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The Seminar

The application of composite materials in structural industrial components of large volume
production is strongly growing year by year due to both increase in the demand and continuous
improvements in the manufacturing processes associated to the reduction of the production cost.
This highlights the need of reliable tools for an effective and safe design of composite components.
For the complete and proper exploitation of composite materials further efforts are therefore
required and the seminar aims to give a contribution in this direction, representing first of all a
forum for researchers, scientist, engineers and designers, both of academic and industrial field, for
exchanging ideas, proposing new solutions or even to put on the table questions still open. The
development of design procedures, the integration between testing, design and process are therefore
among the subjects expected to be discussed during the seminar.
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DELAMINATION GROWTH IN COMPOSITE PLATES UNDER
COMPRESSIVE FATIGUE LOADS
S. BENNATI®2and P. S. VALVG

@ Department of Structural Engineering, University of Pisa, Via Diwii€all-56126 Pisa, Italy

ABSTRACT

A composite laminate containing a delamination is modelled asitfon of two sublaminates
partly bonded together by an elastic interface, in turn, repegsdyt a continuous array of linear
elastic springs acting in directions normal and tangential toirtexface plane. A simple
mechanical model, already presented by the authors in previous, abokgs for determining the
explicit expressions for the normal and tangential interlamiti@sses exerted between the
sublaminates at the delamination front, as well as their peaksvdluthus enables evaluating the
individual contributions of modes | and Il to the potential energwasel@ates, as well as the value
of the so-called mode-mixity angle. Based on the resultsingioskaa mode-dependent fatigue
growth law can then be applied to take into account the simultanetoissaof the two different
crack propagation modes. Thus, for any load level, predictions can be made on the numbes of cycl
needed for a delamination to extend to a given length.

KEYWORDS: B. Fatigue, Interfacial strength; C. Buckling, R&y@ mechanics,

Delamination.

INTRODUCTION
Delamination can arise in fibre-reinforced composite laminateshe result of many common
events, such as manufacturing errors or low-velocity impacts [1,. 2VBgn a laminated plate
containing a delamination is loaded under compression, instability phenonagnaromote further

crack growth and, in some cases, lead to failure [4, 5, 6]. In orceodel the process, the loss of
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stability can be studied through the methods of non-linear stalcdnalysis, while delamination
growth can be described through typical fracture mechanics.

Previous works by the authors [10, 11, 12] introduced a mechanical mo@detd&aminated plate
subjected to monotonic compression. The plate is modelled as the uniemsaftilaminates, partly
bonded together by an elastic interface, which is in turn represkeynta continuous array of linear
elastic springs acting in directions normal and tangential tontedace plane [see also 13, 14, 15,
16]. The model allows for determining the explicit expressions fornibrenal and tangential
interlaminar stresses exerted between the sublaminates a¢lt#mination front, as well as their
peak values. It thus furnishes the individual contributions of modes lldadHe energy release
rate G, as well as the so-called mode-mixity angle. Then, a mixed-mganeth criterion can be
applied in order to predict the phenomena of delamination buckling and growth statie
compressive loads.

The present paper extends the model outlined in the foregoing to inttladease of
delamination growth under cyclic compressive loads. In such casetheadelaminated plate
undergoes repeated buckling and unloading, damage progressively acesrauthe delamination
front. As a consequence, an existing delamination may grow, etlea static growth criterion is
not satisfied (i.e., if the energy release rate is lessth®aaritical value). In what follows, a fatigue
growth law, based on a mode-dependent critical energy reldasesrapplied [17]. This enables
predicting the number of cycles needed for a delamination to grangteen length. The results
may prove to be particularly useful, especially they have beemebtthrough explicit solutions,
in shedding some light on the mechanisms underlying some very insidilbmes and explaining a

number of experimentally observed phenomena of delamination growth and arrest.

THE ELASTIC INTERFACE MODEL
Let us consider a rectangular laminated plate of lenigttwitith B, and thicknessl, affected by a

central, through-the-width delamination of length Zhe laminate is subjected to two compressive



loads of intensityP acting in the axial direction. The material is assumed to begeneous and

linearly elastic, with orthotropy axes aligned with those of the globalemrce syster@®@XYZ
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Fig. 1: The elastic interface model

The elastic interface model (Fig. 1) conceives of the deldednplate as the union of two
sublaminates, partly bonded by a continuous array of linear esiings. The two individual
sublaminates are referred to as the ‘film’, which is tlyeddgetween the delamination plane and the
nearest external surface (thicknégy and the ‘substrate’ (thicknesg = H — H; ). The interface
springs act in both the normal and tangential directions to the ieepflane, where they are
characterized by the elastic constaktsandky, respectively. The widtB is assumed to be ‘very
large’, so the sublaminates can be modelled as beam-plates,, Henteduced’ Young modulus
Ex* = Ex / (1 —wz zx) Is introduced, and all calculations refer to a unit width. Adicg to the
classical laminated plate theody, = Ex* H; andDs = Ex* Hi® / 12 are the extensional and bending
stiffness of the film, respectivelys = Ex* Hs andDs = Ex* Hs / 12 are those of the substrate, and
A = Ex* H andD = Ex* H®/ 12 are those of the base laminate.

