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Abstract The non-autoclave curing technique with vacuum bag only (VBO) prepreg has been
conceived as a cost-effective manufacturing method for producing high-quality composite
part. This study demonstrated the feasibility of improving composite part’s performances and
established the effective mitigation strategies for manufacturing induced defects, such as
internal voids and surface porosity. The experimental results highlighted the fact that voids
and surface porosity were clearly dependent on the resin viscosity state at an intermediate
dwell stage of the curing process. Thereafter, the enhancement of resin flow could lead to
achieving high quality parts with minimal void content (1.3%) and high fiber fraction
(53 vol.%). The mechanical testing showed comparable in-plane shear and compressive
strength to conventional autoclave. The microscopic observations also supported the evidence
of improved interfacial bonding in terms of excellent fiber wet-out and minimal void content
for the optimized cure cycle condition.
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1 Introduction

The carbon fiber reinforced composites have received considerable attention as the lightweight
materials in aerospace, automotive and industrial markets. Composites can offer several
advantages over metallic materials, such as design flexibility, outstanding property-to-weight
ratio (i.e., specific strength, in MPa/kg and specific stiffness, GPa/kg) and fatigue resistance
[1-3]. In general, high-performance composites have been predominantly produced by the
prepregs in an autoclave facility [4, 5]. Autoclave process is the most common curing
technique for producing high-quality composite structures in aerospace industry. High com-
paction pressure is typically employed in order to suppress the void growth (less than 1 vol.%)
and achieve the high fiber fraction (55-60 vol.%) [6—8]. However, there are multiple draw-
backs to the traditional autoclave process. It is mainly associated with high capital investment,
long production time, poor energy efficiency and part size constraints [2, 9, 10]. These
limitations have led to the demand for the development of alternative curing techniques,
designed to meet the need for low-cost and high-quality manufacturing process.

The resin infusion process which is consisted of dry fabric preform and low viscous resin is
a cost-effective manufacturing method for producing low-cost composite parts which are
required, in particular, in low to medium production quantity. This process can be accom-
plished by using various resin impregnation techniques, such as vacuum assisted resin transfer
molding (VARTM), seeman composite resin infusion process (SCRIMP), resin film infusion
(RFI), vacuum bag only (VBO) prepreg and so forth [11-13]. The typical characteristics of
resin infusion process are summarized in Table 1. However, most resin infusion processes have
been proven to provide less production repeatability compared to the autoclave process.
Furthermore, the use of functionalized polymer particles as a toughening agent for improving
a fracture toughness is limited due to their resulting high process viscosity.

Recently, new non-autoclave process with VBO prepreg has been introduced to produce
autoclave-quality composite parts [2, 14]. This process is compatible with a diverse range of
low-cost production set-ups, such as convection oven, heated tool and heat-blanket. The key
characteristics of conventional autoclave and VBO prepreg are summarized in Table 2. The
conventional prepreg, which is fully impregnated with a B-staged thermoset resin, is intended
for curing at high-pressure (3—7 bar) in an autoclave facility. On the other hands, new VBO
prepreg features a special micro-structure to evacuate entrapped air and/or volatiles through
dry and un-impregnated fiber tows. In particular, this dry section (or refer to engineered
vacuum channels (EVaCs)), is artificially designed to eliminate the unwanted voids and
consolidate the prepreg plies for achieving high fiber fraction and thickness uniformity [2].
Concurrently, the subsequent resin infiltration into the dry fiber tows is significantly dependent
on the quality of vacuum bag pressure (in typical, —1 bar, 101.3 kPa).

However, the previous studies [2, 4, 10, 11] reported that this new process yields a higher
propensity for voids than those obtained by the autoclave process. It is probably that VBO
prepreg is only compacted by an atmospheric pressure differential of 101.3 kPa. Hence, the
effectiveness of air or volatiles evacuation is crucial for the elimination of void build-up. The
strategies for void mitigation have been already addressed in the previous works, but the
mechanisms of void formation and its impact on the mechanical properties should be better
understood, particularly for VBO curing technique. Thomas and Nutt [15] reported that the
porous networks of dry and un-impregnated fiber tows is essential for air evacuation prior to
the complete saturation of viscous resin. Ridgard [16, 17] showed that the resin viscosity in
dwell stage should be decreased to allow the sufficient infiltration of resin into dry fiber tows.
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Table 1 Summary of resin infusion processes
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through a permeable membrane

