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The relation of the non-singular opening stress component with apparent fracture toughness was inves-
tigated for unidirectional carbon-fiber laminates by means of double cantilever beam experiments in
which laminate thickness was varied. It was found that a sample configuration with smaller thickness
related to a higher apparent fracture toughness measurement. This result was explained by the presence
of a negative non-singular opening stress component, which was found to decrease with thickness. The
experimental procedure utilized first crack propagation from the initial polytetrafluoroethylene insert to
avoid ambiguity of defining crack location due to crack curving, resulting in a wider crack front and fiber
bridging. The two dimensional finite element analyses were used to calculate the corresponding singular
and non-singular stress components and the energy release rates. Based on the experimental results a
two parameter linear elastic fracture mechanics model was calibrated to incorporate the thickness
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dependence of the apparent fracture toughness.
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1. Introduction

Interlaminar delamination in laminated composites is one of
the primary failure mechanisms in different structural components
[1]. In general, the development of a crack in a multi-directional
laminate leads to a mixed mode fracture condition that is charac-
terized by different crack propagation scenarios [2,3]. The inter-
laminar delamination subjected to Mode I loading provides the
weakest fracture mode in laminated composite materials. The
associated value of the fracture toughness in a unidirectional lam-
inate is commonly measured following a standardized test proce-
dure [4]. The standard defines a recommended configuration of a
double cantilever beam (DCB) sample [4,5].

From the material characterization point of view it is desirable
to have a testing procedure which is easy to conduct and yields
consistent data. To ensure that the measured property in a DCB
experiment is a true material constant, a great deal of work focused
on examining how critical energy release rate, Gic, in thermosetting
[6] and thermoplastic composites [7] depends on crack length,
sample width [8], sample thickness [8-10] and thickness of the
insert [6], as well as displacement rate [11] and load introduction
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[4]. The standard suggests using a non-adhesive insert, such as a
polytetrafluoroethylene (PTFA) film, which works as a crack
initiator, yielding consistent results in comparison with pre-
cracked samples [6]. The current ASTM standard recommends
using the laminate thicknesses in the range of 3-5 mm, since some
early experimental results that used compliance calibration meth-
ods did not find fracture toughness dependence on the laminate
thickness in unidirectional DCB [8-10].

The standard ASTM procedure is concerned with measuring the
initiation and propagation values of fracture toughness. A recom-
mended scheme for data reduction is based on a modified beam the-
ory or compliance calibration [4,5], which account for the finite
rotation that occurs at the crack front. The recommended
approaches suggested by the standard use subsequent crack propa-
gation data from the initial insert. However, with crack propagation
initially straight crack front develops curvature due to the anticlas-
tic bending of a plate composing upper and lower halves of a DCB
sample [12-14]. Therefore, applying beam model to describe DCB
behavior results in the discrepancy between the data reduction
scheme and the physical experiment [15].

Curved crack after propagation is a result of a non-uniform dis-
tribution of the energy release rate across the sample width during
crack initiation [12,14,16]. Not accounting for crack curving in
compliance calibration results in an effectively smaller crack
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length than when assuming a straight crack front, which will likely
result in overestimation of the strain energy release rate [15]. Fur-
thermore, the distribution of G; across the sample width is a func-
tion of sample geometry, and the shape of the curved crack front
changes as the crack propagates making the determination of a sin-
gle crack location ambiguous, due to its curved thumbnail shape
[12,13]. Another source of discrepancy introduced with crack prop-
agation is the effect of fiber bridging as a result of fiber migration
between the adjacent plies during the early stages of manufactur-
ing [4,17]. Fiber bridging leads to the increase of apparent fracture
resistance with subsequent crack propagation from a crack starter
(the so called R-curve).