Under these assumptions, the differential equations of the equililprioibbem according to
von Karman’s plate theory have been derived and solved completeliysied form. The explicit
expressions for the solution in the pre- and post-buckling phasesparéecein the above-cited

works [10, 11, 12]. Herein, we limit ourselves to recalling the fundamental results.



The pre-buckling phase is characterized by a linear relatph&tween the applied load,
and the end displacement of the plateDuring this phase, the sublaminates undergo uniform
shortening, and the axial force is distributed between them in propddidheir extensional
stiffness. This behaviour ceases when the axial force in the debomile@f equals the buckling
load of the sublaminate. This is determined by numerically solvimgralinear transcendental
equation, which yields the buckling load of the delaminated fPatd,e., the load applied to the
base laminate at the incipient buckling of the film.

During the post-buckling phase, the substrate experiences hgiaéring alone, while the
film undergoes bending as well as shortening. Because of theediffdisplacements of the two
laminates, non-zero stresses arise in the interface springso%oy the energy release rdges —
ol/oa (N is the total potential energy of the system), which is Zemughout the pre-buckling
phase, starts to increase.

G is the sum of the contributions of mode | and II:

G=G +G (1)
which are:
k,a? _ _
G =X 8 a+otanht—2 PP (2a)
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whereA? = (A Dy) / (As Pg); o = [kx (A + A ] ™ anday is a dimensionless integration constant.

Finally, the mode-mixity angle,

k, G
=arctan | 2*—L 3
= arctan | 2 ®)



is deduced. By convention, this provides a measdiréhe relative amount of fracture modes

through values ranging from 0° (pure mode [) to @lifre mode II).

STATIC DELAMINATION GROWTH

According to Griffith’s classical criterion, cragcowth is to be expected whéhequals a critical
value, G¢. In the original and simplest formulatioB¢ is a material constant, measuring the so-
called ‘toughness’. Nevertheless, for anisotropi@terials such as composite laminates,
experimental determinations G- are markedly dependent on the propagation modiegaict the
test performed (I or opening, Il or sliding, Ill tgaring). Actually, the critical value measured in
pure mode Il testsG ¢, is usually greater than that obtained in pure enbbdests,G; ¢, which
may, in turn, be much greater than the value medsarpure mode | test§; c.

Under mixed-mode conditions, as all propagation @sodre simultaneously active, the
toughness equals an intermediate value. Thus, derdio predict crack growth, a mixed-mode
criterion is to be adopted, by whi@x is considered to be a function of the relative am@f the

different propagation modes. In particular, forr@aroblems, the critical energy release rate,

Gic
1+(y-1)sin’ ()

G. ()= )

wherey=G, ¢/ G, c, may be conveniently defined as a function ofrtieele-mixity angle [9].

For the present model the energy release @t& the post-buckling phase is an increasing
function of the applied load?, as shown by equations (1) and (2). Moreover, niogle-mixity
angle, ¢, increases as either the load or the delaminalémgth grows. For any assigned
delamination length, it is possible to determine tbad,Pg(a), at whichG = G¢(¢), and static
delamination growth is expected. Fig. 2 shows thekling load of the delaminated plafs, and
the static delamination growth loa®s, as functions of the delamination half-length, The
following numerical values have been adopted: 100 mmH = 10 mm andd; = 1 mm;Ex = 54

GPa andiyz = 0.25:ky = 17284 N/mm andk; = 23333 N/mm G, c = 100 J/mh and G ¢ = 1000



JInf. The loads have been divided by the Euler Idag,= 1@ D / L?> = 4535.8 N/mm, and the

delamination half-length has been dividedLby
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Fig. 2: Buckling load and static delamination grbwdgad vs. delamination half-length

Two significant values of the delamination halfdémhave been highlighted in the figuag;
at whichPg = Pey, andac, at whichPg reaches a local minimurRgnmin. If the length of the existing
delamination is such that < ag, then local buckling phenomena and related delafan growth
are not to be expected (although global instabdéy obviously occur); if, on the other haag< a
< ac, then delamination buckling and growth will be gibte, the latter resulting in an unstable
process; finally, ifac < a, then delamination buckling and growth will be gibe, though as a
stable process.

