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ABSTRACT

The laminate cohesive approach (LCA) is a methodology for the experimental characterization of
cohesive through-the-thickness damage propagation in fiber-reinforced polymer matrix composites.
LCA has several advantages over other existing approaches for cohesive law characterization,
including: visual measurements of crack length are not required, structural effects are accounted for,
and LCA can be applied when the specimen is too small to achieve steady-state fracture. In this work,
the applicability of this method is investigated for two material systems: IM7/8552, a conventional
prepreg, and AS4/\VRM34, a non-crimp fabric cured using an out-of-autoclave process. The compact
tension specimen configuration is used to propagate stable Mode | damage. Trilinear cohesive laws are
characterized using the fracture toughness and the notch tip opening displacement. Test results are
compared for the IM7/8552 specimens with notches machined by waterjet and by wire slurry saw. It is
shown that the test results are nearly identical for both notch tip preparations methods, indicating that
significant specimen preparation time and cost savings can be realized by using the waterjet to notch
the specimen instead of the wire slurry saw. The accuracy of the cohesive laws characterized herein
are assessed by reproducing the structural response of the test specimens using computational
methods. The applicability of the characterization procedure for inferring lamina fracture toughness is
also discussed.

1 INTRODUCTION

Quick and accurate prediction of the tensile notched strength of fiber-reinforced polymer (FRP)
laminates is challenging. It is more difficult still to predict the damage propagation from a notch in an
FRP structure and the resulting stress redistributions that lead to ultimate failure. In practice, semi-
empirical methods that require extensive test data are used to predict notched strength [1] and it is rare
for the progression of damage from a notch to be considered. Yet, a quick and accurate method for
prediction of damage progression in notched structures could yield several benefits, including: 1) a
reduction in the number of tests required for qualification, 2) an improved understanding of the
severity of damage that can occur during service, and 3) an opportunity for optimization of damage
tolerance through structural design. Many researchers have proposed a wide variety of methods to
address this challenge, e.g. material property degradation schemes [2], strain softening methods [3],
progressive failure analysis [4], continuum damage mechanics [5], and finite fracture mechanics [6].
However, no methods are sufficiently fast, simple, and accurate to replace the empirical methods used
most commonly [7].

Recently, a progressive damage analysis (PDA) methodology was proposed by the authors for
cases of Mode | through-the-thickness damage propagation from a notch in an FRP laminate [8-10],
referred to herein as the laminate cohesive approach (LCA). By representing damage propagation in a
laminate as the opening of an interface governed by a cohesive law (i.e. traction-separation law), the
LCA enables computationally efficient and accurate predictions of damage initiation and propagation
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from a notch subjected to Mode I loading [8-10]. The LCA builds upon the strain softening approach
[3], but instead of smearing the damage through a continuum, the approach uses cohesive elements.
The LCA uses cohesive elements available in commercial finite element (FE) codes for simplicity. In
order to apply the LCA, it is necessary to characterize the damage propagation at the laminate level as
a cohesive law.

A variety of experimental methods have been proposed to characterize cohesive laws for through-
the-thickness fracture propagation in FRP laminates, including iterative trial-and-error approaches [3],
R-curve methods [11], and inverse constitutive law methodologies [12]. Trial-and-error methods
determine the parameters that define an assumed cohesive law form by iterating to minimize the error
in load-displacement response between test and analysis. Dopker et al. [3] introduced this approach
and demonstrated that an a priori assumption for the cohesive law as a trilinear form is sufficiently
general to capture the fracture behaviour of through-the-thickness cracks. However, iterative methods
are time consuming to apply, which precludes widespread adoption.

