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a b s t r a c t
This work investigates destructive (crush) compressive and shear behaviour of Poco-HTCTM, which is a
porous graphitic carbon foam. This material is anisotropic, and compressive measurements were made
in both out-of-plane and in-plane directions. A camera filmed the tests to visually study crack formation
and growth at macro-scale. Scanning electron microscopy images of fracture surfaces were recorded to
examine post-failure material formation at micro- and meso-scales. In another series of tests, cyclic uniaxial compression measurements were performed in the elastic regime to characterise this behavior.
Some of the samples were crushed after the cyclic test to measure strength.
Ó 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Porous graphitic carbon foam is an emerging material with a
very high thermal conductivity to density ratio, that is approximately seven times higher than that of copper [1]. This raises the
possibility to make ultra-light and efficient thermal management
systems. Highly-aligned graphitised-carbon base material (with
800–1900 W/m.K thermal conductivity) brings high bulk
thermal-conductivity to graphitic foams (135–245 W/m.K), while
the porous structure reduces density [2,1,3]. Furthermore the bulk
material exhibits very low thermal expansion [3], has low atomic
number which makes it relatively transparent to radiation, and
has high modulus to density ratio [4] compared to other foams.
Carbon foam is currently being considered in the development
of a thermo-mechanical support structure for the upgrade of the
inner-tracker of the ATLAS detector at the Large Hadron Collider
at CERN, Geneva [5]. The above properties make carbon foam an
ideal choice for part of this structure. The carbon foam is used to
conduct heat from electronics into a 2 mm diameter titanium tube
with evaporative CO2 cooling. The tube is sandwiched between
two pieces of foam, and the part is placed between two thin
ultra-high-modulus carbon-fiber facings. The detector will sit on
the facings in a high radiation area, and must survive more than
10 years without maintenance.
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The CO2 coolant will cool the tube to 30  C. The thermal contraction of the tube will exert forces on the carbon foam. There is a
risk that these forces will lead to fractures at the interface, which
would result in deterioration in thermal performance. Since preventing mechanical damage is crucial for maintaining thermal
properties, there is a particular interest in the fracture mechanics
of the foam.
Most research has focussed on thermal performance, rather
than mechanical performance of carbon foams [6–8]. The majority
of existing studies on mechanical performance are limited to measurements on elastic bulk parameters such as Young’s and shear
modulus [9,10]. Chen et al. [11] have measured crush strength
resulting from different precursors and manufacturing techniques,
but with very little work on understanding graphitic foams under
force in detail. One of the most detailed studies on this topic was
made by Gowthaman et al. [12,13]. They performed crushing tests
on graphitic foams, and presented camera records showing fracture lines and scanning electron microscopy (SEM) records from
the fracture surfaces. Since graphitic foams are highly anisotropic,
the fracture response is dependent on material direction. Although
the work is very useful to describe fracture behavior, the tests were
performed in a single material direction and limited to characterisation of fracture in other directions. Consequently, this highlights
the need to further investigate fracture mechanics in the anisotropic case. This study extends the understanding of the failure mechanism by presenting measurements made in both material
directions, and made with different loading modes.
Destructive compression (crush) and shear tests were performed. The crushing test was conducted in both out-of-plane
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Table 1
Properties of Poco–HTC and PocoFoam [8,1,3]. Density and thermal conductivity were
taken from datasheets provided by the manufacturer, except the Poco–HTC density
which was measured. The ligament density was taken from [8]. Porosity was
calculated from the assumed ligament density.
Poco–HTC

PocoFoam

Density [g/cm3]
Ligament density

0:85  0:05
2.23

0.55
2.23

Porosity [%]
Open porosity [%]

61.8
95

75.3
96

Therm. cond. [W/(m.K)]
Out-of-plane (z)
In-plane (x)