*Able to use of standard wet lay-up tools (i.e.,
low-cost tool manufacturing)

*Low capital investment

*Amenable to large-scale structures

*Rapid production time for infusion due to
multiple flow inlets

*No need for oven and low-cost tooling

*Through-thickness infusion process, i.e.,
relatively short flow distance

*Amenable to large-scale structures

*Evacuation of entrapped air and volatiles
through dry fiber tows

*Through-thickness infusion process, i.e.,
relatively short flow distance

*Improvement in part thickness uniformity

*Evacuation of entrapped air and volatiles
through dry fiber tows

*Through-thickness infusion process, i.e.,
shortest flow distance in resin infusion process

*Comparable part quality with autoclave

*Requires additional permeable membrane

*Requires low viscous resin, limit use of
toughening agent

*Need for control of dimensional tolerance, i.e.,
thickness variations

*Relatively low fiber fraction and high void
content

*Trial and error experiments for optimization of
resin flow

*Need for B-stage resin film

*Require high permeability preform

*Need for curing oven and vacuum bagging
system

*Need for curing tool to withstand high cure
temperature of resin film (similar to prepreg
cure temperature)

*Trial and error experiments as in an oven

*Need for shelf-life prepreg
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a) /AN dry preform;

resin (liquid or B-stage);

resin infiltration direction

b) SCRIMP: This process (patented by the Seeman Composite Corporation) is one of the earliest patented infusion methods for
manufacturing marine, wind blade and some aerospace applications. It uses a flow or distribution media (---) to increase permeability by
through-thickness resin flow.

c) RFI: This curing technique is a hybrid process, which is prepared by stacking alternating layers of dry preform and B-stage resin film.
Under applied heat and vacuum pressure, the resin film is easily drawn into the preform, resulting in uniform resin distributions.

Kratz et al. [18] compared the cure kinetics and viscosity behaviors between two commercially
available VBO prepregs (Cytec Cycom5320 and MTM45-1) and one conventional prepreg
(Hexcel Hexply8552), and they found that both VBO prepregs represent more reactive in cure
and high viscosity in dwell temperature in the range from 80 °C to 140 °C. Nevertheless,
further investigation is required to quantify the impact of process variability on the composite
laminate behaviors, and generate the probabilistic design data sets (i.e., design allowables) for
structural designers.

Whatever the method of curing techniques, the optimization of cure cycle is required to
meet the following properties by properly selecting the cure temperature-time profile; (1) low

Table 2 Main characteristics of conventional autoclave and VBO prepreg

Properties Conventional autoclave prepreg New VBO prepreg

fiber tow

NUAUAUA

evacuation channel

Partially impregnated prepreg

fiber tow resin

NV

Fully impregnated prepreg

Sectional material forms resin

Key process parameters Hydrostatic pressure

Low (0-1%)

Moderate to high (110-150°C)
High (55-65%)

Primary structures

Air extraction, lower resin viscosity
Moderate (0.5-3%)

Moderate to high (110-150°C)
Moderate to high (50-60%)
Primary and secondary structures

Void content

Service temperature
Achievable fiber fraction
Structural application
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void content (less than 1%), (2) outstanding glass transition temperature (7}) and (3) improve-
ment in thickness uniformity over part length with high fiber fraction [5, 19, 20]. The presence
of voids results in the decrease in the matrix-dominant properties, such as in-plane shear
strength, compressive strength, interlaminar shear strength and so forth [21-23]. It was also
reported that the voids may cause a greater susceptibility to moisture absorption and/or
environmental conditioning [24, 25]. The glass transition temperature is a good monitor of
epoxy resins, particularly near the final stage of the cross-linking since the change of glass
transition temperature is directly linked with the advancement of the cure process [26]. Finally,
the large variations in part thickness and fiber fraction, combined with resin-rich or voids,
would have a detrimental effect on the performance and quality composite parts [27].

The aim of the present work was to explore the possibility of VBO curing technique for
producing high-performance composites. For this purpose, the cure kinetics and the resulting
viscosity changes of VBO prepreg by using a differential scanning calorimeter (DSC) and a
parallel plate rheometer were characterized to obtain an optimum first-stage dwell temperature
and duration time. Physical properties, such as void content, T, thickness variation and fiber
fraction, were analyzed and compared between two VBO curing conditions and autoclave
curing. Finally, the matrix-dominant mechanical properties, such as in-plane shear and com-
pressive strength, were performed to compare the mechanical properties, and the results were
correlated with the physical properties.

