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Abstract Post-microbuckling is a fundamental feature of compressive failure process for the
unidirectional-fiber-reinforced composites and laminated composites. The post-microbuckling behavior of
composites under compression in the light of the Kewviar49-reinforced 648/BF3.400 (brittle epoxy) and EP
(flexible epoxy) is studied, theoretically and experimentally. Analytical resultS of compressive strength
are in good agreement with experimental results, qualitatively and quantitatively. By the -experimental re-
search, the post-microbuckling feature of the advancing kink band model is clearly displayed.
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Studies of compressive failure on fiber-reinforced composites are of a wide
practical significance. But for three decades, some fundamental facts are still
unclear, e. g. what is the limit for which the Rosen!" formula is suitable? what is
the main reason for the large difference in the compressive strengths between results
from the Rosen formulas and from experiment? It is well known that the compressive

strengths of typical composites predicted using the Rosen formulas are far larger than
those obtained in experiments'®.

Following the deducing process of the Rosen formulas, we think that the Rosen
formula of a shear model is only suitable for the composite with a weak strength ma-
trix and weak interface, while that of an extension model is only suitable for the com-

posite with a loose fiber distribution (V;<0.1, V; is the volume fraction of fiber) or/and
with high-strength fibers.

Argon® and Fleck and Budiansky? considered the plastic deformation of matrix
when fiber composite was compressed in the fiber direction, and their formulas of
compressive strength were too sensitive to the initial curvature of fibers. Piggott and
Harris' carried out a systematic experimental research on compressive failure for various
fiber-reinforced composites, and they concluded that from small to medium densities of

\ fibers (0.05<V; <0.31), the compressive failure models are from laminating to kinking.

l * Project supported by the National Natural Science Foundation of China.
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Steif!>9 first applied the bifurcation theory developed by Hill and Hutchinson!" to the
study of laminated composites which were simulated by hyperelastic ones. An eigenvalue
problem of elastic-plastic bifurcation for laminated composites was solved accurately
by Wei and Yang®: the compressive failure of unidirectional composites is mainly due
to the plastic bifurcation of fibers, and from this conclusion they obtained the
compressive strengths which are in excellent agreement with the experimental re-
sults given in Refs. [4,9). Yang and Weil'¥ first analysed the mechanism of the kink
band and the compressive buckle band'” and they performed post-microbuckling ana-
lyses with a bridging kink band model"!. They calculated the bridging force using
Hutchinson’s bifurcation model of column!’, and obtained the overall compressive
stress-strain relation using the conservative law of J integral.

Based on Ref. [11], in this paper the compressive kinking failure of two Kevlar49.
reinforced kinds of epoxy is studied by detailed division of the region of material
parameters, and the overall compressive stress strain curves are theoretically .
investigated. For comparison, material parameters and the behavior of compressive
microbuckling are determined and studied experlmcntally The composite specimens
are Kevlar49-reinforced 648/BF3.400 and EP.

1 Bridging Model of Post-microbuckling

Post-microbuckling is featured by the bridging fibers which suddenly lose the ma-
trix constraint at the critical instability stress o; following the precursor of matrix
damage. This feature can be represented by the kink band bridging model shown in
Fig. 1"}, The bridging force of fibers in the kink band is calculated by adopting
Hutchinson’s plastic bifurcation model of column shown in the insert of Fig. 1. §
is the distance between the geometrical center and the instantaneous rotation center in
the cross section (See Ref. [11] for detail). In the following calculation, fibers and ma-
trices will be treated as bilinear materials and linear elastic materials, respectively. The
relations between bridging force oy, rotation angle 6 of column, S and vertical
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Fig. 1. Bridging model by kink band and J-integral Fig. 2. The regions of S monotonically ncreasing (S-[) and
ocontour, decreasing (S-D). 1; S-D zone; 2, S-I zone; 3, S-D zone.
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displacement & on the top of the column can be determined from the geometry and
balance relations!'.

