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THE INFLUENCE OF GRAPHITE COATINGS APPLIED BEFORE
PRESSING ON THE MECHANICAL STRENGTH AFTER PRESSING

Donald A. Wiegand

ARDEC, Picatinny Arsenal, NJ 07806-5000

STRACT

Composite samples containing 80% and 85% HMX
(cyclotetramethylene tetranitramine) in a polymer-
plastizer binder were produced by mixing, extruding,
cutting, drying and pressing. Before pressing the
extruded material was in some cases coated with a thin
layer of graphite (= one micro meter) for ease in
pressing. As part of a general study of these composites
the compressive strength was determined as a function of
temperature, strain rate and the amount of the graphite
added. Without graphite the compressive strength
increases with decreasing temperature and increasing
strain rate. With graphite this strength has the same
behavior above approximately -10° C, but is insensitive

to both temperature and strain rate below this
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temperature for a strain rate of 1.0/Sec. In addition,
the low temperature value of the compressive strength
appears to decrease with increasing graphite thickness.
The cracking and fracture patterns are temperature and
strain rate dependent and are different with and without
graphite. These results indicate that the bond produced
by pressing the graphite containing material is stronger
than the composite above about -10° C and weaker below
this temperature so that failure initiates in the
composite above about ~10° C and in the bond below =10°
C. With increasing strain rate this transition
temperature increases. The results also indicate that
the bond produced by pressing the material without
graphite is at least as strong as the extruded material

itself.

INTRODUCTION

As part of a general study of the mechanical
properties of pressed composites, the strengths of two
very similar pressed composites were investigated as a
function of several parameters. The strength is of
interest over the temperature range -45° to 65° C and
over a strain rate range from less than 0.001 to greater
than 10/sec. However, the strength is of particular

interest at the lower end of this temperature range
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because of cracking on thermally cycling.

To facilitate ease in pressing and in particular
to alleviate a sticking problem with steel a thin
graphite coating was added to the composites before
pressing. This graphite eliminated the sticking problem
but may have aggravated the low temperature cracking
problem. In order to gain some understanding of the
differences in the types of bonding which are produced
during the pressing process in samples with and without
graphite, the strength was investigated over the above
temperature and strain rate range and as a function of

the amount of graphite added.

EXPERIMENTAL

The two composites have slightly different
compositions. The percentage of solid particulate
filler, HMX (cyclotetramethylene tetranitramine) was
either 80% or 85%, the percentage of polymer, CAB
(cellulose acetate butyrate), was 8% or 6% and the
percentage of plastizer, BDNPA/F (bis 2,2-dinitropropyl
acetal/formal) was 12% or 9%. These two compostes are
designated as. PAX 2 (80% HMX) and PAX 2A (85% HMX)
respectively. HMX is an organic polycrystalline material
with an average particle size of about 4 micrometers as

used here. Composites were prepared and pressed either
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at one location (P) or prepared at a second location (H)
and pressed at a third location (I), and are designated
here as PAX 2 (P), PAX 2 (H/I), PAX 2A (P) and PAX 2A
(H/I) to indicate the composite, and the preparation and
pressing locations.

Samples were prepared by mixing with a suitable
solvent and extruding in cylinderical form at diameters
of 0.127 (P) or 0.254 (H/I) cm. (0.05 or 0.1 in.). The
material was then cut into cylinders with the length

equal to the diameter and dried to eliminate the

solvent.1.2,3 For the work reported here these small
extrusion cylinders were then pressed at ambient
temperature (PA) or at 57° C (135 F) (I) into cylinders
of approximately 0.5 (P) or 0.75 (I) inches in diameter
and length and of the desired density. However, somewhat
higher densities were obtained at one of the locations
(I). Porosities were generally between about 0.3 and
0.7%, but in some cases were as high as 1.3%. Because of
the sticking problem during the pressing of larger
quantities of these composites, the small extrusion
cylinders were in most cases coated with a small amount
of graphite, 0.06 to 0.19 % by weight for the samples
considered here. The graphite coating was applied by
placing the extrusion cylinders and the desired amount of

graphite in a closed container (glaze barrel) and
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tumbling for several minutes until most of the graphite

was coated onto the extrusion cylinders.2,4 Cylinderical
samples of graphite 0.25 inches in diameter and length

were also pressed at ambient temperature to densities

close to 1.45 gm./cm3 using the same graphite that was
used for the coatings, Samples of graphite with the same
diameter but with several smaller lengths were also
pressed and measured.

