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Abstract—Investigated in this study was the correlation of the damage resistance under low velocity
impact and Mode Il interlaminar fracture toughness in five material systems, namely, T800/3631
(CF/Epoxy), UT500/PEEK (CF/PEEK), AS4/PEEK (CF/PEEK), IM7/PIX-A (CF/Polyimide) and
T800/3900-2 (CF/Toughened Epoxy). These materials can be roughly divided into two types. One
is a compatible type, which shows high impact resistance under low velocities with high Mode 11
delamination resistance. The other type is a non-compatible type, which has poor impact resistance
at low velocities, even though it has superior Mode II delamination resistance. As for the system of
T800/3631, T800/3900-2 and IM7/PIX-A composites, the Impact Energy (IE)/Damage Area (DA)
ratio correlates well with G11C(0 : PMAX), Mode II energy release rate characterized at PMAX, and
G1IR(0), Mode 1II energy release rate in propagation, for the 0/0 interface. The systcm of these
materials is the compatible type. On the other hand, as for the system of T800/3631, UT500/PEEK
and AS4/PEEK composites, the IE/DA ratio correlates well with GIIC(PNL), Mode [I energy release
rate characterized at PNL, for 0/0 and 22.5/—22.5 interfaces. The system of these malterials is the
non-compatible type. It is suggested that the main reason for the difference in behavior of these two
types is that the compatible type has the superior Mode Il delamination resistance in the sub-critical
crack growth region and propagation. It correlates with the superior impact resistance under low
velocities.

Keywords: Impact; delamination; damage resistance; Mode II; toughness; low velocity; correlation.
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1. INTRODUCTION

In laminated composites used for aerospace structures, delaminations often occur
as a result of impact at low and high velocities. Especially for the application of
laminated composites to components of aeronautical turbo engines, impact damage
resistance is therefore a primary design issue.

Morita et al. [1, 2] reported the damage resistance of CF/PEEK and CF/Tough-
ened Epoxy laminates under low and high velocity impact tests. The report clarified
that the relation between damage area (DA) and impact energy (lE) was linear,
and the ratio DA/IE indicated the impact resistance for each specimen. Moreover,
they reported that a ranking of impact resistance could be obtained both relatively
and quantitatively among material systems tested in the work, and the ranking was
dependent on impact velocity level.

Masters [3] and Odagiri et al. [4] investigated the correlation of Compression
After Impact (CAI) strength and Mode IT interlaminar fracture toughness in CFRP
laminates. The work indicated that CAIT strength could be estimated from Mode 11
interlaminar fracture toughness. The concept of CAI strength is introduced in
the design of airplane frames. However, the CAI strength is not usually used
in designing of aeronautical turbo engines. It is desirable for the screening and
selection of laminated composites in the designing to use a simple material property.

For this reason, investigated in this study was the correlation of the damage resis-
tance under low velocity impact and Mode 1l interlaminar fracture toughness in five
material systems, namely, T800/3631 (CF/Epoxy), UT500/PEEK (CF/PEEK),
AS4/PEEK (CF/PEEK), IM7/PIX-A (CF/Polyimide), and T800/3900-2 (CF/
Toughened Epoxy). This work consisted of three steps. The first step was to mea-
sure the damage resistance under low velocity impact of these material systems.
The second step was to measure Mode II interlaminar fracture toughness of the
laminates by conducting the End Notched Flexure (ENF) test. The final step was to
correlate the results obtained from low velocity impact tests and ENF tests.

2. EXPERIMENTAL DETAILS
2.1. Materials and specimen geometry

Five material systems, T800/3631 (CF/Epoxy, TORAY), UT500/PEEK (CF/
Poly-Ether-Ether-Ketone, TOHO RAYON), AS4/PEEK (CF/Poly-Ether-Ether-
Ketone, FIBERITE), IM7/PIX-A (CF/Polyimide, MITSUI CHEMICAL), and
T800/3900-2 (CF/Toughened Epoxy, TORAY) were employed to measure the low
impact resistance and Mode 1I interlaminar fracture toughness in this study. Uni-
directional prepregs were used to fabricate flat panels for test specimens. These
panels were fabricated in an autoclave, and test specimens were cut out from each
panel. Impact test specimens were basically quasi-isotropic laminates. The stack-
ing sequence of test specimens is shown in Table 1. In this study, the number
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Table 1.
Stacking sequences of test specimens

