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Abstract—This study determined the compression-after-impact (CAI) behavior and strength of a
carbon/tough-polyimide composite material, MR50K/PETI5, whose PETI5 resin has been specially
developed for the next generation supersonic transport (SST) at NASA. First, an impact test imposed
impact damage on CAI specimens at room temperature, and the load and absorbed energy were
measured; in addition, the damage was examined with an ultrasonic C-scanner and a 3D ultrasonic
inspection system. Second, CAI strength and failure strain were measured at room temperature and
at 180°C. Third, the damage induced by the CAI test was examined with an optical microscope. Test
results were compared with those of TS00H/PMR-15 carbon/polyimide composite, where PMR-15 is
a typical brittle resin, and the characteristic CAI behavior and strength of a carbon fiber/highly-tough
resin composite were determined.

Keywords: CFRP; MR50K/PETIS; TSOOH/PMR-15; CAI strength; CAI failure strain; impact damage;
3D damage image; compressive failure mode.

1. INTRODUCTION

Carbon fiber/polymer matrix composites (CFRP) are widely used as indispensable
aircraft structural materials. However, CFRP should be used only for structures that
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are not subjected to heating during flight, because of the poor thermal resistance of
the epoxy resins generally used. On the other hand, since the out-of-plane strength
of laminated epoxy CFRPs is usually low, compressive strength and CAI strength
are frequently used in structural design criteria. In this respect tough resins are
desirable and attractive for practical use. Moreover, a tough-resin CFRP is scien-
tifically interesting, because such a resin is expected to show improved mechanical
properties and different behavior from that seen in common epoxy CFRPs.

Recently, new high heat-resistant and tough polyimide resins have been developed
in Japan and the USA in order to expand CFRP applications in the high temperature
regime. Among them, PETIS polyimide resin was developed by NASA as a resin
having both high heat-resistance and outstanding toughness for use in the structures
of a commercial high-speed civil transport (HSCT).

Some basic mechanical properties of CFRPs with PETIS resin have already been
investigated. Hou et al. [1] investigated the manufacturing process of a CFRP with
PETI5 and the basic mechanical properties of 0 degree lamina and the open-hole
compression (OHC) strength of a laminated material. Walker [2] experimentally in-
vestigated the compressive strength of IM7/PETIS at three temperatures, calculated
the residual interlaminar shear stresses using three dimensional FEM, and reported
that their effect on the compressive strength was small. Moreover, Hergenrother [3]
has introduced experimental data on the OHC strength, CAI strength, CAI elastic
modulus, tensile and compressive strength of O degree lamina and a quasi-isotropic
laminate of IM7/PETI5 CFRP from unpublished papers, reviewing structural com-
posite and other materials for the next-generation supersonic transport. However,
with respect to the CAI strength and modulus in Ref. [3], there is no description
about the impact load level or details of testing conditions. Therefore, it can be con-
sidered that there is still no available report of the impact behavior and CAI strength
of PETI5 CFRPs.

The objective of this study is to investigate experimentally the impact damage
and CAI strength of a MR50K/PETIS5 composite material with a stacking sequence
[—45/0/45/90]4s. The contents of this report are as follows. (1) CAI specimens of
MRSO0K/PETIS were subjected to impact damage at room temperature. Load and
absorbed energy were measured during impact loading. (2) The impacted specimens
were examined with an ultrasonic C-scanner and a 3D ultrasonic inspection system.
(3) The CAI strength at room and high temperatures was investigated. (4) The
cross-sectional area cut from the CAI failure specimens was examined to study the
failure mode. (5) Some test results are compared with those of TSOOH/PMR-15,
a typical carbon/brittle-polyimide composite material. (6) Typical and fundamental
post-impact compressive-failure behaviors of a CFRP using a highly tough resin are
presented.
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2. MATERIALS, SPECIMEN AND TESTING PROCEDURE
2.1. Material and specimen

The material selected for this study was MR50K/PETIS carbon fiber/polyimide
resin composite material. MR50K is a medium-elastic carbon fiber without any
sizing treatment, produced by Mitsubishi Rayon Co. PETIS is a polyimide resin
developed by NASA for HSCT structures and produced by Cytec Co. MR50K
fiber and PETIS5 resin are considered to be a good match by composite engineers
in Japan. On the other hand, a typically brittle and high heat-resistant TSOOH/PMR-
15 carbon fiber/polyimide resin composite material was chosen for comparison of
CALI properties. In a joint research program of the National Aerospace Laboratory
(NAL) and the National Space Development Agency in Japan (NASDA), large body
of design data were acquired on TSOOH/PMR-15, a candidate structural material for
the small unmanned space shuttle HOPE-X.

