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Energy loss for (a) contact indentation and (b) friction between delaminating surfaces was measured
experimentally to determine the energy required for matrix cracking and delamination in a glass-fiber-
reinforced polymer (GFRP) under several levels of out-of-plane (transverse) quasistatic loading without
fiber fracture. The results suggest that the friction between delaminating surfaces and the contact inden-
tation contributed to 30% of the total energy loss. The delamination and matrix cracking were responsible
for the remaining 70% of the total energy loss. Due to the significant portion of the total energy loss for
the mechanisms unrelated to delamination, we conclude that correcting the measured energy loss is
necessary to accurately quantify the GFRPs’ delamination resistance.
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1. Introduction

Fiber-reinforced polymers (FRP) are known to be vulner-
able to loading in the direction perpendicular to the laminate
surface (referred to as transverse loading hereafter), which has
long been a major concern for their structural applications. The
possible damage modes introduced by the transverse loading
are matrix cracking, delamination, contact indentation, and fi-
ber breakage (Ref 1-3), most of which can be generated unex-
pectedly during manufacturing, operation, or maintenance.
Among these damage modes, delamination is known to be
most dangerous, as it can lead to unexpected catastrophic fail-
ure of structures. Therefore, characterizing FRPs’ delamination
resistance under transverse loading has long been a major task
for many materials engineers and scientists.

Common approaches to characterizing the delamination re-
sistance are based on either load (Ref 4-6) or energy criteria
(Ref 7-9). The latter has the advantage of being able to corre-
late the delamination resistance with the interlaminar fracture
toughness and thus is not subject to dimension restrictions.
However, at present, the energy criterion is far from ideal for
practical use due to the lack of information on the fraction of
the total energy loss used for delamination.

The most detailed study reported so far to partition the
energy loss was conducted by Delfosse and Poursartip, who
considered two mechanisms for damage development in car-
bon-fiber-reinforced polymers (CFRP) (Ref 9). The mecha-
nisms are (a) delamination and the associated matrix cracking
and (b) fiber breakage. Energy loss for contact indentation was
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considered but was found to be insignificant for the CFRP.
However, the study did not consider the energy loss due to
friction between delaminating surfaces, which, as suggested
later by Symons, should have been considered as an attribute to
the energy (Ref 10).

This paper reports a study that took an approach similar to
that by Delfosse and Poursartip but on glass-fiber-reinforced
polymers (GFRPs). The GFRP is known to have fiber breakage
occur at a much later stage than delamination; therefore, the
fiber breakage can be excluded by limiting the maximum level
of the transverse loading. This reduces the amount of total
energy loss and improves the measurement accuracy of the
energy loss for the remaining three mechanisms, namely, (a)
contact indentation, (b) friction between delaminating surfaces,
and (c) matrix cracking and delamination. By measuring the
energy loss for items (a) and (b), and subtracting it from the
total energy loss, the energy loss for item (c) can be deter-
mined. This paper uses this approach to determine how the
total energy loss is divided among the three mechanisms in a
GFRP under the transverse loading.

2. Experimental

2.1 Materials

GFRP plates 220 x 220 mm? were fabricated using a wet
hand lay-up technique. The GFRP consists of isophthalic poly-
ester (TMR300, provided by Viking Plastics, Edmonton, Al-
berta, Canada) as the matrix and unidirectional glass fiber fab-
ric of 9-0z/yd®> (provided by ZCL Composites, Edmonton,
Alberta, Canada) as the reinforcement. Nominal thickness of
the plates was 6.5 mm and fiber lay-up [(0/90)¢],. Overall fiber
volume fraction was around 44%, estimated based on the fol-
lowing equation (Ref 11):

FAW - N - 100

Yi=""Fp -2 Eab

where FAW is the area weight of the fiber fabric (9 oz/yd® or
0.3046 kg/m?), N is the number of fiber layers (equal to 24 in
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Fig.1 Schematic diagram of the experimental setup for (a) deflection
tests (1st and 2nd) and (b) indentation tests.

this study), FD is the fiber density (2560 kg/m?), and 2h is
specimen thickness (0.0065 m). The unidirectional glass fiber
fabric consists of fiber bundles in the warp direction, separated
by a gap of around 1 mm using stitching threads (Ref 12). Due
to the gap between the fiber bundles, resin-rich zones exist in
the intralaminar, interfiber-bundle regions. GFRP specimens
98 x 98 mm? were then machined from the plates for the
following mechanical tests.

