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Liquid molding of thermoset composites has become very popular in all industry
sectors, including aerospace, automotive, mass transit, and sporting goods, but the cost of
materials and processing has limited the use to high-end applications. Thermoplastic
composites are relatively cheap; however, the use has been limited to components with
short fiber reinforcing. The high melt viscosity and short processing window precludes
their use in the liquid molding of large structures and applications with continuous fiber
reinforcement.

The current research addresses the processing parameters, methodology, and limi-
tations of vacuum assisted resin transfer molding (VARTM) of carbon fabric-reinforced,
thermoplastic polyamide 6 (PA6). The material used is casting grade PA6. The process
developed for using VARTM to produce carbon fabric-reinforced PA6 composites is ex-
plained in detail. The effects of infusion temperature and flow distance on the fiber
weight fraction and crystallinity of the PAG6 resin are presented. The degree of conversion
from monomer to polymer was determined. Microscopic studies to show the wet-out of
the fibers at the filament level are also presented.

Tensile, flexural, short beam shear strength (SBSS), and low-velocity impact test

results are presented and compared to a equivalent thermoset matrix composite. The rub-
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ber toughened epoxy system (SC-15) was chosen for the comparative study because the
system has been especially developed to overcome the brittle nature of epoxy composites.
The environmental effects of moisture and ultraviolet (UV) radiation on the car-
bon/nylon 6 composite were investigated. The samples were immersed in boiling water
for 100 hr, and mechanical tests were conducted. Results showed that moisture causes
plasticization of the matrix and attacks the fiber matrix interface. This leads to deteriora-
tion of the mechanical properties. The samples were also exposed to UV for up to 600 hr,
and post exposure tests were conducted. The exposure to UV caused an increase in the
degree of crystallinity of the PA6. The mechanical properties were not affected by the

exposure to UV for 600 hr.
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INTRODUCTION

The use of polymer matrix composite materials in commercial applications,
namely aerospace, automotive, and sporting goods, has become common practice today.
The main drivers have always been weight savings and improved performance. The ma-
jority of developments in thermoset matrix composites have been pioneered by the aero-
space industry, as the costs were initially very high and could be justified by the potential
weight savings and improved performance. The production requirements of the aerospace
industry are also very low and can justify the long processing times required for thermo-
set resin composites.

The automotive industry has pioneered most of the developments in thermoplastic
matrix composites, as very low costs and high-volume production are a requirement of
this sector. The annual United States market for thermoplastic matrix composites is cur-
rently in excess of one billion pounds, half of which is consumed by the automotive in-
dustry [1,2]. By adapting and developing liquid molding processes for thermoplastic
composites, the use of these materials can be expanded into structural and semi-structural
applications.

Thermoplastic composites have been limited to products that can be manufactured
using processes like injection molding, compression molding, and extrusion. These tech-
niques accommodate short fiber lengths but are incompatible with continuous woven fab-
rics and long fibers. However, the mechanical properties, especially the impact resis-

tance, of thermoplastic composites improve with an increase in fiber length [3,4]. Woven

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fabric can be combined with thermoplastic resins, such as polyetheretherketone and poly-
etherketone, using an autoclave under high temperatures (>400°C) and pressures (>850
kPa), which is a very expensive processing approach. Vacuum assisted resin transfer
molding (VARTM) has been very well developed and is now a proven, low-cost manu-
facturing technique for thermoset resin composites [5,6]. Unfortunately, the high melt
viscosity of thermoplastic resins generally precludes the use of VARTM due to poor im-
pregnation or mold fill, which can only be overcome by either significantly lowering the
viscosity of the resin or reducing the flow distance. Furthermore, VARTM utilizes a
closed mold system that allows zero volatile organic compounds (VOCs) and uses a sin-

gle-sided tool, which reduces part cost.

Anionically Polymerized Nylon 6

Schlack [7] (1938) first reported the conversion of dry g-caprolactam to -
aminocaproic acid polymer by heating it in a sealed tube in the absence of air at 220-
250°C for a prolonged period of time. He reported that the reaction is very slow, and
heating periods of 200 h are required to achieve appreciable polymerization of the dry ¢-
caprolactam.

The process of anionic polymerization of e-caprolactam was first developed by
Joyce et al. [8,9] in 1941. It is a base catalyzed reaction that requires anhydrous condi-
tions and is characterized by high rates of conversion and molecular weights. Equilibrium
conversions are achieved within a few minutes.

The anionically polymerized nylon 6 properties compare favorably with the prop-

erties of nylon 6 produced by the conventional hydrolytic polymerization process [10].
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An excellent review of the chemistry, mechanisms, properties, and processes of nylon 6

is presented by Reimschuessel [10].

A process for using the anionically polymerized polyamide 6 (APA) 6 systems for

the liquid molding or, more specifically, reaction injection molding (RIM) of composites,

was investigated in the early 1980s by Sibal and coworkers [11]. The following criteria

were listed as conditions for successful implementation in RIM applications:

1.

8.

The reaction must proceed at reasonable rates without the uncontrolled formation
of by products.

The initial viscosities of the reactants must be low enough to allow for good im-
pingement mixing.

The viscosity must increase slowly enough to permit filling of the entire mold
cavity without turbulence.

The material, once in the mold, must build modulus and strength rapidly to reduce
demolding times.

The part must release easily from the mold.

There must be minimal shrinkage.

The reactants must have reasonable stability of reactants in storage tanks.

The reactants must be compatible with typical materials of construction.

Sibal investigated and reported on the reaction kinetics of APAG6 for use in RIM.

Nylon block copolymers for RIM (NYRIM) ™ were developed by Mooij [12].

The nylon block copolymer is formed by the reaction of anionically polymerized (AP)-

caprolactam with a prepolymer (NYRIM), which is an activated impact modifier (rub-

ber). The amount of the prepolymer can be between 10 and 40%, depending on the de-
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sired properties of the composite. Extensive research has also been carried out by Gabbert
and coworkers [13-16] using nylon 6 and nylon 6 block copolymers for resin transfer
molding (RTM) and RIM.

The interest in nylon 6 for liquid molding of composites dwindled after the mid
1980s. A renewed interest in the capabilities of nylon 6 and other thermoplastics for lig-
uid molding of composites has recently been driven by environmental regulations, eco-
nomics, and improved performance requirements of components and structures. This has
led to substantial investigations recently into the liquid molding of thermoplastic resin
composites using the matrices anionic polyamide 12 (APA12) [17,18], cyclic polybuty-
lene therephthalate (PBT) [19,20], and anionic polyamide 6 (APA6) [21,22]. Anionic
ring opening polymerization of lactams has been studied extensively by many researchers

in both academia [23-25] and industry [26-29].

