6
among the ultrasonic measurements appears to be as
much as 20 percent, indicating that the accuracy of
this parameter is less well known than that of the
bulk modulus.
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For each compound tested, the bulk modulus de-
termined from hydrostatic techniques was found to
be less than the corresponding Ko for that material
measured under ungasketed conditions (Table 4).
Consequently, the compression curve calculated for
the hydrostatic data lies below the curve based on

Table 4. Bulk moduli for some materials in different media.

Bulk uoduu (Mbar)

(ltbar) Diemd CelI s

2 . 8  -  3 . 0  "
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Fig. l. Compression data for iron. The closed circles are data points measured by hydrostatic compression. The open circles are data
points measured under ungasketed, non-hydrostatic conditions (Takahashi et al., 1968). The two highest pressure points are for a-iron
that has metastably persisted into the e-iron stability field. The solid curve is a least-squares fit of the hydrostatic data to the Birch-
Murnaghan equation. The dashed line is an interpretation of the data of Takahashi e! a/. assuming that the strength of the sample
increases up to a point and then remains fairly constant with increasing pressure (Kinsland and Bassett, 1976).
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corresponding ungasketed data. This systematic de-
parture leads to the conclusion that the ungasketed
samples are under non-hydrostatic conditions. Fur-
thermore, because the samples and experimantal ap-
paratus used in both techniques are otherwise essen-
tially equivalent, any deviation of experimental
results can be solely attributed to this change in ex-
perimental technique.

There may be a minor error introduced in these
comparisons due to the fact that the bulk moduli
were based on compression data collected over differ-
ent pressure ranges for different ungasketed samples.
This is a matter that would need to be taken into
consideration before attempting to make these rela-
tionships sufficiently quantitative for correcting non-
hydrostatic data.

The question remains as to whether the use oi a
liquid surrounding the sample is absolutely neces-
sary. Perhaps the gasket filled with dry NaCl provides
a sufficiently isotropic stress field to produce a nearly
hydrostatic environment. To test this possibility a
series of pressure runs was conducted on z-FqSiO.
using identical samples and instrumentation em-
ployed by both Mao et al. (1969) and Wilburn and
Bassett (1976). In these experiments, however, the 7-
FerSiOa (ringwoodite) + NaCl samples were loaded
into a gasket placed between the diamonds, as de-
scribed previously but with no liquid added. Data
generated from these experiments are included in
Table 5 and Figure 2.

The compression curve based on data collected this
way fell above the curve based on hydrostatic mea-
surements but below the curve based on non-hydro-
static, ungasketed measurements. A bulk modulus of
2.07 Mbar was calculated from this set of data, as-
suming a Ki of 4.0. As expected, this value falls
between the hydrostatic value of 1.89 Mbar and the

Table 5. Experimental data. The effect of pressute on the lattice
parameter and resulting volume change of l-FeSiO. at (25+5)'C.

Sample is gasketed but hydrostatic conditions are not present.

Cycle P(l(bar) Ruby P(Kbar) a(A)
l / Io

y-FezSioq
V/Vo

non-hydrostatic value of 2.12 Mbar. These data sug-
gest that the gasket by itself does not provide com-
plete hydrostaticity, but since it does serve to contain
the sample, it does limit extrusion of the sample firom
between the diamonds, thereby decreasing the effect
of stress anisotropy. In the non-hydrostatic, ungas-
keted case, differential sample extrusion may lead to
bridging of the grains, which results in a greater
anisotropic distribution of stress.

The geometry of the diamond cell is such that the
diffraction lines from an ungasketed sample represent
d-spacings which are abnormally large, since their
orientation is one of least stress. Consequently, vol-
umes calculated from these d-spacings are too large.
A bulk modulus calculated from these data would
also be anomalously high. A detailed disbussion of
this stress state can be found in Kinsland and Bassett
(1976) or Wilburn and Bassett (1976).

The degree of deviation depends upon the amount
of anisotropic stress imposed upon the sample. This
in turn can be related to the shear strength of the
sample and the pressure to which the sample is
loaded. In the case where the shear'strength of the
sample is much greater than that of the NaCl with
which it is mixed, the expected difference in Ko would
be large. This appears to hold true for materials such
as stishovite (Fig. 3). The deviation in Ko should be
small, on the other hand, for a material whose shear
strength is close to that of NaCl. The data for iron,
which has a low shear strength, are consistent with
this suggestion.

This relationship is shown more quantitatively in
Figure 3 as a plot of bulk modulus discrepancy versus
the contrast of shear strength between the sample and
the surrounding NaCl. Although not conclusive, this
plot suggests that the greater the contrast in shear
strength between sample and NaCl, the greater the
bulk modulus discrepancy.

. Conclusions

All of the pressure measurements in this study
made by the NaCl and ruby methods agreed within
experimental error (Tables I and 5).

Results of the investigations discussed in this paper
indicate that data collected on ungasketed samples in
the diamond cell may be in error due to the presence
of an anisotropic stress distribution. This leads to
calculated bulk moduli for ungasketed samples which
are too high. The magnitude of the error appears to
increase with increasing difference between the shear
strength of the sample and the surrounding NaCl.

At present the relationship is very indefinite. With

NaCl
V/Vo
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o.920
0.869
0 .834
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0 .811
0 .789
0 .742
0 .  733

1.000
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1. 0024
I . 0035
1 .0042
1 .0044
1 .0052
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1. 0081
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79
6 J

100
L44

L54
t i

I

46
6 7
79
83
99

L45
156

8.235 1.0004
8 .199  0 .987
8 .176  0 .979
8 .150  0 .969
8 .135  0 .964
8 .141  0 .966
8 .113  0 ,956
8 .064  0 .939
8 .053  0 .939
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Fig. 2. Compression data for 7-FqSiO.. The closed circles are data points obtained by hydrostatic compression. The open circles are
data points obtained under ungasketed, non-hydrostatic conditions (Mao et al., 1969). The squares are data points obtained under
ungasketed, non-hydrostatic conditions (Wilburn and Bassett, 1976). The pluses are data points obtained under gasketed conditions with
a solid pressure medium (this work). The solid curve is a least-squares fit of the hydrostatic data to the Birch-Murnaghan equation. The
dashed line is an interpretation of the data from Mao et al. assuming that the strength of the sample increases up to a point and then
remains fairly constant with increasing pressure (Kinsland and Bassett, 1976).
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more data, however, it may be possible to derive a
method for correcting compression data collected un-
der non-hydrostatic conditions in the diamond cell.
This would be of value not only for correcting older
measurements but also for making measurements at
pressures greater than those that permit the use of a
l iquid.

Gasketing of the sample without the use of a liquid
reduces the error somewhat but does not provide an
adequately isotropic stress field to eliminate the error.

Future compression work by X-ray diffraction
should take these effects into consideration.
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