
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  10 ( 1 9 7 5 )  4 1 - 5 1  

Axial compression fracture in carbon 
fibres 

H. M. HAWTHORNE,  E. T E G H T S O O N I A N  
Centre for Materials Research, The University of British Columbia, Vancouver 8, 
British Columbia, Canada 

Axial compression fracture of carbon fibres was studied by embedding single fibres in 
epoxy resin and compressing the specimens parallel to the fibre axis. By careful optical 
monitoring of the fibre surface the earliest stages of fracture were identified leading to 
estimates of the fibre axial compression failure strengths. Compression strength decreases 
markedly from about 2.2 GN m -~ for moderately oriented fibres to < 1 GN m -= for highest 
modulus filaments. The trend towards decreasing compression strength with increasing 
anisotropy is explained on the basis of an increasing fibre microfibrillar nature. However 
fracture morphology studies show that the unduly rapid strength decrease results from 
an increasing degree of fibre outer layer ordering which accompanies increasing axial 
anisotropy in carbon fibres since cracking occurs first on the more highly aligned filament 
surfaces. It is suggested that fibre compression fracture changes from a shear to a micro- 
buckling or kinking mode with increasing fibre anisotropy, where the latter initiates in 
individual, well-aligned but uncoupled microfibrils. The similarity of fine axial compression 
fractures in oriented carbon fibres to those found in elastica loop experiments is noted as 
are the possible implications which the low strain-to-failure in compression of very high 
modulus fibres might have for practical composites. 

1. Introduct ion 
In a recent paper [1 ] we reported on some earlier 
experiments with single-fibre model composites 
designed to induce interface failure between the 
matrix and large diameter pitch-based carbon 
fibres embedded in the epoxy resin. However it 
was found that upon compressing the curved- 
neck samples parallel to the fibre axis, com- 
pression-induced shear failure of the filaments 
usually occurred first and precluded any debond 
such as is obtained in similar tests with glass and 
boron fibres [2]. These fibre failures were 
sufficiently gross to disrupt the interface and 
surrounding resin to allow their ready visual 
detection. Apparently similar gross shear frac- 
tures in PAN and rayon-based fibres have also 
been noted by us [1] and other workers [3, 
4]. 

Approximate estimates of compression strains 
adjacent to the filament fractures (in the varying- 
section resin specimens) suggested a progression 
in fibre strain-to-failure from about 2 . 5~  to 
below 1 ~ as the carbon fibre modulus increased. 
However subsequent examination of these 
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specimens under higher magnification revealed 
the presence of fine circumferential cracks on 
some fibres which suggests that fracture initiates 
at lower strains than those corresponding to the 
interface-disrupting filament shear failures. 

In the present paper we report the results of a 
more detailed investigation of the axial com- 
pression-induced failure of embedded carbon 
fibres of various types and Young's modulus. 
The term carbon fibre is used to denote all 
fibres irrespective of microstructure or process 
history. 

2. Experimental 
2.1. Sample preparation 
Pitch-based carbon fibres which had been 
stretch-graphitized to varying extents at 

2750~ and a few commercial carbon fibres 
were embedded in epoxy resin (EPON 828/10 
p.h.r. TETA) by glueing across an aluminium 
split mould as illustrated in Fig. la. After curing 
for 16 h in the mould at room temperature the 
resin block was removed and top and bottom 
surfaces milled flat and parallel. The milled 

41 



H.  M.  H A W T H O R N E ,  E. T E G H T S O O N I A N  

@ ~ 1 5  m'm 

n~rrf 

5mm 

A B 

Figure 1 (a) Aluminium split mould. (b) Single fibre 
compression test specimen. 

surfaces were then lightly polished to ensure that 
fibre ends were co-planar with the surfaces. 
Individual specimens were cut, ground and 
polished to give final sample dimensions close to 
that of  Fig. lb. Fibres were perpendicular to the 
end surfaces and about 2 m m  from one side to 
facilitate subsequent microscopic examination. 
Samples in which embedded fibres were poorly 
aligned or otherwise unsuitable for testing were 
discarded. The residual strain on some embedded 
fibres due to resin cure shrinkage was measured 
directly using markers which were either fibre 
defects or small lengths of  fine (Thornel 75) 
fibre glued across the test fibre prior to moulding. 

polarized light using an optical microscope with 
long focus objectives and a high intensity light 
source at 100 x to 200 x magnification. Com- 
pression strain increments of  about  0.1 ~ were 
applied until evidence of filament fracture was 
first observed and the failure strain was taken as 
the mean of the last two strain values. 