Thermoset infusion techniques can be used for thermoplastics by either signifi-
cantly lowering the viscosity of the resin or reducing the flow distance. By accomplishing
this, the advantages of thermoplastics over thermosets of cost, faster cycle times, superior

impact properties, and recyclability can be brought to composite materials and structures.

Vacuum Assisted Resin Transfer Molding (VARTM)

Resin infusion techniques have been extensively developed and studied over the
years for the efficient manufacture of composite parts and structures [5,6]. The Marco
method [30] was developed and patented in the USA in 1950. This was a closed mold
method developed for the manufacture of boat hulls. Dry reinforcement was placed onto

a male tool and a semi-flexible/splash female tool was used for consolidation and to pro-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vide a seal for the application of vacuum. In 1978, Gotch [31] detailed the use of vacuum
impregnation using one solid tool and a silicone rubber diaphragm bag. Liquid resin was
poured onto the preform, which was then bagged by the silicone rubber. The vacuum was
applied to evenly distribute the resin into the preform. He later developed the process fur-
ther by first bagging the preform and then applying vacuum pressure to draw the resin
into the fiber bed [32,33]. Many variations of the process have since been developed and

extensively used in composites manufacture.

Effects of Moisture and UltraViolet Irradiation on Nylon 6

The main limitation of using nylon 6 matrix composite structures, especially in
exterior components or in high humidity applications, is the propensity of the material to
absorb moisture. The absorbed moisture not only plasticizes the matrix as in the unrein-
forced system but also attacks the fiber matrix interface [34]. The combined effects of
temperature and moisture, known as hygrothermal aging, are more damaging to the com-
posite than either effect alone and have a detrimental effect on the composite [35-37].
Hygrothermal swelling causes a change in the residual stresses within the composite and
could lead to micro-crack formation. The micro-cracks provide a fast diffusion path and

may alter the moisture absorption characteristics of the laminate [38]

The effect of ultraviolet (UV) light irradiation on the composite is also an arca
that needs to be investigated, especially for components for exterior applications. The ul-
traviolet spectrum from intense sunlight may break the bonds of the molecules, resulting
in the structural capacity degradation of the material [39]. The effects of ultraviolet radia-

tion on polymers has been investigated by other researchers and depending on the expo-
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sure time and intensity, can cause mere discoloration or complete breakdown of the poly-

mer by chain scission [40,41].

Objectives

1.

Processing — Develop the processing parameters and methodology of using

VARTM for nylon 6 matrix composites.

Characterization — Optical microscopy and scanning electron microscopy (SEM)
to establish effective fiber impregnation. Differential scanning calorimeter (DSC)
tests for polymerization and degree of crystallinity, Soxhlet extraction to deter-

mine degree of polymerization.

Mechanical testing — Tensile, three-point bend, interlaminar shear strength, low-
velocity impact. Data to be compared to identical panels produced using SC-15

resin (rubber toughened thermoset resin).

Environmental effects on woven carbon — nylon 6 composite panels. Studies to be
conducted on the effects of temperature, moisture, and UV radiation on carbon —
nylon post exposure mechanical tests (as above) to be conducted to establish the

effects of the environmental exposure on these composites.

Diffusion models — Apply and/or modify existing diffusion models for moisture

absorption of carbon/nylon 6 composites and compare to experimental data.
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Experimental Approach

The experimental approach for this study is divided into the following sub-
sections: (1) processing of carbon/nylon 6 composite panels, (2) optical and thermal char-
acterization, (3) static and dynamic mechanical testing, namely tensile, flexure, short
beam shear strength, and low-velocity impact tests, (4) moisture exposure, and (5) UV

exposure. The relevant constituent materials, processing and test methods are discussed.

PROCESSING AND MATERIALS

There are several different techniques that can be used for the processing of
polymer matrix composites, including hand lay-up, liquid infusion, autoclave molding,
and filament winding. This study focused on developing an inexpensive method of liquid
molding of carbon fabric-reinforced nylon 6 resin composite panels. VARTM was chosen
as the system to explore because it uses very low-cost tooling and produces composites

with low void content and high volume fractions of fiber.

Resin system

The current study will use polyamide 6 (PA6), a well-known commodity thermo-
plastic resin that has been used extensively for nylon casting applications. AP grade
caprolactam monomer was used and has low levels of moisture (<0.0015% by mass), a
low melting point (Ty = 69°C), and low viscosity (4.87 mPass at 100°C). Bruggolen C20,
hexamethylene dicarbamoyl dicaprolactam, and Bruggolen C10, sodium caprolactamate,

both especially developed for AP of caprolactam, were used as the activator and catalyst,
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respectively. The melt temperature of both C10 and C20 is 60°C. The catalyst and activa-
tor are used to control the speed and quality of the AP process. The monomer, catalyst,
and activator were supplied by Bruggemann Chemical U.S., Inc., and were used without
any further processing or purification. Due to the sensitivity to moisture of the catalyst
and activator, they were stored and handled in a dry box with the relative humidity main-

tained at 8%.

The anionic ring opening polymerization of caprolactam follows an activated
monomer mechanism. The chain growth reaction proceeds by the interaction of an acti-
vated monomer with the growing chain end.

A rubber toughened SC-15 resin was chosen for comparative studies, as this resin
has been specially developed to improve the toughness of thermoset matrix composites.
The SC-15 resin was supplied by Applied Polymeric, Inc. The resin was a two-part sys-
tem, a base resin and a catalyst, with a manufacturer-specified ratio of 70:30. The ambi-
ent viscosity of the resin is 400 mPars, which allows for a working time of approximately

4 h at 20°C.

Reinforcements

Carbon fabric was chosen as the reinforcement in this study because of it’s supe-
rior mechanical properties. The fabric used in this study was supplied by US Composites
and was a 4 harness satin weave, with a 3K tow size and an areal density and thickness of
0.02 g/cm” and 0.254 mm, respectively. The fabric was washed in acetone to remove lu-

bricants and sizing, then was placed in a recirculating oven at 100°C for 1 h to remove
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residual moisture and/or acetone. The fabric was used as supplied for infusion of the rub-

ber toughened SC-15 resin.

MICROSCOPY AND THERMAL CHARACTERIZATION
Microscopy

Optical and scanning electron microscopes were used to assess the level of fiber
impregnation on both the tow and filament level. They were also used to characterize the
damage due to moisture ingress and UV exposure. Failure modes after mechanical testing
were assessed using OM and SEM. A thorough visual observation were made of the

specimens, and typical images were captured.

Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis was performed to study the mass loss of the resin
from the composite and to establish the degradation temperature of the resins. A TA In-
struments TGA 2950 was used for this study. Measurements were done under nitrogen to
prevent oxidation of the carbon fiber. A scan rate of 10°C/min was used, and the samples

were run to 700°C.

Differential Scanning Calorimeter

The thermal behavior of the processed composite was evaluated by using a TA
Instruments Q100 DSC. The heat flow as a function of time was established. The samples
were heated from 40 to 250°C at rate of 10°C/min. The melt temperatures were obtained

from these curves, and single peaks versus multiple peaks were used as an early indica-
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tion of the success of polymerization of the nylon 6. The crystallinity calculations were
done by integrating the area under the peaks of the DSC thermograms to obtain the heat
of fusion, AH. These values were compared to the theoretical heat of fusion for a 100%

crystalline structure.

STATIC AND DYNAMIC MECHANICAL TESTING

Tensile

Tensile tests were conducted according to ASTM D 3039M using samples of di-
mensions 12.5 x 250 mm cut from the panel. The sample ends were tabbed with an ep-
oxy/glass material, dimensions 12.5 x 63 x 0.85 mm, with the tab ends tapered to 5. The
tabs were bonded to the sample using a Three Bond™ thermoplastic adhesive. Samples
were tested in a servo-hydraulic tensile test machine at a displacement rate of 2 mm/min.
with a gage length of 120 mm. The change in length of the sample was measured using a

clip-on extensometer, which was detached prior to failure.

Flexure

Three-point bend tests were conducted according to ASTM D 790M. Samples of
the dimensions 10 x 80 x 4 mm were prepared from the panel. The support span was set
at 64 mm, and the rate of cross-head motion was 1.7 mm/min. The load as a function of

displacement was recorded.
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Interlaminar Shear Stress

Short beam shear (SBS) tests were conducted according to ASTM D2344 to
measure the interlaminar shear stress of the composites. Samples of the dimensions 10 x
24 x 4 mm were prepared from the panel. The support span was set at 16 mm, and the
rate of cross-head motion was 1 mm/min. The beams were loaded in three-point bending
such that the dominant failure was shear. A variety of failure modes (bending, plastic in-
dentation, and compressive) can occur that can skew the results, and care must be taken
to examine the failed specimen to ensure that failure occurs at the midsection or neutral
axis of the beam, which is indicative of shear failure. The tests do not purport to be abso-
lute; however, they are a good indication of the interlaminar shear strength of the com-

posite.

Impact

Low-velocity impact (LVI) tests were conducted to study the resistance to impact
and damage initiation and propagation of the composite panels. An instrumented drop
weight tower equipped with a load cell of capacity 1590 kg was used to conduct the tests.
A hemispherical shaped tup of diameter 19.5 mm and mass 0.12 kg was used as the im-
pactor. The total impactor mass, including the tup, was 6.15 kg. The samples were
clamped using a pneumatic assist mechanism, such that a 76.2 mm (3”) diameter of the
sample face was exposed to the impactor. Three impact heights, 0.46 m, 0.71 m, and 1.15
m, were chosen in order to capture the dominant failure modes of the plates from incipi-

ent to total failure and to analyze the energy absorption mechanism and damage progres-
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sion. The force-time, energy-time, and load-deflection responses of the samples were

measured. Damage initiation and progression was monitored.

MOISTURE ABSORPTION

Since the focus of this study was to evaluate the deterioration in mechanical prop-
erties of the carbon fabric-nylon 6 matrix composite, it was decided to expose the mate-
rial to the most aggressive moisture condition, i.e., immersed in water at 100° C. The
specimens were cut from the panels using a diamond blade saw and then polished with
600 grit silicon carbide paper to minimize any cracking or debonding on the edges. The

following sizes of specimens were prepared for the different tests:

100 x 100 mm LVI

10 x 80 mm Flexure

9x 25 mm Short beam shear strength (SBSS)
25x 75 mm Moisture absorption (ASTM D-570)

The specimens were then dried in an air-recirculating oven at 70°C and periodi-
cally weighed on a high precision balance with a 0.1 mg resolution, until the weight had
stabilized. The dry weight (W) of all the specimens was then recorded. The samples were
then placed on a rack and fully submerged in boiling water. The temperature of the water
was maintained at 100°C using a hotplate and oil bath to maintain even heating. The
specimens were taken out at periodic intervals and weighed after excess moisture was
removed. The percentage weight gain (equation below) was monitored as a function of

the square root of time.

M=——7"-x100
W,
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Where M = percentage weight gain; W; = weight of moist material at a specific time; and
W, = dry weight.
The weight gain was plotted against the square root of time until the equilibrium

weight gain ( M_ ) was reached. The samples were then removed from the chamber, and

50% were put into a container with water at ambient temperature and taken for testing
and evaluation, while the rest were placed in the recirculating oven at 70° C to dry. The
same process as the preconditioning was used to remove the moisture. After the weight

stabilized, the samples were placed in a desiccator and taken for testing and evaluation.

UV EXPOSURE

Specimens were cut and prepared for the LVI, flexure, and SBSS tests. The
specimens were then placed in RTR 200 UV exposure chamber with 12 fluorescent bulbs
that provide UV radiation at wavelengths of 200 to 400 nm within the chamber. The in-
tensity was not measured because the chamber and bulbs was relatively new, and it was
assumed that the manufacturer’s specifications were still valid. The specimens were re-

moved at 100, 200, 300, 420, and 600 h of exposure and tested and evaluated.

Organization of the Work

The focus of this study was to develop an affordable manufacturing system to
process nylon 6 matrix composite structures using woven carbon fabric as the reinforce-
ment. The thermal, static, and dynamic mechanical properties and degradation due to

moisture and UV exposure of the material are also established.
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The experimental and analytical results accompanied by discussions for each as-
pect of this study are organized into three interconnected manuscripts. Each manuscript
builds from the other and is consistent with the objectives for the entire study.

Manuscript 1 reports on the processing parameters, methodology, and limitations
of VARTM of carbon fabric-reinforced nylon 6 matrix composite panels. Microscopy
studies to evaluate wet-out at both the tow and filament levels are presented. The degree
of monomer conversion to polymer and the effects of infusion temperature and flow dis-
tance on fiber weight fraction and crystallinity are presented.

Manuscript 2 reports on the through-the-thickness crystallinity of carbon/nylon 6
composites using both DSC and X-ray diffraction (XRD). The degree of crystallinity of
nylon 6 has a significant effect on the mechanical propeﬁieé. The mechanical properties,
including tensile strength, flexural strength, SBSS, and impact resistance, are evaluated.
The static and dynamic mechanical properties of the carbon/nylon 6 are compared to
equivalent carbon/SC-15 (rubber toughened) composite panels.