2.2 Mechanical Tests

Two types of mechanical tests were conducted, both under
transverse loading. The first test, called the “deflection test”
with the setup shown in Fig. 1(a), was used to measure the total
or the frictional energy loss. The second test, called the “in-
dentation test” with the setup shown in Fig. 1(b), was used to
measure the energy loss for the indentation damage. Both tests
were conducted using an Instron universal testing machine. A
pneumatic clamp device with a central circular hole 76.2 mm in
diameter, provided by Instron (Instron Corporation, Canton,
MA), was used to clamp the specimen for the testing. Prelimi-
nary tests were conducted to determine the pneumatic pressure
required to firmly clamp the specimen without any slippage
during the test. As a result, frictional energy loss due to slip-
page between the specimen and the clamping plates was
deemed negligible. Attention was also paid to ensure that the
clamping pressure was not excessive so it did not cause com-
pressive damage to the specimen surface.

For the deflection test, load was introduced at the center of
the specimen by a cylindrical steel indenter with a hemispheri-
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Fig. 2 Typical loading—unloading path of a 1st deflection test, where
four points, labeled I to IV, marked the loading levels for the mea-
surement of the energy loss.

cal nose 12.7 mm in diameter. The load was measured using a
load-cell connected to the steel indenter, and displacement of
the indenter was calculated based on the crosshead speed that
was 1.27 mm/min for loading and 12.7 mm/min for unloading.
The increased unloading rate was to reduce the possibility of
further damage development during the unloading stage. Four
loading levels, 3.42, 5.61, 7.35, and 8.85 kN, as marked on the
load—displacement curve in Fig. 2, were applied to specimens
for the measurement of the energy loss. The maximum load of
8.85 kN was selected because it was sufficient to generate
extensive delamination but without tensile fracture of the fiber.
The minimum load of 3.42 kN, Point I in Fig. 2, was selected
because it was below the critical load for the onset of delami-
nation, which could cause the slope change of the load-
displacement curve (Ref 13, 15). The other three loads, includ-
ing the maximum load of 8.85 kN, were above the critical load.

The deflection tests for the measurement of frictional en-
ergy loss were carried out on the identical specimens that had
been loaded to the same level. In other words, each GFRP
specimen for the deflection test was subjected to two sequential
tests using the identical setup, the first test to initiate the dam-
age and to measure the total energy loss, followed by the sec-
ond test to measure the frictional energy loss at the same load-
ing level. Caution was taken to prevent the specimens from
further delamination during the second test. For clarity, the 2nd
deflection test will sometimes be referred to as “friction test.”

The indentation tests were carried out on untested speci-
mens using the same 4 loading levels as those for the deflection
tests. The setup and loading condition for the indentation test
are different from those for the deflection test in two aspects:
(a) the indentation test used an aluminium plate, 12.7 mm
thick, to provide back support to the specimens and a linear
variable differential transformer (LVDT) to measure the dis-
placement of the indenter, and (b) the cross-head speed for the
indentation test was 1.27 mm/min for both loading and unload-
ing.

Since the load—displacement curves from the deflection
tests (both 1st and 2nd) and the indentation tests were very
reproducible, only one specimen was used for each test on a
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given loading level. Damage generated by the above mechani-
cal tests was photographed directly under reflected light.