2 Experimental and Process Modeling
2.1 Material

The VBO prepreg being used in this study consists of 2/2 twill weave carbon fiber (Toho
Tenax® 6 k HTA40) and toughened epoxy resin (Cytec Industries Inc., MTM® 44-1). This
prepreg can be processed via low-pressure vacuum bag or autoclave cure. The nominal resin
content is 35-40% by weight and the fabric areal weight is 284 g/m?, respectively. The MTM®
441 epoxy resin is designed for curing at 130 °C or 180 °C for two hours.

2.2 Basic Characteristics of Neat Resin and Prepreg

Neat Resin The previous study [2, 28, 29] showed that the rate of infiltration and the final
quality of VBO composites are strongly influenced by the cure kinetics and the viscosity
evolution during the curing process. Kim et al. [29] developed the in-situ cure monitoring
method based on DSC and rheometer data with a VBO prepreg. They found that the rate of
cure and the resulting viscosity changes provide a means to improve process effectiveness and
efficiency in the manufacturing of composite parts. The intermediate isothermal stage (in
typical, dwell stage) in a two-step cure cycle is generally considered in order to motivate the
evacuation of air and/or volatiles in a lay-up stack. Thereafter, the resin viscosity in the dwell
stage should be kept as low as practical to allow the infiltration of epoxy resin into dry fiber
tows before the curing reaction starts to rise rapidly [30]. In this study, the effect of dwell
temperature on the viscosity behaviors of neat resin was investigated by using a Physica UDS
200 rheometer (Anton Paar GmbH.). Figure 1 shows the viscosity changes of neat resin with
the different dwell temperatures (65, 70, 80, 90, 100, 110, 120 and 130 °C). At this time, the
dwell time was fixed at 30 min. High dwell temperature led to the reduction in minimum
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Fig. 1 Effect of dwell temperature on viscosity of neat resin; dwell temperatures were varied with 65, 70, 80, 90,
100, 110, 120 and 130 °C and duration of dwell time is 30 min

viscosity (7),,;,) of neat resin; 7,,,, = 832.0 Pa‘s for 65 °C dwell and 7,,,, = 10.6 Pa‘s for 130 °C
dwell, respectively.

In order to address the curing reaction at dwell stage, the degree of cure («) for neat
resin was determined by dynamic and isothermal DSC experiments. The DSC experiments
were performed with a DSC 2970 (TA instrument, USA) according to the Airbus test
specification of AITM 3—0002 [31]. The detailed procedure can be found in the previous
literatures [5, 32-35]. The degree of cure («) was calculated by using the following
equation:

o) = logdt/Hy (1)

where «a(?) is the degree of cure, ¢ is the heat released from the sample from time 0 to time ¢
during cure measured by DSC, and Hy, is the ultimate heat of reaction obtained by the
dynamic DSC experiment. Figure 2 shows that high dwell temperature offers potential for
shorter final dwell time; o =68.7% at 130 °C and oo =98.8% at 180 °C, respectively.

Prepreg The resin content in the un-cured prepreg was determined by weighing a 50 mm?
square sample, dissolving the epoxy resin out of prepreg with 70 wt.% nitric acid based on
the ASTM D3529 [36]. To determine the volatile content in prepreg, a 50 mm? square
sample was weighed, set in a vacuum-oven at a nominal cure temperature of 180 °C for
15 min according to the ASTM D3530 [37]. Average resin content of un-cured prepreg
based on five samples was 34.66 +0.36 wt.% and volatile content was 0.45+0.11 wt.%,
respectively.
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Fig. 2 Comparison of DSC thermograms for neat resin when subjected to 130 and 180 °C isothermal
temperature; ultimate heat of reaction (AH =385.66 J/g) was obtained from dynamic DSC experiment at a
heating rate of 4.5 °C/min

2.3 Cure Cycle Design for VBO Prepreg

Summary of Preliminary Experiments Our preliminary study focused on evaluating the
effectiveness of resin infiltration into dry fiber tows by altering a set of dwell conditions, i.e.,
dwell temperature (65—130 °C) and duration time (30—120 min). In addition to voids, another
major problem encountered in the curing of VBO prepreg is the presence of surface porosity.
Surface porosity is generally formed on the tool-side surface of composite laminate, and it
tends to degrade the aesthetic quality of composite part. Hamill et al. [38] proposed the
mitigation strategies for the management of surface porosity with VBO prepreg. They found
that both resin viscosity and permeability at the prepreg-tool interface were identified as a
major factor affecting the surface porosity management.