For what follows it is useful to introduce an eqlant alternative formulation of the growth
criterion. To this end, the energy release rataoisnalized with respect to the mode-dependent

toughness:

G

&=
Ge (w

5
) ®)

Consequently, under static loading, the conditiondelamination growth becomes = 1,
while no growth is instead predicted 1Gr< 1. With reference to Fig. 2, the static growtimdition

is fulfilled by points belonging to the ‘growth a&’, P = Ps. On the other hand, points located



below or on the ‘buckling curveP = Pg, furnishG = 0. Lastly, for all points in the region between
the above two curves, 0G< 1, no static growth is expected. However, detetion growth under
cyclic loads is possible, as explained in the paxagraph. Finally, we should also note #iatirns

out to be greater than 1 for all points locatedvabihe growth curve. This means that these points
are not reachable via a quasi-static load histbingrefore, they have no meaning within the present

model, which does not account for any dynamic ¢ftec

FATIGUE DELAMINATION GROWTH
Moving on to examine the case of fatigue delamamagrowth, let us consider a laminated plate
affected by a delamination whose initial half-ldngg ap. We assume that the applied compressive
load varies cyclically betwedn,, andPnax SO that the energy release rate will vary betw@gh
andGnax In these cases, experimental studies show thatnd®ation growth can occur because of
the progressive accumulation of damage at the de#dion front as the delaminated plate
undergoes repeated buckling and unloading.

According to [17], a fatigue growth law can be pieted,

2 \mly)
da AG
““-c L 6
dN (l//) 1_Gmax ( )
whereN is the number of load cycles performed, and
Aé - Gmax _Gmin (7)
N?)

is the range of the normalized energy release hateiwrn, c(¢) andm(¢y) are two mode-dependent

parameters to be determined by experiment. Inquaati, the multiplicative factor is

o) =c, 1+ (k ~1)sin? () ®)

wherex = ¢, / ¢; ¢ andc, are the values measured in pure mode | and I$,tesspectively.

Analogously, mode dependence is introduced foekponent, by setting



m{w)=m L+ (u-Dsin? ()] (©)

whereu =m, / m; m andm, are the values measured in pure mode | and H,testpectively. The
numerical values used for all subsequent figurescar 50 mm/cycle and = 10;m = 10 andu =
0.50.

In what follows we will assume that cycles are parfed withGpi, = 0, s0 thal\G = Gmax

and the fatigue growth rate (6) becomes:

2 m(y)
da = C@)(%L (10)

This assumption, however, does not necessarilyyifgk = 0, but just thaPpmi, < Pg, since
G = 0 in the pre-buckling phase.

The fatigue growth rateja/dN, is a positive increasing function 6f..« Moreover, because
of the denominator of equation (10), Ggax approaches unity, the growth rate goes to infjrsty
that instant (static) growth is predicted. Alstg/dN is an increasing function of (Fig. 3).
Therefore, since the mode-mixity angle increaseb@slelamination grows longer [12], the growth
rate is expected to become higher and higher agrdoess of fatigue growth itself develops. Fig. 4
representsla/dN as a function of the delamination half-lengihat constant maximum load. The
dashed curve is foPmax = Pemin: for this and all higher load valueda/dN features a vertical

asymptote. Instead, fét,ax < Pcmin, the curves present a local maximum.
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Fig. 3: Fatigue growth rate vs. mode-mixity angle
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Fig. 4: Fatigue growth rate vs. delamination halgdth

The number of cycles needed for the delaminatiogréav from its initial length, &, to a

current length, &, is given by:

adN _ a2 1 1-G_
Sw L w

AN(ay,a) = |

max

Because of the analytical complexity of equatiofh)(Xhe integration must be carried out

numerically. In the following, two cases are coesadl separately.

When the maximum loadRmnax iS less than the minimum load at which staticwghocan

occur,Pcmin = Ps(ac), then the straight lind? = Pray intersects the buckling curvie,= Pg, at one



point where the delamination half-lengths, is such thatPs(ag) = Pmax (Fig. 5). If the initial
delamination length is such thet < ag, then no fatigue growth is expected, since nollbaakling
will take place; instead, #y > af, then fatigue growth is predicted. Moreover, faéggrowth will

be ‘undefined’, since in theory it can continueiluthte plate is completely delaminated.
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Fig. 5: Fatigue delamination growtR(ax < Pgmin)

Instead, when the maximum lod®},ax IS greater than the minimum static growth |d@ghin,
then the straight lineR = Pnax intersects the buckling curvB,= Pg, atar. It also intersects the
growth curve P = Pg, at two points where the delamination half-lengthrespectivelyas; andag;
(Fig. 6). As in the previous case, if the initialamination length is such thag < ar, then no
fatigue growth is expected since no buckling witcor. Likewise, ifay > ag, then ‘undefined’
fatigue growth will take place. A different behawfoemerges in the range af < ap < ag;: here,
fatigue growth is possible, but after a finite nantof cycles have completed, at as;, the
conditions for static growth are fulfilled and theocess can possibly continue in the form of static

growth untila = agp.