3. Results 
In testing pitch-based carbon fibres fine com- 
pression-induced cracks were directly observed 
to occur on all but the lowest modulus fibres. A 
photograph of such cracks, taken through ~ 0.5 
mm of resin, is shown in Fig. 2. For highest 
modulus fibres many cracks appeared simul- 
taneously and fairly evenly distributed along the 
fibre whereas with lowest modulus filaments 
usually only one failure was apparent. Further 
loading of a sample subsequent to fibre cracking 
produced a gradual coarsening of the cracks until 
eventually one or more developed into a distinct 
shear of the fibre ends past each other. The start 
of this shearing stage of failure was where the 
interface and the surrounding resin became 
disturbed as described previously [1 ]. 

The difference in strain between that at which 
initial fibre cracking occurred and that corres- 
ponding to the more gross shear failure was 
greatest for the high modulus filaments. For the 
lowest modulus fibres (E ~ 130 G N  m -2) it was 
often not possible to detect the fine cracking 
before observing the beginning of a sheared 
fracture, which was thus often the earliest 

2.2. Test ing 
Samples were compressed between parallel 
anvils on an Instron testing machine at 0.02 in 
min -1 crosshead speed and using a compression 
load cell. Specimen strains were measured from 
the load-displacement plot. Comparison of the 
strains thus measured was made on several 2 cm 
long samples with those determined using a half 
inch strain-gauge extensometer and also with the 
corresponding actual fibre strains measured 
between markers using a travelling telescope. 
Initial testing of a few samples determined 
approximate failure strain for a particular fibre 
modulus. Thereafter samples were loaded in- 
crementally, followed, after each successive 
loading, by removal from the machine and 
examination of the fibre for failures. Through the 
resin these were best detected with reflected 
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Figure 2 Typical fine axial compression-induced cracks on 
surface of pitch-based carbon fibre (E ~ 390 GN m-2); 
taken through ~ 0.5 mm resin using reflected polarized 
light. 
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Figure 3 Early stage compression-induced shear fracture in 
low modulus (E ~ 130 GN m -2) carbon fibre; taken as for 
Fig. 2 but with additional illumination projected in at 
both sides to show fracture more clearly. 

indication of failure for these fibres. An example 
of such a fracture is illustrated in Fig. 3. That  fine 
cracking did occur sometimes even in these 
low modulus fibres prior to gross failure was 
inferred f rom several observations of a separa- 
tion of fibre ends inside the specimen as shown in 
Fig. 4. This probably initiated from a compres- 
sion crack which upon unloading the sample 
after compression produced a tensile separation 
of the fibre ends from the fracture by sliding 
along a length of debonded interface. 

Although much more difficult to observe 
clearly on fibres prepared from PAN and rayon 

Figure 4 Tensile separation of fibre ends away from a fine 
transverse compression crack after unloading the 
specimen. Low modulus fibre (E ~ 130 GN m-2); 
polarized light; through ~ 1 mm resin. 

precursors because of their irregular surfaces 
and small diameter, fine compression-induced 
cracks or fractures were produced on PAN I and 
Thornel fibres as shown in Fig. 5. 

The experimental results for the compression 
tests on all fibres are presented in Table I, 
column 3. The failure strains are those measured 
from the load-deflection curves. For the pitch- 
based fibres Young's  modulus values are the 
averages determined for each group of fibres 
which had been stretch-graphitized to different 
extents [5]. Those for PAN and Thornel fibres 
were from source data. All of the Thornel 75 
fibres and one high modulus pitch-based fibre 

Figure 5 Fine axial compression-induced transverse 
cracking on Thornel 50 (a) and Pan I (b) carbon fibres; 
polarized light through resin as before. 

were found to be cracked upon moulding in- 
dicating that fibres sustained some compression 
strain due to resin shrinkage on curing. 