245
70

135
45

and in-plane direction to understand anisotropic behavior. The
tests were recorded with a video camera to visually analyse fracture mechanics at macro-scale. SEM images were captured from
the fracture surfaces to examine post-failure material formation
at micro- and meso-scales.2 In another group of measurements, cyclic compressive loads were applied in the elastic regime to characterise the elastic behavior, such as Young’s modulus and elastic
limits. Also, the strengths were measured by subjecting some samples to crush after cyclic tests.
1.1. Material and micro-structure
Poco–HTC is a graphitised-carbon foam produced from a
mesophase-pitch precursor. It is licensed, and manufactured by
Poco Graphite Inc [14]. Poco–HTC is the improved version of Pocofoam with higher thermal conductivity and density. Table 1 gives
some properties of both foams.
The precursor and processing details affect the internal structure of the end product, which in turn determines the bulk properties. The structure of the Poco–HTC sample is illustrated in Fig. 1,
which was recorded with SEM. This figure highlights what the
terms ligaments, junctions, cell-openings (pores), micro-cracks on
walls and around cell-openings, and layer-spacings around folded
layers refer to. Due to the foaming process, the resultant material
has bubbles elongated in the vertical (out-of-plane) direction,
which is taken as z-axis, while the x and y-axes are used for the
horizontal (in-plane) directions.
Poco–HTC consists of highly graphitised material. The cell walls
at mid-height of the bubble have graphite planes parallel to the
bubble walls and are perfectly compacted. Where these planes
meet at the top and bottom of the bubble (junctions), the graphite
structure folds and has many micro-defects. Fig. 2 shows that the
molecular layers are much less well aligned at junctions and contain cleavages between planes of graphite. This feature was illustrated in [8] with higher magnification for a graphitic foam
similar to the Poco–HTC. It was reported in [8] that higher graphitization rate causes micro-cracks as separation of the graphitic layers. These layer-spacings run parallel to the planes of graphite,
affect neither crystal size nor thermal conductivity. However, these
defects are expected to mechanically weaken the foam [6].
There are also cracks and defects in the cell-walls probably
caused by thermal stresses arising during the heat treatment process. These cracks occur at the boundaries of the planes. However
these are much less frequent than the micro-defects at the
junctions.
If the gaseous volume is large enough, the bubbles join at holes
in the cell walls, making an open-cell foam. These holes in the
walls, referred to as cell openings, are initially smooth and circular.
2
By micro-scale we mean structures smaller than cell walls (but much bigger than
atomic scale); by meso-scale we mean structures at the size of a cell; and macro-scale
treats the block sample as a whole.

However, later heat treatments can lead to fracture and microcracks at cell openings.
Both the elongation of bubbles and the alignment of graphite
planes along the bubble walls lead to anisotropic behaviour of
the bulk material. The micro-cracks, folds, and other defects have
a major impact on bulk material properties compared to what
would result from perfect graphite.
2. Measurements
Tests were performed to capture material destructive compression and shear behavior. The intention was also to capture elastic
behavior for calculating material constants.
The crush tests used monotonically increasing uniaxial compression up to complete failure of material. These tests failed to
characterise elastic behavior due to using samples cut from the
top (low density) surface of the foam block.3 A new group of samples were cut from the bottom of the foam block to minimise density
variation, and were subjected to a different compressive loading
scheme: A cyclic loading scheme, in which the load is increased in
stages, and released after each stage, before moving on to the next,
higher-load stage (Fig. 3). The Young’s modulus was extracted from
the cyclic compression test. Both crush and cyclic compression tests
were applied in the out-of-plane and in-plane directions to characterise anisotropy.
The Iosipescu shear tests were used to study destructive shear.
The material was placed in a fixture to apply shear load in the inplane direction on the out-of-plane face (Fig. 4). The foam has a
porous surface, so it was not possible to install strain gauges, therefore elastic properties could not be derived from shear tests.
A camera filmed the destructive compression and shear tests.
2.1. Samples for compression Tests
Samples were machine-cut from a large foam block (about
300  30  300 mm3). The out-of-plane cyclic test samples had
20  10  20 mm3 dimensions. The in-plane cyclic test samples
were 10  20  20 mm3. The out-of-plane (z) size is always the
middle of the three dimensions given here; the surface being compressed is always 20  20 mm2, while the height in the machine is
10 mm.
The
crush
test
samples
were
measured
20  20  20 mm3, and cut from the top of the block.
These samples are large enough to minimise edge effects due to
open bubbles, debris from machining etc. No cover plates were
attached to avoid effects of glue leaking into the surface cells.
2.2. Samples for Iosipescu shear tests
The Iosipescu specimen is a rectangular beam with a symmetric
V-notch at its center. A fixture with proper configuration is used to
transform applied machine load into the pure shear load acting on
a central section [15]. Furthermore, V-notches intensify stress at
the center and localise failure at this section.
The Iosipescu sample is 80  20  8 mm3 (Fig. 4). V-notches
have a 90o angle and are 12 mm apart. Thus, the shear surface covers a 12  8 mm2 area. Since our Poco–HTC block is only 30 mm
thick, we constructed our sample from two aluminium blocks
27.5 mm long, glued either end of the Poco–HTC sample with
length 25 mm.
3
The foam samples used in these tests were cut from the top of the main foam
block, where the material has slightly lower density. Local cell crushing occurred at
this surface. This in turn introduced sudden changes in the stress–strain response
before the actual crushing stress. Consequently, crushing tests showed some
irreproducibility when characterising elastic behavior.
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Fig. 1. SEM image of the Poco–HTC with x34 magnification. L - ligaments, J - junctions, MC - micro-cracks, FS - folds (visible in the next figure), CO - cell openings, and COMC cell-opening micro-cracks refer to different structural features. The layer structure is much less apparent at junctions, indicating a high density of micro-defects there. The zaxis is the bubble elongation and foam out-of-plane direction.