In light of these concerns it was the objective of this work to
investigate the effects of the laminate thickness on initiation criti-
cal energy release rates from the straight PTFE insert without using
crack propagation data, as opposed to previous experimental stud-
ies which included propagation values of G;c using compliance cal-
ibration method [8-10]. The 2D finite element analysis of DCB
sample allowed to avoid the built-in cantilever boundary condition
imposed by the simple beam theory and effectively accommodated
finite rotations at the crack front typically accounted by the ASTM
recommended data reduction methods. Four groups of DCB sam-
ples were tested with thicknesses in the range of 2 mm to 8 mm
to obtain the initiation values of G;c. The beam theory and 2D plane
strain finite element analysis of DCB samples were used to calcu-
late fracture toughness and yielded a trend of decreasing G;c with
increasing laminate thickness. Therefore, a thinner DCB specimen
overestimates the fracture resistance of a thicker laminate in terms
of the critical energy release rate or stress intensity factor, which
are parameters of linear elastic fracture mechanics (LEFM). Only
the fracture toughness at crack initiation was measured. To explain
the experimentally found differences, the framework of LEFM was
used with the emphasis on the K-dominance concept [18-21].
LEFM was shown to work well for materials exhibiting brittle frac-
ture. Such materials are found among engineering plastics and
include some thermoplastics as well as thermosetting resins. The
incorporation of the K-dominance idea into LEFM assumes that
fracture toughness for any brittle material is defined not only by
the critical value of the stress intensity factor, which describes
the singular opening stress component [22], but rather the full
opening stress field, which can differ significantly from the former.
The full stress field is described by the Williams series expansion
[23], and in addition to the square root singular term it provides
higher order terms present in the solution.

The idea of incorporating these higher order terms for better
describing the fracture behavior of materials was introduced early
by Irwin [22]. Irwin suggested using the first non-singular stress
term, constant normal stress in the plane of the crack, denoted
later as a T-stress, as a second parameter to include the influence
of test configurations. This idea was further developed to qualita-
tively introduce the influence of T-stress on the stability of crack
propagation direction [24] and the applicability under the assump-
tion of small scale yielding [25,26]. The second non-singular stress
component present in the opening stress solution was considered
in a similar manner to determine the role of the sample configura-
tion on the apparent fracture toughness in Mode I conditions for
polymethyl methacrylate (PMMA) [27,28], which is known to exhi-
bit brittle fracture behavior due to a small fracture process zone
[29].

This paper presents the experimental results of fracture tough-
ness testing of DCB with variable thickness of unidirectional ther-
mosetting composite, following the calculation of G;c and using
finite element analysis to determine the value of non-singular
opening stress. The influence of laminate thickness on R-curve
was not studied in the present work. The decreasing trend in G;c
values with increased thickness of DCB was related to the

amplitude of the first non-singular stress component suggesting
that it can be used to explain the experimentally found variation
of Gjc values

2. Materials and testing

The laminates were fabricated from a unidirectional prepreg
tape NCT 321 24-700 G150 carbon/epoxy. The laminates were
cured in an autoclave following a cure cycle recommended by
the manufacturer [30]. A non-adhesive PTFA film (Teflon) was used
as a crack initiator [4]. Four unidirectional plates were cured [0,/
Teflon/0,], [0:3/Teflon/0;3], [020/Teflon/050], and [0y6/Teflon/046]
which resulted in thicknesses of 2.03, 4.05, 6.1 and 8.2 mm, respec-
tively. The plates were machined into strips that were used for
manufacturing DCB samples of different thicknesses. The sche-
matic of a DCB sample is shown in Fig. 1a. Piano hinges were
bonded with paste adhesive to the DCB legs for load introduction
as suggested by the ASTM standard [4]. The testing of DCB samples
was performed in displacement control in a screw-driven MTS
machine for universal mechanical testing. The opening displace-
ment rate was 2 mm/min in all experiments. The linear force-
displacement response was observed for all samples up to the
maximum load at which crack propagation occurred (shown in
Fig. 1b). There was not much variation in the critical force for
2.03, 4.05 and 6.1 mm, but more variation was found for 8.2 mm
then for the rest of the samples (Table 1). The crack length mea-
surements were completed by measuring the distance from the
end of the PTFA film to the center of the knuckle of the piano-
hinge (point of loading).