To obtain the actual compression strain 
existing in the fibre at fracture (column 5, 
Table I) corrections were made to the experi- 
mental data (column 3) which take into account 
(a) the relation of sample strain, which could 
only be measured approximately from load- 
elongation plots for the short-length specimens, 
to true specimen strain and (b) the residual fibre 
strain existing in the split-mould specimens. 
Extensometer-measured strains on slightly longer 
but otherwise similar specimens indicated 
machine-measured strains were too large by 
about  15 ~ .  A few direct measurements, during 
compression of specimens containing marked 
fibres gave strain values ~ 8 ~ lower than those 
obtained from crosshead displacement. Con- 
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T A B L E  I Measured compression test results and derived total fibre compression strains at failure 

Mean fibre modulus Number of Average measured Corrected average test Total fibre 
(GN m -2) tests compression test strain strain ( ~ )  B = 0.9 A compression strain 

at fibre failure ( ~ )  A at failure ( ~ )  
C = B + 0.15 

131 17 1.68 4- 0.33 1.51 4- 0.33 1.66 4- 0.33 
190 9 1.20 4- 0.19 1.08 -4- 0.19 1.23 4- 0.19 
262 11 0.85 4- 0.18 0.76 4- 0.18 0.91 4- 0.18 
330 26 0.63 4- 0.18 0.57 4- 0.18 0.72 • 0.18 
393 16 0.36 4- 0.09 0.32 4- 0.09 0.47 4- 0.09 
450 6 0.16 4- 0.12 0.14 4- 0.12 0.29 • 0.12 
258 (Thornel 40) 8 0.63 • 0.1 0.57 4- 0.1 0.73 • 0.1 
355 (Thornel 50) 6 0.56 4- 0.13 0.50 4- 0.13 0.65 4- 0.13 
530 (Thornel 75) 8 0 0 ~< 0.15 
345 (PAN I*) 2 0.5 0.45 ~ 0.6 

*Harwell Fibres. 

sequen t ly  the  ave rage  test  d a t a  o f  c o l u m n  3 are  
r educed  by  1 0 ~  as in c o l u m n  4, T a b l e  I. 

L is ted  in T a b l e  I I  a re  assessments  o f  the  
res idua l  s t ra in  i n c u r r e d  by  m a r k e d  fibres w h e n  

m o u l d e d  in the  sp l i t -mou ld  and  m o r e  accu ra t e  
m e a s u r e m e n t s  f r o m  those  m o u l d e d  in l o n g  single 
mou lds .  I n  the  lat ter ,  s ingle fibres were  g lued  to  
the  t o p  o f  the  m o u l d  on ly  to  a l low grea te r  f ibre 

T A B L E  I I  Fibre residual and test compression strains for specimens containing fibres with markers 

Mean fibre modulus Residual fibre Compression test Total fibre strain at Mean A + B 
(GN m - 9  compression strain on fibre failure strain (~o) Failure ( ~ )  A § B ( ~ )  

moulding (~o) A* B 

,--4).3 1.70 2.0 
131 N0 ~1.8 ~1.8  1.88 

0.35 1.49 1.84 

0.27 1.23 1.50 
0.15 1.10 1.25 
0.15 0.98 1.13 

190 0.50 0.78 1.28 1.30 
0.5 0.64 1.14 
0.5 0.76 1.26 

~0.1 1.41 1.51 

262 ~0.2  0.76 0.96 0.96 

~0.05 0.70 0.75 
~0.2  0.76 0.96 

0.23 0.51 0.74 
330 0.23 ~0.56 0.79 0.78 

,---O.1 0.55 0.65 
~0.1 0.63 0.73 

0.2 0.64 0.86 

355 (Thornel 50) ~0 .2  ~0 .4  ~0 .6  ,--4).6 

0.44 Already cracked ~< 0.44 
393 ~0.1 0.48 0.58 ~0.5 

~0 .2  0.34 0.54 

*Values marked thus ~ are from split mould specimens, others from moulding of less restrained fibres in long tube 
moulds. 
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AXIAL COMPRESSION FRACTURE IN CARBON FIBRES 
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Figure 6 Variation of total axial compression strain-at-fracture data for all fibres (from Table II) and corres- 
ponding fibre compression strengths (assuming Ecompression ~ Etension) with fibre Young's modulus. 
Error bars represent standard deviations. Circles: pitch-based fibres; triangles: rayon-based fibres; squares: PAN- 
based fibres. 

