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Compressive failure of fibre-reinforced composites:
buckling, kinking, and the role of the interphase

J. LANKFORD

Southwest Research Institute San Antonio, TX 78228, USA

Recent experimental studies of compressive failure in fibre-reinforced polymeric
composites have been analysed. It is shown that the parametric basis for most compressive
strength models, i.e. pure plastic buckling controlled by matrix shear strength and initial
fibre misorientation, is probably incomplete. It is argued that, instead, failure is triggered by
the initiation of an unstable kink band prior to buckling instability, and that additional
parameters (interfacial shear stress/strain; fibre strength) are responsible for this transition

in mechanisms.

1. Introduction

The compressive failure of fibre-reinforced polymeric
matrix composites is often a crucial factor in their use.
In particular, the failure of flexed structural com-
posites panels frequently initiates on the compressive
side, at a significantly lower stress level than that
required to initiate tensile damage modes. Unfortu-
nately, prediction of the onset of compressive break-
down has proved to be an elusive goal, due in large
part to the complexity of the phenomenon. The pur-
pose of this work was to address certain recent results
that appear to show the problem to be even more
complicated than heretofore generally appreciated.
Specifically, the roles of the fibre~matrix interphase
and fibre strength were considered.

2. Background

Generally, three different macroscopic failure modes
are observed for unidirectionally reinforced com-
posites [1]. In the first case, if the bond between fibre
and matrix interface is weak, transverse forces gener-
ated by Poisson’s ratio mismatches can initiate frac-
ture at the fibre/matrix and induce longitudinal split-
ting. Because most engineering composite systems
mvolve fairly strong interfaces, this usually is not the
dominant mode of failure.

More common, and the focus of this paper, is the
observation of compression failure via shear crippling
[1], which is associated with fibre buckling and kink-
ing. Typically the kink bands lic at an angle, B, of
20°-30° relative to the plane normal to the fibres,
while the fibre segments within the kink are rotated by
an angle, o (usually =~ 2p), relative to the fibre direc-
tion (Fig. 1). For graphite and E-glass-reinforced sys-
tems, the kink band boundary usually is demarked by
fibre fracture within a basically continuous polymer
matrix (Fig. 2).

The third mode of failure is associated with pure
compressive failure of the fibres themselves, i.e. fibre

0022-2461 © 1995 Chapman & Hall

“crushing”. This occurs when the axial strain within
the composite attains a value equal to the critical
crushing strain for the fibres. [2]. Owing to improve-
ment in fibre performance, this highest strength failure
mode is usually prevented by the occurrence of fibre
kinking at lower stress levels.

Thus, current attention in regard to compressive
failure of polymeric composites is focused on the phe-
nomena which appear to control kinking. Most treat-
ments of the problem derive from the work of Rosen
[3] who, in 1965, analysed the elastic buckling (in both
shear and transverse extension) of initially perfectly
aligned fibres. Defining failure as the stress level cor-
responding to the onset of sinusoidal buckling insta-
bility, and computing the latter in terms of strain
energy, the compressive strength turned out to be
simply

o, = Gn/(1 =Ty 1)

where G, is the shear modulus of the matrix and V;is
the volumetric fraction of fibres. It will be noted that
the instability at failure 1s not yet a kink band; the
latter is assumed (implicitly) to develop from collapse
of the sinusoidal configuration, contributing nothing
to the critical strength computation.

It was found that the above result was non-conser-
vative, due principally to the fact that real composites
do not contain perfectly aligned fibres. Non-aligned
fibre enclaves constitute stress concentrations suffi-
cient to cause local yielding of the matrix at stress
levels well below the Rosen limit, and in 1972 Argon
[4] showed, again by means of an energy-based argu-
ment, that collapse of a buckling instability ( = 0)
ensued for a rigid—perfectly plastic composite when

Gc = Ty/&) (2)

where 1, is the interlaminar matrix shear strength and
¢ is the initial fibre misalignment with respect to the
compression axis. It was noted by Argon that this
computation actually describes the conditions needed
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Figure 1 Schematic drawing indicating kink morphology; kink ori-
entation, o, and the boundary orientation, B, are also indicated.

Figure 2 Kink band in 0° PAN graphite-reinforced PEEK, stress
axis vertical. The lower boundary of band is arrested (arrow); the
next fibre (left of arrow) has relaxed.

to generate a localized collapsed nucleus, which then
spreads at a shear angle across the specimen to pro-
duce macroscopic failure.