3. Analysis
3.1. K-dominance at Mode I crack tip in an orthotropic DCB

The fracture of a cracked elastic solid is controlled by the stress/
deformation state near the crack tip. Crack driving force is com-
monly referred to as a parameter which describes the stress/defor-
mation condition at the tip of an existing crack. The crack driving
force at crack propagation is defined as critical and is used to quan-
tify the fracture resistance of a material. The region in the vicinity
of a crack tip where the inelastic deformation and damage occur is
referred to as the fracture process zone (Fig. 2) [29]. The fracture
process zone is a microscopic region around the crack tip where
material softening develops due to LEFM predicted stresses exceed-
ing the strength of the material as was discussed by Griffith [31].
LEFM assumes that while the fracture event occurs in the inelastic
region of the fracture process zone, it is controlled by the deformations
in the elastic region surrounding the fracture process zone.

In the case of Mode I loading, it is generally assumed that the
opening stress initiates crack propagation. The stress fields in a
linear-elastic body of arbitrary geometry with a sharp crack can
be characterized by the asymptotic mathematical solution origi-
nally obtained by Williams [23]. According to the Williams series
expansion [23], elastic hoop stress distribution, a, in the region
surrounding the crack tip is given by Eq.(1):

- A [3 0 1 30
51p(n) 1
0u(r,0) = n;A"rz T (0) =7 {Zcos (§> +4¢0s (7”

+2A5[1 — cos(20)] +3A3\/I_‘ECOS <§> —%cos <?>} +...
(1)

where (1,0) are the polar coordinates with their origin at the crack
tip (Fig. 2). The coefficients A, are all proportional to the applied
load and further depend on the geometry of the body.
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Fig. 1. (a) Schematics of a DCB specimen; (b) load-deflection curves of the DCB samples.

The opening stress, g,,(x), ahead of the crack tip along the crack

extension line is

Oy(X) =0p([r=x, 0=0) (1a)

Table 1

Summary of DCB dimensions and critical force.
Sample # Force, Crack length, Width,

Pc a w
(N) (mm) (mm)

Laminate thickness, 2t, 2.03 mm (14 plies)
DCB-2-1 20.560 50.050 19.550
DCB-2-2 20.733 50.050 19.550
DCB-2-3 20.370 50.050 19.550
DCB-2-4 22.200 50.050 19.550
DCB-2-5 19.170 50.160 19.550
Laminate thickness, 2t, 4.05 mm (26 plies)
DCB-4-1 50.297 50.140 19.600
DCB-4-2 53.308 50.150 19.650
DCB-4-3 50.965 50.100 19.650
DCB-4-4 49.863 50.140 19.650
DCB-4-5 48.832 50.100 19.650
Laminate thickness, 2t, 6.1 mm (40 plies)
DCB-6-1 80.214 50.370 19.400
DCB-6-2 77.453 50.960 19.400
DCB-6-3 80.426 50.140 19.400
DCB-6-4 77.586 50.450 19.400
DCB-6-5 78.562 49.970 19.500
Laminate thickness, 2t, 8.2 mm (52 plies)
DCB-8-1 127.00 50.160 19.480
DCB-8-2 101.00 51.925 19.500
DCB-8-3 109.80 51.175 19.500
DCB-8-4 97.593 51.450 19.500

From Eqs. (1) and (1a), the distribution of opening stress can be sim-
plified as

K;
Oyy(X) = N + 0V (2)
N—— Non-singular terms
singular term

where K; = A;v2m is the Mode I stress intensity factor (SIF). The SIF
is defined as:

K; = limv27xay, (x) 3)

The elastic stress field given by Eq. (2) is singular due to the lin-
ear formulation of the problem. The singularity suggests that as x
approaches zero, the magnitudes of higher order non-singular
terms are negligible in comparison with the leading singular term
defined by K;. However, the singular stress term defined by SIF
dominates over the rest of the terms in the series only for certain
small values of x. The region in the vicinity of the crack tip where
the stress is well approximated by the K;-term alone is referred to
as the K-dominance region [18-21]. As x increases, the actual stress
oyy(x) is described less and less accurately by retaining only a sin-
gle Ki-term, because the relative magnitudes of the higher order
terms in Eq. (2) begin to contribute increasingly.

