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The effects of processing variables on the mechanical behavior and the void con- 
tent of one-part epoxy based glass fabric composites produced by resin transfer 
molding (m were investigated. The variables studied included injection pressure, 
injection temperature, and fabric structure. Image analysis was used to measure 
the void content in the composites. Variations in injection pressure and tempera- 
ture were found to have a significant effect on the quality and the mechanical per- 
formance of composites. The optimized physical and mechanical performance of the 
composites was obtained by processing the resin at 160°C under 392 Wa pressure. 
Molding of highly permeable EF420 fabric required a shorter mold filling lime, but 
resulted in reduced flexural strength and storage modulus in the resulting compos- 
ites as compared with that of the composites containing 1581 fabric. 

INTRODUCTION 

iber reinforced polymer coinposites have been F used extensively as structural components in the 
aerospace industry and in commercial applications 
because of their unique directional properties and 
weight saving potential (1-3). Resin transfer molding 
(RTM) is a versatile process for manufacturing light- 
weight and high strength fiber reinforced composite 
parts. In a typical KIM process, ]low viscosity reactive 
resins are injected under pressure into a closed mold 
cavity filled with a preplaced fiber preform and then 
are cured at high temperatures to produce fiber rein- 
forced polymeric composites (4-6). Owing to the con- 
tinuous fiber reinforcement and the low viscosity resin 
used in the processing, resin transfer molding has 
been proven to be a cost-effective process for produc- 
ing high performance composites of complicated 
geometry and of high strength to weight ratios (7-9). 

A microscopic view of resin flow in the KIM process 
can be described as resin flow through a porous 
medium during processing. Pamas et al. (10) and 
Chan et al. (1 1, 12) simulated the resin flowing 
through the macropore and the micropore of the fiber 
bed simultaneously in the filling stage of EITM. The 
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macropore is produced around fiber bundles, and the 
micropore is formed among individual fiber filaments 
within a fiber bundle. The permeabilities and the im- 
pregnation rates in these two regions are different. 
The voids are brought out as a result of the difference 
in the impregnation rates between the macropore and 
the micropore. Lundstrom et al. (13) studied the influ- 
ence of process parameters on the void formation in 
resin transfer molding of vinyl ester resin. They found 
that the voids were of two different types: long cylin- 
drical bubbles inside the fiber bundles and larger 
spheroidal bubbles in the space between the fiber 
bundles. However, the effect of process parameters on 
the mechanical behavior of the moldings was not dis- 
cussed. Pate1 et al. (14) studied the influence of pro- 
cessing variables on resin-fiber interface in liquid 
composite molding of polyurethane (PU) and 
polyurethane-unsaturated polyester (PU-UPE) based 
composites. They found that the fabrics were better 
wetted and bonded at lower injection pressures and at 
higher molding temperatures, leading to higher-ten- 
sile-strength composites. Rudd et al. (15) reported 
that initial resin temperature, mold temperature and 
injection pressure affected the cycle time of of 
polyester composites sigmficantly. Hayward et al. (16) 
studied the effect of process variables on the quality of 
RTM moldings of glass fiber reinforced polyester resin. 
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In their study, improvements were found in the me- 
chanical properties and the porosity levels of moldings 
made with vacuum assistance and the quality of the 
molded parts decreased slightly with increasing injec- 
tion pressure. 

Although the KI'M processes are better understood 
and more accurately characterized in recent years, the 
problem of the optimization of the part quality, which 
is critical for load-bearing structure applications, has 
not been addressed. Little work has been done with 
respect to the effect of KIM process variables on part 
performance for high performance fiber composites, 
which requires high fiber volume fraction, low void 
content and the use of a high performance resin sys- 
tem. 

The goal of this study is to investigate the effect of 
RTM processing variables on part performance based 
on one-part epoxy resin, PR500. Specifically, the in- 
jection pressure, resin injection temperature and fab- 
ric structures are used as the variables for the IiTM 
processing of PR500 epoxy. The physical. static and 
dynamic mechanical behavior of the composites pro- 
duced under different process conditions will be re- 
ported. 