Materials ENF test specimens Impact test specimens
0/0 22.5/-22.5

T800/3631 [012/1F/02 1P a [03/453/903/—453]s

UTS500/PEEK [012/1F/042] a [03/453/903/—453]s

AS4/PEEK [012/1F /03] a [03/453/901/—453]s¢

IM7/PIX-A [012/1F/012] a [03/453/903/—453]s

T800/3900-2 [0g/IF/0g ]2 Not fabricated [02/457/90, /—45,]s¢

a122.5/-22.5/0g/—22.5/22.5/IF/—22.5/22.5/0g /22.5/—22.5], IF: Inserted Film.
b Referred to [5, 6].
¢Referred to [1, 2].

Film insert A
5
0 degree 25 100
i A 4
45 95
< e »
140 v
- — >
100
< —p
(a) ENF Test Specimen (b) Impact Test Specimen

Figure 1. Specimen geometry (unit in mm).

of 0, 45, —45, and 90 degree plies was selected to be 2 or 3 in order to sim-
plify the delamination problem, since the fracture of test specimens was compli-
cated when only one ply number was selected. ENF test specimens were stacked
in two ways. One was the unidirectional stacking to measure Mode II interlam-
inar fracture toughness at the 0/0 interface. The other was a special stacking,
such as [22.5/—-22.5/03/—-22.5/22.5/1F/—22.5/22.5/04/22.5/—22.5] according
to the author’s report [5, 6], in order to measure Mode II energy release rate at the
22.5/—22.5 interface. Here, IF in the stacking sequence represents the inserting film
(a7.5 pum thick Kapton film) as a pre-crack. Specimen geometry is shown in Fig. 1.

2.2. Impact test procedure

An instrumented drop weight impactor (Dynatup GRC-8250 system) consisting of a
2.53 kg striker with 12.7 mm diameter mild steel hemispherical tip was used for the
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low velocity impact test. The test specimen was clamped between the two square
frame plates that have a central circular cutout with a diameter of 76.2 mm, and set
between the plates so as to be impacted at the center of the plate. In addition, the
test specimen was clamped at the four corners of the square frame plates under the
condition of constant clamping force for each corner. The boundary condition of
clamping for the specimen can be considered the condition between a rigid support
and a simple support. Impact velocities were measured with a photoelectric detector.
The incident impact energy on specimens was changed by varying the drop height.
Impact velocity ranged from 1.3 to 3.6 m/s and incident energy ranged from 2
to 16 J. After impact testing, the specimens were evaluated for the damage profile
and projected area using an ultrasonic C-Scan system (HITACHI AT-3000) with a
10 MHz transducer.

2.3. ENF test procedure

The ENF test was used to measure Mode Il energy release rate at 0/0 and
22.5/-22.5 interfaces. The test was conducted according to Japanese Industrial
Standard, “Testing Methods for Interlaminar Fracture Toughness of Carbon Fiber
Reinforced Plastics’ (JIS K-7086 in the English version). Tests were performed
with a constant crosshead rate of 2 mm/min. The span length was 100 mm.
During testing, an approximately 360-pm thick film with a width of 10 mm was
inserted between the upper and lower beams of the ENF specimen at the supporting
nose of the delaminated end to decrease the friction between the fracture surfaces.
The initial crack length was directly measured from the fracture surface of each
specimen broken in two pieces in Mode I propagation after testing.

Before performing the ENF test, each specimen was wedged open to ensure the
debonding between the fracture surfaces and the inserted film. Precracks were not
introduced and the precrack length was 25 mm.