The authors have previously reported the CAI characteristics of T800H/
PMR-15 [4]; however, the material used in the study was considered more brit-
tle than normal TSOOH/PMR-15 materials. This paper uses only the test results for
impact response and delamination produced in the TSOOH/PMR-15 laminate pre-
sented in Ref. [4] for comparison. The CAI strength of a normal TS8O0H/PMR-15
obtained by Fuji Heavy Industries (FHI) and NASDA [5] is used for comparison, as
described later.

The stacking sequence of the material tested is quasi-isotropic 32-ply [—45/0/
45/90]4s, which is generally used in CAI and compression tests. Figures 1 and 2
show the specimen configuration and impact test fixture for CAI tests, respec-
tively. The sizes and shapes of the specimen and fixture are based on SACMA
SRM2R-94.
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Figure 1. CAI specimen configuration.
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2.2. Testing procedure

The impact test procedure is as follows: A specimen is fixed in the support fixture
with the rubber head toggle clamp as illustrated in Fig. 2, the impactor load is
applied to the center of the specimen by an INSTRON 9250 impact testing machine.
The impactor weight is 5.07 kg with a semi-spherical head of radius 15.9 mm. When
the specimen was impact-loaded, the impact load vs. time of response was measured
using a load cell installed inside of the impactor as well as the impactor velocity
just before striking the specimen. The strain energy absorbed by the specimen was
automatically calculated and recorded with a function program built in the impact
machine.

The surface impact damage was examined with an optical microscope, and then an
ultrasonic C-scanner was used to examine the delamination inside of the specimen
from both specimen surfaces. Additionally, the three-dimensional damage inside an
impacted specimen was recorded with a Toshiba three-dimensional (3D) ultrasonic
inspection system with 256 ultrasonic sensors.

@/TEST SPECIMEN
[ RUBBER TIP
| 7 GUIDING PIN

75X 125
CUT-0UT

BEVEL C1
UNIT (mm) SUPPORT BASE

Figure 3. Compression-after-impact test fixture and test setup.
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After ultrasonic inspections, the impacted specimen was equipped with four strain
gauges as shown in Fig. 1, two on each surface and secured in the compression-after-
impact (CAI) test fixture as shown in Fig. 3. Compression tests were conducted at
a displacement speed of 1.0 mm/min and the load—displacement relationship was
measured.

The compression tests were carried out at room temperature and 180°C. The tests
used an Instron 1128 type mechanical material-testing machine at room tempera-
ture, and at 180°C used an Instron 8500 type digitally controlled servo-hydraulic
material-testing machine with an environmental chamber. This compression test
fixture and testing method were based on SACMA SRM2R-94.

After the compression test, the specimen was machined along the loading
axis passing through the impacted point, and the cut section was polished for
examination with an optical microscope. The failure mode is discussed based on
the damage state generated by impact and compression loads.

3. TEST RESULTS AND DISCUSSION
3.1. Load and absorbed energy response for impact load

Four levels of impact energy, 2.22, 4.45, 6.67, and 8.90 J/mm normalized by
nominal specimen thickness, were applied to MRS0OK/PETIS specimens. Mean-
while, three levels of impact energy, 2.22, 4.45, and 6.67 J/mm were applied to
T800H/PMR-15 specimens. Figure 4 shows the time response curves of the load
and absorbed energy during impact tests of MRSOK/PETI5 specimens. Figure 5
presents those of a TSOOH/PMR-15 specimen. For the MR5S0K/PETIS specimens,
the impact load as a function of time showed a trapezoidal shape at 4.45 J/mm or
higher, though it was a parabolic shape at 2.22 J/mm. For TSOOH/PMR-15 speci-
mens, the shape is parabolic with small ripples superimposed. Comparing the load
response curves of the two kinds of CFRPs, the trapezoidal shape produced by the
MRS50K/PETIS specimens is considered to be due to the deformation of a highly
tough resin. Meanwhile the general tendency of absorbed energy response curves
in Figs 4 and 5 at the same impact energy is not so different. This is because the
numerical formula of absorbed energy includes no direct load-response term but the
terms of single and double integrals and the square of a single integral for the load
response.