EXPERXMENTAL 

The epoxy resin PR500, from 3M, is a one-part 
epoxy. The details of the properties of the resin can be 
found elsewhere (17). An epoxy-amine resin, 
LY564/HY2954 from Ciba-Geigy, was used in flow vi- 
sualization experiments, which exhibits an injectable 
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viscosity at room temperature. The fabric reinforce- 
ments used in this study were a highly permeable 
glass fabric from Brochier, Injectex EF420-E01- 100, 
with a surface density of 420g/m2. and an eight-har- 
ness satin woven glass fabric 1581 from Clark- 
Schwebel Co. with a surface density of 293.3g/m2. 

R d l ¶ ~ ~ H ~ p t o c e u  

A 32.5 cm by 32.5 cm aluminum flat mold was 
used in this study. The mold consists of three parts- 
a bottom plate, a picture h e ,  and a top p l a t eas  
shown in Q. 1. Rubber gasketing was placed around 
the perimeter of the mold halves to provide a proper 
seal. The plates were clamped together with 12 bolts 
evenly distributed around the edge of the plates. This 
tool was used to produce 25 cm square flat plate of 
varying thickness. Placing different size picture frame 
spacers between the mold halves changed the part 
thickness. Ten plies of EF420 was used for a 3 mm 
plate, and ten plies of 1581 was used for a 2 mm 
plate, producing plates with a fiber volume fraction 
-55%. Five holes were machined in the upper mold 
half, one in the center and the other four in each of 
the four comers to provide the resin inlet and outlet. 
The experimental setup of the RTM process is shown 
in Rg. 2. Initially, the resin was heated to 104°C and 
was degassed for 30 minutes. The mold containing a 
fiber preform was heated to 70°C and vacuumed at 
this temperature for 30 minutes, then heated to 
160°C. The resin was injected into the mold under a 
range of pressures from 293 to 490 kPa. The mold 
was vent to the atmosphere once the resin injection 
started. One J-type thermocouple was used for each 

Aluminum upper plate 

Perimeter inlet m- Aluminum picture frame 

/:/ __+ Aluminum lower plate 

Rg. I .  Schematic diagram of the mold design 
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Rg. 2. Schematic diagrams of eperimental setup of the RTM process. 

case of the center inlet and the perimeter inlet to 
monitor the temperature throughout the whole 
process. The location of the thermocouples was near 
the inlet. There was no pressure transducer used in 
this study. After the mold was filled, the outlets were 
opened and closed several times to eliminate any en- 
trapped air in the mold cavity (18). Upon the comple- 
tion of mold filling, the mold temperature was in- 
creased to 177°C for two hours. After cooling, the 
composite plate was taken out of the mold. The aver- 
age thickness variation from the center to the edge of 
the molded samples was 0.18 m, which indicates 
that  the injection pressure exerted on the mold 
caused the mold to slightly open. A flow visualization 
setup was built for following the flow profiles by using 
an epoxy resin LY564/HY2954 ha.ving low viscosity at 
room temperature. In the flow visualization setup, a 
transparent acrylic plate was used as the upper mold 
half in place of the aluminum plate in order to moni- 
tor the flow profiles and edge effects during filling 
stage. The settings of process variables used in this 
EiTM study are given in Table 1. 

Roceu variables 

In this study, a range of pressures from 294 kPa 
to 490 kPa was used, representing a compromise 
between flow rate and fiber deformation. The resin in- 
jection pressure was changed by adjusting the air 
pressure in the pressure pot with a Flutterless gauge. 

Moldings were performed at injection pressure of 
294kPa, 392kPa and 490 kPa. Resin was injected at 
160°C and at 150°C for moldings at a center inlet and 
at a perimeter inlet, respectively. The effect of fabric 
structure was studied by considering ten layers of 
1581 eight-harness satin woven fabric and ten layers 
of EF420 highly permeable fabric. Each fabric pro- 
vided around 55% fiber volume fraction for the com- 
posites. 

lUea8urement.a of Viacoaity and Dynamic 
MechauicaIRopertiea 

The viscosity-time characteristics of the PR500 neat 
resin and the dynamic mechanical behavior of the com- 
posite specimens were measured using a Rheometrics 

Table 1. Settings of Process Variables for 
PR500 Epoxy Resin. 

