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ABSTRACT

This study focuses on fatigue mechanisms of matrix cracking in carbon/epoxy cross-ply
laminates. A particular attention is given to the specimen width influence on the damage
development.

In a first step, a fracture mechanics analysis for the strain energy release rate associated
with the 90° ply matrix fatigue crack formation and growth is developed. This analysis,
based on shear lag assumptions, takes into account both crack number and length, for a
given specimen geometry.

Then, the experimental evolutions of crack density, crack length and crack propagation
rates are obtained in the case of a simple cross-ply laminate submitted to fatigue loading.
It is observed that these evolutions are independent of the specimen width. Moreover, once
the crack number has reached its saturation value, the average crack propagation rate
becomes constant.

These experimental results are in very good agreement with the predictions of the
developed model.
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INTRODUCTION

In long fiber carbon/epoxy cross-ply laminates, the first damage generally observed
under quasi-static and fatigue tests consists in matrix cracking in the 90° plies
(Stinchcomb and Reifsnider, 1979).

Transverse cracks appear early in the fatigue life of a specimen, initiate at the specimen
free edges and grow stably like fatigue cracks across the width (Lafarie-Frenot and
Riviére, 1988 ; Boniface et al, 1987). The crack density per ply increases rapidly up to
a saturation value (Reifsnider, 1977). This crack spacing saturation value is a
characteristic of the laminate which depends on the constituents and on the stacking
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saquanca (Stinchcomb and Reilsnidar, 1875). Moreovaer, throughout lasts, lha average
crack length increases (Henaff-Gardin el al, 1332).

Recently, Lafarie-Francl and Henaff-Gardin (1931) have devaloped a frecture mechanics
analysis lar the sirain energy associated with 90° ply matriz crack formation and growth.
In the sludy presanted hare, we compare the results obtained by a simple practical model
with tha axparimantal observations on a simple cross-ply laminate. We have particularhy
focused gur attention on tha influence of specimen width on the latigue Iransversa ply
crack propagation across the widih.

MATERIALS AND EXPERIMENTAL CONDITIONS

Tensicn-lansion faligue tests are caried cut in a load controlled tasting moda, with a 0.1
load ratio and a 10 Hz frequancy. The applied maximum stress is aqual 1o 60% ol the static
failure siress of the sludied T30WS14 carbonfepaxy [02/90/0) laminate.

Tha last coupons are approximately 1 mm thick, 180 mm long with end-labs 40 mm long
far gripping in the Instron servo-hydraulic machine. Moreover, in order 1o study the
influance of the coupon widlh, Ihree specimen widlhs are studied : 15, 30 and 60 mm.

Tha widthwisa grawth of tha transverse ply cracks is investigated throughout lasts by
maans of penatrant anhanced X-radiography (Zing lodide penatrant).

ANALYSIS OF MATRIX CRACKING

In 1983, Steif (guoled in Ogin el al. 1384) proposed a shear lag analysis which has been
developed by Ogin el al {1985) and Caslini el al {1937). Compared with aur previous
chservalions (Lafaria-Frenot and Henaff-Gardin, 1931}, the assumption thal all the
franswarse cracks span the entire specimen width is inadequala and we hava therafore
incorparated the average crack kength in our analysis (Henafl-Gardin et al, 1392).

Assumptions, This model allows to sludy the case of cross-ply [0p/90g)s laminates : s0,
we have replaced laminala [02/90V0)g with two adjacent [04_5/90/07 5]t ones.

Two paramaters are used to represent more simply the crack dislribulions in the
specimen width : the edge crack density d, and the average crack lengthd. The problem is
studied by considering a repeating cell, as shawn in Fig. 1.

A fractura mechanics analysis is applied 1o develop a ool capabie of predicling onset and
growth of matrix cracking. The cracked surface variation is relaled lo the sirain anargy
relaasza rate, G, which is dafined as :

(%),

where Ug| and S¢ are raspectively, the stored elgslic energy and the cracked suiface area
in a Ly mm-ang part of tha speciman,

With the chasen assumptions (refer for more delails 1o Latarie-Irenol and Henafl-Gandin,
1991). G is finally expressad as a lamction of laminala paramelars (both geometry and
malerial ones), ol average applied stress o and of the derivative of damaga laminate

stiffness E| (depending on crack density d and lengthd) :
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Fig. 1 : Cell geomaetry used for modelling the transverse ply latigue cracking

In crdar la simplify, two exireme slluations are then considered :

{1} & tends lo zera, d is varying : this case corrasponds to 1ha_ vary baginning of fatigue
tests when the increase in the number of short cracks is prevailing;

i2) d is sgual o Us sawration value, & is varying : this situation i that of crack
ﬁ:mpegnll-un. ance Iha edge crack density saturation iz reached.