Manuscript 3 reports on the moisture absorption characteristics of the car-
bon/nylon 6 composite and compares the experimental results to a mathematical model.
The samples were immersed in boiling water for 100 h. The effects of exposure to ultra-
violet radiation for 600 h are also reported. The degradation of mechanical properties due

to exposure to moisture and UV are evaluated and presented.
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ABSTRACT

The present work addresses the processing parameters, methodology, and limita-
tions of vacuum assisted resin transfer molding (VARTM) of carbon fabric-reinforced,
thermoplastic polyamide 6 (PA6) matrix panels on the laboratory scale. VARTM is a ma-
ture technology for producing large-scale thermoset composite parts/structures but has
not been used for thermoplastic composites, which are manufactured primarily by com-
pression molding, extrusion, and/or injection molding. In general, liquid molding of
thermoplastics has limitations, such as high resin viscosity, high temperature processing
requirements, and a short processing window. The material used in this study are casting
grade polyamide 6, e-Caprolactam with a sodium-based catalyst, and an initiator. This
system allows the resin to maintain a very low viscosity (<1 Pass) for a reasonable period
of time at relatively low temperatures (100°C).The carbon fabric preform is infused using
'VARTM, after which the resin is fully polymerized in situ. The process developed for
using VARTM to produce carbon fabric-reinforced, PA6 matrix composites is explained
in detail. Microscopy studies are presented to evaluate wet-out of the fibers at both the
tow and filament levels. The effects of infusion temperature and flow distance on the fi-
ber weight fraction and crystallinity of the PA6 resin are investigated. The degree of

monomer conversion to polymer was determined.

INTRODUCTION
Thermoplastic composites have gained steady favor over traditional materials
such as steel in structural and semi-structural applications due to their specific strength,

damping capacity, corrosion resistance, recyclability, and impact resistance. The annual
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market for such materials in the United States is currently in excess of one billion pounds,
half of which is consumed by the automotive industry [1, 2]. By adapting and developing
liquid molding processes to thermoplastic composites, its use in structural and semi-
structural applications can be expanded.

Thermoplastic composites have been limited to products that can be manufactured
using processes like injection molding, compression molding, and extrusion. These tech-
niques accommodate short fiber lengths but are incompatible with continuous woven fab-
rics and long fibers. However, mechanical properties, especially impact resistance, of
thermoplastic composites improve with an increase in fiber length [3,4]. Woven fabric
can be combined with some thermoplastic resins, such as polyetheretherketone and poly-
etherketone, using an autoclave under high temperatures (>400°C) and pressures (>850
kPa), which is a very expensive processing approach. Vacuum assisted resin transfer
molding (VARTM) has been very well developed and is now a proven, low-cost manu-
facturing technique for thermoset resin composites [5,6]. Unfortunately, the high melt
viscosity of thermoplastic resins generally precludes the use of VARTM due to poor im-
pregnation or mold fill, which can be overcome by either significantly lowering the vis-
cosity of the resin or reducing the flow distance. Furthermore, VARTM utilizes a closed
mold system that allows zero volatile organic compounds (VOCs) and uses a single-sided
tool, which reduces part cost.

Recently, there has been substantial interest in liquid molding of thermoplastic
resin composites using the matrices anionic polyamide 12 (APA12) [7,8], cyclic polybu-
tylene therephthalate (PBT) [9,10], and anionic polyamide 6 (APA6) [11,12]. Anionic

ring opening polymerization of lactams has been studied extensively by many researchers
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in both academia [13-15] and industry [16-19]. The anionic polymerization (AP) of e-
caprolactam was first reported by Joyce and coworkers [20,21]. Caprolactam is the most
popular type of lactam used commercially for the production of APA6 (also referred to as
nylon 6 and PAG6 in this paper). The properties of APA6 compare favorably with the
properties of nylon 6 produced by the conventional hydrolytic polymerization process
[22]. An excellent review of the different chemistry, mechanisms, properties, and proc-
esses of nylon 6 is presented by Reimschuessel [22].

A process for using the APA 6 systems for the liquid molding, or, more specifi-
cally, reaction injection molding (RIM) of composites, was investigated in the early
1980s by Sibal and coworkers [23]. Nylon block copolymers for RIM (NY RIM)™ were
developed by Mooij [24]. The nylon block copolymer is formed by the reaction of AP-
caprolactam with a prepolymer (NYRIM), which is an activated impact modifier (rub-
ber). The amount of the prepolymer can be varied between 10 and 40%, depending on the
desired properties of the composite. Extensive research has also been carried out by Gab-
bert and coworkers [25-28] using nylon 6 and nylon 6 block copolymers for resin transfer
molding (RTM) and RIM.

The interest in nylon 6 for liquid molding of composites has dwindled since the
mid 1980s. Renewed interest in the capabilities of nylon 6 and other thermoplastics for
liquid molding of composites has recently been driven by environmental regulations (es-

pecially in Europe), economics, and improved performance requirements of components

and structures.
This paper presents the processing parameters, methodology, and limitations of

using VARTM for PA6 matrix composites. The current study will utilize APA6, a well-
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known commodity thermoplastic resin that has been used extensively for nylon 6 casting
applications. Microscopic studies that evaluate wet-out of the fibers at both the tow and
filament levels are presented. The effects of infusion (temperature, flow distance) on the
fiber weight fraction, and crystallinity of the PA6 resin are investigated. The degree of

conversion of monomer to polymer was studied as a function of processing conditions.

MATERIALS
Carbon Fabric
The carbon fabric used in this study was supplied by US Composites and was a 4
harness satin weave, with a 3K tow size, and an areal density and thickness of 0.02 g/cm?2
and 0.254 mm, respectively. The fabric was washed in acetone to remove lubricants and
sizing and then placed in a recirculating oven at 100°C for 1 h to remove residual mois-

ture and/or acetone.

Monomer, Activator, and Catalyst

AP grade caprolactam monomer was used in this study. The monomer has low
levels of moisture (<0.0015% by mass), low melting point (TM = 69°C), and low viscos-
ity (4.87 mPaes at 100°C). Bruggolen C20, hexamethylene dicarbamoy! dicaprolactam,
and Bruggolen C10, sodium caprolactamate, both especially developed for the anionic
polymerization of caprolactam, were used as the activator and catalyst, respectively. The
melt temperature of both C10 and C20 was 60°C. The catalyst and the activator were
used to control the speed and quality of the AP process. The monomer, catalyst, and acti-

vator were supplied by Bruggemann Chemical U.S., Inc., and were used without any fur-
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ther processing or purification. Due to the moisture sensitivity of the catalyst and the ac-
tivator, they were stored and handled in a dry box with the relative humidity maintained

at 8%.