3. RESULTS AND DISCUSSION
3.1. Impact test results

Figure 2 shows the relation between Impact Energy (IE) and Damage Area (DA) in
T800/3631, UT500/PEEK, AS4/PEEK, IM7/PIX-A, and T800/3900-2 compos-
ites. Here, the absorbed energy is selected for the Impact Energy (IE). In addition,
the Damage Area (DA) is the projected damage area. The best fit lines calculated by
the least squares method are also shown in Fig. 2. It is clear from the result that the
relation is linear and the ratio of IE/DA can be obtained from every material system
by the least square linear fit. IE/DA ratios for the material systems are summarized
in Table 2.
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Figure 2. Relation between Impact Energy (IE) and Damage Area (DA) for cach material system.

3.2. ENF test results

In this study, Mode II energy release rate at crack initiation, G1IC, was characterized
using three load values. One was PNL, the loading point which corresponded to
the onset of nonlinear response in the load versus load line displacement curve,
Another one was PS5, the loading point which corresponded to the intersection
of the 5% secant line (5% offset line) and the load versus load line displacement
curve. The remaining one was PMAX, the maximum loading point. For the small
non-linearity, P5 was considered equal to PMAX. GTIC characterized at P5 and
PMAX were calculated using the corrected crack length which can be determined
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by the initial crack length according to the equation for correction described in JIS
K-7086. Mode II energy release rate in propagation, GIIR, was also calculated.

Table 2 summarizes GIIC and GTIR at 0/0 and 22.5/—22.5 interfaces obtained
from ENF tests and the ratios of IE/DA obtained from low velocity impact tests.
GUR shown in Table 2 represents the mean value of GIIR in the range of 10 to
20 mm crack extension. GI1IC and GTIR at 0/0 and 22.5/—22.5 interfaces were
compared with the ratio IE/DA for each material system using the data shown in
Table 2.

3.3. Correlation of IE/DA ratios and GIIC/GIIR

Figure 3 shows the relation between IE/DA ratios and GI1IC(22.5 : PNL), GIIC
at the 22.5/—22.5 interface characterized at PNL for three material systems of
T800/3631, UT500/PEEK and AS4/PEEK. Figure 3 also shows the relation
between IE/DA ratios and G11C(0 : PNL), GIIC at the 0/0 interface characterized
at PNL. In the figure, best fit lines calculated by the least squares method are
also plotted. The correlation coefficient of the fitted line for the (/0 interface is
about 0.98 and that for the 22.5/—22.5 interface is about 0.99. It is obvious that
the relation between the ratio IE/DA and GI1IC(22.5 : PNL) or G1IC(0 : PNL) is
linear for these material systems. It means that the ratio IE/DA can be estimated
by Guc(0 : PNL) data. In other words, the damage resistance under low velocity
impact can be estimated by conducting the conventional ENF test [7].

Figure 4 shows the relation between IE/DA ratios and G11C(0 : PMAX), GIIC at
the 0/0 interface characterized at PMAX, for five material systems tested in this
study. In addition to these, the relation between [E/DA ratios and GUIR(0), GIIR
at the 0/0 interface, for the five material systems are shown in Fig. 5. It is clear
from Figs 4 and 5 that the ratio IE/DA does not correlate with G11C(0 : PMAX) and

10 i
8 — —— % ——
o 22.5/-225| Y= 4.64x + 0.34
E ol "~ R=09986
2 [asaEEK]
< UTS00/PEEK] .,
S 4 |[ms003631]/ | —X >
)
2 T G =
: Wy = 2.89% +0.94
R?=0.9852
0
0 0.5 1 15

Guc(Pn) (kJ/m)

Figure 3. Rclation between IE/DA ratios and G11C(PNL), Mode 11 energy release rate characterized
at PNL.
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Figure 4. Rclation between IE/DA ratios and G11C(0 : PMAX), Mode II energy release rate at the
0/0 interface when they are characterized at PMAX.
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Figure 5. Relation between IE/DA ratios and G1IR(0), mean value of Mode II energy release rate at
the 0/0 interface in propagation.

