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Abstract

The purpose of this study is to identify a delammamacriterion and find a way to apply it
directly on industrial parts. Criterion parametease identified using edge delamination tests
and observations. The experimental setup is eqdipgéh a camera and a data recording
system of acoustic emissions to detect the ongbeafelamination and its propagation. The
identified criterion is then validated on a labooay sample and applied to a real part
modeled at mesoscopic scale (ply scale). Thesdtsague interesting prospects for a less
conservative design. In factince the appearance of a macroscopic delaminatmncides
with the start of a fall of mechanical properti@sgood prediction of this phenomenon would
significantly reduce safety factors applied to aparse components today.

1. Introduction

The prediction of delamination is a complex probldrat has interested many researchers.
Early work on this subject started in 80s with Herach [1] which showed that this defect
occurs preferentially at the 6+/-0 interfaces of laminates subjected to uniaxialitemsThen
Kim and Soni [2] were proposed the formulation afwadratic and non-local delamination
criterion. This criterion has then been modifieddeyeral authors [3]. Brewer and Lagace [3]
demonstrated the sensitivity of the delaminationebrend propagation with increasing
laminate thickness. Based on the work of Brewerandiorkers [4] have proposed a method
based on edge delamination test (EDT) to identiy triteria parameters. More recently,
Nimdum [5] and Bassery [6] modified the Kim’'s crittn by taking into account the
influence of friction between laminate plies onaieination strength. Also in the 90s, another
approach for the prediction of delamination basedtlom fracture mechanics has been
developed a lot in composites. This approach censithe delamination as a crack and
measures the energy release rate during its propagBathias [7] has reviewed full of these
methods. In comparison with Kim’s approach, itlfanequires complex tests, so called DCB
tests, to result in more expensive to perform.

Despite these numerous studigslamination remains a crucial question. In faw, majority

of the conventional design criteria of compositenponents are based on the final failure of
the laminates. This approach necessarily requirbgla safety factor which finally is an
ignorance factor. As well-known, before the finadture, several damage mechanisms occur
in the material. It would be judicious to act eamlifor example at the delamination onset
which is the prior phase to the fracture. This apph has been implemented successfully by
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Nimdum [5] and Bassery [6]. However, these approsiehere validated only on laboratory
test specimens. In this reason, the main aims efithvestigate are, firstly, to identify the
delamination criterion for the five harness carlR#EK satin weave, and then to propose a
generic method which can be applied for indusstalctures..

2. Materials

The material of this study is carried out on hidhersgth carbon HTA/PEEK composite
material. The weave is a five harness satin bathmecewvarp and weft directions and the
thermoplastic PEEK matrix is Evonik’s type. Lamiesmiare manufactured by Carbone Forge
Company using a hot pressing process of impregrfatatcs, so-called prepregs. Prepregs
are 3K type with an area density of 477g/m2 anitbex fweight fraction of 0.6. After molding,
the laminates have an average ply thickness ofd.amd 0.52 as fiber volume fraction.

To evaluate the orthotropic stiffness matrix of iagke ply, necessary for finite element
calculations, only six elastic constantg Es, G2, Gi3, v12 andviz (where the subscripts 1, 2
and 3 indicate respectively warp, weft and thicknésections) are required since warp and
weft directions are equivalent.;,EGi,, Gi3 andvi, are experimentally obtained by tensile,
bending and intralaminar shear tests on 2mm théckinates. To determine the Young
Modulus E in thickness direction, a compression test on 4 thitk cylindrical rod was
carried out with the assumption that the Young masluh tensile and compression are
equivalent. Due to the high difficulty to measune ¢,3by experimental test, we choose this
value to be 0.4 which commonly used for this tygenaterial. Finally, the single ply
properties are summarized in table 1.

