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ABSTRACT: The compression after impact (CAI) proper-
ties of bismaleimide (BMI) matrix composites manufac-
tured by resin transfer molding (RTM) were significantly
improved by ex-situ RTM technique. The thermoplastic
polyetherketone with a functional group of phenolphthal-
ein (PAEK) was used as toughener. The optical microscopy
images of the cross-section of post-impact specimens
revealed that the delamination resistance of specimens
toughened through ex-situ RTM technique was dramati-
cally improved. The energy absorption mechanism of com-
posites toughened through ex-situ RTM technique was
changed from the delamination to fiber fracture, which
contributed to the improvement in CAIL The particle

microstructure in interlaminar region of composites tough-
ened through ex-situ RTM technique revealed that a reac-
tion-induced phase decomposition and inversion hap-
pened in the interlaminar region. The BMI particles were
surrounded with the PAEK phase, which can significantly
improve the delamination resistance of composites. The in-
plane static mechanical properties of G827/BMI composite
toughened through ex-situ RTM technique were very well
kept. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 108: 2211-
2217, 2008
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INTRODUCTION

Resin transfer molding (RTM) has been an efficient
and economical technique to produce high-quality
fiber-reinforced composite parts. However, the com-
posites manufactured by RTM process suffer poor
impact behavior. In the Part I,' a new interlaminar
toughening method ex-situ RTM technique was
applied to improve the interlaminar fracture tough-
ness of G827/BMI composites manufactured by
RTM process. The experimental results exhibited the
Gic and Gy value increased three and two times,
respectively.

In this work, Part II, the compression after impact
(CAI) properties, microstructure and in-plane static
mechanical properties of composite laminates tough-
ened through ex-situ RTM technique were investi-
gated.
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DISCOVER SOMETHING GREAT

EXPERIMENTAL
Materials

An aerospace-grade bismaleimide resin BMI-6421,
produced at National Key Laboratory of Advanced
Composites (LAC)/BIAM, is used as the RTMable
resin system. The commercial G827 carbon cloth
(T300-3k, 160 g = 7 g/ m?2, Hexcel, France) is used as
the reinforcement materials.

The toughening polymer was an amorphous engi-
neering thermoplastic polyetherketone with a func-
tional group of phenolphthalein (PAEK).>™ It has an
intrinsic viscosity of 0.30 dL/g and a glass transition
temperature (Tg) of 230°C. The PAEK was supplied
by Xuzhou Engineering Plastics Factory, China.

Specimen preparation

RTM technique was applied to manufacture the
composite panels, and the ES™ carbon fabrics was
used as reinforcement material. The ES™ carbon
fabrics coated with the toughening polymer PAEK
were provided by the LAC/BIAM using N}oatented
special fabrication procedure.”® The ES™ carbon
fabrics were placed in a closed RTM tool. Then the
BMI-6421 was injected at 120°C under a pressure of
0.2 MPa into the mold to impregnate the porous
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Figure 1 The RTM composite manufacturing process.

ES™ carbon preform. The proposed temperature
and time is programmed as in Figure 1.

After curing, the mold was cooled down to 60°C
and the composite panel was released. The RTM
process practice was approved as easily performable.
All the composite panels were finally ultrasonically
C-scanned to check the molding defects and to eval-
uate the quality using the aerospace standard specifi-
cations.

The interlaminar PAEK concentration was calcu-
lated as weight percentage. The G827/BMI compos-
ite panels for CAI test were controlled at a thickness
of 40 * 0.1 mm and the overall fiber volume frac-
tion was controlled at 55% = 2%. The G827/BMI
composite panels for static mechanical properties
test were controlled at a thickness of 2.0 = 0.1 mm.

The control system was untoughened G827/BMI
composites, which were fabricated by the same pro-
cess with the G827/BMI composites toughened
through ex-situ RTM technique.

Compression after impact test

The impact damage resistance of G827/BMI speci-
mens was characterized by CAI according to the
Boeing commercial airplane group method BSS
7260.” The size of the specimens were 150 mm
X 100 mm X 4 mm quasi-isotropic rectangular
laminates with plies of [45/0/-45/90]ss using the
low-velocity impact energy of 4.45 J/mm.

After the impact, the damage area was evaluated
by ultrasonic C-scan. Then the specimens were com-
pressed to obtain the residual compression strength.
Each CAI data reported was an average of three
effective tests.