Following traditional single-parameter LEFM, the crack driving
force is expressed in terms of K. In doing so, fracture occurs when
the stress intensity, K}, reaches the critical value, Kjc, signifying that
the stress distribution ahead of the crack tip becomes substantial
(critical) to propagate the crack. LEFM fracture criterion assumes
that the K-dominance region extends far enough from the crack
tip to confine the fracture process zone and accurately describes
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Fig. 2. (a) Coordinate system centered at crack tip; (b) Schematic representation of the K-dominance region confining the fracture process zone (on the left) and being

confined by the fracture process zone (on the right) (modified from [19]).

the full stress around the fracture process zone, while the fracture
event occurs within a fracture process zone. Equivalent to SIF, a
single fracture parameter in LEFM is energy release rate (ERR), G,,
which is defined as work per unit area, which is required to create
new crack surfaces and given by Eq. (4).

Aa—0 Aa

G = lim i/Aauy(x — Aa)oyy, (x)dx (4)
0

where uy(x — Aa) is the crack opening displacement field obtained
from Williams solution at 0 = 7; a is the crack length. If the singular
opening stress is used in Eq. (4) it results in the relation between
ERR and SIF that relies on the same assumption of the K-dominant
stress.

The sign and the magnitude of the difference between the open-
ing full stress and K-stress depend on the shape of the cracked
body. It was first pointed out by Knott [18] that different fracture
specimen geometries had varying extensions of K-dominance. Let
us consider the extent of the region of K-dominance in the unidi-
rectional DCB specimens described in Section 2 used for measuring
the delamination fracture toughness in unidirectional composite
laminates. To investigate K-dominance in the finite size specimens,
the full opening stress ahead of the crack tip, calculated by means
of finite element analysis, was compared with the K-stress. Fig. 3
shows the comparison between the full stress and the K-based sin-
gular stress field in four DCB samples with variable thicknesses
used in the experimental work. The full stresses were indicated
by the open circles, while singular K-stresses were given by the
dashed lines. The details of the finite element model used, along
with the calculation of Kj and G, are provided in Section 3.3. A good
agreement between the K-field and the full opening stress up to
about x/a=0.005 was only seen in the DCB with thickness of
2t = 8.2 mm. As the DCB thickness decreases, the singular and the
full stress profiles differ significantly suggesting that the K-stress
provided a less accurate approximation of the full stress.

The stresses computed in the finite element analysis, gy,(x), of
DCBs were used to calculate the size of the K-dominance region.
In the current work we defined the region of K-dominance in terms
of the opening yy-component of stress, as this stress component is

responsible for Mode I crack propagation. At a given location x, the
weight of the singular term in Eq. (2) was quantified by the degree
of K-dominance [19,20,32], A(x), defined as

(K)
o (x)
A(X) = 0 on—Sin, (5)
apy (X) + oy (x)]
where
oy () = 4 )
oy "E(X) = ayy(X) — a3y (%)

The value of A(x) can vary from O to 1. Analysis of degree of K-
dominance in four DCB thicknesses is shown in Fig. 4. Near the
crack tip there is little deviation between the K-stress and the finite
element stress, so the value of A is close to unity. With increasing
distances from the crack tip, the difference between the K-field
stresses and the actual stresses becomes larger (A decreases), thus
defining the limit of K-dominance. The slope of the K-dominance
lines in Fig. 4 scales with laminate thickness. Therefore, the degree
of K-dominance, A(x), decreases faster for the thinner DCBs.