Another class of methods are based on measurement of the fracture toughness as a function of
crack extension (known as the R-curve). Several researchers have attempted to measure R-curves for
through-the-thickness fracture in carbon/epoxy laminates (e.g., [13-15]). The R-curve methods
approximate the cohesive law by introducing a relationship between the fracture process zone length, a
measured R-curve, and the shape of the cohesive law. These methods require experimental
measurement of crack extension or identification of the steady-state fracture process zone length [11],
which are difficult quantities to measure accurately. Furthermore, while a cohesive law is a material
property (independent of the structural response), an R-curve can be affected by the configuration of
the structure [16]. Therefore, cohesive laws derived from R-curves can inherit the same structural
dependence.

In contrast to the aforementioned methods that assume the mathematical form of the cohesive law a
priori, inverse constitutive approaches use digital image correlation (DIC) and an assumed stress state
to determine a material softening law without any a priori assumptions for the form of the softening
law [12]. Material softening laws obtained from this approach can be related to a cohesive law [17].
Interestingly, using the inverse constitutive approach, Zobeiry et al. confirmed that through-the-
thickness fracture behaviour is approximated well by a trilinear form [12]. This conclusion validates
the suggestion made in earlier works [3, 11] that a trilinear cohesive law is sufficiently general for
capturing through-the-thickness fracture behaviour. However, the inverse constitutive methods are
limited to cases where delamination is negligible because these methods assume that surface strains
measured via DIC in the vicinity of the damaged region are constant through-the-thickness of the
laminate. Thus, the trial-and-error, R-curve, and inverse constitutive methods each have limitations
that preclude widespread adoption and standardization for determination of cohesive laws representing
through-the-thickness fracture propagation.

The recently proposed LCA [8] alleviates many of the limitations of the trial-and-error, R-curve,
and inverse constitutive methods. The LCA builds upon the theoretical foundation of the relationship
between the J-integral and the cohesive law proposed by Rice [18] and further investigated by Bao and
Suo [19]. Li et al. pioneered the experimental application for cementitious composites using this
relationship [20] and, later on, Sgrensen and Jacobsen applied this approach to determine cohesive
laws for delamination [21]. In both of these early experimental applications, unconventional and
cumbersome test setups were employed, which has limited more widespread use. In previous work [8],
the authors proposed using compact tension (CT) specimens together with DIC for the characterization
of a cohesive law for through-the-thickness fracture. The CT specimen configuration, shown
schematically in Fig. 1, was used because this configuration is a convenient experimental setup for
propagating through-the-thickness damage slowly and stably. Thus far, the LCA has only been applied
to one laminate with a specific stacking sequence and a single carbon/epoxy material system.
Furthermore, the CT specimen preparation procedure was laborious because a wire slurry saw with a
typical cutting speed of 10 mm/hour was used to machine the notch.

The objective of this paper is to further develop the LCA proposed in reference [8] by
investigating: 1) the applicability to cross-ply laminates for characterizing the fiber-direction
toughness of a lamina, 2) the applicability to different material systems, and 3) the effects of notches
machined by waterjet, which is much less time consuming than using a wire slurry saw. The
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extensibility of the LCA to determine lamina fracture toughness for fiber-direction tensile failure is
investigated since many methods for PDA require lamina-level properties. The remainder of the paper
is organized by first reviewing LCA, including the procedure used to determine cohesive laws from
CT tests. Next, the experimental procedure is described. Then, the test results are presented and
discussed, followed by concluding remarks.
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Figure 1: Compact tension specimen configuration. The locations for measurement of
displacements A and ¢ are shown with open and closed circles, respectively.

2 DETERMINATION OF COHESIVE LAWS

The characterization procedure used to obtain cohesive laws herein follows the J-integral based
approach proposed in reference [8]. This method relies on the relationship between the fracture
toughness and the cohesive law, o = 0(d), derived by integrating Rice’s J-integral for a contour that
encloses a cohesive crack [18]

a<5)=j—; )

where J is the fracture toughness and o(d) is the cohesive law. Since the fracture toughness and notch
tip opening displacement can be determined from experimental measurements, the cohesive law can
be obtained from equation (1).