Table 3 shows the representative composite laminates with the different dwell condi-
tions, by showing the extent of surface porosity and viscosity data (i.e., minimum
viscosity 7,,;,) at dwell stage. To enhance the visibility of surface porosity, the original
photographs were digitized into an image consisting of a two-dimensional array of
numbers. The proper threshold values were pre-determined by examining the histogram
of array values, and verified between original and binary images. The number of pixels
in the digital white scale (0) where represents the surface porosity area was computed
with the number of pixels in the binary image. It could be observed that the extent of
surface porosity were dramatically decreased when the intermediate dwell temperature
was increased from 65 °C to 130 °C. In addition, longer duration time at dwell
temperature of 130 °C was shown to help mitigate the extent of surface porosity
significantly. More specific, the composite laminate produced by 65 °C dwell stage for
30 min was not fully infiltrated with epoxy resin, resulting in a high probability of
surface porosity (41.2 areal.%). On the other hands, 130 °C dwell stage for 60—120 min
could completely eliminate the surface porosity (0 areal.%).
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Table 3 The extent of surface porosity (areal.%) and the resulting viscosity at dwell stage (Pa‘s) according to
dwell temperature and duration time condition

)

Dwell conditions? Extent of surface porosity bl

(a) Effect of dwell 30 minat 65°Cdwell 30 min at 110°C dwell 30 min at 120°C dwell 30 min at 130°C dwell
temperature 5 :
(minimum viscosity data
at dwell stage)

41.2 areal.% 38.6 areal.% 36.8 areal.% 9.7 areal.%

(832.0 Pa's) (22.5 Pa-s) (14.3 Pas) (10.6 Pa's)
(b) Effect of dwell time 30 min at 130°Cdwell ~ 60 min at 130°C dwell 120 min at 130°C dwell Autoclave cure
9.7 areal.% 0.9 areal.% 0.0 areal.% 0.0 areal.%

a) Cure cycle consists of intermediate dwell for 30 min and final cure for 120 min at curing temperature of 180°C. Full vacuum of -735.0
mmHg (5.0 mmHg) is applied during the entire cure cycle.

b) The surface images were processed through a commercial Adobe® Photoshop® software by adjusting the lower threshold until areas
on the white scale image (0 is black, 255 is white) corresponding to the surface porosity area matched white.

Preparation of Composite Laminates In this study, two intermediate dwell conditions
were considered in an attempt to further assess the quality of composite laminates based on the
thermal analysis (i.e., cure kinetics and rheology) and the resulting surface porosity quantity.
The detailed cure cycle conditions are given in Table 4; 65 °C dwell stage for 30 min refers to
the standard cure cycle (i.e., manufacturing recommended cure cycle) and 130 °C dwell stage
for 120 min is selected for the optimized cure cycle. For evaluating the material performances,
four types of lay-up patterns, such as unidirectional-ply ([0]g), angle-ply ([£45]4), cross-ply
([0/90]4) and quasi isotropic-ply ([0/45,/90];), were prepared as per the corresponding test
specification. All prepreg plies were cut in size of 300 x 300 mm, and subsequently laid up on
the curing tool. The outer permeable boundary (i.e., glass tows) was installed to encourage the
evacuation of entrapped air and/or volatiles as shown in Fig. 3a. The detailed guidelines for
fabricating test panels are already given in the technical document sheet [39].