Fig. 2. Zoom into the red-dashed box in Fig. 1 showing a junction with x160 magnification, indicating the high density of micro-defects.

2.3. Data acquisition
The test machine head tool moves vertically down. It measures
the reaction force F exerted by the sample and the machine head

displacement D, and records these along with the test time t. For
the compression tests, the force is divided by the initial cross sectional area A0 of the face where load is applied to obtain the stress
r, i.e. r ¼ F=A0 . The displacement is divided by the initial specimen
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constant rate, until it reached a pre-defined load. Then it decompressed by moving upwards, until a pre-programmed lower limit
was reached. These cycles were repeated, each going to a slightly
higher load than the previous cycle (Fig. 3). Each cycle then measures a hysteresis loop in a different r  e region for the first time
a sample is compressed. The machine head displacement rate was
0.25 mm/min for both compression and decompression phases.
Typically eight cycles were made.
In total, ten samples were tested, five in each loading direction.
For the in-plane case, the first two samples were tested at a high
stress (1.5–3 MPa), with a rapid drop in Young’s modulus indicating fracture occurred. Further samples were measured at lower
stresses (0.75–1.5 MPa). Some samples were compressed to
destruction immediately after the completion of the cyclic tests.
Fig. 3. Example stress vs. time graph for cyclic uniaxial compression test.
Maximum stress is increased at each cycle (small dashed box). For some samples,
stress is continuously increased up to complete failure after the cyclic test (large
dashed box).

2.5. Test procedure – crush
Another group of foam samples were subjected to continuous
uniaxial compressive load until the material reached complete failure, using five for out-of-plane and five for in-plane measurements.
In the out-of-plane tests, samples were placed with the face corresponding to the top side of the block during manufacture on the
bottom jaw. The machine head displacement rate was set to
1.2 mm/min. Samples were not subjected to any pre-load.
2.6. Test procedure – Iosipescu shear

Fig. 4. Iosipescu specimen dimensions and positions of grips (shaded tools). The
depth of specimens is 8 mm. The fixture is fixed with a pair of grips at the left side
(dark shaded). Displacement (D) is applied with another pair of grips at the right
side. Axes show alignment of the foam.

height h0 to obtain the strain e, i.e. e ¼ D=h0 . For the shear tests, the
force is divided by the initial cross sectional area A1 between the
notches to obtain shear stress s, i.e. s ¼ F=A1 . No strain data were
available for shear tests.
A camera with 1280  720 pixels filmed the crush and Iosipescu
shear tests with 24 frames per second. Each pixel of the image covers about 30  30 lm2 of the sample.