El [MPa] E3 [MPa] Glz[MPa] Glg[MPa] V1o Vi3

57600 8350 4500 1510 0,1)50,40

Table 1. Summary of the elastic properties of teenentary ply

3. Criterion and Identification.
3.1. Criterion.
In the same manner as cracks growth, delaminatioarsén 3 modes including one opening
mode (mode 1) and two shear modes (modes 2 antb3)redict its initiation, we used an
approach based on the stress tensor componenbniparison with the fracture mechanics
approach, this one is easier to use by designers #ie stress field are directly available over
the finite element calculations. Kim and Soni in 49R] were, firstly, to propose a
formulation of the criterion given in equation (1):

g N | 1 o> .
( DZ)2+( )I/D)2+0-ZZ(0.DT_O.DC)+(0.DT0.DC)_1 1)

Xz yz 2z zz zz 2z

Whereo? and 052 represent the delamination strenght in shear smmfdedes 2 and 3),

o' the delamination strenght in opening mode (moifeténsion),
o.¢ the delamination strenght in compression mode (Mddecompression),

Ql

1% .
= jaij dy the average stress of; at y distance from the free edge.
00
As can be seen, this criterion is an interactive as Tsai criteria but introduced the concept
of average stress over a critical distance, makiagnon-local criterion. Beside, it also takes
in account the compression effect to tension imapede. This criterion will be simplified by
2
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omitting the compression term in mode I. By takingp account the Coulomb effects, the
delamination strength in shear mode is affecteddsynal compression force which generates
frictions between layers. Then, we are able to siynghis criterion given by equation (2)
where k and k are friction coefficients in shear modes 2 andspectively.

Oy;\2 5yz 2, 0 if = g 2 _yz 2, O
—x2)2 4 +—2 =11if g, >00r Xz + +—2Z =
(B + o)+ o5 w2000 oy o)+ o o

yz zz Xz 1~ zz 2% zz 24

1if 7, <0 (2)

By equation (2), we can make one more assumptidartoer simplify. First we assume that
all modes of delamination growth have the samecatitlistance y Then, we assume that the
two shear modes are equivalent, i, = oy, and k = k, = k. Finally, Only 4 parameters

DT
zz !

D
Xz

will be identified, namely . ,o_, yo and k.

3.2. Parameters identification

3.2.1.027 parameter.

In order to measure this parameter, we need toyapfdad at the interface in opening mode.
To do that, the Arcan-Mines test as describe in [@fwas realized. However, this test is
extremely difficult to implement. Then, we propaseew system which is more simple as
described in figure 1. Cylindrical samples of 4 nmthickness and 22 mm in diameter are
joined carefully on an aluminum support with speghe for thermoplastic polymers. In
order to endure the failure at interface layer, aoly a notched specimen with 2mm in
thickness and 5mm in width was cut around the natcalso a special system for engaging the
lips of the notched sample is added. Then, thisispn was performed by Instron machine
in thickness direction under tensile test.

Sarrple with lips hanging DA : . . .
systern, ready for testing 0 BD 1 DTEII]E [5; BD 200 260

Figure 1. Delamination test specimen in opening en@ight) and results (left)

Figure 1 shows the important role of the hangingteay (red curves) resulted in high failure
strength in comparison with not using this systémally, these results allow us to identify
the delamination strength in open mode to 26 MRaréae value).

3.2.2.y, gy, and k parameters

To assess theses parameters, we used the methadgutdpy Lecuyer and co-workers which
have been widely used in numerous studies [4,%;8}, edge delamtination tests (EDTS)
were performed on specific laminates which hasnddacy to present delamination in shear
mode. The delamination onset stress was recordeeh, Toy using numerical results which
simulate at similar macroscopic stress level in arpental result, the delamination strength
was determined.
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3.2.2.1. Experimental measurement of the delamoimddad.