All samples were uniaxially compressed at constant

strain rate along the cylinder axis using an MTS servo
~hydraulic system.5 The composite samples without the

graphite coating on the extrusion cylinders were coated

with graphite on the flat cylinder ends to minimize

friction during compression. Complete stress versus
strain curves were recorded but only the maximum

compressive stress, i.e., the compressive strength is
reported here. Other results were presented6.? and will

be published separately.? Measurements were made as a
function of temperature between -60° C and 65° C and as a
function of strain rate between approximately 0.001/sec.

and 10/sec.
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A typical curve of stress versus strain at higher
temperatures is given in Figure 1. The stress increases
linearly with strain after the initial curvature, curves
over and passes through a maximum, and then decreases for
further increases of strain. The initial curvature is
due to instrumental effects and deviation of the sample
end surfaces from parallelism and flatness. At lower
temperatures (where fracture is observed) the stress
versus strain curve is similar to Figure 1 up to the
maximum stress but there is an abrupt decrease of the
stress to near zero at or just after the maximum. The
maximum stress, the compressive strength, is used here as
a measure of the stress for failure, i.e. yield and/or
fracture. Yield and plastic flow like behavior are
observed at higher temperatures and fracture at lower
temperatures, and the transition between the two types of
behavior is strain rate dependent.

In Figure 2 the compressive strength is given as a
function of temperature for samples of one of the
composites with and without the graphite coating on the
extrusion cylinders and for a strain rate of 1.0/sec.
Similar data were obtained at other strain rates and for
the other composite. The temperature dependence for the
two types of material of Figure 2 is similar above a

transition temperature of about -10 C but is strikingly
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different below this temperature. Thus, the graphite
coating has a strong effect on the strength in the low
temperature region and a much smaller effect in the high
temperature region. The differences above -10 C may be
due at least in part to differences in composition other
than the graphite and also differences in density. Data
as a function of temperature and strain rate are given in
Figures 3 and 4. 1In Figure 3 the compressive strength is
given as a function of temperature for the graphite
containing material for a few strain rates. While the
compressive strength increases with strain rate over most
of the temperature range, it is insensitive to strain
rate at the lowest temperature. With decreasing
temperature at any strain rate the compressive strength
increases until it reaches a value in the vicinity of 38
MPa (see also Figure 2) and then tends to become
insensitive to temperature for further decreases of
temperature. The data of Figure 3 indicate that this
transition temperature increases with increasing strain
rate. In Figure 4 the compressive strength is given
versus strain rate for two temperatures for samples with
and without graphite. The two types of samples have the
same strain rate dependence at 27° C but quite different
strain rate dependencies at -40° C. In general the

compressive strength increases with increasing strain
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rate and decreasing temperature at all temperatures and
strain rates investigated for samples without graphite
and for samples with graphite above the transition
temperature. The latter is strain rate dependent as
noted. For the material with graphite at and below the
transition temperature the compressive strength is
insensitive to both temperature and strain rate.

In summary the low temperature compressive strength
of the graphite containing material is insensitive to
temperature and strain rate within the range of
measurements. However, the strength of the graphite
containing material above the transition temperature and
the strength of the material without graphite over most
of the temperature range increase with decreasing
temperature and increasing strain rate. The transition
temperature for the onset of the plateau of compressive
strength versus temperature in the graphite containing
material, i.e. about ~10 C for the data of Figure 2, is
strain rate dependent and at lower strain rates this
onset occurs at lower temperatures (Figure 3).