Table 4 Cure cycle conditions used in this study

Cure cycles® Autoclave cure 65 °C dwell 130 °C dwell
Dwell temperature (°C) 65 65 130

Dwell time (min) 30 30 120

Cure temperature (°C) 180 180 180

Cure time (min) 120 120 90

Vacuum pressure (mmHg) —735.0 —735.0 —735.0
Autoclave pressure (kPa) 501 kPa N/A N/A

Cure cycle see Fig. 3b see Fig. 3b° see Fig. 3¢

?The lagging thermocouple was used to control the cure temperature-time

65 °C dwell stage is identical to autoclave cure cycle, except for the application of autoclave pressure. Full
vacuum of —735.0 mmHg (+5.0 mmHg) is applied during the entire cure cycle
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The vacuum bagging assemblies were subsequently processed with the cure cycle profiles
as shown in Fig. 3b and c. An identical cure temperature profile was used for autoclave and
65 °C dwell stage cure; one set of autoclave cure was processed in vacuum bag with autoclave
pressure of 501 kPa, and another set of 65 °C dwell stage cure cycle was employed under
vacuum pressure only. In all cure cycle steps, the practically achievable vacuum level of
—735.0 mmHg was maintained automatically via a solenoid-valve system in the range of
+5.0 mmHg. Finally, the cure temperature was controlled by using K-type thermocouples and
PID (Proportional-Integral-Derivative) temperature controller.

2.4 Evaluation of Laminar Level Properties

For the material property evaluations of composite laminates, each of the following test
standards serves as the engineering definition for the preparation of test sample as given in
Table 5. To quantify the impact of process variability on the composite laminate behaviors, the
manufacturing process to fabricate the test panels should be the representative of multiple cure
cycles. This approach can provide the statistical result of qualitative data. For this purpose, the
test panels manufactured for each process condition require a minimum of three independent
cure cycles, and all material properties for each process condition were averaged over nine
samples (i.e., three samples per panel).

The density (D,, g/cm3 ) of composite laminates was measured in accordance with the
standard of D792 [40]. The fiber content (V5 vol.%) and void content (V,, vol.%) were
measured by weighing the test samples with square area of 25 cm?, by dissolving epoxy
resin in 70 wt.% nitric acid based on the D3171 [41] and D2734 [42], respectively. The
DMA experiment was performed to compare the glass transition temperature (7,, °C) in
a 3-point bending mode by using a Q800 DMA (TA Instruments, USA) based on the
AITM1-0003 [43]. A frequency of 1 Hz was used over a temperature range of —50-
250 °C. The cross-sectional micrograph was obtained by using a S-2400 scanning
electron microscope (Hitachi, Ltd.). The samples were gold sputtered and an accelerating
voltage of 20 kV was utilized. Finally, two sets of mechanical tests, such as in-plane
shear strength ([+45]4) and compressive strength ([0/90]4 and ([0/45,/90];), were carried
out to compare the matrix-dominant properties with the different curing conditions. The
mechanical tests with a servo-hydraulic 100 kN load capacity MTS 810 testing machine
(MTS Systems Corporation) were conducted in a laboratory environment (23 +2 °C and
50+ 5% relative humidity).

Table 5 Definition of test items, specifications and sample configuration

Test item (nomenclature) Specifications Properties Lay-up Dimension
(mm)
Density (D,) D792 [40] Cured laminate density [0]s 50.0 x 50.0
Fiber fraction (V) D3171 [41] Fibre fraction in volume [0]s 50.0 x 50.0
Void fraction (V,) D2734 [42] Void fraction in volume [015 50.0 x 50.0
Glass transition (7) AITM1-0003 [43] Glass transition temperature [0]s 50.0x10.0
Shear (MPa) D3518 [44] Shear strength [+45] [+45]4 230.0 x 25.0
Compressive (MPa) D6641 [45] Compressive strength [0/90] [0/90]4 140.0 x 12.0

Compressive strength [0/+45/90] [0/452/90]s 140.0 x 12.0
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3 Results and Discussion

The material properties of composite laminates with the different curing conditions are
summarized in Table 6, where standard average (x,), coefficient of variation (CV) and
percentage difference (% diff’) respect to the autoclave cure are listed. The coefficient of
variation was defined as follows [46]:

St =\ (S i) /(1) 2)

CV =100 X s,1 /x4 (3)

where; x; is the measured property and # is the number of samples, respectively.
3.1 Sectional Observations

The representative through-thickness microstructures of composite laminates were com-
pared as shown in Fig. 4. It was immediately apparent that high autoclave pressure
(501 kPa) allows the compaction of prepreg plies and the squeezing of excessive resin
sufficiently. The micrograph as shown in Fig. 4a did not display any sign of voids or resin-
rich area between prepreg plies. This evidence was further supported by the quantitative
results, by showing low void content (1.1 vol.%) and high fiber fraction (57.9 vol.%).
However, the 65 °C dwell stage composite represented a non-homogeneous interlayer, by
showing the irregular distribution of toughener particles in the inter-ply sections of the
composite (see arrow in Fig. 4b). In addition, the resin-rich domains between fiber tows
could account for high void content (2.2 vol.%) and low fiber fraction (52.8 vol.%) when
compared to other curing conditions. Apparently, the 130 °C dwell stage composite
showed a distinct, homogenous interlayer that accommodated the toughener particles in
a relatively co-continuous morphology as shown in Fig. 4c.