G11R(0) for the system of T800/3631, UT500/PEEK and AS4/PEEK composites.
Moreover, the slope of the fitted line for these materials is small. In contrast,
the ratio IE/DA correlates with G1IC(0 : PMAX) and GTIR(0) for the system of
T800/3631, T800/3900-2, and IM7/PIX-A composites. The slope of the fitted
line for this system is larger than that for the former system, that is the system
of T800/3631, UT500/PEEK, and AS4/PEEK composites. These facts indicate
that material systems tested in this study can be roughly divided into two types.
One is a compatible type, that is T800/3900-2 and IM7/PIX-A systems. This type
shows high impact resistance under low velocities and high Mode II delamination
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resistance. The other type is a non-compatible type, that is UTS00/PEEK and
AS4/PEEK systems. This type has poor impact resistance under low velocities,
even though it has superior Mode II delamination resistance.

The reasons why the materials evaluated in this study may be divided into two
types, that is the compatible type and the non-compatible one, can be explained by
the following. In Figs 4 and 5, it can be recognized that the ratio IE/DA correlates
well with GIIC(0 : PMAX) and G1IR(0) for the system of T800/3631, T800/3900-2
and IM7/PIX-A composites. Also, the slope of fitted lines for this system in
Figs 4 and 5 is large. These facts mean that the impact resistance under low
velocities correlates well with the Mode II delamination resistance in the sub-critical
crack growth and propagation stage for the system of T800/3631, T800/3900-2
and IM7/PIX-A composites. The compatible type, such as T800/3900-2 and
IM7/PIX-A composites, has the superior Mode Il delamination resistance in the
sub-critical crack growth and propagation stage. In addition, the superior Mode 11
delamination resistance in the sub-critical crack growth and propagation stage
correlates well with the superior impact resistance under low velocities. The
superior delamination resistance under the static Mode II is compatible with that
under the low velocity impact for this material type. This is called the compatible
type in this study. On the other hand, it can be recognized in Figs 4 and 5 that the
ratio IE/DA does not correlate with GI1C(0 : PMAX) and GUR(0) for the system of
T800/3631, UT500/PEEK and AS4/PEEK composites, although the ratio IE/DA
correlates well with G1IC characterized at PNL as shown in Fig. 3. Also, the slope of
fitted lines for this system shown in Figs 4 and 5 is small. These experimental facts
indicate that the superior Mode II delamination resistance does not lead to superior
impact resistance under low velocities. In other words, the superior delamination
resistance under the static Mode II is not compatible with that under the low
velocity impact for this material type. This is called the non-compatible type in
this study.

In addition to the experimental results described above, further study regarding
the micro-mechanism of the delaminations under the static Mode Il and the low
velocity impact for these materials is required in order to examine the difference
between these two material types. Also, further study on other material systems,
especially on an interleaved system and a toughened system, is required.

4. CONCLUSIONS

Results obtained in this study can be summarized in the following.

(1) Material systems investigated in this study can be roughly divided into two
types. One is a compatible type, which combines high impact resistance under
low velocities and high Mode Il delamination resistance. The other type is a
non-compatible type, which has poor impact resistance under low velocities,
even though it has superior Mode II delamination resistance.
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(2) As for the system of T800/3631, T800/3900-2 and IM7/PIX-A composites,
the IE/DA ratio correlates well with G1IC(0 : PMAX) and GT1IR(0Q) for the
0/0 interface. The slope of the fitted line in the relation between the IE/DA
ratio and G11 is large. The material system like T800/3900-2 and IM7/PIX-A
composites is the compatible type.

(3) As for the system of T800/3631, UT500/PEEK and AS4/PEEK composites,
the TE/DA ratio correlates well with GUIC(PNL) for 0/0 and 22.5/-22.5
interfaces. However, the IE/DA ratio does not correlate with G11C(0 : PMAX)
and GUIR(0). The slope of the fitted line in the relation between the IE/DA
ratio and G1I is small. The material system like UT500/PEEK and AS4/PEEK
composites is the non-compatible type.

Further study regarding the micro-mechanism of the delaminations under the
static Mode Il and the low velocity impact for these materials is required in order
to examine the difference between the compatible type and the non-compatibie one.
Also, further study on other material systems, especially on an interleaved system
and a toughened system, is required in addition to the result described in this paper.
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