The strength and ﬂeﬁibility of fiber-reinforced composites after losing instability
can be characterized by S alone!'!. The initial values of S and 45 jominate the

do
features of the post-microbuckling.

When S is monotonically increasing (hereinafter referred to as S-I), the follow-
ing relations are easily derived!':
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w=W/h;, 2w is the width of kink band, 2h; is the thickness of fiber layer, ¢, is the
yielding strain of fiber, o and oy may be interpreted as the averaged instability stress
and the bridging stress along the inclined kink band with an inclination angle f, E; is
the fiber Young’s modulus, and E, is the linear hardening modulus.

When S is monotonically decreasing (hereinafter referred to as S-D), we have!"!

¢
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where



1080 SCIENCE IN CHINA (Series A) Vol. 37

E=s—5, @

The Formula of % is the same as the fourth equation of Eq. (1), and s,=S/h; is
£

the initial value of s.

From Eq. (1) or/and Eq. (3), s, can be specified by w, 4, 0 :
= 2n _ 1 ® A
80_2005('!’0_ _3' )f I|["[)_ ? arcocs(—' _2""("-12:--/1 D s (5)

and whether S is monotonically increasing or decreasing can be judged by the follow-
ing equation:

. 1-J7 {(0 (increasing); ©
© 1+Jt | >0 (decreasing).

In Eq. (1) or Eq. (_3), there are three variables: ag, 0, s. If s is taken as an argument
and oy and 0 are seen as the functions of s, then J/2h; can be obtained from the
fourth formula of Eq.(1). Especially, the solutions of Eq. (3) are somewhat difficult to
obtain. This equation is first transformed into a higher-order quasilinear differential equa-
tion on 6. Since the initial (boundary) values 6(s)) and s, are known from Eq. (5)
and experiment of Kevlar49/epoxy, the numerical solution can be obtained by the
well-established Runge-Kutta method.

It is convenient to plot the divisional figure of S-I and S-D in a parameter plane.
The relations of initial material parameters formulated by Eqgs. (5) and (6) are expressed
concisely in Fig. 2.

2 Bridging Toughening

Following the formulation by Yang and Weil™, the toughness increment by fiber

bridging across the kink band could be measured in terms of J integral, defined by

Ou. )
J= Udy,— T;—— dl },
J' r( Y2 0y 1 (7)

where U=J Oimd€;, 18 the strain energy density, and T, and u; represent the traction
. ,
and displacement vectors, respectively. The index notation of tensor is adopted here,

in a coordinate system y,—y, aligned with the kink band, as shown in Fig. 1
Summation convention for repeated indices is implied. The contour I for the J inte-
gral is outlined in Fig. 1 which follows the marked points ABCDEFGHIA.
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2.1 The Case of Monotonically Decreasing S

In this case, the continuous increase of the bridging stress oy would justify the en-
dured loading within the composite during the kink band growth, an assumption es-
sential to validating the path independency of J integral. When evaluated along the
closed contour I, the loop integral vanishes, and one obtains

Jo=JiptJp, ®

where J,, represents the J integral evaluated counterclockwise along the exterior loop
ABCDEF (I'y), and J, denotes J integral evaluated counterclockwise along the inner
loop THG. The latter signifies the driving force for the kink band growth. J; in Eq. (8)
denotes the toughness increment by fiber bridging.

2.2 The Case of Monotonically Increasing S

The case of S-I would result in gradual declination of the bridging stress og/oc.
The elastic unloading which inevitably occurs in this case would decimate the path
independency of J integral. However, from the conservation of energy we have

Jw=J {Uedyz—ﬂ%f df}“Sinﬁ‘aaE J (U —U)dA=Jgp+J, ®)
o A
where
1 1
U= 5 Cijur(ey—e5)(eu—ei) = > a;(ey—ej). (10)

The significance of U, can be explained as an elastic strain energy density for the
composite which has a stress-free initial strain a; Eq. (10) can also be taken as the
definition of &3. C, in Eq.(10) denotes the elastic tensor of the fiber-reinforced
composite. U is the historical dependent deformational energy received in the composite
cell. For the case of 'S-I, under uniform compression, the formation of kink band
would produce elastic unloading from the pre-bifurcation strain level & over all the

composite cells. Therefore, e}, can be assumed to take constant value at any material
points passed by the kink band.