Reaction Mechanism

The anionic ring opening polymerization of caprolactam follows an activated
monomer mechanism. The chain growth reaction proceeds by the interaction of an acti-
vated monomer with the growing chain end. The reaction path for polymerization is
shown in Figure 1.

The anionic catalyst, C10, reacts with the lactam monomer to first form the salt,
which in turn dissociates to the active species, namely, the lactam anion. Accordingly, a
strongly dissociating catalyst in low concentrations is always preferable to a weakly dis-
sociating catalyst in higher concentrations, which results in the probability of achieving a
higher molecular weight polymer. It also speeds the polymerization process and results in
a lower concentration of catalyst in the fully polymerized material. The catalytic activity
of the various alkali metal and quaternary salts of lactam generally follow the extent of
their ion dissociation, which in turn depends on the cation. Activity of a salt decreases
with increasing size of the cation due to restricted mobility and decreased ionization po-

tential.

PROCESSING

The kinetics of AP of caprolactam have been extensively reported in the litera-

ture, with various catalysts and activators, and at different temperatures. The majority of
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the studies reported that a polymerization temperature of 130°C results in acceptable con-
version from monomer to polymer. Magill [29] has reported that the temperature for
maximum crystallization is about 140-145°C. Above this, the nucleation rate is low; vis-
cous effects hinder crystal growth at low temperatures. Low temperatures also lead to
premature crystallization and incomplete polymerization, as the reactive sites become
trapped in the crystals. At 140-145°C, heterogeneous reaction conditions are encountered
if there is simultaneous polymerization of caprolactam and crystallization of the nylon 6
formed during polymerization. It is not the scope of this study to conduct kinetic or
rheological studies on the AP of caprolactam, but rather to use the available data and de-
velop a practical process for use of APA 6 as an effective matrix for carbon fiber-
reinférced composites. Most of the studies considered adiabatic and isothermal condi-
tions, which are not practical for the VARTM process. The information, however, has
been used as a guide for determining processing conditions.

The time—temperature—viscosity data developed by Sibal et al. [23] is shown in
Figure 2. This study was repeated by van Rijswijk and coworkers [30], and the results
were similar. These curves were used as a basis for the infusion and processing of the
PAG6 resin using VARTM. The viscosity change was very minimal for a substantial pe-
riod of time at 100°C. This was ideal for VARTM since low viscosity is required to get
full impregnation of the fibers. The hypothesis was to infuse at 100°C to obtain full wet-
out in minimal time and then increase the temperature to accelerate the process of polym-
erization and minimize premature crystallization. Various temperatures between 130 and
160°C were used as the final set points for polymerization. 150°C was the minimum tem-

perature that allowed acceptable conversion, visually, and was therefore used as the set
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point for polymerization. The manufacturer’s guide with respect to the amount of the
catalyst and activator was used: 1.5 % activator (C20) to 3% catalyst (C10).

A 400 x 400 x 50 mm aluminum block was used as the tool for the preform lay-
up. The aluminum block was fitted with heaters to achieve the required rate of tempera-
ture increase for effective polymerization. The heating profile of the tool is shown in Fig-
ure 3. The heating rate from 100 to 150°C is of particular importance in the process that
was used in this work, as this was the required temperature ramp for polymerization.

Four 300 x 300 mm layers of carbon fabric were placed between two layers of
~ porous Teflon™ cloth and then laid onto the tool surface. A thermocouple was positioned
at the surface of the top layer of the carbon to record the temperature. The preform was
then bagged and sealed using high temperature film and tacky tape. The tool temperature
was then raised to 100°C, and a continuous vacuum of 98 kPa was applied to the system.
The system was periodically purged with nitrogen to maintain a dry, inert atmosphere in
the layup. A schematic of the processing system is shown in Figure 4.

The caprolactam was weighed in the dry chamber (<10% relative humidity) and
put into a reaction kettle. The temperature was raised to 100°C, and the caprolactam was
brought to a molten state. The catalyst and activator were then added to the reaction ket-
tle. A mechanical stirrer was used to mix the system under a dry nitrogen environment
since the catalyst is sensitive to moisture, and the caprolactam oxidizes rapidly at these
temperatilres. As soon as the entire solution was completely liquid, the resin was infused
into the preform via a silicone rubber tube. When the preform was fully infused, the resin
supply was cut off, and the tool temperature was raised to 150°C. The tool was held at

this temperature until polymerization and crystallization were complete, which was de-
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termined by the observation of an exotherm. The heaters were then shut off, the tool was
air cooled to 40°C, and the part was removed.

The process was also repeated with the tool temperature at 150°C at the onset, and
the APAG system was heated, maintained, and infused at 150°C. In this case, the viscos-
ity of the resin increased too rapidly in the tool, and complete infusion of the preform did
not occur. The resin flow was up to approximately 75% of the length of the preform and
further flow was not possible. The tool was maintained at this temperature (150°C) until
the exotherm was observed. The same process was repeated. The latter process was con-
ducted to establish the differences in volume fraction, crystallinity, and conversion, if
any.

Note that when the tool set points of 100 and 150°C are mentioned, this refers to
the controller setting for the tool, which corresponds to the tool surface temperature. The

actual temperature on the carbon surface was also measured, as shown in Figure 3.

RESULTS AND DISCUSSION
The composite panel was examined visually, and it appeared to have good con-
solidation, with full wet-out of the preform for the panel infused at 100°C and ramped to
150°C. The surface of the nylon appeared to be fully polymerized. The panel infused at
150°C did not fully wet-out the preform. However, the section that was wet-out seemed

to also have good consolidation and fully polymerized resin.
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Microscopy

Cross sections of the sample were cut, mounted, and polished for optical and
scanning electron microscopy (SEM). The optical micrographs, shown in Figure 5, show
very good wet-out of the fiber tows. The SEM images shown in Figures 6 and 7 illustrate
good impregnation at the filament level. The resin around the fiber filament is clearly
seen in the cross section, and the length of the fiber is also uniformly coated with resin.
Wet-out at the filament level is due largely to capillary action, which is a function of
resin viscosity. Low viscosity is one of the main factors that generally lead to very good
wet-out at the filament level. There was no discernable difference in the wet-out of the

fibers of the two processing conditions.