Grack Iniliation, In Fig. 2, the strain anargy release rate G is plotled against the adge
crack density d. whan the averaga crack lenglh appeachas zero.

It appears that the avolution of Gid) with density is almaost indepancant uf_tt_u_z s_peclman
width. So, width should have no influence on transverss crad_& imitiation and
multiplication. Mareavar, G decreases with increasing crack density : Ihis should laad to
an ingreasingly difficull generalion of new cracks.
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Fig. 2 : Cracks formation sirain enargy release rate Gid) vs crack density 4.
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Crack propagation, Fig. 3 is a representation of the variation of G@) with the average
crack length 4. The edge crack density is taken to be equal to 5 mm-1. The evolutions of

G(a) in the studied a range can be considered as independent of the specimen width.
Moreover, the strain energy release rate is almost independent of the average crack length
- cracks should grow at a constant rate which does not depend on the specimen width, once
the density has reached its saturation value.
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Fig. 3 : Crack propagation strain energy release rate G@) vs average crack length a

EXPERIMENTAL RESULTS AND DISCUSSION

When observing transverse ply crack initiation and
multiplication, it appears that these cracks initiate at the specimen edge, span
instantaneously the ply thickness, and that they are regularly spaced for a given cycle
number.

Fig. 4 shows the density evolutions versus the cycle number logarithm, for the three
specimen widths. Two or three specimens have been tested for each specimen geometry,
with a rather good scattering visualized on Fig. 4.

Throughout tests, the evolution of edge crack density per ply is independent of the
specimen width.

The first cracks appear after approximately 104 cycles. Then, the density increases
rapidly up to an average saturation value of 5 cracks per millimeter and per ply, from
one million cycles.

These results are in accordance with the previous analysis : the edge crack density is

independent of the specimen width, and its evolution is becoming more and more difficult
with increasing fatigue cycle number.

s A

i ST s WO 0

PP

P

TR e M

4+ 15 mm
54{@ 30mm
g 60 mm B

¢ i
' %/
c+ao
-

ey vy 2 ™ ey
100 101 102 103 104 105 108 107
cycle number

edge crack density (mm-1)

Fig. 4 : Edge crack density evolution per ply, vs cycle number

First cracks are very short, and none of them is spanning the c:n:i;e
i i i cks may rea e
specimen width. At the end of tests,because of t!\enr growth, some cra
oFt,her edge, only in the 15 mm wide specimens. Fig. 5 represents the average crack length
evolution versus the cycle number logarithm.
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Fig. 5 : Average crack length evolution, vs cycle number

The average crack length is independent of the widtt} w. Moreover, from 104 cycles to the
end of tests, it increases continuously up to approximately 5 millimeters.

i i The crack distribution inside the spe::;‘me_n
i i i i i | number of cracks IS
width is obtained- from the X-ray radiographs. First of all, the tota :
counted on the specimen edge. Then, we measure the percentages.ot cracks wh!chda:;
present at different distances from this edge. An example of such histogram obtaine:
2.106 cycles for the three geometries is given in Fig. 6.
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Fig. 7: Aversge crack Propagalion rate, vs cycle number

At the :
""f-‘r&nsbm?m::.li c:h lasts, crack growth rate is dacreasing rapidly while crack numbear i
independant of |,*|.q Sﬂ rate IEn_dS lo a constant valye (10°6.19-7 gl -EIB} , m_ ar .IB
has reachad its sﬂmraﬁgnm:aT:;mTf:Tm about one milion cycles, once 'ﬂﬁz orack, r.::.':si's
plE"‘iﬂ'uEfy dﬂ\'ﬂrﬂm Elnalrsisl - & Qbservation is in complets accordance with “-gl'

CONCLUSION

The results presenied here are part of a sludy concarning WENsverse cracking in
carbanfepoxy T300/814 laminates, under quasi-stalic and latigua lcading. Tha fatigue
lasis conduclad on [02/80/0) laminates hava allowed us 1o show thal tha speciman width
does not modify the evelution ol Ihe considered damage. The evolutions of edge crack
density, avarage crack lenglh and of crack propagalon rate are all independant of the
specimen width, fatigue transverse cracking resulling kom mdge aflacts.

Mareover, anca the edge crack density has reached its saturation value, Ihe average crack

growih rate ramains constanl. ]
All these resulls are in completa accordanca with the presented simgle shear lag analysis

of & cracked laminate, analysis which takes inla account both crack danslly and average
lenglh.
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