3. Deduction of Energy Loss for Delamination
Under Transverse Loading

The approach to quantify the energy loss for each damage
mode under the transverse loading is described as follows. The
total energy loss of GFRP under transverse loading (Ey) is the
difference between input energy (W) and energy stored for the
elastic deformation (Ep,). That is:

Er = W - Eg (Eq 2)

In a deflection test, W corresponds to the area under the loading
path of the load—displacement curve, and E, corresponds to the
area under the unloading path. Therefore, the area enclosed by
the loading-unloading curve is equivalent to Er, as depicted in
Fig. 2.

Total energy loss (Ey) is equivalent to the summation of the
energy loss due to delamination and the associated matrix

{a)

cracking (Ep) and that due to the contact indentation (Ey,).
That is:

Er = Epg + Eny (Eq 3)
where Ep,, can be divided into two parts: the energy for the
generation of delamination cracks (Ep.g) and the frictional
energy loss between the delamination surfaces during unload-
ing (Epep)- Therefore, the energy for delamination and matrix
cracking (Ep.g) can be expressed as:

(Eq 4

The energy loss due to the contact indentation (E;,) can be
determined from the indentation tests. Similarly, the frictional
energy loss (Ep. ) can be determined from the area under the
load—displacement curve in the friction test (Ef). Since Epg g 1S
the frictional energy loss between the delamination surfaces
during the unloading process, while Ey is the frictional energy
loss during both loading and unloading processes, it is reason-
able to assume that:

Epac = Er — Epar — Eny

Eg
Epgr =75

2

(Eq5)

{b)

{c}

(d)

Fig. 3 Optical photographs of damages from the deflection test, viewed on the specimen contact surface at the loading levels of (a) 3.42 kN, (b)
5.61 kN, (c) 7.35 kN, and (d) 8.85 kN (as marked by I to IV in Fig. 2, respectively). Arrows in (d) indicate the fiber buckling.
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Fig. 4 Optical photographs of back surface of specimens loaded to (a) 3.42 kN, (b) 5.61 kN, (c) 7.35 kN, and (d) 8.85 kN in the deflection tests

(as marked by I to IV in Fig. 2, respectively).

4. Results and Discussion

Typical damage patterns from the two deflection tests,
viewed on the contact surface, are shown in Fig. 3. The damage
pattern in Fig. 3(a), generated by a load of 3.42 kN, is the
smallest damage that could possibly be detected by the naked
eye. Since the load—displacement curve at this loading level did
not show any change of the slope, as shown in Fig. 2, the
damage must have been limited to the immediate region around
the contact point.

Further increase of the load to 5.61 and 7.35 kN enlarged
the size of the contact indentation damage, as shown in Fig.
3(b) and (c). When the maximum load of 8.85 kN was used,
some fiber in the surface layer contacting with the indenter
fractured in a buckling mode, as shown by arrows in Fig. 3(d).

Damage patterns appearing on the other side of the speci-
mens for Fig. 3 (named back surface) are shown in Fig. 4.
Figure 4(a), from the specimen under the load of 3.42 kN, does
not show any visible damage. However, bending cracks that are
known to start in a very early stage of loading must have been
generated on the back surface (Ref 14). These bending cracks,
however, are not visible simply due to their low contrast with
the surrounding matrix.
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When the maximum load was increased to beyond the criti-
cal load for the slope change in the loading path of Fig. 2, a
circular delamination region can be seen from the back sur-
face, as shown in Fig. 4(b). The size of the delamination was
further enlarged by the increase of the load and eventually
formed a rhomboid shape, as shown in Fig. 4(c) and (d). The
process of the damage development induced by the transverse
loading, as shown in Fig. 3 and 4, indicates that the contact
indentation was initiated earlier than the delamination, and that
both types of damage grew with the increase of the applied
load.