Figure 6 shows the relationship between the maximum load and impact energy.
In the case of MR50K/PETIS, the maximum load generated at an impact energy
of 2.22 J/mm is 8.1 kN, and that from 4.45 to 8.90 J/mm is almost constant at
10 kN. However, the holding time near the maximum load grows longer as impact
energy increases, as shown in Fig. 4. In the case of TSOOH/PMR-15, the maximum
load increases rapidly with impact energy. The deformation of a highly tough
resin can absorb a lot of impact energy; meanwhile, a brittle matrix cannot absorb
much impact energy due to its small acceptable deformation. The absorbed energy
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Figure 4. Load and absorbed energy during an impact test for MRSOK/PETI.

retained after an impact test is considered to have been consumed in producing
damage inside the specimen. This study designates this energy as the ‘residual
absorbed energy’. This is defined by the absorbed energy when the load response
returns to zero. Figure 7 presents the relationship between residual absorbed energy
and impact energy. Residual absorbed energy increases approximately in proportion
to impact energy, and their relationship is identical for both MR50K/PETIS and
T800H/PMR-15. It is worth noting that the residual absorbed energy is not changed
by the toughness of the resin.

3.2. Impact damage and delamination area

3.2.1. Surface observation. Surface inspection of a MR50K/PETI5 specimen
after impact tests found an impact mark with a deep dent. Furthermore, when
impact energy was high, cracks along the 45° fiber orientation were observed on
the surface around the impact mark. The area and dent depth of the impact marks
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Figure 5. Load and absorbed energy during an impact test for TSOOH/PMR-15.

of MR50K/PETIS specimens were larger than those that appeared in TSOOH/PMR-
15 specimens. However, the appearance on the surface opposite the impact marks
was not much different in both materials. Since the residual absorbed energy at the
same impact energy was identical for both materials, as described before, these facts
mean that more energy was consumed in producing an impact mark and cracking in
MRS50K/PETIS specimens rather than in TSOOH/PMR-15 specimens.

3.2.2. Observation of delamination by an ultrasonic C-scanner and a 3D inspec-
tion system. An ultrasonic C-scanner was used to investigate the impact damage,
which consisted mainly of delamination accompanying small cracks in the laminae;
however, only the delamination is discussed below. Figure 8 shows the ultrasonic
B- and C-scope inspection results for MRSOK/PETIS specimens subjected to im-
pact energies from 2.22 to 8.90 J/mm. Figure 9 presents corresponding results for
T800H/PMR-15 specimens impacted at energy levels from 2.22 to 6.67 J/mm.
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10

Furthermore, Fig. 10 shows a three dimensional image of the impact damage
inside a MRS5OK/PETIS specimen after the impact test at 4.45 J/mm. This
picture was taken by a 3D ultrasonic inspection system. A rather small damage
area expands between laminae and the helical pattern of damage progression is
confirmed. The top surface is the impacted portion, and considered to have

suffered mainly resin

damage.

When the delamination is viewed from the top

surface looking towards the bottom surface, this picture shows that the delamination
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Figure 8. Delamination of MR50K/PETIS observed by ultrasonic C-scanner at four impact energy
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Figure 9. Delamination of TSOOH/PMR-15 observed by ultrasonic C-scanner at three impact energy

levels.
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Figure 10. A three-dimensional view of the impact damage in MR5SOK/PETIS from an impact energy
4.45 J/mm, obtained with a 3D ultrasonic inspection system.

progressed helically clockwise from the top to the center of the sample and with
a counterclockwise turn from the center to the bottom. This phenomenon is
considered to show that when the delamination progresses in the thickness direction
it extends to the next lamina with a smaller angle. This study is the first to show
a complete image of the progress of CAI damage inside of a laminated composite,
obtained with a 3D ultrasonic inspection system.