The fracture toughness is approximated using the modified compliance calibration (MCC) method.
The MCC method computes the fracture toughness using the Irwin-Kies equation

2
g=P €
2t oa
where P is the applied load, t is the thickness, C = A/P is the specimen compliance where A is the

opening displacement measured along the load line, and a is the crack length. In order to evaluate
equation (2), an expression for C = C(a) is required. Following reference [11], it is assumed that

(2)
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where the three fit parameters, o, £, and y are determined using a linear FE model of the CT specimen
for several crack lengths. Substituting (3) into (2) yields
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Equation (4) is convenient in that the use of this equation eliminates the need for measurement of
crack length, a quantity that is difficult to discern consistently and accurately. The symbol G is used to
represent fracture toughness to reflect the fact that equation (4) is derived with the assumptions of
linear elastic fracture mechanics. Therefore, equation (4) is an approximation of the fracture
toughness, J, defined by Rice’s J-integral. It has been demonstrated that cohesive laws determined
using G as an approximation for J in equation (1) are sufficiently accurate for engineering applications
[8].

While the LCA was developed for multidirectional laminates, it can be used to characterize the
cohesive law for fiber-direction fracture of a lamina by testing specimens with a cross ply layup and
using t = t° where t° is the thickness of the 0° plies. It can be assumed that the energy required to
propagate damage in the 90° plies is negligible compared to the energy required to propagate fiber
damage [13], in the 0° plies (4).

The other measurement needed to apply equation (1) is J, the notch tip opening displacement,
which is measured using DIC. Theoretically, the crack tip opening is measured at precisely the notch
tip. However, when using DIC, displacement data cannot be measured immediately at the notch tip
because DIC cannot be conducted along an edge. Therefore, when using DIC, 6 must be measured
between two points that are initially separated by a small distance. It was shown in [8] that the
compliance of the material within this nonzero distance introduces some initial nonlinearity in the
measured G(d) curve. Following [8], this nonlinearity is removed from the results with an offsetting
procedure.

With the fracture toughness calculated using equation (4) and the notch tip opening displacement
obtained from DIC data, the cohesive law can be obtained by numerical differentiation of equation (1).
However, in practice, the test data have too much noise to obtain a meaningful cohesive law after
numerical differentiation. An a priori assumption for the mathematical form of the cohesive law
alleviates this problem through fitting the test data. A trilinear cohesive law is assumed herein because
it has been shown to be sufficiently general and simple [3, 11, 12]. Consider the trilinear cohesive law
shown in Fig. 2 and defined analytically as

o, (5) 0<5<5,
o(0)={0,(8) & <5<3, (5a)
0,(8) 5,<5<5,

o,(8)=Ks (5b)

o,(8) = % 5+o0, (5¢)
3 Gcz (n=-2 2 B

o(8) = 6.1 5+(@1-n)o, (5d)

where it is assumed that K is large and therefore 5, = 0. The transition displacement is
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and the transition stress at J is
_ o, (h=Y(n—m)

! n(m—1) (7)

The critical displacement, at which a traction free crack is formed, is
2G,(1—-m)
A —__—_—c 7 (8)
o.(1-n)
Thus, the cohesive law is defined in equations (5)-(8) by the parameters o;, Ge, m, and n. The
parameter o¢ is the strength, Gc is the total fracture toughness, and m and n define the location of the

transition point. In order to fit the cohesive law defined in equation (5) to the measured G(o) test data,
the cohesive law is integrated to obtain an analytical representation for J() following equation (1)

n —
3,(8) = Gci;te %) 52 1 5 5+C, (9a)
oZ(n-1)?
J;(0)=—"-""—"_6°+(1-n)o,6+C 9
3(9) 4G (m-1) d-n)o 2 (9b)

where J1(d) is ignored because the penalty stiffness portion of the cohesive law, equation (5b), is an
artifact of numerical analysis, so it is more appropriate to define K (and hence, J:) based on numerical
considerations. Since J»(dk) = 0, then C; = 0. C; is obtained by enforcing continuity at the transition
point, Jo(dr) = Js3(dy). A least squares fit of equation (9) to the measured G(o) test data is used to
determine the four parameters that define the cohesive law (oc, G¢, m, and n).
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Figure 2: A trilinear cohesive law.