contraction on resin cure. Also listed in Table II 
are the failure strains (crosshead deflection) for 
all these marked fibre specimens. Average total 
failure strains for each fibre group (Table II, 
column 5) when compared with the mean data of 
the main compression tests on split-mould 
specimens (column 3, Table I) suggest that a 
value of ~ 0 .15~  is the best estimate of the 
mean residual fibre strain incurred by the 
filaments when moulded in the split-mould. 
This strain is therefore added to the data of 
Table I, column 4 to give the mean total fibre 
compression strain-at-failure for each fibre group 
as in Table I, column 5. The final result for 
Thornel 75 fibres is a maximum value since it is 
not known at what strain they actually cracked. 

Total fibre axial compression strain-at-fibre- 
fracture data for all filaments are plotted against 
fibre modulus in Fig. 6. The relatively larger 
spread of results for the lowest modulus fibres 
probably reflects the use of the two indicators of 
early fibre compression failure as mentioned 
above. 

4. Discussion 
4.1. Fibre axial compression strengths 
An assessment of the effect of the approximations 
inherent in both the fibre residual strain estimate 

and in obtaining the precise fibre strain-at- 
fracture on the strain data of Fig. 6 is of interest. 
Even if the I 0 ~  fibre strain correction is in 
error by several percent (say i 3 ~ )  and the 
estimated average mould strain is wrong by 
0.05 ~ strain (4- 33 ~ of estimate) the maximum 
deviation from present results would range from 

7 ~ to • 18~  (with increasing filament 
modulus). Since this is within the experimental 
error we are confident that the data of Fig. 6 
reasonably represents the true mean fibre strains 
at the onset of filament compression failure for 
each modulus group. A fairly regular progression 
in fracture strain for all the carbon fibres, is 
obtained, consistent with the approximate values 
calculated from the previous "debond" experi- 
ments [1 ] as described in the Introduction but at 
somewhat lower strains. 

However fibre axial compression strengths, 
calculated from the failure strain and mean 
Young's modulus, assuming the latter is the same 
in compression as in tension, apparently 
indicate a different trend. As shown in Fig. 6 
with increasing modulus fibre compression 
strengths do not vary much up to moderate 
modulus values but thereafter they decrease to 
quite low values. 

Because of the experimental difficulties of 

45 



H. M. H A W T H O R N E ,  E. T E G H T S O O N I A N  

ensuring satisfactory mounting and moulding of 
individual, thin commercial fibres and with 
detection of fine cracking on their surfaces the 
limited data for these filaments are less certain 
than those of the larger, smooth-surfaced, pitch- 
based fibres. Nevertheless, except for the Thornel 
40 specimens, their estimated compression 
strengths lie reasonably close to the general trend 
of the pitch-based fibre data. The compression 
strength of PAN type II and type A fibres could 
not be obtained as fibre fracture was not 
observed before the epoxy resin samples failed in 
shear at ~ 3 ~o strain. 

The only known information in the literature 
concerning carbon fibre axial compression 
strength measurements with which to compare 
present data are estimates for the strength of 
Thornel 25 and Thornel 40 fibres [3 ]. Based on 
an indirect assessment of the Poisson contraction 
during tensile loading of epoxy resin specimens 
containing a fibre embedded transverse to the 
loading direction, average values of ~-~ 1.5 GN 
m -2 and ~ 2.5 GN m -~ were obtained for 
Thornel 25 and 40 respectively. Although 
detected as sheared fibre failures [3], neverthe- 
less these compression strengths show some 
measure of agreement with present results. Also 
their relative strength tends to support the slight 
indication from the pitch-based fibre results of a 
maximum in the strength versus modulus curve. 