In figure 5 the low temperature compressive
strength at -40°/-45° C (in the plateau region of Figure
2) is plotted versus the average total thickness of the
graphite layer between the extrusion cylinders. This

thickness was estimated from the amount of graphite used
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and by assuming that the extrusion cylinders were
uniformly coated. In each case with graphite the plotted
value of the compressive strength was obtained by
averaging the values for all strain rates since the
results are insensitive to strain rate at these low
temperatures (see Figures 3 and 4). The error bars for
the compressive strength give the standard deviations of
the measured values used in the averaging. The value for
PAX 2 (P) without graphite (zero thickness) was obtained
by averaging the values for all strain rates except the
lowest strain rate and the standard deviation reflects
the strain rate dependence shown in Figure 4. For PAX 2A
(P) without graphite the results for all strain rates
were used because the available data does not show a
clear strain rate dependence. Data is not available for
PAX 2(H/I) and PAX 2A(H/I) without graphite. The number
of samples measured varied from four to twenty for the
different graphite thicknesses. The error bars for the
average graphite thickness reflect the estimated
uncertainties in the amount of graphite applied and so
the average thickness. The data of Figure 5 clearly
indicates the decrease in the compressive strength
associated with the presence of graphite (Figure 2) and
further indicates a decreasing compressive strength with

increasing graphite layer thickness. The maximum at

245



13:54 16 January 2011

Downl oaded At:

about 0.5 micro meters in Figure 5 maybe due to
variations other than the graphite content, e.g. density
variations, since this maximum is also observed at 25° C
although the fractional decrease of the compressive
strength due to the presence of the graphite is much
smaller at the higher temperature. When the compressive
strengths at ~40/-45° C are normalized to the values at
25° C the structure is mostly eliminated. Both
composites pressed at both locations are represented in
Figure 5 as indicated and the maximum is most probably
due to differences in the densities obtained at the two
locations and possibly to differences between the two
composites. As noted above the densities of samples
pressed at I tend to be higher than the densities of
samples pressed at P. While compresaive strength versus
density data is not available for the composites with
graphite, the compressive strengths of samples of PAX 2A
without graphite and samples of pressed graphite both
increase with density. Therefore, the points of Figure 5
for PAX 2 (H/I) and PAX 2A (H/I) may be high relative to
the points for PAX 2 (P) and PAX 2A (P) because of
density differences. Additional work is required to
further resolve this question.

The condition of the samples after large

deformations is also of interest. The results are
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temperature and to some extent strain rate dependent. At
the high temperature extreme, i.e. at 65° C all samples
appear to have deformed plastically with little or no
indication of external cracking but with significant
barreling. At 25° C samples with the graphite coating
indicate both barreling and significant cracking and the
cracks are predominantly if not completely along the
graphite boundaries between extrusion cylinders. Because
the composite is white and the graphite is black,
fracture at the graphite boundary can easily be
distinguished visually from fracture in the composite.

At 25°C the samples without graphite also exhibit
barreling and cracking, but the cracks do not appear to
be predominantly between extrusion cylinders. At lower
temperatures ( primarily -10° and -45° C) there is very
significant fracture and fragmentation for samples with
and without graphite. For the material without graphite
the shape and size of the fragments indicate that
fracture did not take place predominantly along the
boundaries between extrusion cylinders. For samples with
graphite and having the thinner graphite layers (see
Figure 5) the same is true. However, as the thickness of
the graphite layer increases the fraction of the fracture
surfaces which are graphite coated increases, thus

indicating significant fracture at the graphite
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boundaries.

Because the graphite coating has such a marked
effect on the temperature and strain rate dependence of
the composites the graphite used for the coatings was
pressed into cylinders under approximately the same
conditions as the composites and the compressive strength
measured as a function of temperature and strain rate.
The compressive strength of the graphite was found to be
temperature and strain rate dependent and to increase
with decreasing temperature and increasing strain rate,
but to be significantly less sensitive to temperature and
definitely less sensitive to strain rate than the
composites. While the loading conditions and so failure
conditions for the graphite layers in the composite are
different from those of the pressed pellets, these
results do indicate that the strength of the graphite
used in this work is much less temperature and less
strain rate sensitive than the composites.