Variables Settings 

Injection pressure 293-490 kPa 
Resin injection temperature 150,160"C 
Resin preheated temperature 104°C 
Cure condition 177"C, 2 hrs 
Fabric temperature 160°C 
Resin viscosity Q 160°C 250-500 mPa . s 
Pack pressure 490 kPa 
Fiber volume fraction 55 ? 2% 
Thickness of panels 2mm, 3mm 
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Mechanical Spectrometer, Model RMS-605, following 
the specification of ASTM D 4473 and ASTM D 4065, 
respectively. Viscosity measurements were performed 
with disposable parallel plates of 25 mm diameter 
subjected to forced oscillations with a gap of 0.5 mm. 
A time sweep was conducted to obtain the viscosity- 
time profile at 150°C, and a frequency sweep ranging 
from 0.1 to 100 Rad/sec on the samples was con- 
ducted at 16OOC to measure the viscosity of PR500 
resin. Samples for the dynamic mechanical test were 
subjected to rectangular forced torsion at a rate of 
6.28 Rad/sec and 0.1% strain over a temperature 
range of 25 to 250°C. Two specimens were used for 
each viscosity and each dynamic mechanical mea- 
surement. Dynamic mechanical properties including 
storage modulus (G'), loss modulus (G") and loss tan- 
gent (tan S) were measured. The glass transition tem- 
peratures of the composites were hereby defined as 
the temperature under which the tan 8 reached its 
maximum value. 

Mechanical Properties and Void Content 
M ~ ~ o n C o m p o r i t a 8  

The flexural properties of the composites were mea- 
sured by three-point bending tests, according to 
ASTM D 790-92. The selected support span-to-depth 
ratio was Ld = 32: 1. The interlaminar shear strength 
(ILSS) was determined using a short-beam bending 
rig, according to ASTM D 2344-84. The specimen sup- 
port span to thickness ratio was 4. Seven specimens 
were used for each flexural and ILSS tests. 

Ultrasonic testing is the most commonly used, and 
has been proven to be one of the most successful, 
nondestructive evaluation technique for detecting 
voids in polymer composites. The KIM plates were in- 
spected by ultrasonic C-scan to evaluate the quality 
throughout the plates. Samples for void measurement 
were taken from three different areas of each plate 
based on ultrasonic C-scan results. The quality of the 
plates was characterized by the attenuation of the sig- 
nal. The ultrasonic C-scan of these composites was 
performed by immersing the plates in water and posi- 
tioning the plates between two focused 5.0 MHZ trans- 
ducers, one sending and the other receiving. The ultra- 
sonic scan shows variations in ultrasonic attenuation 
due to such factors as voids, dry spots, resin-rich 
areas, etc. The smallest detectable void size of ultra- 
sonic detection is set at 0.635 111111. Three threshold 
levels of the received signal were selected at different 

ranges and were presented by color codes in C-scan 
results. Samples for void measurement were taken 
from three Merent areas of each plate based on the 
color codes in C-scan results. Attenuations of 0%. 
25% and 50% are represented by white, orange, and 
green, respectively. Each void value was obtained by 
taking average values of three samples. Void content 
was determined by computerized image analysis. This 
technique has been used successfully by Hayward 
and Harris (16) and Ghiorse (19). The samples were 
mounted in phenolic resin and were finely polished by 
an automatic Buehler polishing machine. The void 
content was determined at X40 magnification, with at 
least seven random areas chosen from each of the 
three specimens. The average 21 measurements were 
calculated and taken to be the volumetric void content 
of the plate. In this study, the specimen was placed 
under a Zeiss microscope attached to a RGB vision 
camera module. The image was fed to a PC based 
computer with Optimas image analysis software. The 
software can separate the voids from the background 
(resin and fibers) via gray level discrimination. The 
contrast is divided into 256 gray levels. The detection 
of the samples was carried out with respect to a single 
threshold. The threshold level and the detection were 
set such a way that resin and fibers appeared white 
with respect to the voids. 

RESULTS AND DISCUSSION 

Effect of Ipjdotion Prauure 

The interlaminar shear strength (ILSS), flexural 
strength, flexural modulus and the void content of 
1581 fabric composites processed at different injec- 
tion pressure are given in Table 2. In Table 2, the 
molding under 392 kpa injection pressure exhibited 
the optimal physical and mechanical performance 
with a 6% higher in ILSS. 11% higher in flexural 
strength and 9?! higher in flexural modulus than that 
of the plates processed at other injection pressures. 
Moreover, the void content in the plate molded under 
injection pressure of 392 kpa was at least 30% lower 
than that of plates molded under other injection pres- 
sures. The ILSS value of these plates increased with 
the decreasing void content. This can be explained by 
the fact that the high injection pressure of 490 kpa 
leads to a preferential channeling of the resin through 
the large pore spaces between fiber tows and reduced 
the time for the resin to wet the fiber bundles. This re- 
sulted in a more erratic flow pattern and non-uniform 

Table 2. The Emct of injection Pressure on the Mechanical Properties of 15811PR-500 Laminates. 