Fine fibre cracks have also been observed on 
the compression side of the loop tip in elastica 
loop bending experiments on PAN [10] and both 
pitch and rayon-based carbon fibres [7]. We 
shall discuss this more fully in a subsequent 
paper [7], but note here that the iibre strain-to- 
fracture data in the present axial compression 
tests are about the same as the strains existing 
in the loop tip at which such cracking occurs in 
corresponding fibres. 

The compression test results are in marked 
contrast to those of both rayon [6] and pitch- 
based [5, 7] fibres in tensile testing where 
strength increases with modulus. Only in some 
PAN-based fibres, e.g. those prepared from 
Courtelle precursor, has a tensile strength 
decrease with increasing filament Young's 
modulus been observed [8]. Also in contrast to 
the situation with tensile failure of carbon fibres 
from all three precursors [5-7, 9], axial com- 
pression fracture does not seem to be associated 
with gross fibre flaws. The examination of 
numerous compression microcrack fractures 
both by isolation of fibre ends from the matrix 
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and by progressive polishing through fibre 
longitudinal sections has revealed only a few 
examples where the crack might possibly have 
been associated with an observable flaw. 

The overall shape of the experimental fibre 
compression strength curve can be explained 
qualitatively as follows. On the basis of brittle 
fracture theory the compression strength of an 
isotropic glassy carbon would be expected to 
approximate to its intrinsic (flaw-free) strength. 
Extrapolation of the present compression results 
curve to the isotropic fibre modulus ( ~  30 G N  
m -z) suggests that a strength between 1.5 and 2.0 
GN m -2 might be appropriate. This is reasonable 
in view of the tensile strength results reported for 
similarly heat-treated, isotropic, pitch-based 
[5] and rayon-based fibres [6] of ~ 0.7 GM m -2 
since flaw-free strengths are approached in 
tension only at much smaller gauge lengths than 
those used in normal tensile tests [10, 11 ]. Also 
relevant is a calculated value for the intrinsic 
strength of an isotropic PAN-based fibre at 
1.55 GN m -~ [12] even though this would 
probably be more relevant to fibres of lower 
heat-treatment temperature. Alternatively, if a 
microplastic failure criterion is considered for the 
isotropic carbon fibres the same curve extra- 
polation gives a "plastic yield strength" value 
similarly related to the corresponding material 
indentation hardness [7] as for other glassy 
solids [13]. Thus reasonable extrapolation of 
present compression strength data would be 
consistent with the anticipated strength of 
isotropic, glassy carbon fibres (heated > 2500 ~ C) 
whichever viewpoint is taken, but we prefer the 
former at this stage. 

As fibre Young's modulus increases from the 
isotropic value so the carbon fibre intrinsic 
tensile strength increases [7, 12]. Filament 
compression strength might therefore be expected 
to increase also. However because of the unique 
microstructural features of the anisotropic 
carbon fibres it is probable that axial strength in 
compression will deviate from intrinsic strengths 
progressively more markedly, with increasing 
modulus. In such fibres, composed of wrinkled 
and entangled ribbons of turbostratic graphite 
layers mutually separated by microvoids, these 
microfibrils are progressively more highly aligned 
along the fibre axis and tend towards a more 
"graphitic" nature (in terms of crystallite size 
and perfection) the higher the Young's modulus 
[5, 14]. An increasing radial ordering and 
decreasing transverse interfibrillar coupling 
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usually also accompanies an increasing axial 
preferred alignment in carbon fibres [14, 15]. 
For very high modulus fibres, therefore, a 
decreasing compressive strength is likely con- 
sidering that in the limit of perfect axial align- 
ment and minimum lateral microstructural 
interactions, fibre axial compression behaviour 
will probably approach the weak strength of 
crystalline graphite in the a-direction. Con- 
sequently the resultant filament compression 
failure strengths may first increase with growing 
fibre anisotropy from the isotropic material 
intrinsic strength value and then decrease as 
modulus approaches very high values. This is 
reasonably consistent with the present experi- 
mental results except that the strength decrease 
with increasing modulus is somewhat steeper 
and perhaps begins earlier than might be 
anticipated. Thus extrapolation of the strength 
curve of Fig. 6 would suggest that fibres of 
Young's modulus ~-~ 600 GN m -2 have essentially 
zero compression strength which is absurd and 
requires explanation. 