Processing

The time—temperature profiles of the tool and the part are shown in Figure 8. Note
that the rate of increase of temperature of the tool only is constant up to 150°C. The in-
fused system shows that the rate increases slightly at approximately 140°C, which is due
to the exotherm of the PA6 system undergoing polymerization. The net increase in tem-
perature 1s 5°C. A temperature increase due to crystallization is not observed. Literature
reports values of 30°C increase in temperature due to the exotherm of the system. How-
ever, most of these studies were conducted with bulk polymerization of nylon 6. We at-
tribute the low increase in temperature (5°C) to the polymerization of the low resin con-
tent within the composite panel and a panel thickness of only 0.85 mm. This is also the

reason for the nonobservance of the onset of crystallization.
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Thermal Gravimetric Analysis (TGA)

The weight fraction of carbon reinforcement as a function of flow distance from
the infusion point was determined. Samples were taken from the point of infusion and
every 50 mm thereof for both composite panels. Thermal gravimetric analysis (TGA) was
performed using a TA Instruments TGA 2950. Measurements were done under nitrogen
to prevent oxidation of the carbon fiber. A scan rate of 10°C/min was used, and the sam-
ples were run to 700°C. A typical TGA scan of the monomer, neat polymer, and compos-
ite sample is shown in Figure 9. The onset of degradation of the caprolactam monomer
and neat polymer was 151.91 and 312.89°C, respectively. The onset of degradation of the
polymer in the composite sample was 360.53°C; an increase of approximately 48°C in
the degradation temperature of the polymer results from the composite structure. The in-
crease in degradation temperature is attributed to the increase in crystallinity of the PA6
in the composite, which is covered in greater detail in the subsection titled ‘Analysis of
crystallization behavior.’

Figure 10 shows the results of the flow distance versus percentage fiber weight
fraction of panels processed at 150°C and panels infused at 100°C and ramped to 150°C.
The average weight fractions of the panels infused at 150 and 100°C were 52% and 64%,
respectively. The fiber weight fraction at the infusion point of both panels is substantially
lower than at the other positions. This is to be expected as most liquid molded composites
are resin-rich at the point of infusion. However, the fiber weight fraction of the panel in-
fused at 100°C is much more uniform compared to the panel infused at 150°C. The aver-
age fiber weight fraction is also 12% higher. This observation can be attributed to the

high resin viscosity preventing excess resin from leaving the preform during infusion at
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150°C. In the first condition (infusion at 100°C and ramp to 150°C), the resin has a low-

enough viscosity for a long period of time, and the excess resin is evacuated.

Differential Scanning Calorimeter (DSC)

A TA Instruments Q100 differential scanning calorimeter (DSC) was used to
characterize the thermal behavior of the neat polymer and the composite sample. The
samples were heated from 40 to 250°C at the rate of 10°C/min. Figure 11 shows the DSC
thermogram for the neat polymer processed at 150°C. Only one peak at the melt tempera-
ture of 220.06°C is observed. This implies that the amount of monomer present in the
sample is negligible. Integration of the peak yields a heat of fusion (AH) value of 74.56
I/g.

Figures 12 and 13 illustrate the DSC thermograms for the samples from both the
panels taken at the different flow distances. The scans show that the peaks are sharper
and have more variation in the panels infused at 100°C and then ramped to 150°C than
the panels infused at 150°C. However, the melt temperature appears to be more uniform.

Figure 14 shows the melt temperature with respect to the flow distance for both
processing conditions and the melt temperature of the neat nylon processed at 150°C. The
average melt temperature for the panels infused at 150°C and 100°C is 214.9°C and
218.2°C, respectively. The panel infused at 100°C and ramped to 150°C had a higher
melt temperature, which was closer to the melt temperature of the neat polymer. The dif-
ference in the melt temperature of the panels is attributed to the higher degree of crystal-

linity of the samples infused at 100°C; this is explained in the following section. The melt
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temperature across the flow distance is also a lot more stable with this panel (100°-

150°C).

Analysis of Crystallization Behavior

Upon cooling, nylon 6 macromolecules exist partially in a disordered amorphous
state and partially in an ordered crystalline state. The structure actually realized and the
degree of crystallinity is influenced by a number of factors, which include applied stress,
thermal conditions, and moisture. However, the temperature of polymerization has the
largest influence on the degree of crystallinity in AP.

The crystallinity calculations were done by integrating the area under the peaks of
the DSC thermograms to obtain the heat of fusion, AH. The average AH values for the
panels infused at 150 and 100°C were 85.2 and 98.8 J/g, respectively. These values were
compared to the theoretical heat of fusion for a 100% crystalline structure. Although
various values have been reported in the literature for the theoretical AH, the value of 230
J/g, referenced from the ATHAS data bank [31], was used since it is the accepted value
[32].

Figure 15 illustrates the flow distance versus the degree of crystallinity of the
samples obtained from panels infused at 150°C and panels infused at 100°C and ramped
to 150°C. The degree of crystallinity of the neat polymer (31.9%), processed at 150°C, is
also shown. The average value for the panel processed at 150°C is 36% and that for the
panel infused at 100°C is 40%. The infusion at a lower temperature and then ramping
leads to an increase in the degree of crystallinity of 4%. The degree of crystallization was

more consistent for the panel infused at 150°C. The polymerization for the panel infused
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at 100°C is a function of time and the temperature gradient of the tool. The processing at
150°C is a function of time only; therefore, it exhibits more uniform crystallinity.

The increase in the degree of crystallinity results in an increase in modulus, abrasion re-
sistance, heat distortion temperature, and resistance to moisture absorption. The trade off,

however, is that both the resistance to impact damage and elastic strain decreases [22].

Conversion

The conversion from monomer to polymer is an important consideration in the
VARTM process, as a poor degree of conversion leads to high levels of monomer in the
composite panel, which in turn lead to inferior mechanical properties.

The panels were cut up into 20 x 20 mm pieces and ground into a powder using a
Poly-Art micro mill. The chamber was cooled to 0°C while the samples were being
ground to prevent heating of the samples, and hence, post processing conversion. The
powdered samples were then weighed and 6-10 g of the powder were put into cellulose
thimbles. A Soxhlet extraction was conducted using heated acetone for 36 h. The thimble
containing the powder was then removed and left to dry under an extraction hood for 3 h.
The thimbles were dried in an oven at 60°C for an additional 12 h, cooled, and weighed.
TGA analysis was conducted on a part of each of the samples to establish the weight of
the carbon fiber. The percent conversion was then calculated using Equation (1):

x = Mot “Mear 5100 (1)

My, — M,

where X is the degree of conversion, m;, is the total mass of powder before extraction,

Mcqr 18 the mass of carbon, and m,,, is the mass of powder after extraction.
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Samples could not be taken relative to the flow distance due to the low thickness
of the panel (0.85 mm). Large sections had to be ground to get sufficient amounts of
powder for the Soxhlet extraction. The conversion to polymer ranged between 97.5 and
98.5% for both panels, with the average conversion on the panels infused at 150 and

100°C being 97.98 and 98.01%, respectively.

