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The Effect of Hydrostatic Pressure (14kbar) on the
Ultimate Compressive Strength of Various Sintered

Materials

THOMAS L. CORDELL JAMES A. CORLL

INTRODUCTION

The strength of materlals plays a prominent
role in the design of most equipment and 1s es-
pecially important in the design of high-pressure
apparatus. The maximum pressure obtainable in a
simple piston-cylinder apparatus 1s limlted to
the ultimate compressive strength of the piston
material. Higher pressures with a gilven materilal
may be obtained by employing such techniques as
the massive support principle (l)2 used in Bridg-
man anvils' and preloading with binding rings used
in most solid medium devices (2). A third and
more interesting means of raising the ultimate
compressive strength of a plston 1s to radially
support the piston while it 1is axially loaded.

An excellent example of an apparatus employilng
this technique is the Kennedy (3) apparatus which
radially supports the piston by pressure develop-
ed in the surrounding bismuth medium.

By considering the failure of a piston to
be an energy-releasing process, one notes the ul-
timate compressive strength wlll be determined
by tensile strailns perpendicular to the applied
load. Thus radial compressive loading will in-
crease the ultimate axlal compressive load the
piston will withstand. By assuming the critical
tensile strain to be a constant, one finds the
increase in the ultimate compressive strength
should be proportional to the radial loadlng di-
vided by Poisson's ratio of the materlal. This
implies the enhancement may be as high as three
to four times the radial loading.

Bridgman employed these ideas when he built
an apparatus within an apparatus (4) to lncrease
his pressure range, and he also performed several
experiments (5) to determine the effect of hydro-
static pressure on the ultimate compressive
strength of materials. Considering the investi-
gation of the phenomenon to be valuable, we have
performed a series of similar experiments on
larger samples at lower support pressures and ob-
talned more detailed data.

2 Numbers in parentheses designate References
at the end of the paper.
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Fig.1 Schematic representation of testing arrange-
ment, piston travel monitoring device (not shown)
was attached between press frame and piston of
driving ram

In our experiments the ultimate compressive
strengths of 11 brittle, low-compressibility ma-
terials were 1investlgated as a function of hydro-
static support pressure using precision ground
specimens 0.250 in. dia by 0.250 in. high.

EXPERIMENT
In most cases six specimens of each material

were compressed to fallure at six different hydro-
static support pressures ranging from 1 atm to
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Fig.2 Experimental data recorded during tests. Curve A typifies brittle fail-
ure and curve B typifies yielding before failure

iu kbar. All specimen surfaces were ground to at
least a number sixteen finish with the ends plane
and parallel. As shown in Fig.l, the speclmens
were compressed in a nylon holder between two
tungsten-carbide compression blocks 0.375 in. in
diameter. To reduce contact friction, and there-
by minimize barreling, 0.00l-in. lead folls were
placed between the specimen and the compression
blocks. The nylon holder guaranteed alignment of
the sample in the pressure chamber and was shaped
so that it provided no resistance to the compres-
sive forces or radial support to the specimen. 7

The hydrostatic support pressures and the
compressive forces were provided by the advanc-
ing piston of a commercial 30 kbar pressure ap-
paratus (6). The advancing piston increased the
hydrostatic support pressure by compressing the
fluid (a mixture of n-pentane and isopentane) un-
til contact was made with the tungsten-carblde
spacers, Fig.l. Further advance of the piston
applied the compressive loading to the specimen
through the spacers and compression blocks. The
hydrostatic pressure obtained before piston con-
tact was varled by varylng the length of the
spacers.

During the experiments the pressure applied
to the ram driving the piston and the displace-
ment of the piston were continuously monitored on
an x-y recorder. A marked change in slope of the
piston displacement versus applied ram pressure
curve occurred when the advancing plston contacted
the spacers indicating the start of direct com-
pressive loading. A dlscontinuous increase in the
piston displacement 1lndlcated sample failure and

2

was usually accompanied by an audible bang from
within the pressure apparatus.

The pressure apparatus was calibrated at the
start and at intermediate times during the course
of this seriles of experiments. The applied ram
pressure versus sample chamber hydrostatic-pres-
sure calilbration curve for the apparatus remained
constant throughout the experiments and was de-
termined by correlating the resistance of a man-
ganin wire coll and appllied ram pressure. The
pressure coefficient of the manganin wire resist-
ance was determined during the calibration ex-

periments by the freezing pressure of mercury at
room temperature.