Subsequently, many researchers [5-15] have re-
fined the plastic buckling model. Budiansky [5] has
extended the Argon formula to the more realistic (but
still B = 0) elastic—perfectly plastic case, for which

o = T/(vy + ) G

where v, is the composite yield strain. This general
approach has been further developed by Budiansky
and Fleck [6], who have incorporated matrix strain
hardening and finite fibre stiffness. The latter ap-
proach required the assumption that the kink exists
a priori, i.e. the fibres already are broken at the two
boundaries of the kink band, oriented at an initial
(assumed) inclination angle B > 0.
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Figure 3 Composite compressive strength versus matrix shear yield
strength [27; ¢ = 3° from Equation 2.

Sensitivity analysis of expressions for o, that result
from these types of buckling analyses indicate that
easily the most dominant parameters are the matrix
yield strength and the initial fibre misorientation [6].
Experiments by many researchers, summarized by Jelf
and Fleck [2], support the conclusion that, for a var-
iety of polymeric composites, o, is directly propor-
tional to t, (Fig. 3), and the measured constant of
proportionality suggests that ¢ in the Argon analysis
(Equation 2) is around 3°, which seems reasonable for
current fibre lay-ups.

It should be noted, however, that these analyses do
not really predict kinking, which was the original goal;
they either represent the maximum compressive stress
corresponding to buckling stability, following which
kinking occurs as a post-failure event, or kinks are
presumed to pre-exist (an unrealistic assumption).
Specifically, the actual creation of the kink per se, i.e.
fracture of the fibres, is explicitly assumed to make no
contribution to the computation of .. However there
is actually no observational experimental evidence to
prove that most engineering composites fail purely by
buckling instability. While it is clear that some buck-
ling deformation must precede compressive failure, it
is perfectly possible that the latter is triggered by
localized damage mechanisms superimposed on an
otherwise stable buckled state. Recent experiments
and microscopic observations appear to support this
scenario; in fact, they seem to require it.

3. Recent developments

The importance of the fibre~matrix interphase in con-
trolling the tensile and shear behaviour of polymeric
composites has been well documented in the last few
years. In addition, a few recent studies have explored
the possibility of a similar role in regard to compres-
stve strength.

Madhukar and Drzal [16], for example, have
shown that by increasing interface strength (ISS) while
maintaining constant matrix yield strength and
nominal fibre misorientation, compressive strength
increases proportionately while the failure mode
changes from delamination to microbuckling (kink-
ing) to fibre compressive failure (Fig. 4). Even more to
the point is the work of Lesko et al. [17], who have
varied interphase properties within the compressive
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Figure 4 Compressive strength and failure mode versus interfacial
shear strength for 0° PAN graphite-reinforced epoxy [16].
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Figure 5 Compressive strength versus normalized interfacial
strength (approximately constant interfacial strain) and versus nor-
malized interfacial strain (at approximately constant normalized
stress) [17]; matrix strength and lay-up are constant, and all failures
occur via kinking,.

strength regime dominated by kinking, again while
maintaining 1, and ¢ constant. Compressive strength
increases significantly (Fig. 5) if either ISS or inter-
facial shear strain to failure are increased (while main-
taining the other parameter essentially constant).
This is a surprising result, one not expected on the
basis of the family of matrix shear strength and fibre
misorientation-dominated theories outlined above.

Figure 6 Schematic illustration of interfacial debonding induced by
fibre fracture: (a) tensile loading (b) compressive loading.

Efforts have been made [7, 10] to consider the pos-
sible influence of the presence of the interphase upon
buckling, and these, in fact, have shown that the effect
should be small if the sole contribution arises from the
deformation of the interphase. Realistic interphase are
extremely thin ( < 1 pm) relative to typical fibre thick-
nesses, in which case the change in compressive
strength due to interface deformation is predicted to
be negligible [10].

On the other hand, it is well known that the ISS
controls tensile strength in a direct fashion via debon-
ding and redistribution of local stress transfer follow-
ing fibre fracture [18-20] (Fig. 6a). It should be em-
phasized that laser Raman spectroscopy (LRS) has
demonstrated conclusively that for both epoxy [19]
and thermoplastic [20] fibre-reinforced systems
fibre—maltrix debonding under tensile loading is pre-
ceded by fibre fracture. By analogy, similar ISS (or
interfacial shear strain) controlled debonding should
occur in compression, but only following fibre fracture
(Fig. 6b).

If the latter process is important, it must be one that
can manifest itself prior to pure buckling instability
because, otherwise, subsequent kinking is just the end
result of an unstable collapse, and the debonded
fibre-matrix interface has no opportunity to exert its
potential influence. Thus the question arises, does
fibre fracture precede pure buckling collapse?