As explained in above, we selected (0°,£20%and (0°,£30Qy)s laminates with n = 1 and 2,
which are known to be very sensitive to shear delation at 6/-6 interfaces. The tensile
specimens are prepared according to European sthiithd2561 and the free edge was
polished in order to easier observe by a cameragluesting. The test samples are also
equipped with acoustic emission system for momtpwarious damage which occur during
load applied. A crosshead travel rates of 0.25mm/mas chosen in order to prevent
saturation of the acoustic recorder system. Morerination about the acoustic emission test
is available in [9].

o 47510 026 B3.74
{0, =20 315040 015 #200H

40200 | 024 | 79113
02200 | a7ma | 022 | 78330
| #1370 | 030 | 35323
@230 | 3500 | 038 | 553
= 37300 | 040 | 36610
05300 | 3g500 | o6 | 38383

& b - ¥ cir®
- = L

Figure 2. In situ observation of the (0°,£20°)s ilaate and Stress-strain curves for 2mm/min loagl. fatblack
in the table, values for 2mm/min; in red valuesG®5 mm/min; in blue values from laminate theory

Figure 2 shows the mechanical properties of laresatt different load rate. These results
which are close to those obtained by applying lateirtheory validate single ply properties
(see in the table 1) that we used in finite elensanulation.

Figure 2 also shows camera in situ observatiorthe{0°,+20°)s laminate and illustrates the
material degradation process until failure. Theysi Figure 2(a) represents the material prior
to apply load. We can notice that interfaces betwaaacent layers are not regular plans as in
unidirectional laminates. Up to about 40% of falustress, the material microstructure
remains unchanged until 40% (picture (b)) firstc&ragrowth occurs on weft (transverse)
yarns of 0° layers. This is quite logical fact @rtbese layers carry most of the load lead to be
first affect. Beside, we also found the discretetevimarks occurring at the interfaces that we
assume to be fibre/matrix debonding (micro-delatmma). When the loading continues
increase, these white marks become more and monermous and seem to coalesce to form
nearly continuous lines. Up to around the 60% dtifa stress (Figure2(c)), the first crack
occurs on yarns of 20° layer. This phenomenon sgmts to the limitation of load transfer to
the 0° layers. When the loading continues incregs& about 95% of failure stress (Figure
2(e)), 0° and 20° layers show several open trassveracks in their weft yarns. Figure 2(f)
shows the specimen just before failure in an aesa the breaking zone. We found that the
significant delamination appear in this zone toficonthe important role of the delamination.
Figure 2(d) show the optical microscopic observaatier the specimen failure to confirm the
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white marks which were observed by camera. In imda procedure as (0°,+20°)s stacking
sequence, five layers of (0°,£30°) laminate wereedo
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Figure 3. Spectra of number of high energy anadly lduration events versus stress applied for(@}20°)s;
(b) (0°,£209%)s; (c) (0°,£30°)s; (d) (0°,£3Q)s. Arrows indicate the beginning of propagation.

According to these results, we can deduce thatggaion of the delamination of five layers
laminates occurs around 90% of their axial streifgaiues in red line in figure 4). In fact, we
think that any propagation can’t occur before tv@nse cracks saturation in the material and
the appearance of several open cracks in 20° ola@ts which finally act to delay the
propagation of delamination to correspond to tharsary of Bathias’s work [7]. For 8 layers
laminates (0°,£2Q)s and (0°,£30)s), this saturation stage occurs very early ta=ao60%

of their longitudinal tensile strength which conis the thickness effects as shown in Brewer
and Lagace [3]. This summary should be verifiedbgustic emission monitored.

By using data recording of acoustic emissions (remnlduration, amplitude, frequency,
energy and cumulative energy of events), the duraéind energy are good parameters to
represent the damage developed during the tensdlding. We found that delamination
produce the long duration and high energy signatesiit involves high energy release to
create the separations of large surfaces. Figsteo®s the cumulative number events of high
energy signals as function of applied stress. Tép mcreasing level in first stage represents
an isolated delamination which occurs at intersactf warp yarn. When the cracks density
will be enough in the material, these isolated mhétations will coalesce and the macroscopic
propagation will start. This phenomenon will copesd to sudden increase in event numbers.
Finally, we can determine the delamination onseisstaround 740 MPa, 490 MPa, 620 MPa
and 360 MPa for (0°,+20°)s, (0°,£30°)s, (0°,+28°and (0°,£30)s laminates, respectively.
These values are good agreement with previouslytsdsy camera observations.