The compressive strength of the pressed graphite
samples with the length equal to the diameter is in the
range of 1 to 5 MPa and so much lower than the low
temperature values of about 35 to 60 MPa for the
composites of Figures 5. While the compressive strength
of the graphite also increases with density,

extrapolation of the limited available data as a function
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of density to graphite crystal density still gives a
value significantly less than 35 M
Pa. However, the graphite in the composites is confined

and studies with other materials indicate that the

strength significantly increases with confinement.? In
addition, studies with other materials indicate that the
compressive strength increases when the ratio of the

length (L) to the diameter (D), (L/D), of the samples
decreases’/10 and for one material the strength for small

L/D was found to be equal to the confined value.7,9 This

occurs because for small L/D most of the sample is

effectively confined.7.11,12,13 Although measurements
were not made on confined graphite they were made as a
function of L/D and the results indicate an increasing
compressive strength with decreasing L/D as found for
other materials. While the maximum observed compressive
strength for the L/D measurements is still less than the
lowest values found for the graphite containing samples
of the composite at low temperatures, the L/D of the
graphite in the composite is much less than the values
easily attainable using graphite alone. The results to
date then suggest that 35 to 60 MPa is the strength of
the graphite at low temperatures for the confinement

conditions of the composite (Figure 5). Additional work
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is necessary to further resolve this matter.

DISCUSSION

As noted above the stress as a function of strain
for these composites increases approximately linearly
with increasing strain, curves over and passes through a
maximum, and then decreases toward zero stress with
further increases in strain at higher temperatures (see
Figure 1), or decreases abruptly to near zero just after
the maximum with increasing strain at lower temperatures.
Failure is taken here to be due to whatever processes are
responsible for this yield like behavior indicated by the
deviation from linearity of the stress versus strain
curve. The compressivé strength is taken as a measure of
the stress required for this yield like failure although
this behavior occurs at a somewhat lower stress. The

apparent softening at larger strains is not considered

here.?

There are several bonds to consider in addressing
the failure of these materials. In all cases there is
the bond between the solid filler particles (HMX) and the
polymer-plastizer binder i.e. failure could be due to
dewetting. In addition, in the materials without
graphite there is the bond between the extrusion

cylinders produced during pressing. And finally, in the
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materials with graphite there is a bond between the
graphite coating and the composite and a graphite
-graphite bond between the graphite coated extrusion
cylinders, Failure may initiate in any one of these
bonds, in the solid filler or in the polymer-plastizer.
The experimental results are consistent with the
following descriptions of failure. For the material
without graphite, failure occurs primarily in the bulk
composite and not in the bonds between extrusion
cylinders. The surfaces of the samples after pressing
contain a mosaic like pattern associated with the
extrusion cylinders and when crack and fracture lines are
observed they do not primarily follow the boundaries of
the extrusion cylinders as detected by this mosaic
pattern. Thus, the strength_of the bond produced by
pressing must approach or exceed the strength of the bulk
extruded material, i.e., the boundary is effectively
eliminated in the pressing process. This is supported by
measurements of individual extrusion cylinders at -45°
and 25° C which indicate compressive strengths comparable
to the pressed samples. In addition, for samples
produced by first grinding the extrusion cylinders to a
powder and then pressing, the compressive strengths are
comparable to the compressive strengths of the individual

extrusion cylinders and to strengths of the samples
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produced by pressing the extrusion cylinders without
grinding. This latter result indicates that
significantly increasing the surface area of the bond
produced by pressing does not influence the strength of
this bond. The compressive strength of the pressed
samples increases with increasing strain rate and
decreasing temperature and at low temperatures fracture
and fragmentation are observed while at higher
temperatures a plastic flow like behavior is found. Both
of these are as expected for a polymer-plastizer system,
thus indicating that the polymer-plastizer plays a strong
role in the failure processes.

For the graphite coated samples the failure process
in the high temperature region is the same as in the
material without graphite because the graphite bonds are
stronger than the composite. With decreasing temperature
at any strain rate the composite strength increases
significantly while that of the graphite is insensitive
to temperature. At some low temperature (depending on
strain rate) the stress required to initiate failure in
the graphite equals that of the composite. At lower
temperatures failure initiates primarily in the graphite
because the composite is stronger than the graphite.
Since the strength of the graphite is less sensitive to

strain rate than the strength of the composite, the
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temperature at which the composite strength equals the
graphite strength is strain rate dependent and increases
with strain rate.