Two samples were used in the Iosipescu test. Samples are held
by two pair of grips, each supporting the sample from the top and
bottom, at both ends (Fig. 4). The grips at the left fix the position of
samples, while the grips at the right continuously move down. The
rate of displacement was set to 0.5 mm/min.
3. Results and discussion
Three types of measurements were made: 1) Cyclic uniaxial
compression tests to measure elastic behavior, 2) Crush tests to
measure strength and characterise the compressive failure, and
3) Iosipescu shear tests to measure shear strength and study failure
in the shear mode.
3.1. Material constants

2.4. Test procedure – cyclic compression
The cyclic uniaxial compression test captures the mechanical
behaviour at low stress–strain ðr  eÞ conditions. The machine
was programmed to compress the sample by moving down at a

3.1.1. Cyclic compression
A single cycle consists of compression followed by an unloading
phase. The compression is divided into two phases, reloading and
incremental-loading. In the reloading phase, the material is

Fig. 5. Stress vs. strain curves for the cyclic tests on each sample. Five samples were measured in each loading direction. The samples behave quite similarly. Sample 2 in the
out-of-plane case has a long initial movement before building up any stress, but is otherwise similar to the rest.
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Fig. 6. Young’s moduli for the three loading phases of each cycle vs. stress. These phases represent reloading, incremental-loading and unloading. Stress states were
calculated as the mean stresses during the phases. The dashed lines are the mean of the incremental phase Young’s moduli which, are used to determine where the elastic
regime ends.

compressed from the beginning of the cycle up to the maximum
stress state of the previous cycle. In the incremental-loading phase,
the material is compressed from the end of the reloading phase up
to the maximum load defined for the current cycle. In this phase
the material is subjected to additional load. In the unloading phase,
the material is decompressed until the minimum load defined for
the cycle, which is also the beginning of the next cycle.
Fig. 5 shows the r  e curves measured for all samples. The
Young’s moduli E are calculated from the slope of the r  e curve
at each phase of each cycle. The stress state of a phase is calculated
as the mean of the stress during that phase. Fig. 6 shows the modulus results versus the stress states.
The incremental phase Young’s modulus is much lower than for
reloading and unloading. It increases at low stress, peaks and starts
to decrease at high stress (black dashed line in Fig. 6).
After the incremental phase, the unloading and reloading moduli are similar and slightly higher than the moduli in the previous
cycle.
Samples used in the tests do not have a perfect surface finish;
surfaces show small bumps. As the bumps are compressed, the
machine head tool gets into contact with a wider area at each dis-

placement step, which results in slightly higher apparent modulus
as strain increases. This is the reason for the steep rise in Fig. 5 for
low strains. This effect continues until the surface is perfectly flat
and there is no further increase of the contact area. This occurs
at 0.01–0.02 and 0.03–0.04 strain for the out-of-plane and inplane compressed samples. The difference between the strains is
caused by the different surface flatness of the samples. The outplane compressed samples have better surface flatness, so their
Young’s modulus changes less with applied stress (Fig. 6). Simultaneously during the incremental load phase, ligaments break at the
bumps and local crushing occurs. This gives a false low reading of
the Young’s modulus. However, during unloading and reloading,
no more crushing occurs, and so the cyclic test makes it possible
to extract the true Young’s modulus from the reloading phase.
The intention during cyclic compression was to stay within the
elastic regime, however some last cycles demonstrated some inelastic deformation. Consequently, the incremental phase modulus
starts to decrease after a certain stress. Out-of-plane fracture starts
at 3 MPa and in-plane fracture starts at 1.5 MPa (Fig. 6). This is
apparently very localised, since there is no sudden drop in the
unloading moduli (Fig. 6) and in the stress–strain graph (Fig. 5).
Therefore, these stress states are where the elastic regime ends
and initial fracture starts, but are not the actual crush strength of
the foam. The corresponding strains to these stress states were
found from Fig. 5, corrected for the take up of slack at the start
of the curves (subtracting 0.005 and 0.010 for out-of-plane and
in-plane cases) and averaged for the samples to calculate elastic
strain limits.
The Young’s modulus of the foam was calculated during the
unloading phase at the elastic limit. The crush strength of the foam
was measured by subjecting the samples to continuous compression up to destruction immediately after the cyclic test (Fig. 7).
The maximum stress (i.e. peak) in the tests was taken as crush
strength. Table 2 summarises these measurements.

Table 2
Parametric results from compression (top and middle row) and shear (bottom row)
tests. Stress and strain are taken at the elastic regime limit. Strain is taken into
account by including the slack at the beginning.
Fig. 7. Stress vs. strain curve to destruction. Both samples had previously
undergone a cyclic compression test. The plots show the second cyclic compression
test followed by continuous compression to destruction. Crosses mark the points
used in Table 2.