The static mechanical properties test of
G827/BMI composites

The G827/BMI composite panels with plies [0];» was
manufactured for mechanical properties tests. The
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size of the tensile specimen was 230 mm X 15 mm
according to GB/T3554-1999.% The size of the com-
pression specimen was 140 mm X 6 mm according
to GB/T3856-2005.” The size of the flexure specimen
was 75 mm X 125 mm according to GB/T3356-
2005."° The size of the interlaminar shear strength
specimen was 20 mm X 6 mm according to GB/
T3357-2005."" Each mechanical data reported was an
average of five effective tests.

Fractographic studies and cross-section observation

The fracture surface of specimens after CAI test was
investigated using a scanning electron microscope
(SEM, Hitachi S-3000N). The PAEK phase was
chemically etched by tetrahydrofuran (THF) for 72 h
to improve the contrast of the phase structure, then
washed in an ultrasonic bath and dried for 4 h at
60°C under vacuum. All specimens for SEM were
coated with a gold layer of 200-A thick. The CAI
specimens were cut and washed in an ultrasonic
bath. The center cross-section was observed using
optical microscopy (OM, LEICA DMRME, Ger-
many).

RESULTS AND DISSCUSSION
Compression strength after impact properties

CAI data of G827/BMI is listed in Table I. The coef-
ficient of variation, (Cy) was also reported, as well
as the C-scan results. The color of C-scan results
showed a good quality of composite specimens as-
produced which indicated the ex-situ RTM technique
was successful.

Table I shows that the CAI of the neat BMI matrix
composites (control) is ~ 155 MPa. The CAI of com-
posites with an addition of 16.8 wt % PAEK through
the ex-situ RTM technique increased from 155 to
254 MPa. Approximately 65% in CAI was improved.
The highest increase in CAI is achieved at an addi-
tion of 20.2 wt % PAEK, as a result of ~ 277 MPa,
which was nearly 80% improvement. The damage
area dropped from 1436 to 519 mm?® of the control
system. Specimens with the highest CAI had the
lowest impact damage areas. The C-scan results of
the post-impact specimens were in good agreement
with the CAI and damage area data. Impact proper-
ties of composites demonstrated the high efficiency
of ex-situ RTM technique in improving the impact
damage resistance of the G827/BMI composites.

Cross section observation of the CAI specimens

A representative impacted specimen from each ma-
terial system were cut along long axis in the center
and polished to investigate the damage characteris-
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TABLE I
CAI Values and C-scan Results of G827/BMI Laminates

Specimen Matrix resin CAI (MPa)/C,% Damage area (mm?) C-scan
1 Neat BMI (as control) 155/2.42 1436
2 Ex-situ RTM technique 254/3.34 527
toughened, with
16.8 wt % PAEK
3 Ex-situ RTM technique 277/2.93 519
toughened, with
20.2 wt % PAEK

tic. Viewing by an optical microscope, all specimens
showed a characteristic cone of damage.'? Figure 2a
showed the cross-section of post-impact control
system of G827/BMI composite. The back surface
(bottom in the figure) of the laminate showed a
larger delaminated area with fibers fracture than
that of the impacted surface. There were many trans-
verse cracks in the failure area and considerable
delamination propagation in the interlaminar

regions. The delamination was wider through the
thickness of the laminate and the fiber fracture
appeared on the back surface of the laminate.

Figure 2 (a) The optical microscopy image of cross-sec-
tion of the post-impact specimen of control system. (b,c)
The SEM images of crack-tip propagation in interlaminar
region. (d) The optical microscopy image of cross-section
of control system after CAI test.

The crack tip of delamination was observed by
SEM, as shown in Figure 2(b,c). It was clear to see
that the crack propagated along the single phase
BMI matrix. The mechanism of delamination was
similar to a mode I shear propagation in some cer-
tain sections of the failed laminate.'® The stress state
assigned by the shear loads in the interlaminar
region caused tension in the orientation at angle of
45°, which resulted in crack coalesce to form delami-
nations with resin hackle crack, that occurred in the
resin-rich interlaminar region.'*

Figure 3 (a) The optical image of cross-section of the
post-impact specimen 2 in Table I. (b) The optical image of
cross-section of the specimen 2 after CAI test. (c) The opti-
cal image of cross-section of the post-impact specimen 3 in
Table I. (d) The optical image of cross-section of the speci-
men 3 after CAI test.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 The SEM images of interlaminar section of the specimen 2 in Table I: (a) 2000%, (b) 5000, and (c) 10000X.
PAEK was chemically etched in part. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]

i '
Figure 5 The SEM images of interlaminar section of specimen 3 in Table I: (a) 2000X, (b) 5000%, and (c) 20,000X. PAEK
was chemically etched in part. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]
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TOUGHENING OF RTMable BMI MATRIX COMPOSITES