3.2.2.2. Simulations of tensile tests and paranstdentification.

This section show the simulation results of thesitentests performed on the laminates at
delamination onset stress (previously identifigdyure 4 shows the mesh by using 8 Gauss
points of linear cubic elements (C3D8). On a snaafla close to the free edge, the mesh
refinement is done with element’s size equal to sirth of the thickness. Then two types of

nodes lines are created: one at free edge in tblentdss direction (z direction). The second

one at 8/ interface in y direction along which will be apgdi the criterion given by
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equation (2). At each node of the lines are stopedinates and local stresses. Another script
retrieves these data and automatically computesatleeage stress along the nodes lines.
Finite element simulations are performed with comuiaé¢ software Zebulon developed at
“Centre Des Matériaux de I'école des mines PaR&5ults are shown in Figure 5.

M Useful area with
¥ 1efine mesh

Figure 4. 3D Mesh of tests specimens for finiterelat calculations

The first picture (a) shows the friction case wheotist the normal compression stresses at all
interfaces. According to Lecuyer’'s work [4] propdgéat the critical distance and the shear
mode delamination strength are materials propertiemn all curves should intersect at the

same point where this coordinates should corresporiiese two parameters. However, as
can be seen the second picture (b), all curvessite at the same abscissa which is about
0.3mm but at two different average stresses. Cun¥€6°,£20°n)s laminates intersect at 56

MPa and those of (0°,£30°n)s laminates intersect2zaMPa, i.e. 49 MPa (average value).

This difference in stress level can be explainedhsyfact that this second image does not
include the friction effects which are particulatigh in (0°,£30°n)s laminates as shown in

the first image.

-100 T 140
(a) —+— (072205 X ©) [ =207
—-80 ——(0°2207D)s 7 120 —— (0°£20°)s
& \ e (072307 S 100 Rt
S 60+ (072307 = e (0%, 2307
= y —— (07, =30°1)s 5 (0°.230°2)s
§ 40 5 & T T
= 220 &". _".: 20 |
i & %
0 05 1 1._5 2_2.5 3 0 05 1 15 2 15 3 35 4 o 45 1 15 2 25 3
v (free edge distance im mm) v (fres adge distanca in mm) v (free adge distancs inmm)

Figure 5. Average stresses in function of the distato the specimen free edge: (a) normal stras®uti
friction effects (k=0), (b) shear stress withouttion effects (k=0); (c) shear stress with frictieffects (k=0.75)

In order to take into account friction effects, sadect the value of k to 0.75 according to the
Bassery’s work [6] which investigate on a five hegs carbon/PPS satin weave. If we plot the
average shear stress adding to the friction effast@ function of free edge distance, we
obtain the last picture (c). We see that all curaesv intersect at the same point which

coordinates are around 0.3mm and 55 MPa. Tablengnsuizes all identified parameters.

Yo [Um] o> [MPa]| ol :o—yDZ [MPa] K

300(~ply thickness 25,78 4% 0,75
Table 1. Summary of criterion parameters; in reldevavith friction effects.




ECCM15 - 15™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Venice, Italy, 24-28 June 2012

4. Criterion validation

4.1. Application to a laboratory test specimen.

To validate our criterion, we choose, firstly, fgpéy it on a laboratory tensile specimen. The
material is an 8 layers (+20°,+%050%)s laminate. The calculation procedures are the
similar procedure described previously.