DATA REDUCTION AND INTERPRETATION

The experimental data of two runs on speci-
mens of 87 percent WC with 13 percent Co binder
which are shown in Filg.2 are representative of
the two types of fallure encountered during the
experiments. Curve A is typlcal of specimens
which exhibited brittle failure without ylelding
and curve B 1s typical of specimens which yielded
before failure. Note that in Fig.2, both speci-
mens were of the same material and that, with
sufficient hydrostatic support pressure, the nor-
mally brittle material exhibited yield and con-
siderable deformation before failing. All exper-
imental data curves displayed approximately the
same slope after the plston contacted the spacers.
Referring to curve A of Fig.2, over 90 percent of
the displayed piston displacement between the
contact point and the faillure point can be ac-
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Fig.3 Variation of ultimate compressive strength as a func-
tion of fluid support pressure for tunsten-carbide materials with
cobalt binder

counted for by considering the linear compression
of the component parts (spacers, piston, seals,
and driving ram) of the travel monitoring system.
The relative changes in length of the specimens
were small (X2 percent) and the associated changes
in cross-sectional area were ignored in the cal-
culations. In experiments typified by curve B

of Fig.2, the 1ncrease in slope at the yield point
must be attributed to specimen deformation. For
most applications, deformations as large as those
dlsplayed by curve B between the yleld point and
the fallure point would be undesirable; therefore,
for specimens typified by curve B, the ultimate
compressive strength reported was calculated at
the yleld point ignoring specimen deformation oc-
curring before the yield point. The data for

both types of specimens were reduced in the same
way, substituting the yleld point for the failure
point when the specimen exhiblted yielding.

The hydrostatic support pressure at the fail-
ure point was obtalned in the followilng manner.
The hydrostatic support pressure at the contact
point may be obtained from the apparatus calibra-
tion and the ram pressure at the contact point
(Pg). The hydrostatic support pressure at the
fallure point was somewhat higher than at the
contact point. Two factors enter into an estimate
of this increase in support pressure. The first
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Fig.4 Variation of ultimate compressive strength as a
function of fluid support pressure for two mixed carbide
materials
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Fig.5 Variation of ultimate compressive strength as a function
of fluid support pressure for various oxide ceramics

1s an estimate of the advance of the pressure
seal based on the compressibilities of the spacers
and sealing piston. The second 1s an gstimate of
the 1ncrease 1n fluld pressure owing to the ad-
vance of the seal. C(Consideration of the ratio of
the cross-sectional area of the spacers to the
cross-sectlonal area of the pressure chamber in-
dicates the rate of increase in fluild pressure
per unlt increase in piston advance to be de-
creased by a factor of seven compared to the rate
before the contact polnt was reached. In this
way a small incremental increase in applied ram
pressure (AP) corresponding to the increased flu-
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Fig.6 Schematic representation of large
volume high-pressure apparatus employing
fluid enhancement of ultimate compressive
strength of piston. Components are shown
within chamber of a large autoclave: (1)
sample, (2) fluid supported WC pistons, (3)
driving piston, (4) hydrostatic fluid, and (5)
lateral support mechanism

id pressure was estimated, and the hydrostatic
support pressure at the failure point (dJ,) was
taken to be the value corresponding to P, + AP
on the apparatus calibration curve.

The axial compressive stress on the specimen
at fallure was obtained by considering the ratio
of the driving ram cross-sectional area to the
specimen cross-sectional area (256:1). The ul-
timate comp'ressive strength or axlal compressive
stress of the specimen at faillure (dy) may thus
be expressed as

O, = 256 (P,-Pg-AP) + Op

where P,; 1s the applled ram pressure at the fail-
ure point or at the yield point for specimens
which ylelded before fallure. I

In this manner the experimental data, typil-
fied by the curves in Fig.2, were reduced to ob-
tain the ultimate compressive strength (g,) as a
function of hydrostatic support pressure (dp).

RESULTS AND -DISCUSSION

The materials tested in these experiments

were of three types: (1)
cobalt binder, (2) mixed carbides, and (3) oxide

Tungsten carbide with

ceramics. The reduced data (o, versus ¢,) for
the individual materials of each type are dis-
played in Figs.3, 4, and 5. The scatter of some
of the data points was much too large to be at-
tributed to the uncertainties of the measurement
procedures and must be attributed to variations
in the properties of the materials from specimen
to specimen.