4.2. Compress ion  crack morphology 
To learn something of the nature of axial 
compression fractures in carbon fibres we sought 
initially to isolate the filaments from the matrix 
and to observe directly the locus of failure on 
separated fibre ends. Since it was not possible to 
dissolve away even the thinnest over-layer of 
cured epoxy resin sufficiently to remove fibres 
without damaging them some representative 
fibres were moulded in a readily soluble, clear 
acrylic resin. However, because of the large cure 
shrinkage of this resin all fibres were cracked and 
even sheared on moulding, the high modulus 
ones being most severely fractured. As shown in 
Fig. 7 separated fracture surfaces from typical 
axial compression failures (cf. Fig. 3) for lowest 
modulus fibres exhibit both rough and smooth 
areas and contain some crushed debris. Similarly 
sheared fracture surfaces from higher modulus 
fibres tend towards a more serrated texture and 
sometimes contain small platelet-like pro- 
trusions. 

To investigate fracture profiles in fibres which 
had only sustained compression strains sufficient 
to produce the fine cracks seen on the fibre 
surface as per Figs. 2 or 5, successive polishing of 
specimens through longitudinal sections of the 
embedded carbon fibres was used. For the 
majority of fibres the compression crack retained 
its hair-like appearance and the same general 

Figure 7 Scanning electron micrograph of an early stage, 
axial compression-fractured surface of a low modulus 
(E ~ 130 GN m-2), pitch-based, carbon fibre. Isolated 
from a soluble acrylic matrix. 

aspect throughout. The cracks mostly had a 
curved profile, as shown in Fig. 8, with the 
degree of curvature often changing across the 
fibre section. Occasionally in fibres containing 
multiple cracks a sequence of double crack 
profiles was revealed which indicated a biconical 
or "hourglass" type of failure locus, somewhat 
analogous to the shear-induced compression 
failures characteristic of some brittle granular 
materials [16]. 

Scanning electron microscope (SEM) exam- 
ination of the polished fibre sections confirmed 

Figure 8 Typical reflected polarized light optical micro- 
graph of a polished longitudinal section of a fine-cracked, 
pitch-based carbon fibre (E ~ 260 GN m 2). 
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that the compression fractures are indeed very 
narrow line cracks and fibres polished to their 
mid-section exhibit very small discontinuities 
or offsets at the fibre edge. In this respect there is 
some similarity to the crack-like features 
observed on the compressive side of carbon fibres 
bent in elastica loop experiments [7, 10]. 

Partial cracks were sometimes observed on 
polished fibre longitudinal sections, as in Fig. 9, 

Figure 9 Scanning electron micrograph of a lightly polished 
section of an early stage, axial compression-cracked 
high modulus carbon fibre (E ,~ 390 GN m-2). Crack 
fades out in centre of fibre. 

which suggested a gradation in the severity of 
fracture from surface to core. That cracking 

invariably occurs first in the outer layers of high 
modulus carbon fibres in the early stages of 
compression failure was subsequently established 
by examination of many such cracked fibres 
before and after slight polishing into their 
sections. Thus Fig. 10 shows high magnification 
polarized light micrographs of the same area of 
an embedded high modulus fibre. The polished 
section width in Fig. 10b, at ~ 2/3 the fibre 
diameter, indicates that after removal of only 
1/8 of the fibre thickness no trace remains of the 
multiple compression cracks which were clearly 
visible on the fibre surface (under a thin over- 
layer of resin) in Fig. 10a. 

The finding that axial compression fracture 
first initiates in the peripheral regions of 
oriented carbon fibres is entirely consistent with 
the well established fact that practically all 
carbon fibres exhibit a more axially aligned 
basal-plane texture and more graphitic outer 
surface layer compared with the fibre core 
[1, 14, 17]. This sheath becomes more evident 
the higher the fibre average degree of axial 
preferred orientation and, being of higher 
Young's modulus than the core, it will bear a 
progressively greater proportion of any fibre 
stress for a given compression strain and so 
might be expected to fail prior to complete fibre 
fracture. 