3 EXPERIMENTAL PROCEDURE

A series of CT tests were conducted to investigate the cohesive characterization approach described
in Section 2. A summary of the test matrix undertaken in this investigation is listed in Table 1. Cross-
ply specimens were fabricated from two different material systems: (1) an AS4 fiber formed into a
warp-knit non-crimp fabric and infused with VRM-34 epoxy resin, then cured with an out-of-
autoclave process and (2) a conventional aerospace prepreg, IM7/8552, cured in an autoclave. While it
would have been preferable to test specimens with identical thickness for a direct comparison between
the two material systems, the laminates used here were the only options available for this testing.
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Thickness
Designation Material Layup [mm] Notch machining
AS-WS AS/VRM-34 [90/0]3s 25 Wire slurry saw
IM-WS IM7/8552 [90/0]es 5.7 Wire slurry saw
IM-WJ IM7/8552 [90/0]es 5.7 Waterjet

Table 1: Summary of test matrix.

Two methods were used to machine the notch tips: the conventional wire slurry saw (designated by
WS), which was used in previous CT testing [8] and a waterjet (designated by WJ). The waterjet
significantly reduces the machining time requirement while yielding a thin notch free of any
machining-induced delaminations or other undesirable damage. The wire slurry saw created a
0.125-mm notch tip radius with a wire of that radius. The waterjet produced a 0.5-mm notch tip radius,
which was the approximate radius of the waterjet stream. Photomicrographs of the notch tips obtained
by the two fabrication methods are shown in Fig. 3. Besides the difference in notch width and notch
tip radius, the photomicrographs indicate that the waterjet notch has more pronounced roughness.

0.5 mm

Figure 3: Photomicrograph of notch tip prepared by A.) wire slurry saw and B.) waterjet.

Five replicates of each configuration were tested under displacement control at a loading rate of
0.25 mm per minute. Load was recorded with an 89-kN load cell with a 17.8-kN range card. An anti-
buckling guide was used to prevent buckling from developing due to compression at the back edge of
the specimen [8]. Full field displacements were recorded on both sides of each specimen using two
DIC [22] systems. One DIC system was setup for a global area field of view encompassing the entire
specimen and the other DIC system had a local area field of view of about 15 mm by 15 mm to capture
the notch tip in higher resolution. A photograph of the test setup is shown in Fig. 4.
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Figure 4: Test setup showing the test specimen, two DIC systems, and anti-buckling guide.

4 TEST RESULTS AND DISCUSSION

The load-displacement results are shown in Fig. 5. All specimens exhibited three phases in the
load-displacement response. The initial linear phase was followed by a smooth, nonlinear phase.
Visible indications of cracks in the surface ply and evolution of the strain field observed in the local
DIC data suggest that matrix cracking contributes to the measured nonlinearity. The third phase is the
stick-slip damage propagation behavior often observed in composite materials, where the load-
displacement response is jagged. The test data were truncated before compression failure at the back
edge of the specimen occurred because the objective was to characterize tensile failure only.

A) B.) C)
4 10 10
3 /‘/ 8 8
P, p 6 p ©
[kN] [kN] [kN]
! 2 2
0 0 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
A [mm] A [mm] A [mm]

Figure 5: Measured load displacement responses for the A.) AS-WS, B.) IM-WS, and C.) IM-WJ
specimens.