In the light of K-dominance discussion it becomes important to
relate the size of the K-dominance to the size of the fracture pro-
cess zone. The approximate size of the fracture process zone in
thermoplastics and toughened thermosetting resins can reach tens
of micrometers [29,33]. The distance ahead of the crack tip at
which the singular stress, o'y (x), predicts up to 95% of full stress,
gyy(x), was used to define the size of the K-dominant region. This
definition was previously proposed in earlier works on K-
dominance [21,32]. The size of K-dominance is proportional to
laminate thickness and the proportionality coefficient was found
to be 0.014. Therefore, the size of the K-dominance zone varies
from 28 to 115 um for DCB thicknesses from 2.03 to 8.2 mm
respectively, which is on the same order of magnitude as the
expected fracture process zone size [29,33]. The K-dominance zone
is small in DCB specimens, suggesting that K; does not provide a
satisfactory approximation of the actual full stress around the frac-
ture process zone at delamination crack tip. Since the K-dominance
depends heavily on a DCB thickness, it makes the critical crack
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Fig. 4. Degree of K-dominance in DCB specimens of variable thickness.

driving force, expressed in terms of SIF, dependent on the speci-
men geometry. Consequently, the dependence of measured inter-
laminar fracture toughness on the test piece geometry
undermines the principle of a single parameter LEFM and is com-
monly referred to as constraint effect [27,28,34]. The constraint
effect creates a problem for the transferability between the

fracture toughness measured using a sample configuration and
the full-scale engineering structure, which may have a different
constraint level. The way to incorporate the constraint effect is
by including the higher (non-singular) terms to the formulation
of the crack driving force [27,28,32]. The connection between the
amplitude of non-singular opening stress and the apparent delam-
ination fracture toughness is discussed in the following sections.

3.2. Quantification of non-singular opening stress

Assume that the approximation of the stress profile ahead of the
crack tip with singular and non-singular components is given by
Eq. (7):

K;
V27X

The form of Eq. (7) corresponds to using the first non-singular
term from William’s series expansion. Eq. (7) provides a good
approximation of the full opening stress obtained with FEM over
an extended region of x as it can be seen from Fig. 3. The role of
the non-singular opening stress term is that it allows for incorpo-
ration of the finite boundaries of the sample and its effect on the
stress distribution around the crack tip. Thus, it has a similar role
as a constant T-stress as was first suggested by Irwin [22]. The
magnitude as well as the sign of the non-singular opening stress
component can be different for different specimen configurations,
as was previously discussed in Refs. [21,34,20,19].

Oyy(X) = +3A3vx

)
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It appears that for common DCB specimen geometries the first
non-singular opening stress term is negative (compressive). The
first (singular) term is always positive in opening Mode I condition,
and as a result the full opening stress in front of the crack tip is less
than the stress predicted by SIF alone. When |As| is small the devi-
ation of the stress from the K-stress is small (Fig. 3). While devia-
tion is negligible, a large region around the crack tip is dominated
by the first term in Eq. (7). Hence, a single parameter K; can be used
as a measure of stress to characterize the onset of crack propaga-
tion. When |A3] is large the full opening stress deviates substan-
tially from the K-stress. Therefore, the concept of using a single
parameter to characterize the onset of fracture initiation becomes
doubtful. By multiplying both sides in Eq. (7) with v27x the fol-
lowing expression is obtained:

Oy, V2TX = K; + 3V21Asx = K; + Cx (8)
where C = 3v/2mA; is referred to as the amplitude of non-singular
stress.

To further evaluate the relative magnitudes of the non-singular
opening stress profiles the expression (8) was normalized by SIF:

V21X

where C = C/K; normalized amplitude of non-singular opening
stress.

=
=]

Normalized opening stress, Oy @A)/ K,
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Fig. 5. Normalized opening stress distribution away from the crack tip.
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The finite element solution for each of the four DCB thicknesses
was used to investigate the left hand side of Eq. (9) (shown in
Fig. 5). At the crack tip the numerical solution diverges due to
the stress singularity; however, away from crack tip, the left hand
side of Eq. (8) follows a linear behavior. Because of negative slope
of lines in Fig. 5, it can be concluded that the non-singular opening
stress term is compressive for all of the DCB thicknesses considered
and that absolute value of its amplitude increases as thickness of
DCB becomes smaller.