Simulation results in figure 6 show that the +200f- interface is the most susceptible to
delamination onset. According to curves of theeciiin value as a function of applied stress,
delamination occurs firstly at this interface arou#d0 MPa. Then, in next step, this
numerical result will be verified with experimentaisult (waiting to receive specimen from
my industrial partner).

130 —4—O0I —#—0OyI —%— O

an | -20[+10 [+10 -0 |-30 | 10| +10 |- -

1.6

—a— imterface -20/+10

"o o L4 | ——intefRce+10/+10 o
% 0”1 2 1, imterfzce +10/-50 f,ﬂ"
: .20 ; .:._; —— interface -50 -:-:lI ﬁ
= S o6 *"Ff
g ™ Y Pl

120 = 0.2 ‘:r,,-_,"# R Sy s

o —
o 03 06 0% 12 15 18 21 24 0 100 200 300 400 500 600
interface position () applisd strass [WPa]

Figure 6: out of plane stresses at free edge akrieiss direction and criterion value evolution vefiplied
tensile stress. Vertical grids on the first pictumgicate interface positions.

4.2. Application to a structure.

The second application concerns a simple strusjpeeimen, so-called omega, which mesh is
shown in figure 9. It is 300mm long and 30mm widhel @onsists of eight layers of a quasi-
isotropic (0°,+90°,+45°)s laminate. The numericahigation concerns at meso scale (ply
scale) which local coordinate are defined at edement of each layer as shown in figure 7.
To apply our criterion, the mesh refinement is esjad. However, it is clear that we cannot
refine the whole of specimen since too heavy coatmrial time for a finite elements
calculation. To resolve that, five parts of speaimesre defined as shown in figure 7: (a), (b),
(c), (d) and (e). By numerical simulation, we fouhdt the zone (d) represent as the critical
area under load applied. In this reason, the raferg mesh is required (a size of elements
equal to one sixth of the thickness). Then, theadd) is joined to the rest of the specimen by
using tie contact conditions which does not interfegnificantly the stress field. As previous
simulations, node lines are created at the integfdmetween plies and the same criterion
computing procedure is applied.

thickness direction |

e _i.=0
0yt 00T V2

Figure 7: Mesh of the omega part
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The simulation results as shown in figure 8 illastrthat the open mode of delamination is
the most important. Also, the 0°/90° interfacehs tnost sensitive. The curve of criterion
value as a function of displacement lead us toiprélde delamination at 0°/+90° interface for
an applied displacement;léqual to 4.25mm. In the same manner in abovee thesailts will
be experimentally verified as soon | receive thedimg part and this paper will be up date.

%;ﬂ‘g —t— gz —i—:::::.‘z—-—c:xz ﬂ
[:r
= 75 | 0 | 90 | +45] -45 |-45 | +45] 90 = 1.5
o an = ——intarfaca 090
= 32 > e e
2 15 =1 = interface +43/90
w0 g /
[ A =
= o B =2 0.3 o
= -30 = s
= 3 oo AR st

719 72.1 .";-.3 725 727 ..“.:.9 73.1 73.3 73.5 737 0 2 4 6 8 10 12 14
interface position (mm) applied displzcement [mm]
Figure 8. Out of plane stresses at free edge dknieiss direction (left) and criterion evolution lwipplied
displacement (right). Vertical grids on the firgttpre indicate interface positions

5. Conclusion

In this study, we have successfully identified dadenation criterion and proposed an
approach for a direct application to industrialtpal he first results are encouraging and open
up prospects for a design closer to the damage anexths occurring in the material, which
could significantly reduce the safety factors imtigalarly high for aerospace applications
(six time of standard deviation). However, in ortepbtain high reliability in design, several
parameters will be improved. First, the detecteysshould be improved in order to be more
precise on delamination onset and its propagattoremains difficult to use AE system in
composite woven since the delamination occurs eamny. Otherwise, the mesh generation
software methods would be developed result in itmglgfication for numerical simulation in
order to apply this criterion in structure specimen.
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