Pressure (kPa) ILSS (MPa) Flexural Strength (MPa) Flexural Modulus (GPa) Void Content (%) 

294 
392 
490 

57.2 (4.8) 
62.0 (2.8) 
58.6 (4.1) 

527.4 (24.8) 
584.7 (20.7) 
508.8 (22.8) 

29.6 (2.8) 
32.4 (2.1) 
29.6 (0.7) 

0.37 (0.06) 

0.26 (0.12) 
0.19 (0.1) 

'Resin transfer with a center inlet. 
'Reain injection temperature is 160°C. 
.( ) denotes standard deviation. 
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fronts and therefore caused a high probability of en- 
trapping air bubbles inside the composites (20, 21). A 
higher void content in these plates was also found in 
the case of 294 W a  injection pressure as compared 
with the case of 392 Wa injection pressure. It can be 
attributed to the high viscosity of the resin because of 
the shear rate dependent viscosity. The viscosity of 
PR500 resin decreased in a power law behavior with 
increasing shear frequency at 160°C as shown in 
Rg. 3. The more viscous resin tends to flow around 
the fiber bundles (macropores) than to flow through 
the fiber reinforcement (micropores) during the mold 
filling process. The voids are formed because of the 
difference of the impregnation rates between the 
macropores and the micropores (10-12). 

The dynamic mechanical properties of these plates 
exhibited the similar trend as the static mechanical 
properties of these plates. The plates processed under 

Table 3. Effect of Injection Pressure on the Dynamic 
Mechanical Properties of 1581PR500 Composites. 

294 207 0.5064 594.0 
392 207 0.4734 963.1 
490 208 0.5027 776.2 

'Resin transfemd with a center inlet 

392 Wa injection pressure showed the highest stor- 
age modulus (G') at tan 6, among the three plates, 
more than 24Oh higher than the storage modulus of 
the others, as given in Table 3. It is interesting to note 
that the storage modulus also decreased with increas- 
ing void content. It can be concluded that at the injec- 
tion pressure of 392 kPa, relatively uniform flow 
fronts in both the micro- and macro-pores were ob- 
tained for PR500 in KRvl process. The effect of injection 
pressure on the mold filling time is given in Table 4. 
In Table 4, mold filling time decreased with increasing 
injection pressure as expected. 

Table 4. Mold Filling Time as a Function of 
Injection Pressure. 

- 
Pressure (kPa) Mold Fllling Time of Outlet (Sec) 

#1 #2 #3 #4 

294 158 117 145 123 
392 78 67 78 105 
490 52 56 58 74 

'15811PR-500 System. 
'Resin injection temperature:160°C 
*Outlet # I 4  see right 