The filament radial structural heterogeneity 
provides an explanation for the experimental 
strength reductions discussed above. During 
specimen testing the fibre compression strains at 
fracture of their surfaces were being monitored. 
The compression strengths of Fig. 6, calculated 

Figure 10 (a) High magnification polarized light optical micrograph, taken through a thin resin layer, of a 
multiple-cracked, high-modulus carbon fibre (E ~ 440 GN m-2). (b) Same area of fibre as (a) after very lightly 
polishing away ~ �89 of the fibre thickness. 
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from the average fibre Young's modulus rather 
than the more appropriate higher modulus of 
the outer layers, are therefore too low. The effect 
of this will be progressively greater the higher the 
average fibre modulus and thus will contribute 
increasingly to the strength reduction. Also 
related to this fibre microstructure and similarly 
effective in lowering the measured strength 
results is the existence of an inherent fibre 
surface compression strain, axial as well as 
radial, arising from differences in thermal con- 
traction between sheath and core on cooling the 
fibres from their high processing temperatures 
[ 15 ]. We consider that the operation of both these 
factors is sufficient to explain the otherwise 
unexpectedly severe drop-off in compression 
strengths for the more oriented carbon fibres. 

4.3. Mechanism of compression fracture 
From present and earlier experiments [1] there 
seems to be a trend in the nature of compression 
fracture in embedded carbon fibres of different 
microstructure. As fibre anisotropy increases the 
tendency is away from a single catastrophic 
shear-like failure to what is often a series of fine, 
partial microcracks. This variation in failure 
character is further exemplified by comparison 
of the typical fracture surface of an early stage 
compression failure of a low modulus fibre 
(Fig. 7) with that from a microcracked high 
modulus pitch-based fibre in Fig. 11. (The latter 
was exposed when, upon polishing not quite 
parallel to its axis, through a cracked fibre 
past its mid-section, the tapered fibre end was 
pulled back from the crack and lifted out of the 
shallow resin trough). The remaining portion of 
the crack face shows clearly a very different 
topography from that of Fig. 7. The fine scale 
texture, of the order of ~ 0.1 pm, on the fracture 
surface is similar to that previously observed on 
transverse sections of oriented pitch-based fibres 
[5 ] and on transverse fracture surfaces of similar 
rayon-based fibres [18] and may be evidence for 
large fibrils in the fibre microstructure [14]. In 
any case the fracture here takes place essentially 
on a plane perpendicular to the fibre (and 
compression) axis and has generally similar 
features to that observed on the compression side 
of the fractured end of a PAN-based fibre 
broken in loop bending experiments which was 
considered due to a buckling failure [10]. 

A shear failure mechanism seems appropriate 
for the more isotropic fibres. If carbon fibres 
can be considered as an aggregate of turbo- 

Figure 11 Scanning electron micrograph of the edge of an 
early stage, axial compression-cracked surface of a high 
modulus (E ~ 330 GN m -2) pitch-based carbon fibre. 
Fracture surface exposed on thin section (~  ~ diameter) 
when adjacent piece lifted away on polishing. 

stratic graphite crystallites the trend in com- 
pression strength results could be explained on 
the basis of a crystallite shear strain criterion, 
somewhat analogous to that proposed recently 
for tensile failure in such fibres [12]. Thus a 
critical stress for fibre shear failure in com- 
pression (~e) is defined as: 

ae = "re/sin r cos r 

where r is the mean angle between basal planes 
and the fibre axis and re is the critical resolved 
shear stress for the crystallites, re is related to 
the crystallite shear strain failure criterion ~'e by: 

~'e = ~eC44 

where c44 is the pertinent shear modulus. The 
variation of fibre compression strength with 
modulus could result from the competing 
contributions of an increasing basal plane 
preferred orientation about the fibre axis, 
tending to increase strength, and a proposed 
decreasing microscopic shear modulus for more 
ordered crystallites (especially on the fibre outer 
layers), tending to diminish fibre strength. 
However considerable reductions in c4~ would be 
required to obtain correspondence with the 
experimental results for the high modulus fibres. 