The load-displacement response of the WS and WJ specimens were nearly identical. A minute, but
observable, difference was at the location of the transition from the smooth nonlinear phase to the
stick-slip phase. The first load drop occurred at A = 2.1 mm in the WS specimens and A = 2.3 mm in
the WJ specimens. This small difference in response could be a result of either the machining process
or the notch tip radius. Laffan et al. [23] studied the effect of the notch tip radius and suggested that a
large notch radius (such as in the WJ) specimens may increase the initiation fracture toughness. Laffan
et al. also reported that the notch tip radius did not affect the propagation fracture toughness, which is
consistent with the results found here.
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The load-displacement results for the 1M specimens are compared with test data available in the
literature for the same material system (references [15, 23]), as shown in Fig. 6. Since the specimens
tested in the literature had different ply thicknesses and layups, the load is scaled linearly so that the
total thickness of the 0° plies is identical. The test data from the IM specimens and the data reported
by Catalanotti both show a relatively constant load from the first load drop through the fourth or fifth
load drop. This behavior suggests that the fracture toughness increases as damage develops. In
contrast, the data reported by Laffan indicates that the failure was more brittle, as indicated by a
reduction in the load attained after each subsequent load drop.

Curves of constant fracture toughness, obtained by rearranging equation (4), are also shown for
three values of toughness. One curve of constant fracture toughness is shown in Fig. 6 for the
propagation value of G = 147 N/mm reported by Laffan et al. [23] (Catalanotti et al. [15] found a
similar value for propagation of 133 N/mm). A second curve of constant fracture toughness, G = 300
N/mm, corresponds to the peak load in the Catalanotti test data. The third constant fracture toughness
curve corresponds to the largest toughness found in the 1M test data, G = 580 N/mm. If the test data
were characterized by a constant fracture toughness, the highest load recorded at each load drop would
lie on the line of constant toughness. The peak load at the second load drop (A = 1.6 mm) and third
load drop (A = 1.9 mm) in the Laffan data agree well with a constant fracture toughness of G = 147
N/mm. At subsequent load drops, the test data lie below and to the left of the constant toughness
curve, which suggests that the fracture toughness has reduced. Similarly, the Catalanotti data show that
for A > 2.6 mm the test data correspond to a reduced toughness. One reason why the test data may
show a reduction in toughness is the initiation of additional damage modes. In the IM tests,
catastrophic failure occurred due to compression at the back edge of the specimen and the load-
displacement data dropped well below the G = 580 N/mm curve. The data shown in Fig. 6 for the IM
tests are truncated before this load drop due to compression failure because the objective here is to
characterize the behavior of Mode | fiber-direction tensile fracture. The compression failure is an
undesirable experimental reality of the CT configuration.

10.0 IM
G =147 N/mm %
8.0
P v
[kN] 7V |
4.0 // ‘.| A : Catalanotti
// ’ |'. -
2.0 A Laffan /” : G = 300 N/mm
/2 T

0.0 e

00 05 10 15 20 25 30 35 40 45 50

Figure 6: Load-displacement data for IM7/8552 specimens with curves of constant fracture
toughness.

There is a large range in the propagation fracture toughness exhibited by each set of test data,
despite all specimens having the same material and cross-ply layups. One explanation for the
difference in propagation toughness is the blunting effect of matrix splits [24]. This argument is
corroborated by the difference in layup and ply thicknesses in the three sets of test data. Laffan et al.
used a [(90/0)s90]s layup with a ply thickness of 0.125 mm. Catalanotti et al. used a [90/0]ss such that
the central ply was twice the nominal ply thickness of 0.131 mm. In the IM specimens, the layup was
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the same as Catalanotti with a ply thickness of 0.178 mm. Thus, larger ply thickness correlates with a
higher propagation fracture toughness, which can be attributed to more matrix splits developing in
thicker plies as a result of the in-situ effect as noted in [14, 25]. Furthermore, the specimens with the
double thick central 0° ply had a significant increase in toughness as damage propagated, in contrast to
specimens with a central 90° ply. These observations suggest that the measured toughness for damage
propagation in cross-ply CT specimens depends strongly on the ply thickness and layup.