The C-scope results in Fig. 8 show that the delamination area of MR50K/PETIS
specimens is very small in comparison with that of TSOOH/PMR-15 specimens at
the same impact energy in Fig. 9. The B-scope results in Fig. 8 and the 3D image in
Fig. 10 indicate that the distribution of the delamination in the thickness direction
in MR50K/PETIS specimens forms a cylindrical shape with a small diameter, or
a drum shape having a swollen center, instead of a conical shape (in which the
cross-sectional area enlarges towards the back surface) as shown in TSOOH/PMR-
15 specimens in Fig. 9. Moreover, this picture indicates that the delamination area
defined below is approximately equal to the front surface damage area.

In the following arguments, the delamination area is defined as the total area
projected by every delamination area inside the specimen onto the specimen surface.
The maximum delamination width is defined by the maximum lateral length, i.e.
perpendicular to the load axis, of the delamination area.

Figure 11 presents the relationship between delamination area and impact energy.
The delamination area increases linearly with increasing impact energy. The
delamination area of a MRS50OK/PETIS specimen impacted at 4.45 J/mm is only
4.7% of that in a TSOOH/PMR-15 specimen, and it is only 5.6% at 6.67 J/mm. The
large difference in the delamination areas is thought to be caused by the difference in
the interlaminar fracture toughness of the materials. Since the interlaminar fracture
toughness is strongly dependent on the resin toughness, it is considered that the
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Figure 12. Delamination width vs. impact energy.

impact energy for brittle PMR-15 resin was consumed by the delamination, so
that large surface-layer damage was not generated. In contrast, since the fracture
toughness of PETIS resin is remarkably high in comparison with PMR-15 resin,
much of the impact energy is not absorbed by the delamination, but is consumed in
generating the surface dent, surface layer cracks, or an impact mark.

Figure 12 presents the relationship between delamination width and impact
energy. In the TSOOH/PMR-15 specimen the delamination width seems to saturate
at an impact energy of 6.67 J/mm. This phenomenon is explained by the fact that
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the delamination width was so great that it extended to the end of the support fixture
window. Except for this case, the delamination width increases with increasing
impact energy.

3.3. Compression-after-impact test results

After MRSOK/PETIS5 specimens were impacted, compression tests were conducted
at room temperature and 180°C. Figure 13 shows CAI strength vs. impact energy
relationships. In addition, the compression strength of an unnotched and non-
impacted MR50K/PETIS coupon specimen measured by the authors is plotted at
an impact energy of zero J/mm. This specimen will hereafter be called ‘a non-
impacted coupon specimen’. The CAI strength of TSOOH/PMR-15 specimens at
room temperature plotted in Fig. 13 was obtained from FHI and NASDA [5],
because the T8OOH/PMR-15 specimens that were tested in this study seemed to
be too brittle, as described before. Our data were not considered appropriate for
comparisons with the MRSOK/PETIS specimens.

For MR50K/PETIS specimens, the CAI strength shows an approximately linear
decrease with increasing impact energy both at room temperature and 180°C. This
tendency also holds for the static strength of a non-impacted specimen at room
temperature. The CAI strength of MR50K/PETIS specimens at room temperature is
1.8 times that of TSOOH/PMR-15 specimens at 2.22 J/mm, two times at 4.47 J/mm,
and 2.2 times at 6.67 J/mm where a MR50K/PETI5 specimen was severely
damaged. On the other hand, the CAI strength of MR50K/PETI5 specimens at
180°C is about 70-80% of that at room temperature. However, even these values
are far higher than those of TSOOH/PMR-15 specimens at room temperature.
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Figure 13. CAI strength vs. impact energy.
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Conversely, the static compressive strength of a non-damaged MR50K/PETIS
specimen at room temperature is 17% lower than that of a TS80OH/PMR-15
specimen. That is, we found that though this highly tough resin has a relatively
low compressive strength at room temperature, the damage generated by an impact
is small, resulting in only small reduction of the CAI strength.

Figure 14 shows the relationship between failure strain and impact energy for
MRS50K/PETI5 at room temperature and 180°C. Similar to the CAI strength
reduction in Fig. 13, the failure strain decreases linearly with the impact energy.
The failure strain at 180°C decreased to about 70-80% of that at room temperature.
However, since the failure strain is about 4800 pwm/m even at 8.9 J/mm and room
temperature, this means that PETIS resin has a very high impact resistance.