3.2 Material Properties

The experimental results showed that the autoclave curing achieved an extra 8.4-9.6% fiber
fraction in volume over the VBO curing conditions as listed in Table 6. As mentioned above
section, high autoclave pressure was responsible for the suppression of void formation by less
than 1.5 vol.% and the achievement of ultimate fiber fraction (> 55 vol.%). On the other hands,
the VBO curing showed the moderate fiber fraction (> 50 vol.%) and void content (< 2 vol.%),
respectively. The variations of panel thickness with the different curing conditions are shown
in Fig. 5. It was apparent that the application of autoclave pressure was anticipated to lead to
the decrease in final value and variations of part thickness. In overall, the uncertainty values
(CV, %) of thickness variation were lowest in autoclave curing (0.81%), followed by 130 °C
dwell stage (1.43%) and 65 °C dwell stage (1.65%). The uneven compaction of VBO prepreg
plies has close relationship with the location of vacuum source. Figure 5b and ¢ show that the
part thickness was gradually increased as the distance from the vacuum source increased. As a
consequence of thickness variation, there might be a corresponding variation in the fiber
fraction of cured part.
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Fig. 4 Through-thickness microstructures of composite laminates at 400x magnification: (a) autoclave cure; (b)
VBO cure at 65 °C dwell stage; and (¢) VBO cure at 130 °C dwell stage

The corresponding 7, taken from the storage modulus (£) and peak value of loss tangent
(tan ), the ratio of £” to E’) are shown in Fig. 6. The comparable T, values were measured in
all cases of autoclave cure (7., ese: = 208.9 °C) and VBO cure conditions (209.6 °C for 65 °C
dwell stage and 208.4 °C for 130 °C dwell stage) as listed in Table 6. It was speculated that the
full cure stage at 180 °C for 2 h was the main factor that allows for the curing reaction to
proceed to completion. The effect of dwell condition on the 7, was negligible as compared
with the full cure stage.

Earlier studies in the literatures [47-49] were dealt with the effect of voids on the
mechanical properties, and they reported that high void content was deleterious to the
matrix-dominant properties, particularly for in-plane shear and compressive strength. In this
study, the mechanical tests were carried out to investigate the load carrying capacity of
composite laminates and to evaluate the effect of cure cycle on the in-plane shear ([+45],)
and compressive strength ([0/90]4 and ([0/45,/90]). The experimental results showed that the
presence of voids did not significantly alter the in-plane shear strength of composite laminates.
The in-plane shear strengths processed by VBO curing (107.48 MPa for 65 °C dwell stage and

(a) 0 50 100 150 200 250 300 50 100 150 200 250 300
Y "

——
or m
50
2.500
100 . 2.450
150 2.400
2.350
200 2.300
2.250
250 2.200
2.150
300 2.100

{+}=—Vacuum source = L Glass tows + } =— Vacuum source

Fig. 5 Comparison of thickness variation for composite laminates: (a) autoclave cure; (b) VBO cure at 65 °C
dwell stage; and (¢) VBO cure at 130 °C dwell stage
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ig. 6 Comparison of storage modulus and tangent delta with two-dwell stage conditions

111.36 MPa for 130 °C dwell stage) were demonstrated to be comparable to those of the
autoclave curing (108.01 MPa). Only minor qualitative differences between the three groups
were observed in the shear strength although these differences were within the experimental
error. Typical stress (7) — strain (¢) curves during in-plane shear strength tests are shown in
Fig. 7. Hence, the in-plane shear strength was improved effectively through VBO curing
process, possibly signifying that VBO curing could enhance the interfacial bonding between
fiber reinforcement and epoxy resin.