Tungsten Carbide with Cobalt Binder, Fig.3

These materlals were purchased from the
American Carbide Company in the final specimen
configuration. The 3 percent cobalt binder, 6
percent cobalt binder, 13 percent cobalt binder,
and 25 percent cobalt binder specimens were Am-
carb grades D-5, D-20, D-40, and D-25, respective-
ly. The specimens of tungsten carbide with 3 per-
cent cobalt binder exhibited brittle fallure at
all support pressures tested, and the highest ul-
timate compressive strength observed was ~93 kbar
with 14.1 kbar support pressure. The specimens
of tungsten carbide with 6 percent cobalt binder
exhibited varylng degrees of ylelding at all pres-
sures. The amount of ylelding was minimum near
6 kbar support pressure. The minimum in yielding
1s reflected by the hump in the dz versus d} curve
near 6 kbar support pressure. The specimens of
tungsten carbide with 13 percent cobalt binder
also exhibited varying degrees of ylelding. With
zero support pressure slight ylelding was observed.
With approximately 3 kbar support pressure the
specimens exhibited brittle fracture. With sup-
port pressures greater than 4 kbar, considerable
ylelding of the specimens and scatter in the data
were observed. This variation in yilelding pro-
duced a hump in the d; versus op curve similar
to that observed for the 6 percent cobalt binder
specimens. The specimens of tungsten carbide
with 25 percent cobalt binder ylelded at all pres-
sures. The amount of ylelding increased with in-
creasing support pressure.

Mixed Carbides, Fig.4

~ These materials were purchased from Metal
Carbides Corporation in the final specimen con-
figuration. The 65 percent tungsten carbide, 20
percent tantalum titanium carbide, 15 percent
cobalt binder specimens were Talide grade cT-85.
The 83 percent chrome carbide, 5 percent tungsten
carbide, 12 percent nickel binder specimens were
Talide grade CR-83. The tungsten-tantalum-titani-
um carbide speclimens exhibited brittle failure at
support pressures less than 6 kbar and ylelded be-
fore falling at higher pressures. The low data
point at 6.3 kbar support pressure was presumed




to be due to a faulty specimen. The J, versus

On curve for this material 1s similar to that for
the tungsten carbide with 13 percent cobalt bind-
er both in shape and the onset of ylelding with
higher pressures. The chrome-carbide speclimen ex-
hibited brittle fallure at all pressures and the
d, versus d, curve for thils material 1s simllar

in shape to the curve for the tungsten carbide
with 3 percent cobalt binder.

Oxide Ceramics, Fig.5

The speclimens for these tests were cut from
commercial stock 1n thils laboratory. The Dlamon-
ite material was an aluminum-oxide ceramic with
low percentage additives of chromium, magnesium,
and silicon produced by the Diamonite Corpora-
tion. The Al,0z material was a polycrystalline
ceramic produced by Wesgo and reported to be 99.5
percent Alp03. The Mullite materlal was a 3
Al;03.2 S102 ceramic produced by McDaniel, grade
MY-30. The MgO material was a high-density cer-
amic, 99.5 percent MgO, produced by Minneapolis
Honeywell. The Pyrex material was taken from the
laboratory stock of unknown origin. Several oth-
er materials including BaTi03, Zircoa, sapphire,
PZT, quartz, fired lava, and Corning Pyroceram
were also tested. During the initial testing,
these latter materials were observed to fall at
pressures too low to justify further testing. As
a group the oxilde ceramf%s displayed very similar
characteristics, all exhlbiting essentlally the
same slope for the dy versus Jp curves.

Overall, the most interesting feature of the
data 1s the high ultimate compressive strength ex-
hibited by the tungsten-carblde compounds with
13 percent cobalt binder when supported by only
3 kbar fluld pressure. Although we presently do
not have a physical explanation for the anomalous
characteristics of the 6 and 13 percent cobalt
samples, these characteristlcs may be immedlately
employed in the design of high-pressure apparatus.
With only 3 to 6 kbar fluid support pressure need-

ed (instead of the usual 25 kbar), a double-piston
arrangement similar to the Kennedy (3) apparatus
could be constructed with considerable sample
volume.

Fig.6 1s a schematic representation of an
alternate apparatus employing the fluld-enhance-
ment scheme. This apparatus would operate within
the pressure chamber of an autoclave, yielding a
true "two stage" apparatus. The merit of the ap-
paratus shown in Fig.6 lies in the economy of ex-
panding the pressure range of relatively common
autoclaves, rather than constructing a new press
unit. The present technology of fluld-pressure-
vessel design permits the manufacture of large
internal diameter (125 cm) vessels (7) capable of
containing pressures as high as 6 kbar. Employ-~
ing the ultimate compressive strength enhancement
exhibited by the carbides with around 13 percent
cobalt binder, a pilston-cylinder apparatus of con-
slderable volume (on the order of thousands of
cubic centimeters) and capable of pressures great-
er than 60 kbar could be constructed within such
an autoclave.
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