1.00

0.60 0.80 1.00

\ \ \ \
limited unlimited
0.804 fatigue growth— fatigue growth—
_0.60 / /
® no growth static growth
o g g P=P,
a 0.40- \‘ J
Pma) ,\ J_\ A _)\f// A \()
0.20
PGmin -
ar a.c P= PB
0.00 R fOGZ T
“alL

G
0.00 0.20 0
a

Fig. 6: Fatigue delamination growtR(ax > Pgmin)

The following three figures show the delaminatia@iftength as a function of the number of
load cycles. A dashed line marks the valag, for which no fatigue growth occurs. Depending
upon the maximum load level, the qualitative treofdthe fatigue growth process changes
considerably. In Fig. 7, the load level is quite/|(PmadPeu = 0.10), and the delamination does not
increase appreciably in length until more thart &gcles have been performed. In Fig. 8, the
maximum load RmnadPeu = 0.20) is very close to the minimum static growdbd Pemin/Peul =
0.2084): here, rapid fatigue growth takes placadiley to complete delamination in a number of
load cycles of less than ?1CFinaIIy, in Fig. 9, the maximum load Bax > Pomin. Here, forag > acp,
very rapid fatigue growth is expected, leadingamplete delamination in less than 10 cycles. The
curve forag = 0.20 predicts peculiar behaviour, by which tleachination begins to grow very
slowly, then, ata = ag,, it suddenly makes a ‘jump’ leading to completdadenation. Such

behaviour clearly represents a very insidious arydrous failure mode.
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Fig. 10: Delamination half-length vs. number ofdazycles: theoretical predictions and experimergsiilts

As a last example, Fig. 10 shows a comparison letwke theoretical predictions of the
present model (continuous lines) and some expetahegsults (single points) reported in [17]. The
experiments concerned the three graphite-epoxyirapas described in Table 1: specimen 10/36
was a 36-ply laminate having a delamination betwertenth and eleventh plies; specimens 6/30
and 4/30 were 30-ply laminates containing delanonat respectively, between the sixth and

seventh and between the fourth and fifth plies.



Table 1: Specimen data (from [17]).

_ Thickness Delamination half-length Maximum strain/load
Specimen H [mm] 2 [mm] a/L . PrTialezm'?’\;]&;lmax P../Puy
10/36 @) 2.87 33.02 0.650 1.003xT0  456.2 0.350

6/30 (\) 2.75 26.15 0.515 1.325xT0  552.4 0.550
4130 ©) 2.75 21.25 0.418 1.575xFf0  685.3 0.600

Moreover, the following values drawn from the cifgaber were used: = 50.8 mmEx* =
151.6 GPaG, ¢ = 190 J/M, y=G ¢/ Gy c = 0.30; finally, the fatigue growth law parametersre
assumed to bg = 0.0435 mm/cyclex = 10.1,m, = 10.385 ang/= 0.501.

Only the 6/30 specimen yields a good fit betweeeotir and experiments; conversely,
theoretical predictions for the 10/36 and 4/30 spens appear, respectively, to overestimate and
underestimate the actual fatigue lifetime. Furtbteidies are needed to determine the reasons for

such discrepancies.

CONCLUSION
Knowing the explicit expressions for the normal aaadgential interlaminar stresses and their peak
values at the delamination front produced by cosgon cycles able to trigger local instability
mechanisms allows for direct calculations of theemsity oscillations of the crack driving forces
and. Once the fatigue delamination growth criteri@s been chosen, this enables following the
history of the spread of the delaminated regionowdn by fatigue is in fact a complex
phenomenon: one needs only consider how the sedcalixity angle gradually changes during the
growth of the delamination and, with it, the relaticontributions of mode | and Il involved in the
extension process. In this perspective, the pdagilof direct calculations offered by the very
simple mechanical model could prove to be a precid in explaining the reasons why small
changes in the governing parameters (such as il thelamination length, the intensity of the

maximum load, significant mechanical parametergshef composite laminate, etc.) can lead to



completely different pathways of delamination grewEurther work is planned to verify this
hypothesis by an accurate comparison with the @xeatal data available in the literature, as well

as by carrying out expressly designed specific exymntal tests.
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