Figure 5 presents the typical load—displacement curves from
the deflection tests that generated the damages shown in Fig. 3
and 4, and Fig. 6 presents those from the indentation test under
the same loading levels. In Fig. 5, the dashed lines represent the
1st deflection tests for the measurement of the total energy loss
(Et) and the solid lines the second deflection tests for the
measurement of the frictional energy loss (Eg). Displacement
was measured with respect to the original point of contact on
the specimen surface. Therefore, the second deflection test
started at a displacement that was equivalent to the final dis-
placement from the 1st deflection test. As expected, a slope
drop occurred in the 1st deflection tests in Fig. 5(b)-(d), sug-
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Fig.5 Typical load—displacement curves of specimens from the first (dotted line) and the second (solid line) deflection tests, with the loading levels
at (a) 3.42 kN, (b) 5.61 kN, (c) 7.35 kN, and (d) 8.85 kN (as marked by I to IV in Fig. 2, respectively).

gesting that delamination occurred in these specimens, which is
consistent with the photographs presented in Fig. 4.

As mentioned earlier, the total energy loss (Ep), the fric-
tional energy loss (Ep.r), and the energy loss for contact in-
dentation (E;,) correspond to the area enclosed by the load—
displacement curves from the 1st deflection test of Fig. 5, half
of the area from the second deflection test of Fig. 5, and the
area from the corresponding indentation test of Fig. 6, respec-
tively. The energy loss due to delamination and the associated
matrix cracking can then be calculated based on Eq 4 and 5,
and the results are summarized in Fig. 7. A vertical dotted line
is positioned in both figures of Fig. 7 at the loading level at
which the stiffness drop occurred in the first deflection test.
Figure 7(a) presents the absolute values of the energy loss as a
function of the applied load, and suggests that at the loading
level of 3.42 kN, E; is very small, nearly equal to E,, with
Epqr close to zero. When the load exceeded the critical loading
level for the stiffness drop (Ey), Epeg. and Epg e increased
significantly, compared with the increase of Ey,,. Since the stiff-
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ness drop was an indication of delamination, the dramatic in-
crease of Epg and Epr must have been caused by the for-
mation of delamination cracks. Further increase of the applied
load to the levels of 7.35 and 8.85 kN has increased all types
of energy loss in an approximately linear fashion.

It should be noted that Ep,g includes the energy loss for
delamination and that for matrix cracking. Our earlier study has
shown that the formation of matrix shear cracks mingles with
that of delamination, making it very difficult to further partition
the energy loss Ep,g into those for delamination and for matrix
shear cracking (Ref 14).

Values of Epp, Ey,, and Ep are presented in Fig. 7(b) as
a fraction of the corresponding E. As shown in Fig. 7(b), when
loaded above the critical loading level, each of the energy
absorption modes showed the energy loss as a nearly constant
fraction of E. The figure indicates that once the delamination
occurs, the frictional energy loss (Ep) takes approximately
20% of the total energy loss. The energy loss for contact in-
dentation (Ej,) takes another 10% of the total energy loss.
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Fig. 6 Typical load—displacement curves from the indentation tests
where curves I to IV were obtained from the loading levels of 3.42,
5.61, 7.35, and 8.85 kN, respectively.

Therefore, delamination and the associated matrix cracking
(Epeg) consumed only about 70% of the total energy loss.

In principle, the formation of bending cracks should also
have contributed to the total energy loss. However, this study
has found that the fraction of the total energy loss for genera-
tion of bending cracks is negligible, especially after the de-
lamination occurred.

5. Conclusions

Energy loss for contact indentation, delamination and the
associated matrix cracking, and friction between delaminating
cracks was partitioned in terms of the total energy loss under
transverse loading. The results showed that approximately 20%
of the total energy loss was consumed by the frictional energy
loss, another 10% for the contact indentation, and only the
remaining 70% of the total energy loss was used for the de-
lamination and the corresponding matrix cracking. Therefore,
any attempt to correlate the impact resistance of the GFRP with
its delamination resistance needs to exclude the energy loss for
the friction and the contact indentation from the total energy
loss. Otherwise, the delamination toughness based on the en-
ergy criterion would overestimate the true toughness of the
GFRP when subject to transverse loading.

Since load—displacement curves from low-speed impact are
very similar to those from the quasi-static loading (Ref 14),
conclusions drawn from this study are expected to be appli-
cable to the GFRP when subjected to low-speed impact.
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