3.4. Delamination observed on cross-section cut after CAl tests

After the compression tests, specimens were cut through the impact point along
the compression load axis. The cross-section of the MR50K/PETIS specimen
was examined with an optical microscope in order to investigate the details of
the delamination and the compressive failure mode. Figures 15 and 16 show
the cross-sections of the specimens after CAI testing at room temperature and
180°C, respectively. In these figures, the triangular pointers indicate the impacted
locations and the lower horizontal lines show the delamination length determined
by ultrasonic C-scan observation after the impact tests and before the compression
tests. The compression test at room temperature for the specimen impacted with
2.22 J/mm showed that the impacted location did not become a starting point for
compressive failure, though this was an exceptional case. At other impact energies,
the impacted location coincided with the starting point of compressive failure.
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Impact Energy =2.22 J/mm Impact Energy =4.45 J/mm

Impact Energy = 6.67 J/mm Impact Energy = 8.90 J/mm

Figure 15. Impact damage and compressive failure observed on the cut section of the specimen after
CAL tests at room temperature.

Impact Energy = 2.22 J/mm Impact Energy = 4.45 J/mm

Impact Energy = 6.67 J/mm

Figure 16. Impact damage and compressive failure observed on the cut section of the specimen after
CAl tests at 180°C.

The C-scan inspection of the specimen impacted at 2.22 J/mm before the
compression test found no delamination. In contrast, delamination was found in
other specimens impacted at higher than or equal to 4.45 J/mm. However, the
length of delamination was increased only a small amount by the compression test.
All compressive failures macroscopically showed a shear failure mode regardless
of the impact energy level and compression test temperature, though many small
delaminations accompanied at the impact energy of 6.67 J/mm or higher. The
swelling of failed specimens in the out-of-plane direction after compression tests
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was rather small. Compression tests on CFRPs conducted by the authors at room
temperature in the past [6, 7] have shown that large delaminations occurred and the
specimen failed with out-of-plane buckling, and these had a rhombus shape as seen
from the side. A failure mode like those in the present study was found only in the
Hot/Wet compression tests of TSOOH/PMR-15 specimens [8].

The interesting compressive-failure behaviors described above are considered to
be typical and fundamental for CFRPs using a highly tough resin, except under a
Hot/Wet testing condition.

4. OVERALL DISCUSSION

Since PETIS resin has high toughness, MRSOK/PETIS laminates should be highly
resistant to shear stresses that are generated at the boundaries between the layers
when an impact load is imposed. Let us discuss below how this characteristic
appeared in the CAI behavior.

A possible reason why the compressive strength of a non-impacted MR50K/PETI5
coupon specimen is lower than that of a TSOOH/PMR-15 specimen is the difference
in their failure modes. The compressive failure mode of the MRS0K/PETIS speci-
men macroscopically displayed shear fracture as shown in the side view. However,
delamination buckling was the failure mode for the TSOOH/PMR-15 specimen [9]
which occurred over a wide damage area. Inside of this damage area, a large amount
of energy was accumulated up to the fracture point and released suddenly, and the
damage area observed after fracture was very large. It is thought that the latter frac-
ture mode allows the accumulation of a larger amount of energy inside the material
prior to the fracture than the former fracture mode does.

Figures 4 and 5 show that the load response curves of the materials differ greatly.
In the MR50K/PETIS specimen, the load response curve shows a trapezoidal form
against the time axis for the impact energy levels of 4.45-8.90 J/mm. The internal
damage situation of MR50K/PETIS laminates presented in Figs 8 and 9 after impact
tests, and Figs 15 and 16 after CAl tests, indicates that it was mainly the deformation
of PETIS resin that absorbed much of the impact energy, because the delaminations
generated by the shear fracture of the resin in the laminate were fairly small.
Moreover, as mentioned before, much impact energy was absorbed by the resin
damage as observed in the vicinity of the impacted surface.