&y

—— Autoclave cure
—— VBO cure at 65°C dwell stage
—— VBO cure at 130°C dwell stage

1 1 I I I I
-8,000 -6,000 -4,000 -2,000 0 2,000 4,000 6,000 8,000

e[X10°]

Fig. 7 Stress (1) — strain (¢) curves for in-plane shear test
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The compressive strength, however, yielded an interesting result. The compressive strength
of 130 °C dwell stage composite was found to be 6.5-7.6% higher than those processed by
65 °C dwell stage. The 65 °C dwell stage composite showed the lowest compressive strength
in both for cross-ply (406.26 MPa) and quasi-isotropic laminates (388.52 MPa), respectively. It
could be supposed that the low fiber fraction (52.8 vol.%) and high void content (2.2 vol.%)
can account for the reduction in compressive strength of composite laminate when the VBO
prepreg were processed by 65 °C dwell stage condition. Consequently, the experimental results
presented in this study highlighted the potential to improve the material properties by
manipulating the dwell condition. The qualitative ratings on each material property were
shown in Fig. 8. The qualitative ratings were scored on a ten-point scale with values from
10 to 100.

3.3 Comparison of Resin Viscosity during Cure Cycle

In this section, an additional experimental study was carried out to directly compare the
viscosity evolution of VBO prepreg according to cure cycle. It was clear seen that high
viscous state (835.5 Pa's) at 65 °C dwell stage for 30 min resulted in the improper resin
infiltration, furthermore leading to high extent of surface pin-hole (41.2 areal.%) and void
formation (2.2 vol.%) as shown in Fig. 9a. Meanwhile, the low viscous state (9.49 Pas) over
130 °C dwell stage for 120 min could account for the reduction in surface pin-hole (0.0
areal.%) and void formation (1.3 vol.%) as shown in Fig. 9c. Consequently, the low viscous
state during dwell stage would facilitate resin flow sufficiently, making it easier for viscous
resin to access into dry fiber tows. It is beneficial to the inherent compressibility of the prepreg
plies and the elimination of surface pin-hole.

Fiber fraction

Void fraction Compressive strength

[0/90]«

Tg-peak Compressive strength

[0/452/90]s

—— Autoclave cure
—— VBO cure at 65°C dwell stage
Shear strength [£45], —— VBO cure at 130°C dwell stage

Fig. 8 A diagram for qualitative ratings on each material property; best is outermost and worst is center
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Fig. 9 Viscosity evolution of neat resin during a cure cycle: (a) VBO cure at 65 °C dwell stage; and (b) VBO

cure at 130 °C dwell stage

@ Springer



202 Appl Compos Mater (2019) 26:187-204

4 Conclusions

The VBO curing technique has the potential to substantially reduce the cost of composite
manufacturing. However, the low compaction with vacuum bag pressure results in a higher
propensity for voids formation compared to the traditional autoclave curing. The present work
explored the feasibility of improving the quality of composite laminate with VBO prepreg.
Through the characterizations of neat resin and prepreg, the necessary attributes of VBO
prepreg were addressed in terms of cure kinetics and resulting viscosity evolution during a cure
cycle. A mitigation strategy for improving the quality of composite laminate with VBO
prepreg was presented from the description of viscosity-temperature dependency, and it was
subsequently correlated with the results of surface porosity quantity and void content.

The experimental results showed that the resin infiltration into dry fiber tows is the main
micro-structural changes during a cure cycle. The resulting cross-linking and increase in resin
viscosity can prevent sufficient flow into dry fiber tows during the curing process and result in
surface porosity and voids significantly. The efficiency and effectiveness of resin infiltration
clearly depends on the low viscous state of epoxy resin, and the enhancement of resin flow
properties could account for the decrease in the surface porosity and void content. The
composite laminates processed by the optimized VBO cure cycle represented a 6.5%
([0/90]4) and 7.6% ([0/45,/90];) decrease in compressive strength, but an equivalent in-plane
shear strength (+3.0%) was achieved compared to those obtained by autoclave curing. This
enhancement is suggested to be mainly attributed to a lowering of resin viscosity at dwell stage
of cure cycle, which in turn facilitated the resin flow and improved the interfacial bonding
between fiber and epoxy resin. The microscopic observations also supported the evidence of
improved interfacial bonding in terms of excellent fiber wet-out and minimal void content for
the optimized cure cycle condition. Furthermore, this evidence was supported by the quanti-
tative results, showing high fiber fraction (57.9 vol.%) and low void content (1.1 vol.%).
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