Out-of-plane, z
In-plane, x
Shear, zx

Modulus MPa

Stress MPa

Strain %

Strength MPa

111
75
–

3.0
1.5
–

3.2
3.5
–

5.3
3.5
1.8
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An amorphous material with spherical holes would have isotropic bulk properties. The foam contains ellipsoidal bubbles, which
are elongated in the z-direction. The elongated side-walls are thinner and the crystals in them tend to be more aligned. Under zdirection loading, these side walls are primarily loaded by membrane stresses, whereas under in-plane loading they are mostly
subjected to bending. This explains the higher out-of-plane
Young’s modulus compared to the in-plane one.
The solid base material is not amorphous. Graphite crystal
planes have high modulus in the plane of the hexagonal arrangement of carbon atoms, and much lower modulus in the plane normal. In Poco–HTC, the graphite sheets tend to be aligned with the
elongation direction, further enhancing the Young’s modulus in the
foam out-of-plane direction.
3.3. Fracture

Fig. 8. Shear stress vs. machine head displacement measured with Iosipescu shear
test. The shear stress continuously increases up to the peak, where failure starts,
and then steadily decreases until complete failure. The steepening curve below the
peak shows the shear modulus increases up to failure.

3.1.2. Shear test
Both samples used in Iosipescu shear tests gave similar behavior. Fig. 8 gives the stress vs. displacement for one of the samples.
Since no strain data was available, the shear modulus was not measured. The graph was only used to extract the shear strength,
which was assumed to be the maximum stress reached. The
strength is given in Table 2.
3.2. Anisotropy
Poco–HTC is highly anisotropic in its compression behaviour. It
has about 1.5 times higher Young’s modulus and strength in the
out-of-plane direction than in the in-plane direction. The observed
anisotropy can be attributed to two features of the foam: shape of
the pores, and alignment of the graphitic material.

A camera set up filmed destructive compression and shear tests.
Selected frames of the videos were compiled to give a clear impression of the failure initiation and growth of the cracks from meso- to
macro-scale. Fig. 9 shows the frames captured during the crush
tests and Fig. 11 gives the frames recorded during the destructive
shear test. Crush tests were performed up to complete fracture
with high levels of material separations, shown in Fig. 10. The fracture surfaces where material separated were recorded via SEM and
are illustrated in Figs. 12–14. Since the shear tests were stopped
before complete fracture, no open fracture surface was available
for examination.
3.3.1. Out-of-plane crush
In the out-of-plane case, the failure occurs along the bottom
face of the sample as local cell layers collapse. The upper part of
the sample moves down with little distortion, with more and more
cells at the bottom edge disappearing. Eventually the material at
the bottom starts flowing outwards. At about 20% strain, a single
macro-crack appears with a big vertical component but growing
diagonally (upper row in Fig. 9). This is very close to the 45° characteristic of shear failure in brittle materials. The characteristics of
crack growth are the same in both in-plane directions. After complete progression of the crack through the whole material, large
pieces of carbon foam break off sideways (upper row in Fig. 10).

Fig. 9. Failure initiation and growth during compression tests (out-of-plane in upper row and in-plane in bottom row). The compression direction is from up to down. Stress
and strain increase from left to right. e shows the calculated strain. Red dashed lines highlight the crack paths in the out-of-plane case; ovals highlight the material separation.
Yellow dashed lines highlight regions of cell collapse in the in-plane case, which propagate sideways. (The difference in grey shades across the samples are a by-product of the
machining process). Direction of the foam is given with x; y and z-axis at sides. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 10. Step-by-step crushing up to complete loss of material for three out-of-plane (upper row) and in-plane (bottom row) samples. At high strain cracks join up and cause
complete material separation at sides. Out-of-plane fracture occurs as material separation to sides at the edges, especially at corners, and propagates vertically and diagonally.