23 Toughening Ratio
The calculations of J;, and Jy are conducted by the following formulas:

Jtip=(1 - Vf)Emac(W8c+at)Sinﬁ9 (11)
where
d, E.V
Ty ((-00-e/ea e, (1)

é
JB=J 030, (13)

0
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where E_ is the Young’s modulus of matrix, and oy is the bridging stress which are
formulated in Eq. (1) for S-I and in Eq. (3) for S-D.

The toughening value J,/J,;, can be calculated from Egs. (8) (or (9)), (11) and (13).

3 Overall Compressive Stress Strain Curves

The overall compressive stress-strain curves o.-&. can be assessed from Eq. (8)
when the remote J integral (J.) is known. The stress-strain distribution along the out-
er contour I, (Fig. 1) can be approximately treated as in the unidirectional stress
state!'”. The calculations for J, can be conducted consecutively for the cases of S-I
and S-D. The final results are

Jo. ={ZI/ZZ, (§-D); 14
Tio  U{Z,~(F'=)(E-E)(e.—)%}/ Zy, (S,
where |
_ J 4 2
zl— El+EtSI+ W Eth W +El(281_81) +Et8_'[,
5 (19)
ZZ=(1 —_ Vf)(ﬁc+ T/I‘; )ScEm,
0
5 {Vf(o'fc/ac)an‘zl}/Et+ W F, (S5-D),
Ex =g+ W ={ S ) (16)
{Vi(or./oc)og— 0}/ E+e,+ W F, (S-D);
a a 0;. a a
E=EVi+E,(1-V)),
Et:Elfo-l-Em(l_Vf)' (18)

2, =(Es—E Vi,

where the variables and parameters with the subscripts 1 and II are corresponding to
the regions I and 1I shown in Fig. 1, respectively, B and H are the width and height
of material cells shown in Fig. 1, F,=2W/H characterizes the area fraction on the free
. surface, oy and 6 are computed from Eq. (1) or (3).

The 0.6, curves can be given by cancelling J./J;, and F, from the expressions
of Egs. (&) (or (9)), (14), (16) and (17). The overall compressive stress-strain curves of
the Kevlar49-reinforced flexible epoxy (EP) and brittle epoxy (648/BF3.400) are shown
in Fig. 3(@) and (b), respectively. During calcﬂationé, we take w=35.5, ¢,=0.01,
E/E_ =34.4 for the case of brittle matrix (S-D), and w=3, ¢,=0.018, E;/E_=49.6 for
the case of flexible matrix (S-I), and ¢ /e;=1.5, V;=0.4 for all cases. These parameter
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- values come from experiments to be discussed in the next section. The cases of S-I
and S-D are plotted in Fig. 3(a) and (b), respectively. The three curves in Fig. 3 are
corresponding to three hardening moduli . For comparison, experimental curves are
_plotted in Fig. 4. By comparing Fig. 3(a) and (b) with Fig. 4(a) and (b), respectively,
theoretical and experimental results are very conformable.
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Fig. 3. The theoretical results of overall compressive stress strain curves. (a) Corresponding to Kevlar49/EP.
a/f=0.4; 1, t=0.0167; 2, t=0.0500; 3, :=0.1000. (b) Corresponding to Kevlar49/(648/BF3.400). «/f=0.4;
1, t=0.10; 2, ¢t=0.15; 3, ¢=0.20.
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Fig. 4. The expérimental results of overall compressyve stress stramn curves. (a) corresponding to Kevlar49/EP,
(b) corresponding to Kevlar49/(648/BF3.400). 1, A; 2, B; 3, C; 4, Sp. D. 6,=250 MPa.