3.3. Finite element based calculation of ERR and SIF

In the present work two dimensional plane-strain analyses
were used to calculate ERR and SIF. The finite element mesh was
refined around the crack tip with the element size of 2.5 um
(shown in Fig. 6) to ensure stress convergence around the crack
tip. Large deflection analysis was used.

The material properties of the unidirectional composite used for
the analysis are given in Table 2. For a homogeneous linear elastic
solid both ERR and SIF are equivalent for prescribing the critical
condition of crack propagation. In the case of an orthotropic mate-
rial the expressions relating ERR to SIF are given by the following
[35]:

G = byni 4K} (10

where / and n are non-dimensional elastic parameters given by the
following

bll
A= 11
b2, (11)
] -05
n= (b12 +§b66) (b11b22) (12)
and
Sij (plane stress)
i = . 1
by {s,-j — $i35j3/S33 (plane strain) (13)

where ij =1, 2, 6; s; are elastic compliances.

Finite element analysis can be used to determine the critical
energy release rate using one of the available techniques
[19,35,36]. In this work, modified virtual crack closure technique
[37] (VCCT) was used to calculate Gjc. The critical force from each
experiment was used to find the corresponding Gjc. For a four-
node plane strain elements, calculation based on modified VCCT
used the following equation to find G;c

P
Y 3a
N
NN N ¥ 3 W7
§§ w1577
NN L7777
i >  ERE rack tip
e S x7§
1 52 .
L1
P 2T
2NN
/777 T TTTTYVRNNNN

Fig. 6. Schematics of finite element model around the crack tip with parameters for VCCT calculation.
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Table 2
Mechanical properties of NCT 321 34-700 G150.

Laminate NCT 321 34-700 G150

Mechanical constant (Units) Magnitude
Longitudinal Young's modulus, E; (GPa) 110.00
Transverse Young's modulus, E,, E3 (GPa) 8.066
Shear moduli, G;2, G153 (GPa) 3.790
Shear modulus, G,3 (GPa) 3.280
Poisson’s ratios, vi3, V13 0.321
Poisson’s ratio, v,3 0.45
G =\ Fu® _y® 14
'=5Aa y(uy? — ) (14)

where F, is a reactive force per unit width calculated from the stress

adjacent to the crack tip node elements and u{"’, u" are the vertical
displacement terms of the upper and lower nodes at the crack tip;
Aa is the mesh size at the crack tip (Fig. 6).

Projection method is based on the calculation of stress intensity
factor, Kj, using the opening stress distribution ahead of the crack
tip from finite element solution. When plotting a,,v27x (Fig. 7) as
a function of distance x from the crack tip, the resulting curve is a
straight line of slope C = 3v27As, Eq. (8), close to the crack tip
where the higher order terms are small. The intersection of the line
with the ordinate axis provides the numerical value of the stress
intensity factor, following the definition of SIF given by Eq. (3).

4. Experimental findings and interpretation of results

4.1. Calculation of a single critical fracture parameter from
experimental results

Mode I interlaminar fracture toughness of the laminate was
measured in terms of the critical values of energy release rate
(ERR), Gc, and stress intensity factor (SIF), Kc. Both of these param-
eters, ERR and SIF, are conventionally used to represent the driving
force of an existing crack, when one-parameter fracture mechanics
is used to describe fracture.

Values of critical ERR were calculated by beam theory given in
Eq. (15). The ASTM D 5528 [4] recommended methods (modified
beam theory, compliance calibration, or modified compliance cali-
bration) were not used herein since they required sequential crack
extension measurements from the initial pre-crack (Teflon insert),
which was beyond the scope of the current work to avoid the
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Fig. 7. Projection method to calculate K; (data corresponds to 2.03 mm thick DCB
specimen).

aforementioned complications associated with crack curving and
fiber bridging. Therefore, the authors were interested in the initia-
tion values of delamination fracture toughness.
3 Pcoc

Cic =3 a

(15)

where P. and 6. are critical force and displacement at crack
initiation.