It can be shown that the answer is yes. As shown in
Fig. 7, acoustic emission begins in carbon fibre-rein-
forced PEEK at stress levels well below the compres-
sive strength, ie. the point of structural instability.
Only the fracture of a brittle fibre is likely to be
responsible for this phenomenon. More concrete evid-
ence is provided by SEM characterization of the pro-
cess zone attending the tip of an arrested kink band in
a 0° graphite/PEEK composite (Fig. 8). Here, the
gently flexed fibre ensemble is riddled with micro-
cracks nucleated on the tensile sides of many of the
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Figure 7 Compressive stress and acoustic emission versus strain in
0° PAN graphite fibre-reinforced PEEK.
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Figure 8 Flexed prekink zone preceding relaxed kink band, show-
ing multi-fibre fractures (arrows) ahead of kink tip.

fibres. This zone would be the precursor of any further
kink band propagation; similarly, such a localized
ensemble would serve, in the absence of the kink, as
a kink nucleus. Based on the LRS evidence of debon-
ding as the inevitable aftermath of pure tensile fibre
fracture, it certainly seems reasonable to belicve that
at least partial debonding (as envisaged in Fig 6b)
must be associated with the microcracks in Fig. 8.

It is this likelihood of prekink debonding at isolated
fractured fibres that provides a mechanism for
interfacial shear stress/strain to alter composite com-
pressive strength as observed by Lesco et al. [17].
Recently, Chung and Weitsman [13] showed theoret-
ically that random fibre spacings, combined with
matrix non-linear plastic flow, introduces imbalances
in the support provided by the matrix against fibre
buckling, resulting in localized transverse/shear loads
on the fibres. These, they note, could lead to prema-
ture fibre microkinking and thus to a transition from
failure by unstable plastic buckling to collapse by
macrokink band nucleation and propagation. This is
essentially the present thesis, but with (fractured)
fibre—matrix debonding substituting for (or added to)
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Figure 9 Schematic comparison of compression failure by macro-
scopic plastic buckle collapse versus microkink band development.
(a) Homogeneous shear buckling instability. (b) Kink-band nuclea-
tion within a stable microbuckle.

randomness in interfibre spacing as the origin of local-
ized shear loadings against adjacent fibres.

Such a model can explain the fact that in real
systems P # 0, contrary to current buckling models. In
fact, experimental observation of engineering com-
posites shows clearly that homogeneous sinusoidal
buckling (Fig. 9a), generally does not occur, contrary
to the usual theoretical assumption. Instead, buckling
is localized, and usually occurs at the sites of initial
shear offsets corresponding to lay-up imperfection
(Fig. 9b). At enclaves such as these, tensile stresses are
induced in fibres at local flexures whose range is delin-
eated by the arrows. It is evident that the average
probability of individual fibre failure will lie along two
parallel shear bands oriented at B > 0, rather than
normal to the reinforcement direction (f§ = 0).

Further, adding to the overall complexity of com-
pressive failure is the microfracture process associated
with the individual fibre. This is also a stable event,
one capable of influencing the development of a kink
band nucleus. Dobb et al. [21] have shown via recoil
experiments that the compression fracture of a PAN



!

Figure 10 Schematic illustration of the sequence of events asso-
ciated with fracture of a PAN graphite fibre under compressive
loading; shear deformation bands nucleated on the inner (compres-
sive) side of a curved fibre localize bending and induce fracture on
the opposite (tensile) side.

carbon fibre takes place according to the discrete steps
shown in Fig. 10, whereby the flexure of an initially
straight fibre leads to the nucleation of shear deforma-
tion bands on the compressive side of the fibre; these,
in turn, induce a tensile microcrack on the opposite
side of the fibre, which links up with, and causes final
failure along, the original shear bands. Shown in
Fig. 11 is such a failure in progress at an arrested
compression kink band in 0° PAN carbon fibre-rein-
forced PEEK; ion etching experiments [22] have pro-
ved that the unbroken section contains shear deforma-
tion bands. Thus, the transition from pure plastic
buckling probably is a function not only of fibre
matrix interfacial debonding, but of fibre failure mech-
anisms and flaw distribution as well.

Although most composite failure models predict
collapse via plastic buckling as the critical event, this
may be partly due to the fact that at least buckling can
be modelled. The posited scenario certainly is much
more difficult to handle analytically, suggesting that
interfacial failure, corresponding local stress redis-
tribution, fibre flaw distribution(s), and quasistable
fibre fracture modes, must be included. On the other
hand, it is encouraging that additional avenues other
than matrix shear strength and fibre lay-up improve-
ment may be available for the optimization of com-
pressive performance.