Inlet I #3 #4 
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Table 5. Effect of Resin Injection Temperature and Fabric Structure on the 
Mechanical Behavior and Void Content of PR-500 RTM Composites. 

~~~ ~~ 

Fabric/Resin ILSS (MPa) Flexural Strength (MPa) Flexural Modulus (GPa) Void Content (%) 

160°C 150°C 160°C 150°C 160°C 150°C 160°C 150°C 

EF420/PR-500 55.8 (2.1) 66.2 (2.8) 599.8 (15.2) 530.9 (16.5) 26.2(1.4) 25.5 (0.7) 0.25(0.05) 0.13(0.05) 
1581/PR-500 62.0 (2.8) 60.7 (2.1) 584.7 (20.7) 543.3 (31.7) 32.4(2.1) 31.0 (2.8) O.lg(O.1) 0.19(0.09) 

* 180%: measured at the Center inlet. 
* 150°C: measured at the perimeter inlet. 
* ( ) denotes standard deviation. 

Table 6. Dynamic Mechanical Properties of EF42WR500 and 1581PR500 RTM Composites. 

Fabridesin Resin Injection Tg (“C) 
Temperature (“C) 

tan 6 Storage Modulus ( G )  
(MPa) 

EF4201 
PR500. 
1581 I 
PR500 

160 
1 50 
1 60 
150 

185 
208 
207 
209 

0.4387 
0.41 89 
0.4734 
0.5234 

387.2 
386.8 
963.1 
566.1 

Effect of IqjectiOn Temperatam 

For moldings of both EF420 and 158 1 fabrics, resin 
was injected at 160°C for a center inlet, and resin was 
injected at 150°C for a perimeter inlet. The injection 
pressure used was 392 @a. The interlaminar shear 
strength, the flexural strength and the modulus of 
these plates are given in Table 5. In Table 5, the differ- 
ences in the ILSS, the flexural modulus between the 
plates produced at different temperatures for both 
fabrics, are small. However, a 7%-11.5Oh lower flex- 
ural strength was found for the plates of both fabrics 
at 150°C injection temperature as compared with that 
of the pate at 160°C injection temperature. The void 
content of the plates containing 158 1 fabrics is essen- 
tially not affected by the injection temperature, also 
given in Table 5. The effect of resin injection tempera- 
ture on the dynamic mechanical properties of these 
plates is presented in Table 6. In Table 6, there is a 
41% reduction in the storage modulus (G’) of the 
1581/PR500 plate injected at  150°C as compared 
with that of the 1581/PR500 plate injected at 160°C. 
There is little change in the storage modulus (G’) of 
EF420/PR500 plate produced at different injection 
temperatures. A restriction of resin flow was also 
found in the case of resin injection at 150°C via a 
perimeter inlet. 

The mold filling time of the plates injected at 150°C 
was larger than that of the plate injected at 160°C as 
given in Table 7. In Table 7, the injection time for cen- 
ter inlet at 160°C was recorded by counting the time 
between the resin flowing into the inlet and flowing 
out of the outlets at the mold comers. The shortest 
time corresponds to the outlet where resin flows out 
first; and the outlet where resin flows out last deter- 
mines the longest time. As shown in Rg. 4, the resin 
flow-hnt is an elliptic shape and the resin impinges 
on the side of the mold first. and then flows to the cor- 
ners. It reflects the combined effects of the anisotropic 

nature of the fabric preform and the edge effect. It is 
interesting to note that a complete wet-out of the pre- 
form was obtained in plates molded with either the 
center inlet or the perimeter inlet injection strategy. 
Similar ultrasonic attenuation by the C-scan image 
was obtained from both plates and the void contents 
are comparable for both plates based on the results of 
the image analysis. Abraham et aI. (4) and Hansen 
(22) found that the perimeter inlet gives much better 
control of the mold filling and the part quality as com- 
pared with the center inlet in the FtTM process. Cai 
(23) demonstrated the mold filling time is lowered 
substantially in perimeter inlet compared with center 
inlet in a simplified IiTM process analysis. However, 
this was not the case in this study. On the other 
hand, as shown in Rg. 5. the viscosity of PR500 resin 
is as low as 500 mPa * s for a time period of 50 min- 
utes at 150”C, which is suitable for IiTM processing 
and a complete wet out the fabric preform. Appar- 
ently, the marked reduction in flexural strength (Table 
5). storage modulus (Table 6) and the longer filling 
time (Table 7) for the plate injected at 150°C via a 
perimeter inlet can be attributed to the effect of injec- 
tion temperature. In industrial processes, tempera- 
ture variations in the production of large composite 

Table 7. Effect of Resin Injection Temperature and 
Fabric Structure on the Mold Fllling Time With 

Dlfferent Flow Arrangement. 

Mold Filling Time (set) 
Fabric/ 
Resin Center Inlet Perimeter Inlet 

(160OC) (150°C) 

EF4201 30-78 
PR500 
15811 67-1 05 
PR500 

81 

147 

* Injection pressure: 392kPe. 
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parts with complex geometry could be as large as 
1 1°C ( 20°F): the quality of the resulting parts is usu- 
ally inspected by ultrasonic scanning to determine the 
defects, such as voids, delaminations. 