CONCLUSIONS

Vacuum assisted resin transfer molding (VARTM), a method that is well estab-
lished for thermosets, has been effectively used to infuse carbon fabric preforms with
polyamide 6 resin. A process (resin/catalyst/activator, moisture minimization, infusion
technique, and temperature control) was developed to (1) maintain a low resin viscosity
for sufficient time for full wet-out of the preform, (2) attain good fiber impregnation, and
(3) optimize polymerization of the resin. The VARTM method was significantly modi-
fied to accommodate the differences of the thermoplastic resin, especially with regard to
temperature and moisture control. The method of infusing the resin at 100°C and ramping
the temperature to 150°C, compared to infusing the resin at 150°C proved effective in
achieving flow of the resin through the entire preform. The optical and scanning electron
microscope images show that macroscopic and microscopic fiber impregnation was
achieved.

The fiber weight percentage was fairly uniform in the panel infused at 100°C,
which also had a higher fiber weight percent than the panel infused at 150°C. The differ-
ential scanning calorimetry data show an average melt temperature for the neat polymer

and the panels infused at 150 and 100°C of 220.6, 214.9, and 218.2°C, respectively. The
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panel infused at 100°C has a crystallinity that is about 5% higher than the panel infused
at 150°C. The increase in crystallinity is a reasonable trade-off for the longer infusion

time and effectiveness of the process, and also can be a benefit with respect to modulus
and moisture absorption. The process also yields a relatively high degree of conversion

from monomer to polymer, approximately 98% for both processing conditions.
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Figure 1. Reaction mechanism of anionic polymerization (AP) of caprolactam.
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Figure 5. Optical micrographs showing wet-out of the fiber tows.
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Figure 6. Scanning electron microscopy image showing a cross section of fiber filaments
fully impregnated by the nylon 6 resin.
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Figure 7. Scanning electron microscopy image showing impregnation of the filaments
along the length.
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ABSTRACT

The present work addresses the thermal, static, and dynamic mechanical proper-
ties of carbon fabric-reinforced, thermoplastic polyamide 6 (also referred to as nylon 6
and/or PA6) matrix panels processed using vacuum assisted resin transfer molding
(VARTM). Liquid molding of thermoplastics has been limited by high resin viscosity,
high temperature processing requirements, and a short processing window. The process-
ing parameters developed by the authors and previously reported [1] have been used to
process carbon/nylon 6 composite panels. This study includes through-the-thickness crys-
tallinity evaluation using DSC (differential scanning calorimetry) and XRD (X-ray dif-
fraction). The material used in this study was casting grade polyamide 6, e-Caprolactam
with a sodium-based catalyst, and an initiator. The crystallinity was found to be margin-
ally higher (3%) at the midsection of the panels compared to the surfaces. The static and
dynamic mechanical properties are compared to equivalent panels processed using a rub-
ber toughened SC-15 epoxy (thermoset) resin. The study showed that carbon/PA6 com-
posite panels were equivalent in modulus and superior with respect to ultimate tensile
strength (11%), short beam shear (37%), and impact resistance of the carbon/SC-15 pan-

els. However, the carbon/SC-15 composite panels had superior (21%) flexure properties.

INTRODUCTION
Recent advances in the development and processing techniques of thermoplastic
composites have increased their use in structural and semi-structural applications, the tra-
ditional domain of metal alloys or thermoset composites. The high specific strength, high

damping capacity, corrosion resistance, recyclability, comparatively low cost, and impact
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resistance make these materials attractive choices. However, their use has been limited to
products that can be manufactured using such processes as injection molding, compres-
sion molding, and extrusion. These techniques are amenable to short fiber lengths but are
incompatible with continuous woven fabrics and léng fibers. However, the mechanical
properties of thermoplastic composites, especially impact resistance, improve with an in-
crease in fiber length [2,3].

Vacuum assisted resin transfer molding (VARTM) is very well developed and is
now a proven, low-cost manufacturing technique for thermoset resin composites [4,5].
The high melt viscosity of thermoplastic resins generally precludes the use of VARTM
due to poor impregnation or mold fill, which can be overcome by either significantly
lowering the viscosity of the resin or reducing the flow distance.

An interest in the liquid molding of thermoplastic-matrix composites has recently
increased due to restrictive environmental regulations (especially in Europe), economics,
and higher performance requirements of components and structures. Substantial work in
liquid molding of thermoplastic resin composites has recently been reported using the
matrices anionic polyamide 12 (APA12) [6,7], cyclic polybutylene therephthalate (PBT)
[8,9], and anionic polyamide 6 (APAG6) [10,11]. Anionic ring opening polymerization of
lactams has been studied extensively by many researchers in both academia [12-14] and
industry {15-18]. The anionic polymerization (AP) of e—caprolactam was first reported by
Joyce et al. [19,20]. Caprolactam is the most popular type of lactam used commercially
for the production of APAG6 (also referred to as nylon 6 and PAG6 in this paper). The
APAG properties compare favorably with the properties of nylon 6 produced by the con-

ventional hydrolytic polymerization process [21].
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A process for using the APA 6 systems for liquid molding or, more specifically,
reaction injection molding (RIM) of composites, was investigated in the early 1980s by
Sibal and coworkers [22]. Nylon block copolymers for RIM (NYRIM) ™ were devel-
oped by Mooij [23]. The nylon block copolymer is formed by the reaction of AP-
caprolactam with a prepolymer (NYRIM), which is an activated impact modifier (rub-
ber). The amount of the prepolymer can rangé between 10 and 40%, depending on the
desired properties of the composite. Extensive research has also been carried out by Gab-
bert and coworkers [24-27] using nylon 6 and nylon 6 block copolymers for Resin Trans-
fer Molding (RTM) and RIM. Interest in nylon 6 for liquid molding dwindled in the mid
1980s, but now a fresh look is warranted.

A method for using VARTM to infuse carbon fabric preforms with polyamide 6
resin, a well-known thermoplastic resin that has been used extensively for nylon 6 casting
applications, has been developed. The processing parameters, methodology, and limita-
tions of using VARTM for PA6 matrix composites have been reported [1] The current
study evaluates the mechanical properties (tensile, flexure, interlaminar shear strength,
and low velocity impact) of these laminates and compares them to equivalent laminates
manufactured using rubber toughened SC-15 epoxy (thermoset) resin (referred to as SC-

15 throughout this manuscript).