It should be emphasized that others have previously
suggested the potential relevance of a pre-buckling
instability transition to kink band failure in compres-
sion. Weaver and Williams discussed the concept in
their important 1975 paper [23], in which they imply
(in the view of the present author) that plastic buckling
could be essentially short-circuited by local tensile
failure of flexed fibres and consequent kinking. Much
the same conclusion was drawn by Hahn [24] in 1987,
and as noted earlier, most recently by Chung and
Weitsman [13].

Finally, there remains the nagging question as to
how, if the development of a kink is so stable, the kink
process in the absence of buckling instability can ac-
count for the dramatic instability associated with final
compressive failure. This is answered in an elegant

Figure 11 Tensile microcrack in flexed PAN graphite fibre in
PEEK; compression axis is vertical.

way in the recent theoretical development by Sutcliffe
and Fleck [25], where it is shown that a kink band can
be considered in terms of crack bridging fracture
mechanics to be characterized by a compressive stress
intensity factor, K,. Below a critical value, K¢, of the
latter, a kink can extend subcritically; however, once
K, = Kj¢, the kink propagates catastrophically, and
the specimen fails.

Acknowledgements

The support of the Office of Naval Research under
Contract NO00014-92-C0093 is gratefully acknow-
ledged. Careful experimental work by, and helpful dis-
cussions with, Mr A. Nicholls are greatly appreciated.

References

1. H.T.HAHNandJ. G. WILLIAMS, in “Composite Materials:
Testing and Design”, ASTM STP §93, edited by J. M. Whitney
(American Society for Testing and Materials, Philadelphia,
PA, 1986) pp. 115-39.

2. P.M.JELFand N. A. FLECK, J. Compos. Mater. 26 (1992)
2706.

3. B. W. ROSEN, “Fibre Composite Materials” (American So-
clety of Metals, Metals Park, OH, 1964} pp. 37-45.

4. A.S. ARGON, “Treatise on Materials Science and Techno-
logy”, Vol. 1 (Academic Press, New York, 1972).

" 5. B. BUDIANSKY, Computers Struct. 16 (1983} 3.
6. B.BUDIANSKYand N. A. FLECK, J. Mech. Phys. Solids 41
(1993) 83.
7. G.C.SHIHand L. J. EBERT, J. Maters. Sci. 21 (1986) 3957.
8. S.R.SWANSON, J. Eng. Mater. Technol. 114 (1992) 8.
9. M. R. WISNOM, Composites 21 (1990) 403.
10. A. M. WAAS, J. Appl. Mech. 59 (1992) 5183.
11. W.S.SLAUGHTER and N. A. FLECK, in “Proceedings of

SES 30th Annual Technical Meeting”, edited by C. T. Her-
akovich and J. M. Duva (University of Charlottesville, VA,
1993) p. 700.

12 C.T.SUNand A. W. JUN, ibid. p. 701.

13. 1. CHUNG, and Y. J. WEITSMAN, ibid. p. 702.

4347



14.

15.
16.

17.

18.

19.

20.

21.

R. ARSECULERATNE, S. KYRIADIKES and K. M.
LIECHTTI, ibid. p. 703.

R. A. SHAPERY, ibid, p. 705.

M.S.MADHUKARandL. T. DRZAL,J. Compos. Maters. 26
(1992) 310.

J. J. LESKO, R. W. SWAIN, J. M. CARTWRIGHT, J. W.
CHIN, K. L. REIFSNIDER, D. A. DILLARD and J. P.
WIGHTMAN, J. Adhes, in press.

P.J. HERRERA and L. T. DRZAL, Composites 23 (1992).
N. MELANITIS, C. GALIOTIS, P. L. TETLOW and C. XK.
L. DAVIES, J. Mater. Sci. 28 (1993) 1648.

L. S. SCHADLER, C. LAIRD, N. MELANITIS, C.
GALIOTIS, and J. C. FIGUEROA, ibid. 27 (1992) 1663.

M. G. DOBB, D. J. JOHNSON and C. R. PARK, ibid. 25
(1990) 829.

4348

22,

23.

24,

25.

J. LANKFORD, in “Ceramic Transactions”, Vol. 19, Ad-
vanced Composite Materials, edited by M. D. Sacks, (Ameri-
can Ceramic Society, Westerville, OH, (1991) pp. 553-63.

C. W. WEAVER and J. G. WILLIAMS, J. Maters. Sci. 10
(1975) 1323.

H. T. HAHN, in “Proceedings of ICCM and ECCM”, Vol. 1,
edited by F. L. Matthews, N. C. R. Buskell, J. M. Hodgkinson
and J. Morton (Elsevier, New York, 1987) 269-277.

M. P. F. SUTCLIFFE and N. A. FLECK, Int. J. Fract. 59
(1993) 115.

Received 29 July 1994
and accepted 21 February 1995