On the other hand, TSOOH/PMR-15 in Fig. 5 displays a load response curve with
a sinusoidal or triangular form with small saw-tooth waves superimposed. This
load response curve and C-scan observation indicate that the impact energy was
mainly absorbed by delamination, as shown in Fig. 9. Moreover, brittle resin failure
accompanied transverse cracks in the layers. Several large delaminations occurred
at layer boundaries, facilitating delamination buckling and resulting in the low CAI
strength that was measured.

Figures 4, 8, 10, 11, 12, 13, 14, 15 and 16 revealed the following: Since the
interlaminar fracture toughness of MR50K/PETIS is very high, (1) the resin absorbs
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much of the impact energy, (2) the delamination area produced by an impact load is
small, (3) the delamination produced by the impact load progressed very little with
in-plane compressive load, (4) final fracture was generated not by the delamination
buckling but by macroscopic shear-type fracture, and (5) high CAI strength was
observed. These are considered to be the typical features presented by composite
materials using a highly tough resin.

The facts described above mean that if a highly tough resin like PETIS is used
for composite structures, the strength degradation resulting from the delamination
generated by out-of-plane deformation, which is one of the weakest points of
conventional CFRPs, can be greatly improved. That is, special strengthening
measures for the laminate thickness direction, such as stitching, are not necessary
in most composite structural designs.

5. CONCLUSIONS

This study experimentally investigated the CAI behavior of a MR50K/PETIS carbon
fiber/tough polyimide composite material. The CAI behaviors investigated include
the impact load response, impact damage, CAI strength, and CAI fracture mode.
The major results obtained are as follows:

(1) When a MR50K/PETIS5 specimen was impacted in the out-of-plane direction,
visible damage appeared on the surface, though the delamination area was quite
small. Observed with a 3D ultrasonic inspection system, the surface damage
area was the same size as the delamination area inside of the specimen when
impacted at 4.45 J/mm.

(2) The delamination area of MR50K/PETIS specimens impact-loaded at 4.45 J/mm
was approximately 5% of that of TS00OH/PMR-15 specimens [4]. The large dif-
ference in the delamination area is considered to originate in the difference of
resin toughness.

(3) The impact-damage picture taken by the 3D ultrasonic inspection system
clarified that the delamination progressed spirally clockwise from the top
surface to the center and then counterclockwise from the center to the bottom
surface. This was ascribed to the propagation of delamination occurring with a
rotation from one layer to the next following small lamination angle differences
originating in the stacking sequence.

(4) The non-impacted compressive strength of MR5S0K/PETIS at room temperature
was lower by about 17% than that of TSOOH/PMR-15. The CAI strength of
MRSOK/PETIS at room temperature when impact-loaded at 2.22-8.90 J/mm
was approximately 1.6-2.2 times that of TS8OOH/PMR-15, and the failure
strain of MR50K/PETIS was also higher. Thus, although the non-impacted
compressive strength of MRSOK/PETI5 was rather lower, the CAI strength and
CAI failure strain were much higher than those of TSOOH/PMR-15. This is due
to the high toughness of PETIS resin, including the difference in failure modes.
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The CAI strength and failure strain of MR50K/PETIS at 180°C dropped to
about 70-80% of those at room temperature. However, these values were far
higher than those of the CAI strength and failure strain of TSOOH/PMR-15 even
at room temperature.

The CAI strength of MR50K/PETIS decreased linearly with increasing impact
energy at room temperature and 180°C, even up to 8.90 J/mm at room
temperature.

The compressive fracture mode of a non-impacted MR50K/PETIS coupon
specimen at room temperature is considered to be macroscopic shear fracture.
On the other hand, examination of the cross-sectional area cut from the
failure specimens after CAI tests clarified that the shear failure mode was
macroscopically dominant regardless of the amount of impact energy and
the test temperature. However, this failure was accompanied by additional
delaminations, including a small amount of delamination when impact-loaded
at an energy of 2.22 J/mm and numerous small delaminations when impact-
loaded at 6.67 J/mm.

In MR50K/PETIS, the delamination length in the load-axis direction observed
for the specimens after the impact and compression tests was only a small
amount longer than just after the impact test.

Typical and fundamental CAI behaviors of a CFRP using PETIS, a highly tough
resin, were clarified. This study demonstrated that if a highly tough resin
is introduced into CFRP structures, the weak out-of-plane strength of CFRP
structures can be greatly improved.
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