Fig. 11. Failure initiation and crack growth during Iosipescu shear test. Right side of samples are moved down in the x direction. Shear stress intensifies at the mid-section
between the V-notches. Red dashed lines indicate the cracks, which are mostly aligned in the out-of-plane direction. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

In all five samples, collapse occurred at the bottom jaw, which
was the top side of the foam block during manufacture. The images
show an intact upper-block moving down about 2 mm, with all
crushing occurring at the bottom layer, before large cracks appear.
This indicates that the samples have weaker structure here. When
the foam is manufactured, gases flow in the out-of-plane direction
and accumulate at the top, leading to a less dense and weaker
structure compared to the rest of the body. Therefore, the fracture
always starts in this region. The local layer collapse could be
avoided by filling the face with glue as suggested in [12,13], and
reduced by avoiding the top face when cutting samples.
One of the cyclic test samples, cut from the bottom of the block,
was also tested to destruction. It had qualitatively different behaviour, with no local crush and collapse of the face at a jaw. Instead,
it just suffered from a single diagonal crack similar to the macrocrack described above. This suggests that the local layer crushing
is not predominantly effective on macro-cracks.
There are two stages in the fracture mechanism, covering gradual transition of cracks from meso-scale to macro-scale. First, cell
walls bend and break (see [16]), causing the load to increase in
adjacent cells. As a result, the damage spreads to neighboring cells
making cracks, which grow until complete separation of material
occurs. The cracks initially expand more or less horizontally, as

bend/fracture of neighbouring cells. Eventually bulk shear stress
causes a more vertical crack growth; the cracks spread through
the whole sample, allowing the shear forces to push material out
sideways. Cracks usually tend to grow parallel to the crystal planes,
leading to a larger vertical component aligned with planes in the zdirection. The resultant cracks lie at slightly larger than 45 to the
horizontal axis.
3.3.2. In-plane crush
For the in-plane x compression, the fracture mechanism is similar to the out-of-plane compression. Contrarily, there is a difference in fracture growth in the transverse directions of the
compression axis. Horizontal regions of cracks appear throughout
the face viewed from the in-plane y-direction (bottom row in
Fig. 9). Looking from the out-of-plane direction, the cracks appear
diagonal (around 45 ) starting from the corner of the sample (bottom row in Fig. 10). Most separation of material becomes apparent
only when the specimen is released from the jaws of the press.
There is complete material separation at the sides in the in-plane
y-direction, while the foam maintains its structural integrity in
the out-of-plane direction.
Since cracks tend to grow parallel to the crystal planes, they
appear as horizontal lines in the out-of-plane direction, and do
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Fig. 12. SEM capture of a fracture surface for out-of-plane crushing. The out-of-plane z direction and load F are up the page. The fracture plane cuts foam through the bubbles,
therefore cells are open for view. Compared to Fig. 13, there is much less debris.

not break down structural integrity in this direction. The shear
forces are predominant in the in-plane y-direction, which has
low modulus and strength, and cause cracks to grow diagonally
with an angle of 45° from the corners.

3.3.3. Destructive shear
The internal section parallel to the out-of-plane face was subjected to shear in the in-plane direction, corresponding to shear
state rzx . Cracks appear in the out-of-plane direction, as cleavages
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Fig. 13. SEM capture of a fracture surface for in-plane crushing. The surface is at about 45° to the loading direction, which is F shown in the top left corner. The cell structure is
almost obscured by the presence of a large amount of debris. There is a clear crack running parallel to the out-of-plane direction. The fracture plane is also the cell-collapse
layer.
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Fig. 14. SEM record of the junction captured from the fracture surface for out-of-plane crushing, showing post-failure formation. A indicates the cracks initiated at cell-wall,
and propagates into junctions as cleavages of the graphitic planes. x-axis is normal to image.