The fracture toughness computed from equation (4) is plotted as grey lines in Fig. 7 as a function of
the notch tip opening displacement, 6. The black line shows the fit of equation (9) to the test data. It is
observed that a very good curve fit is obtained for both material systems. The corresponding values of
oc, Ge, m, and n for both material systems are shown in Table 2.

Oc GC
Designation [MPa] [N/mm] m n
AS 1508.0 349.3 0.1361 0.5529
IM 1812.2 564.0 0.2941 0.6464

Table 2: Cohesive law parameters obtained from fitting experimental G(d) curve.
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Figure 7: Measured fracture toughness fitted using equation (9) for the A.) AS4/VRM-34 and B.)
IM7/8552 specimens.

A FE model was developed for the CT specimen to assess the accuracy of the cohesive laws
characterized herein. The model was developed in Abaqus [26] using four node, two-dimensional,
plane strain elements and a row of cohesive elements ahead of the notch tip. The elastic properties
used in the model are summarized in Table 3. The models used the trilinear cohesive laws defined
by the parameters in Table 2. Since the thickness of the 0° plies was used to compute the fracture
toughness, the cohesive elements were modeled as having the thickness of the 0° plies.

E: E. G2
Material Reference [GPa] [GPa] [GPa] V12
AS4/VRM-34 [9] 122 14.9 5.52 0.25
IM7/8552 [27] 162 8.96 4.69 0.31

Table 3: Elastic properties for each material system.
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The FE results are compared with the test data in Fig. 8. The agreement between the FE results and
test results for the AS4/VRM-34 specimens is very good. The agreement between the FE results and
test results for the IM7/8552 specimens is acceptable, but not as good as for the AS4/VRM-34
specimens. The analysis peak load overestimates the test data by 13%. One source for the discrepancy
between test and analysis could be a result of more widespread matrix cracking in the 90° plies of the
IM7/8552 specimens than in the AS4/VRM-34 specimens. Post-test X-ray computed tomography
scans shown in Fig. 9 indicate that a series of parallel matrix cracks occurred in the IM7/8552
specimens, above and below the notch tip. It is possible that these matrix cracks changed the
compliance of the specimens and thus affected the calculated fracture toughness. Further investigation
is needed to understand the role of the parallel matrix cracks.
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Figure 8: Comparison between test results and FE analysis results for the A.) AS4/VRM-34 and B.)
IM7/8552 specimens.

A) B.)

Figure 9: The characteristic damage state in a 90° ply for one specimen of each type:
A.) AS4/VRM-34 and B.) IM7/8552.
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5 CONCLUDING REMARKS

The applicability of the laminate cohesive approach (LCA) was investigated and assessed for two
material systems, AS4/VRM-34 and IM7/8552. Cross-ply compact tension (CT) specimens were
fabricated and tested. Half of the IM7/8552 specimens were notched using a wire slurry and the
remainder were notched using a waterjet, which was several times faster than using the wire slurry saw
reducing fabrication costs. The load-displacement and fracture toughness results were nearly identical
for both notch fabrication methods. Test results for the IM7/8552 specimens were compared to test
data available in the literature, and the effects of ply thickness and layup were shown to have a strong
effect on the measured fracture toughness. Based on this comparative study, the fracture toughness
determined in the cross-ply CT tests depends on the laminate configuration and care should be
exercised when interpreting fracture toughness as a lamina property. Cohesive laws were characterized
using LCA with the test data from the AS4/VRM-34 and IM7/8552 specimens. FE models with these
cohesive laws characterized herein were generally well correlated with test data. However, the
correlation for the AS4/VRM-34 specimens was notably better than for the IM7/8552 specimens.
Further investigation is needed to understand the reasons for the overestimate of peak load for the
IM7/8552 specimens.
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