2215

TABLE II
Static Mechanical Properties of G827/BMI Laminates
Specimen
1 2 3
Ex-situ RTM Ex-situ RTM
Neat BMI technique toughened technique toughened
Mechanical properties (as control) (16.8 wt % PAEK) (20.2 wt % PAEK) Test standard

0° Tensile strength (MPa) 1392 1500 1550 GB/T 3354-1999
0° Tensile modulus (GPa) 102 105 112
Poisson ratio 0.32 0.30 0.34
0° Compression strength (MPa) 1135 1117 1071 GB/T 3856-2005
0° Compression modulus (GPa) 101 104 110
Flexural strength (MPa) 1684 1806 1749 GB/T 3356-2005
Flexural modulus (GPa) 108 115 113
Interlaminar shear strength (MPa) 103 108 104 GB/T 3357-2005

Figure 2(d) showed the cross-section of the control
specimen after CAI test. The failure mode was
mainly delamination accompanied with little fiber
fracture. The delamination was the key mechanism
of energy absorption in the control system, only little
the fiber fracture, which may be a reason of the con-
trol system with the low CAI value.

The cross-sections of G827/BMI composite tough-
ened through ex-situ RTM technique with 16.8 and
20.2 wt % PAEK shown in Figure 3. For the G827/
BMI composite toughened through ex-situ RTM tech-
nique, both the size of damage cone and the
amounts of delamination decreased with an increase
in the toughening polymer PAEK concentration. The
reason was the increase in the resistance of delami-
nation of composites. The cross-section of specimens
after CAI test revealed that the key energy absorp-
tion mechanism of G827/BMI composites toughened
through ex-situ RTM technique was changed from
delamination to fiber fracture compared with the
control system.

A representative interlaminar cross section of
G827/BMI composite toughened through -ex-situ
RTM technique with 16.8 wt % PAEK was shown in
Figure 4. The horizon (0°) ply and the 45° ply
appeared in the SEM micrograph. The thickness of
interlaminar region was ~ 7.5 pm. In the interlami-
nar region there was a typical cocontinuous, phase
separated and inverted particle microstructure. The
PAEK phase was chemically removed in part using
THF before the SEM analysis. The BMI particles
with a diameter of 0.8 pym were clearly embedded as
dispersed phase in the continuous PAEK phase.

With the PAEK concentration increasing to 20.2 wt %,
the thickness of interlaminar region increases from
75 to ~ 10.0 um in Figure 5. However, the size
of BMI-rich particles decreased from 0.8 to 0.4 um.
As shown in Figure 5(c), the BMI particles were
densely interconnected with each other. It should be
noted that the crack propagation caused by out-of-
plane impact can be efficiently deflected or bifur-
cated by BMI particles or stopped by tearing of
PAEK phase.

By taking the CAI data into consideration, it is
believed that the cocontinuous BMI particles mor-
phology in interlaminar region formed by the reac-
tion-induced phase decomposition and inversion can
dramatically improve the interlaminar fracture
toughness, which was demonstrated in Part I. When
the specimens toughened through ex-situ RTM tech-
nique encounter impact out-of plane, the energy
absorption mechanism is changed from delamination
to fiber fracture. As a result, the CAI property of
G827/BMI toughened through ex-situ RTM tech-
nique is significantly improved.

Mechanical properties

The objective of ex-situ technique is to improve the
interlaminar fracture toughness and impact damage
resistance of composites. The other interlaminar
toughening techniques' also improve the impact
damage resistance but will reduce the stiffness and
strength of composites due to the toughener with
low stiffness and strength. Thus, the in-plane static
mechanical properties of G827/BMI composites

TABLE III
The Thickness and V; of G827/BMI Laminates

Specimen Matrix resin Thickness (mm) Lamina Vi (%) Overall Vy (%)
1 Neat BMI (as control) 2.05 55.7% 54.3%
2 Ex-situ RTM technique toughened, with 16.8 wt % PAEK 2.12 60.2% 52.5%
3 Ex-situ RTM technique toughened, with 20.2 wt % PAEK 2.14 61.3% 52.2%

Journal of Applied Polymer Science DOI 10.1002/app



2216

CHENG ET AL.

Figure 6 The optical microscopy images of lamina section of specimen in Table III: (a) specimen 1, (b) specimen 2, and

(c) specimen 3.

toughened through ex-situ RTM technique were per-
formed to evaluate the advance of this novel tech-
nique applied in RTM manufacturing process. The
results were given in Table II. Most of mechanical
properties of composites such as, tensile strength,
tensile modulus, flexural strength, flexural modulus,
increased a little, even when the overall fiber volume
fraction decreased slightly because of the limited
increase in thickness of composites. The increase in
interlaminar shear strength was attributed to the
interlaminar fracture toughness improvement, which
was investigated in Part I.