In view of the changing appearance of fibre 
compression fractures and because of the 
peculiar microfibrillar structure of carbon 
filaments we suggest that it is perhaps more 
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appropriate to discuss the axial compression 
failure of oriented carbon fibres in terms of a 
buckling or kinking structural instability some- 
what analogous to inhomogeneous compression 
behaviour in some other anisotropic materials. 
During compression of wood parallel to the 
grain macroscopic failure follows from a 
buckling distortion of those cellular wood 
fibrils which are both aligned nearly parallel to 
the load axis and low in interfibrillar lateral 
cohesion [19]. In the case of hcp  metals such as 
Zn or Cd a kinking deformation occurs when 
single crystals are compressed parallel to their 
basal planes [20]. Such kinking also occurs in 
pyrolytic graphite [21]. Thus in axial com- 
pression of highly oriented carbon fibres 
microcracking may initiate as a buckling or 
kinking of single microfibrils of well-ordered 
layer packets which, because they are less 
interwoven and coupled with their neighbours 
than those of lower modulus fibres, would be 
less constrained to deform individually. This 
localized distortion, which need not involve 
dislocations but rather "crystallite regions weak 
in shear" would probably occur preferentially 
along lengths of transversely unsupported 
microfibrils adjacent to large voids or axial 
cracks which arise from cooling down from high 
processing temperatures [15]. Even on 
moderately oriented fibres these considerations 
would be expected to apply to the more highly 
aligned fibre outer sheaths. 

From present evidence it is considered that 
simple shear initiation of axial compression 
failure in glassy carbon fibres progressively 
changes to the microbuckling mode as fibre 
anisotropy increases. Further information on 
failure mechanisms may arise from studying 
the effects which boron doping or neutron- 
irradiation may have on filament compression 
strengths since these are known to significantly 
alter the structure and other properties of carbon 
fibres [22]. 

4.4 Possible implications for composites 
The post-gelation shrinkage in the room- 
temperature curing resin system used to pre- 
pare the single fibre-resin specimens was 
sufficient to cause multiple axial compression 
fracture in carbon fibres of modulus > 450 GN 
m -2 when moulded as per Fig. 1. Whether such 
cracking can occur in fabricating real composites 
of high modulus fibres and elevated temperature- 
cured resins will depend on the degree of 
5O 

restraint on the resin linear cure shrinkage 
imposed by the large volume of fibres and on the 
extent of axial residual stresses due to mismatch 
of thermal expansivity between fibre and resin. If 
compression microcracking were to occur in 
practice on very high modulus carbon fibres, 
even only on the filament outer layers, then the 
efficiency of translation of fibre properties into 
the composite would undoubtedly be impaired. 
It seems likely also that the propensity to low 
strain axial compression fracture of very high 
modulus carbon fibres would have a significant 
influence on the compression failure behaviour 
of unidirectional composites fabricated there- 
from. 

5. Conc lus ions  
The conclusions from this work can be sum- 
marized as follows: 

(a) It has been shown that axial compression 
fracture of carbon fibres can be studied success- 
fully by supporting single fibres in epoxy resin 
specimens and compressing these parallel to the 
fibre direction. 

(b) By carefully monitoring the fibre surfaces 
in the resin using high magnification optical 
microscopy the earliest stages of fibre fracture 
can be identified and can provide a good estimate 
of the fibre compression failure strengths. 

(c) The apparent axial compression strengths 
of carbon fibres do not vary much with filament 
modulus up to moderate orientations; thereafter 
strengths decrease markedly with increasing 
fibre anisotropy, 

(d) In highest modulus fibres axial compres- 
sion cracking occurs initially in the fibre outer 
layers. 

(e) The axial compression failure of carbon 
fibres is due to either a shear or buckling 
mechanism and the overall fracture behaviour 
can be adequately explained on the basis of the 
known fibre microstructural features. 
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