The observations of the sample conditions at large
deformations are consistent with the failure descriptions
given above. At 25° and 65° C failure apparently in the
form of plastic flow occurs in the bulk material with and
without graphite. With graphite the distortion of the
extrusion cylinders by plastic flow can generate stress
concentrations in the graphite which eventually causes
cracking and fracture in the graphite. Without the
graphite coating the boundaries effectively do not exist
because of the welding (bonding) which takes place on

pressing so that this type of cracking/fracture is not

observed.14 Because of the observed fracture pattern at
lower temperatures where failure is thought to originate
in the graphite in the form of crack generation, crack
propagation in the graphite apparently can continue into
the bulk when the moving crack meets the (blunt) side of
an extrusion cylinder. The latter occurs in part because
of the brittle nature of the bulk material at low
temperatures.

The data for PAX 2 (P) of Figures 2 and 5 clearly
indicate a very significant decrease of the compressive

strength with added graphite in the low temperature
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region. The results of Figure 5 for PAX 2A (P) are not
so obviously conclusive because of the nearly overlapping
standard deviations. However, consideration of the
temperature and strain rate dependencies in the low
temperature region clearly indicates differences. While
PAX 2A (P) with graphite is insensitive to temperature
and strain rate as is PAX 2 (P) at low temperatures (see
Figures 2,3 and 4), both PAX 2 (P) and PAX 2A (P) without
graphite exhibit temperature and strain rate dependencies
in this same low temperature region as illustrated for
PAX 2 (P) in Figures 2 and 4. In particular, the data
for PAX 2A (P) without graphite at the higher strain rate
indicates that there is a maximum in the curve of
compressive strength versus temperature at a temperature
above -45° C, i.e. at about -25° C and the compressive
strength in the vicinity of this maximum is significatly
greater than the value with graphite. The lower
temperatures were chosen for Figure 5 because data is not
available for some of the other materials at the higher
temperatures. A maximum in the low temperature region
for PAX 2 (P) without graphite is suggested by the data
of Figure 2. Thus, by taking the temperature dependence
into consideration in addition to the data of Figure 5,
the results clearly indicate a significance difference in

the compressive strengths in the low temperature region
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between samples without and with graphite. When these
maxima are considered some of the apparent difference at
low temperatures between PAX 2 (P) and PAX 2A (P) without
graphite as indicated in Figure 5 is also removed.

The data of Figure 5 also suggests that the low
temperature compressive strength decreases with
increasing graphite thickness for the four graphite
thicknesses given, neglecting the points without
graphite. A least squares fit of a straight line to the

four points of Figure 5 with graphite yields a negative

slope with a correlation coefficient of 0.345.15 1In
addition the results for the same thicknesses at 25° and
65° give similar magnitudes of relative negative slopes
and similar correlation coefficients. The apparent
structure of Figure 5, e.g. the maximum at 0.472 micro
meters, is an important reason the small magnitude of the
correlation coefficient and as noted above this same
structure is also found at 25° and it has the same effect
on the correlation coefficient at this temperature. When
the low temperature data is normalized to the data at 25°
C at each graphite thickness the structure is minimized
and the correlation coefficient increases to 0.728 but
with a much smaller negative slope.

Therefore, the results indicate that in addition to

the very pronounced decrease in the compressive strength
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at low temperatures due to added graphite, there is
smaller decrease at all temperatures studied, the
magnitude of which increases with increasing graphite
thickness. Other possible contributors to this trend of
Figure 5, i.e. the decrease in the compressive strength
with increasing graphite thickness include differences in
composition, e.g. PAX 2 versus PAX 2A and differences
due to the different preparation conditions at P and H/I.
However, the points for the P and H/I materials of Figure
5 taken separately each indicate a decrease of the
compressive strength with increasing graphite thickness.
This appears to eliminate preparation conditions as the
cause of the trend of Figure 5 and further indicates that
the differences between the P and H/I materials
contribute to the apparent scatter (structure) of this
figure and thus to the small value of the correlation
coefficient obtained by fitting one straight line to all
four points. It therefore seems that graphite thickness
is the only consistent cause of the trend of the data of
this Figure 5. Measurements on one of the composites
prepared at only one of the locations as a function of
the graphite thickness are desirable to more conclusively
establish this dependence of the strength on graphite
thickness.