4 Compressive Experiments on Kevlar49/Epoxy

In this section, we will discuss experimental researches of Kevlar49-reinforced

643/BF3.400 (brittle epoxy) and EP (flexible epoxy). The qualities of the composites
*are shown in Table 1.

Table 1 Known Qualities of Fiber and Matrix Materials

Limit strain (%)

Composite Tensile strength (GPa) Tensile modulus (GPa)
Keviar49 3.4 124 23
648/BF3.4000 3.6 0.78
EP 2.5 3.0
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In order to investigate the action of surface defects on the formation of kink
bands and to study the behavior of the buckle-driven lamination, each specimen was
manufactured with a set of cracks (three cracks) near the free surface. The lengths of
cracks become smaller from the outside to the interior of specimens, from I/, to I,
The specimen numbers with different sets of cracks are given in Table 2. The
geometrical size of each specimen is 30 mm X7 mm X 12 mm.

The overall stress and strain

Table 2 The Specimen Numbers and Crack Lengths I; (mm) )
curves of Kevlar49-reinforced 648/

Specimen A B C D )
T 0 3 3 0 BF3.400 and EP from experiment
L 0 4 6 are shown in Fig. 4 (b) and (a),
I 0 2 4 6 respectively. The experimental re-

sults verify the analytical evaluat-
ions. The kinking patterns on the side surface of specimens are shown in Fig.. 5,
where (a) and (b) correspond to the cases of flexibleepoxy matrices, and the
postmicrobuckling is the advance of kink band till passing through the specimen sec-
tion; (c) corresponds to the case of brittle epoxy matrix, and the postmicrobuckling is
from kinking to laminating.

Fig. 5. Kink bands on the side surface of a specimen. {a) and (b) for the flexible matrnices EP. (c) for
the brittle matrix 648/BF3.400.

Figure 6 gives magnification figures of kink band for the specimens with flexible
matrix: (a) is a complete picture of a kink band;(b) displays the local magnification of
a kink band; (a) and (b),correspond to specimen B and specimen C in Table 2



No. 9 POST-MICROBUCKLING FOR FIBER-REINFORCED COMPOSITES 1085

respectively; (c) is double kink bands simultaneously formed in specimen A (without
surface cracks).

Fig. 6. Magnification of kink band. (a) (*12.6) and (b) (%x49) , Kink band is produced with surface cracks
in advance in the specimen; (c) (% 12.6), two kink bands are formed simuitaneously without surface cracks.

To facilitate the inspection and measurement on kink band, we pre-sticked the
moire of 40-line/mm on a side surface of some specimens, so that the complete picture
of kink band could be observed and measured with microscope (PM-6 Olympus).
When a specimen is compressed, the moire is deformed with the specimen under strain.
Especially, the kink band features can be displayed and registered by the moire. A com-
plete picture of a kink band on the side surface of the specimen is given in Fig. 7.
The widths of the kink band can be measured from this figure. The widths of the
growing kink band (thin) and the penetrating kink band (thick) are 2W=0.75—1.0
mm and 2W=0.25— 0.4 mm, respectively. The ratios w (=W/h,) of the growing kink
band and penetrating kink band can be found out, respectively, w=2— 3 and 6 — 8
from the known fiber layer width 2h;=0.125 mm. The volume fraction of fiber V, =
04.

5 Conclusions

1. The mechanical .qualities of post-microbuckling of fiber-reinforced composites -
e mainly dominated by the kink band geometry and the plastic kinking of bridging
fiters. The overall mechanical feature of composites can be predicted effectively by
adopting the column plastic bifurcation model.

2. The compressive failure formation of composites is sensitive to surface defects
ind the brittleness and flexibility of matrix.

3. Compared with previous researches on the compressive failure of composites,
or investigation goes much deeper theoretically and obtains conformable theoretical
. and experimental results.
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