The thickness was controlled to keep the overall
fiber volume fraction. The thickness of G827/BMI
composites was given in Table III. Since the PAEK
was introduced into the interlaminar region, the thick-
ness of laminate composites for mechanical test
increased from 2.05 to 2.12 mm and 2.14 mm, respec-
tively. The nominal overall fiber volume fraction
decreased from 54.3 to 52.5% and 52.2%. However, the
average lamina fiber volume fraction of G827/BMI
composites according to GB/T 3366-1996'® was much
higher, given in Table III. The increase is attributed to
the denser compaction (Fig. 6). To control the thick-
ness of G827/BMI composites toughened through ex-
situ RTM technique, the lamina was pressed hardly.

The concept of ex-situ involves increasing the duc-
tility of the region between the plies, which allows
inter-ply stresses formed under impact to be relieved
and flexure to appear without the formation of large

Journal of Applied Polymer Science DOI 10.1002/app

delamination. The typical cocontinuous particle
microstructure is designed to stop transverse cracks
forming delamination at the ply interface, which
results in the improvement in interlaminar fracture
toughness. When the post-impact specimens tough-
ened through ex-situ RTM technique are compressed,
the main energy absorption mechanism is changed
from delamination to fiber fracture. So the CAI value
significantly increases.

CONCLUSIONS

1. The ex-situ RTM technique has been demon-
strated as a highly successful technique of tough-
ening RTMable composites via ES™ carbon fab-
rics. The CAI exhibited significant increase from
155 to 277 MPa for G827/BMI composites with
20.2 wt % toughening polymer PAEK.

2. SEM observation revealed that the BMI particles
were surrounded with the PAEK phase, which
was formed by the reaction-induced phase
decomposition and inversion. The crack propa-
gation was deflected or bifurcated by BMI par-
ticles or stopped by tearing of PAEK phase,
which resulted in the improvement in delami-
nation resistance of G827/BMI composites
toughened through ex-situ RTM technique.

3. The energy absorption mechanism of G827/
BMI composites toughened through ex-situ
RTM technique was changed from the delamina-
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tion to fiber fracture, which contributed to the
significant improvement in CAIL The main rea-
son is supposed to be the cocontinuous BMI par-
ticles morphology formed in interlaminar region.

4. The in-plane static mechanical properties of
G827/BMI composites toughened through ex-situ
RTM technique were well kept compared with
the control system, which indicated the advance
of ex-situ RTM technique.

This investigation was carried out at the National Key Lab-
oratory of Advanced Composites (LAC/BIAM) in coopera-
tion with Zhejiang University, China. The authors thank
Dr. Ling Wang of the LAC/BIAM for the assistance and
discussion.

References

1. ] Appl Polym Sci, submitted.
2. Liu, K. J.; Zhang, H. C.; Chen, T. L. Chin. Pat. 85101721 (1985).
3. Zhang, H. C; Chen, T. L.; Yuan, Y. G. Chin. Pat. 85108751 (1985).

10.

11.

12.

13.

14.
15.
16.

2217

. Chen, T. L; Yuan, Y. G.; Xu, J. P. Chin. Pat. 88102291 (1988).
.Yi, X.-S; An, X. F; Tang, B. M,; Zhang, M. PCT. Pat. FP

1060809P (2006).

. Yi, X.-S.; Xu, Y. H.; Tang, B. M. Chin. Pat. 02101216.4 (2002).
. Boeing Support Specification (BSS) 7260. Compression After

Impact Test; Renton, Washington: Boeing Commercial Air-
plane Group, 1992.

. Test method for tensile properties of oriented fiber reinforced

plastics, in Chinese, 1999.

. Test method for compression properties of unidirectional fiber

reinforced plastics, in Chinese, 2005.

Test method for flexural properties of unidirectional fiber
reinforced plastics, in Chinese, 2005.

Test method for interplay shear strength of unidirectional fiber
reinforced plastics, in Chinese, 2005.

Srinivasan, K.; Jackson, W. C.; Smith, B. T.; Hinkley, J. A.
J Reinf Plast Comp 1992, 11, 1111.

Andre Jack Duarte.The manufacture and mechanical proper-
ties of interleaved RTM composites, Ph.D Dissertation, Royal
Melbourne Institute of Technology (RMIT) University, Aus-
tralia, 2001.

Aksoy, A.; Carlsson, L. Compos Sci Technol 1992, 43, 55.

Sela, N.; Ishai, O. Composites 1989, 20, 423.

Test method for fiber volume content of carbon fiber rein-
forced plastics, in Chinese, 1996.

Journal of Applied Polymer Science DOI 10.1002/app