The dependence on graphite thickness could be due
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to one or more of the following: a) non-uniform graphite
layer thickness and/or penetration of the graphite into
the binder (see below) results in some binder-binder
bonding which decreases as the graphite layer thickness
increases; and/or b) the strength decreases as the L/D of
the graphite layer increases as discussed above for the
much larger L/D of pressed graphite samples. However, it
is important to note that the graphite is confined in the
composite but not in the large L/D pressed samples.
Although hardness measurements have not been made,
the nature of the materials suggests that the graphite is
harder than the composite. Light rubbing of the
composite on graphite powder is sufficient to cover the
surface of the composite with a thin layer of graphite.
On pressing the graphite can then penetrate the composite
more than graphite penetrates itself. This difference in
penetration is a factor in the differences in the

strength of the graphite-composite and the graphite

-graphite bonds.l4

SUMMARY AND CONCLUSIONS

The compressive strength of samples containing the
graphite coating is insensitive to temperature and strain
rate below a transition temperature which is itself

strain rate dependent and increases with increasing
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strain rate. Above this transition temperature the
strength of the graphite containing materials increases
with increasing strain rate and decreasing temperature.
In contrast, the compressive strength of material without
graphite increases with increasing strain rate and
decreasing temperature over all of the temperature range
investigated. This temperature and strain rate
dependence indicates the importance of the polymer-
plastizer properties in the failure processes. The data
also indicates that the compressive strength of the
graphite containing samples decreases with increasing
graphite coating thickness.

Because the strength of pressed graphite is
insensitive to temperature and strain rate, and because
the strength of the graphite containing composite
decreases with increasing graphite coating thickness, and
finally because of the fracture patterns it is concluded
that the strength of the composite with graphite below
the transition temperature is determined by the graphite
and that failure originates in the graphite. Above the
transition temperature failure in the graphite containing
composite occurs in the composite because the magnitude
and dependence of the strength on temperature and strain
rate are similar to the material without graphite. The

transition occurs because the graphite is stronger than
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the composite above and weaker below the transition
temperature. The strength of the graphite containing
material is less than that of the material without
graphite over the whole temperature range investigated,
but is significantly less in most of the low temperature
range below the transition temperature. It thus appears
that the low temperature cracking problem is aggravated
by the addition of the graphite because the stress
required for fracture is decreased by the graphite. The
decrease of the compressive strength at lower
temperatures and the other phenomena reported here will
occur in the temperature range of interest in any
material which is graphite coated before pressing if it's
strength boundes the graphite strength in this same
temperature range.

The strength of the bond produced by pressing the
material without graphite is comparable in magnitude or
greater than the extruded bulk strength of the composite
because the strength of the pressed material is
comparable to the strength of the individual extrusion
cylinders, and because the fracture patterns of the
pressed samples do not in most cases indicate significant
fracture along the boundaries of the mosaic pattern
formed by pressing the extrusion cylinders together. 1In

contrast, in material with the graphite coating the
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fracture patterns often follow the boundaries of the
mosaic pattern and so indicate extensive failure in the

graphite-graphite or graphite-composite bonds.
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FIGURE 1

A typical stress versus strain curve in compression at
higher temperatures. Data for PAX 2A (P).
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FIGURE 2

Compressive strength versus temperature, with and without
graphite. Strain rate 1.0/Sec. Data for PAX 2 (P).
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FIGURE 3
Compressive strength versus temperature for the graphite

containing material as a function of strain rate. Data
for PAX 2 (P).
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Figure 4

Logarithm of the compressive strength versus logarithm of

the strain rate at -40° and 27° C.

graphite.

Data for PAX 2 (P).
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FIGURE 5
Low temperature (T = -40/-45°C) compressive strength

versus graphite coating thickness. See text. Strain
rate 1.0/8ec.
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