The results of ERR calculation using beam theory are shown in
Fig. 8. Furthermore, the values of G;c were also calculated by mod-
ified VCCT and by the projection method. It was found that the
results by VCCT and projection methods agree within 0.7-1.8%,
confirming that both techniques were applicable for calculating
energy release rate. The beam theory produces consistently higher
values than from finite element analysis due to the assumptions of
the cantilever beam (Figs. 8 and 9) [4].

4.2. Variation of apparent interlaminar fracture toughness with
laminate thickness

Apparent Mode I delamination fracture toughness when mea-
sured in terms of ERR or SIF was found to depend on the laminate
thickness. Thicker double-cantilever beam (DCB) specimens were
found to exhibit lower apparent fracture toughness than their
thinner counterparts in terms of conventional single linear-
elastic fracture mechanics parameters such as critical stress
intensity factor, Kic, and energy release rate, Gy, as shown in
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Fig. 8. Experimental results of G;c with different DCB thicknesses calculated by
beam theory.
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Fig. 9. Experimental results of G;c with different DCB thicknesses calculated by FEA.
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Fig. 9. Some scatter of the experimental data within same DCB
thickness was observed, which is usual in the fracture toughness
experiments of composites [2,38]. While some of the test results
of Gic for different thicknesses showed overlap (2.03 and
4.05 mm), no overlap was found between DCB thicknesses of
2.03 and 6.1 mm and between 2.03 and 8.2 mm. By considering
the average values and using 2.03 mm-thick DCB as a reference,
the difference between DCB with 2.03 and 4.05 mm thickness was
about 16%, while the difference for DCB with thickness of 2.03 and
8.2 mm was 32%. This observation contradicts the widely accepted
assumption that the results of the DCB experiment present a fracture
toughness material constant that is independent of the sample geo-
metrical configuration. The experimentally observed differences in
the first crack propagation values of G;c cannot be explained simply
by the experimental scatter, nor by the differences in the microstruc-
ture mechanical properties or residual cure stresses, since all lami-
nates were cured following an identical cure cycle.

For a DCB configuration of smaller thickness, the size of the K-
dominance zone is small or on the same order of magnitude with
the fracture process zone. Therefore SIF alone overestimates the
opening stress at the crack tip because of the compressive non-
singular opening stress which is overlooked by the single parame-
ter LEFM. Consequently, this results in higher apparent interlami-
nar fracture toughness. In other words, higher apparent fracture
toughness would be obtained from test specimens, which had a
larger absolute value of negative non-singular term, |As|. The corre-
lation between the apparent SIF, K;, and the amplitude of the non-
singular opening stress, C = 3v/27As, calculated at crack propaga-
tion is seen from Fig. 10. Consequently, the presence of the large
compressive non-singular stress component in thinner DCB sam-
ples was responsible for higher apparent critical SIF/ERR, Kic/Gc,
measurements determined experimentally. Since the opening
stress ahead of the crack tip was shown to be approximated by
two parameters K; and A3 with improved accuracy, it would be
quite natural to use both of them to define the crack driving force
for characterizing the onset of fracture. The critical SIF or ERR alone
would provide a true material property for fracture toughness only
if there was a specimen geometry with As close to zero. This find-
ing confirms the similar results for PMMA reported previously both
in static and fatigue loading [28,32,34].

4.3. Two parameter fracture mechanics model of apparent
interlaminar fracture toughness

A two-parameter LEFM model to characterize fracture event is
developed in the present section. For engineering purpose it is

convenient to relate the amplitude of non-singular stress, C, which
is apparent to the particular geometry (laminate thickness), to the
critical SIF, Ki¥. Thus, a combination of these two parameters
(Ki£,C) represents a critical crack driving force at the tip of an
existing delamination crack. Let us assume that the fracture event
onset under Mode I is controlled by the critical opening stress (7)
distribution defined over some finite critical distance, x., ahead of
the crack tip. At a finite distance x from the crack tip, the stress
is described more accurately when higher order (non-singular)
terms are retained along with the first singular term. However,
the fracture process should remain unique whether only a singular
stress or both singular and non-singular stresses are involved. The
following condition was expressed by Eq. (15) and allowed the
equivalence of the resultant opening force over the critical distance
in the case when non-singular stress is zero and when a pair of K}”
and C are used to describe the full stress:

[ Kic g — /( K 134 ﬁ)dx (16)
Jo V2mx 0o \V27x }

where K}? is the critical SIF corresponding to non-singular
opening stress being zero (an “ideal” very thick DCB specimen);
(Ki€,As) are the apparent SIF and non-singular terms defining the
fracture condition for a given laminate thickness.

After simplification Eq. (16), the apparent critical SIF depends
on the level of non-singular stress, C, as given by Eq. (17):

X

K® =K — V2mAsx, = K — 3C (17)
K and x, are the material parameters which must be deter-

mined from the experimentally found combinations (Ki£,C) at

fracture. The fracture curve based on the least-squares fit and the

experimental data are depicted in Fig. 10. From the curve fit it

was evaluated that K| = 45.0 MPay/mm and x.=0.28 mm for a
considered carbon/epoxy material system.

Further, when necessary, the critical ERR, Gic, apparent to the
given laminate thickness can be estimated from the SIF, K¢, by
Eq. (10). The importance of using the appropriate value of apparent
material fracture toughness can be illustrated by the following. The
interlaminar fracture toughness is used in modeling of progressive
damage in composite materials by incorporating it in a progressive
damage model or cohesive zone law. As it was discussed in the pre-
sent work, the delamination resistance depends on the geometry
and the loading conditions of the laminated composite. To cor-
rectly describe the delamination propagation scenarios in lami-
nated composites, the apparent fracture toughness must be
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Fig. 10. Dependence of the apparent G;c on the intensity of the non-singular opening stress.
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included in the cohesive model based on the results of the linear
elastic analysis. The linear analysis allows calculating the ampli-
tude of the non-singular opening stress and the corresponding
apparent interlaminar fracture toughness that can be used in the
definition of the cohesive law.

5. Conclusions

The thickness dependence of the apparent delamination frac-
ture toughness in laminated unidirectional composites was inves-
tigated using DCB specimens of different thicknesses. To avoid the
associated discrepancy in the experiment due to crack curving
after initial crack propagation from the Teflon film insert and fiber
bridging, only the first (initiation) values of fracture toughness
were considered. Higher fracture toughness values were found
for thinner DCB specimen. To explain such phenomenon, a linear
elastic solution was examined to include the second non-singular
opening stress component by means of 2D plane-strain finite ele-
ment analysis. The size of the K-dominant zone was found to be
on the same order of magnitude as the sizes of the fracture process
zones reported in the literature for the brittle thermosets and ther-
moplastics. In such a case, the role of the non-singular stress com-
ponent becomes important. It was found that for the considered
DCB thicknesses, the non-singular opening stress component was
negative, and its relative magnitude with respect to the singular
stress was higher in thinner DCB samples. The amplitude of non-
singular opening stress was calculated from FEA analysis and
related to the apparent fracture toughness.

The classical LEFM predicts the local fracture event using a sin-
gle parameter, which describes singular stresses at the crack tip.
However, a single parameter criterion provides an incomplete
description of the near crack tip stress conditions in the case of
interlaminar fracture toughness testing with the DCB specimen
configuration. The critical ERR or SIF depend on the structural con-
straint (thickness) of a DCB test sample, so the single parameter
fails to precisely describe the actual full stress field at the vicinity
of a crack tip and should be used carefully in order to characterize
the fracture behavior of the material. Ignoring the constraint
effects can result in a transferability problem of the delamination
toughness measured on a laboratory specimen and the integrity
assessment of a damage tolerant laminated composite structure.
The basic requirement for transferability is that the critical values
of the parameters used to characterize singular and non-singular
stress components must be the same in a tested specimen and in
the actual structural component.
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