(Fig. 11). This is probably due to separation of graphitic layers as a
result of shear force. These cleavages propagate between the
planes. Video record showed that the material at the top and bottom of these cleavages slide on each, indicating the direction of
shear forces. Diagonal cracks also appear at the edges of the
central-section, where the V-notches are. Had the test been continued these diagonal cracks would have propagated to the horizontal
cracks, and resulted in complete failure.
3.3.4. Fracture planes
The SEM device was not able to record at low magnification.
Therefore, we recorded images from adjacent areas and combined
them to produce a single record showing a larger area. The fracture
surface is not flat, so each image has a different focus. This gives
slight discontinuity at the edges of individual images.
Fig. 12 shows a fracture plane after crushing in the out-of-plane
direction. The cells and walls are clearly visible. The fracture plane
has a large component parallel to the compression force (right at
upper row in Fig. 9). Material does not compact. Instead, it separates sideways at the macro-crack. Consequently, friction forces
are low and the material pore structure is not badly degradated.
Fig. 13 shows a fracture plane for the in-plane crushed sample.
The cells, walls and junctions are distorted and covered by
smashed graphitic material. The smashed particles are dragged in
the in-plane y-direction, indicating the direction of shear and
resultant friction force. It also contains a long crack along the
out-of-plane direction, which is one of the horizontal cracks illustrated in the right at the bottom row in Fig. 9. Cell-collapse compacts material at the fracture plane and increases friction forces.
Shear forces build up in the direction perpendicular to the applied
force. The shear strength in the in-plane y direction was exceeded
first, leading to the fracture plain propagating in this direction.
Material movement occurs in the same direction, dragging
smashed particles along the fracture plane, causing a high level
of material degradation.
Fig. 14 illustrates junctions and cells with larger scale for the
out-of-plane crushed samples. There are many micro- and meso-

scale cracks, as cleavages between layers. Studying the images suggests cracks are initiated at cell-walls, propagate to the junctions
where they widen, and spread to neighbouring ligaments. Probably
they initiate in the pre-existing micro-defects at the cell-walls as
seen in Figs. 1 and 2.
Song et. al. [16] performed destructive compression tests on a
AlSi closed-cell brittle foam, in which the solid material has a
homogeneous structure and does not contain micro-defects. The
fracture plane in AlSi foam propagates more or less at 45° diagonally (see Fig. 7 in [16]), very similar to what is observed in
Poco–HTC. This indicates that the pre-existing defects do not have
a dominant effect on the bulk failure mode.
However, the macro-crack in the out-of-plane compressed
Poco–HTC sample has a larger vertical component compared to
the crack in AlSi foam. As mentioned above, cracks tend to grow
between layers of graphite resulting in a slightly larger component
in the z-direction. Consequently, the alignment of graphitic planes
affects the macro-crack behavior.
It would be very interesting to investigate effects of pre-existing
micro-defects on the crack initiation and crack transition from
micro- to meso-scale for both loading scenarios. However, this
would require tests inside a scanning electron microscope as in
[16] to simultaneously capture the crack propagation.

4. Conclusion
A series of destructive tests have been performed to study fracture mechanics of Poco–HTC graphitic foam in compression and
shear modes. Compressive measurements were made in both
out-of-plane and in-plane to characterise anisotropy. Cyclic uniaxial tests were performed to study elastic behaviour. Some samples
were compressed up to complete failure to measure the strength.
Destructive tests were filmed to visually examine crack initiation
and propagation at macro-scale. At the end, SEM records were captured from the fracture surfaces to examine material at micro- and
meso-scales after failure.
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Poco–HTC shows highly anisotropic behaviour in both elastic
and fracture cases. It has higher modulus and is stronger in the
out-of-plane direction. This comes from two separate effects: the
graphite planes of carbon atoms are aligned along the out-ofplane direction; and the cells are elongated in the out-of-plane
direction.
The local fractures start at 3.0 and 1.5 MPa, and strengths are
5.3 and 3.5 MPa in the out-of-plane and in-plane directions. Shear
strength is 1.8 MPa, measured with Iosipescu shear test (Table 2).
The initial failure mode is cell-wall bending and fracture followed by propagation to nearby cells up to complete material
separation.
In the out-of-plane crushing, the fracture plane propagates
diagonally in both in-plane directions with a slightly larger component in the out-of-plane direction. This is very close to the 45
crack line in typical brittle shear failure.
In the in-plane (x) crushing, the propagation is horizontal in the
out-of-plane (z) direction, while it is around 45 diagonal in the inplane transverse (y) direction.
In the shear test, cracks appear in the foam out-of-plane direction, as cleavages between the planes of graphite. These observations showed that alignment of graphitic planes affects the
behaviour of macro-cracks.
The SEM images of fracture surfaces clearly indicate that the
cracks initiate at cell-walls and become cleavages between graphitic planes at the junctions. These separations propagate along and
between the planes, and spread to neighbouring ligaments
(Fig. 14).
These investigations give insight to the fracture mechanism in
anisotropic graphitic foams.
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