It may be of significance to note the effect of 150°C 
injection temperature, which is in the margin of hard- 
ener’s melting temperature (155’C). on the mechani- 
cal performance of the parts, although they showed a 
good quality, based on the results of ultrasonic exami- 
nation. These marked reductions in flexural strength 
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and storage modulus for the plate injected at 150°C 
may be caused by the insufficient mixing of the resin 
resulting from the particulate filtration of hardener in 
PR500 by fabric preform resin during the mold filling 
stage via perimeter inlet. This is because the peak 
melting temperature of PR500 resin is around 155°C 
(1 7). and the melting of the solid hardener is not com- 
plete at 150°C. These results, therefore, indicate that 
resin injection at optimum temperatures is critical in 
the RTM processing of PR500 resin. 

1 O2 
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Fig. !5. Viscosity p r o m s  as afunction of time at 150°C of PR500 resin 
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Effect of Fabric Structure 

The plates containing 1581 eight-harness satin fab- 
ric have less void content than the plates containing 
EF420 fabric in the case of center inlet at 160”C, as 
given in Table 5. This may be attributed to a more 
complex flow pattern resulting from EF420 fabric, as 
shown in Flg. 4. In this flow setup, a square mold with 
a centrally located gate was used. The resin flow in 
the highly permeable fabric EF420 was much faster in 
the x-direction than in the y-direction. As the resin 
flow front reached the mold edge, a gap developed be- 
tween the fabric and the mold edge. This gap can cre- 
ate a preferential flow path for the resin, and thus the 
resin has a tendency of channeling between the fabric 
preform and the mold edge, which disrupts the filling 
of the mold cavity. Such flow perturbation is called 
the edge effect (24). The edge effect could allow large 
pockets of air to be trapped as the resin reaches the 
mold corners and meet other flow fronts, possibly 
causing dry spots, that is, there will be more turbu- 
lence and a greater tendency for entrapment of air. 
Hence, a more complex flow pattern would give a 
higher void content in the RTM molding (20). The ILSS 
decreased with increasing void content, as given in 
Table 5. 

The dynamic mechanical behavior of the specimen 
reinforced with varied fabrics is presented in Q. 6a 
and 6b. A distinct difference was found between 
EF420 and 1581 fabric composites. The storage mod- 
ulus (G’) at the Tg (peak temperature of tan 8) of EF420 
fabric composites showed 320%-60?! decreases as com- 
pared with those for 158 1 fabric composites, as given 
in Table 6. In Fig. 6a, the peak of loss modulus G” ap- 
peared at a lower temperature accompanying with a 
plateau, and storage modulus G’ decreased signif- 
icantly at Tg in the EF420 fabric composites. But in 
158 1 fabric composites, as shown in Rg. 6b, the peak 
of loss modulus G occurred at the much higher tem- 
perature and the storage modulus G’ retained un- 
changed until the peak of tan8  appeared. As a con- 
sequence, there is a large difference in the storage 
modulus G’ at Tg between these two composites. In 
addition, the flexural modulus of the 1581 fabric plates 
was 18% higher than that of the EF420 plates, as in- 
dicated in Table 5. The possible explanation for this 
difference could be that the specidly designed meso- 
scale architecture in EF420 led to degradation of the 
mechanical properties of continuous fiber reinforced 
composites because of the large resin-rich areas re- 
sulting from the uneven fiber distribution (25, 26). 
However, the significant reduction in mold fXmg time 
for the moldings with EF420 fabric, as shown in Table 
7, reveals the flow-enhancing characteristics of the 
mesoscale architecture in EF420 fabric. 

CONCLUSIONS 

Variation in injection pressm: and temperature were 
found to have a sigmficant effect on the quality and 
the mechanical performance of RTM fabric composites 

based on PR500 epoxy resin system. The optimal 
resin flow and mechanical performance of 158 1 / 
PR500 RTM composite can be attained under 392 kpa 
injection pressure at 160°C. Moldings of 158 1 /PR500 
by injecting the resin at 150°C resulted in a 41% re- 
duction of storage modulus, a 7% decrease of flexural 
strength, and a 40?? increase in filling time as com- 
pared with those injected at 160°C. Fabric structure 
plays an important role in the flow pattern, filling time 
and void formation during the mold filling stage. RTM 
plate reinforced with low permeable 1581 fabric dis- 
played better mechanical properties than the EF420 
highly permeable fabric. Molding with EF420 fabric 
led to a 26% decrease in filling time versus that of 
158 1 fabric. 
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