MATERIALS

Carbon Fabric
The carbon fabric used in this study was supplied by US Composites and was a 4

harness satin weave, with a 3K tow size, and an areal density and thickness of 0.02 g/cm?
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and 0.254 mm, respectively. The fabric was washed in acetone to remove lubricants and
sizing, then placed in a recirculating oven at 100°C for 1 h to remove residual moisture
and/or acetone. The fabric was used as supplied for the panels infused with rubber tough-

ened SC-15 resin.

Monomer, Activator, and Catalyst (PA6)

AP grade caprolactam monomer was used in this study. The monomer has low
levels of moisture (<0.0015% by mass), a low melting point (Ty = 69°C), and low vis-
cosity (4.87 mPaes at 100°C). Bruggolen C20, hexamethylene dicarbamoyl dicaprolac-
tam, and Bruggolen C10, sodium caprolactamate, both especially developed for AP of
caprolactam, were used as the activator and catalyst, respectively. The melt temperatures
of both C10 and C20 are 60°C. The monomer, catalyst, and activator were supplied by
Bruggemann Chemical U.S., Inc., and were used without any further processing or puri-
fication. Due to the moisture sensitivity of the catalyst and activator, they were stored and

handled in a dry box with the relative humidity maintained at 8%.

Rubber Toughened SC-15 Epoxy Resin

The rubber toughened SC-15 resin was supplied by Applied Polymeric, Inc. The
resin was a two-part system, a base resin and a catalyst, with a manufacturer-specified
ratio of 70:30. The ambient viscosity of the resin is 400 mPass and allows for a working

time of approximately 4 h at 20°C.
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PROCESSING
Carbon/PA6 Panels

Twenty 300 x 300 mm layers of the carbon fabric were laid onto the tool surface,
then bagged and sealed using high temperature film and tacky tape. A thermocouple was
positioned at the surface of the top layer of the carbon fabric to record and monitor the
temperature. The tool temperature was then raised to 100°C, and a continuous vacuum of
1 atmosphere was applied to the system.

The viscosity of the resin is a function of the levels of the catalyst and initiator,
temperature, and time. Various combinations were investigated to achieve both full wet-
out of the preform and full polymerization. The caprolactam was heated to 100°C until it
was converted to a liquid. The catalyst and activator were then added, and the solution
was brought to a molten state. The catalyst is sensitive to moisture, and the caprolactam
oxidizes rapidly at these temperatures. Therefore, storage and processing was done in a
dry nitrogen environment. The resin was then introduced into the preform via an infusion
line. Once the resin reached the end of the preform, the infusion line was clamped off,
and the temperature was raised to 150°C to polymerize the PA6. For further details on the

process the reader is referred to the authors’ previously published work [1].

Carbon/SC-15A
The VARTM process was used to infuse 20 layers of carbon fabric with SC-15A
resin at room temperature. The system was allowed to cure overnight (approximately 20

h) at room temperature and under continuous vacuum. The panel was then debagged and
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placed into a recirculating oven at 82°C and post cured for 5 h, as per manufacturer’s

recommendations.

RESULTS AND DISCUSSION

Processing

The panels were examined visually and appeared to have good consolidation with
full wet-out of the preform, for both the nylon 6 and SC-15 resins. The surface of the car-
bon/nylon 6 panels seemed fully polymerized. Burn-out studies were conducted to find
the weight fraction of the carbon fibers and the resin in both sets of panels. 25 x 25 mm
specimens were cut and dried in an air-recirculating oven at 600°C for 4 h to remove any
moisture. The specimens were then weighed on a high precision balance with a 0.1 mg
resolution. The specimens were then placed in preweighed aluminum pans which were
then placed in a tube furnace. The furnace was heated to 600°C, held for 8 h, and then
cooled, all under a nitrogen atmosphere. The pans were removed, and the carbon fibers
were found visually to be free of any trace of resin. The pans were weighed again, and
the weight fraction of the fibers was computed for both the SC-15 and nylon 6 resin pan-
els. The SC-15 resin panels had an average weight fraction of 59% carbon and the nylon
6 resin panels 66%. The higher weight fraction of fiber in the nylon 6 resin panels can be
attributed to the lower viscosity of the resin during the infusion process, as better flow

and removal of access resin is achieved by the vacuum system.
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Crystallinity Studies of Carbon/Nylon 6 Panels

Upon cooling, nylon 6 macromolecules exist partially in a disordered amorphous
state and partially in an ordered crystalline state. The structure actually realized and the
degree of crystallinity is influenced by a number of factors, which include applied stress,
thermal conditions, and moisture. However, the temperature of polymerization and the
cooling characteristics have the largest influence on the degree of crystallinity in AP. The
crystallinity has an effect on the mechanical properties of the polymer and composite. An
increase in crystallinity results in an increase in tensile modulus and strength; however,
the impact properties are lowered.

In our previous work, four layers of fabric were used to process panels for thermal
and crystallinity studies [1]. This resulted in panels that were less than one millimeter
thick, and nonuniformity of the degree of crystallinity through the thickness was a not a
concern. However, 20 layers of fabric were used with the current panels which resulted in
panels 3.84 mm thick for the nylon 6 resin and 3.90 mm for the SC-15 resin. The crystal-
linity through the thickness is influenced by the heating profile in that direction and the
cooling characteristics of the panel and system [28-30]. Specimens were taken from the
top, middle, and bottom (tool face) of the panel for crystallinity studies.

A TA Instruments Q100 differential scanning calorimeter (DSC) was used to
characterize the thermal behavior. The samples were heated from 40 to 250°C at a rate of
10°C/min. Figure 1 shows the DSC thermograms for the specimens from the different
sections (1.e., top, middle, and bottom). A single peak at the melt temperature of 220.9°C
for the top and bottom specimens and 221.49°C for the middle specimen was observed.

There were no peaks observed between 69°C, the melt temperature of the monomer, and
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the melt temperature of each section. The single peak is an indication that high levels of
conversion from monomer to polymer were achieved.

The crystallinity was determined by comparing the experimental heat of fusion
(AH) to the theoretical value for a 100% crystalline sample. AH was measured by inte-
grating the area under the peaks of the DSC thermograms. The average AH values for the
specimens taken from the top, middle, and bottom of the panels were 94 I/g, 99 J/g, and
94 J/g, respectively. Although various values have been reported in the literature for the
theoretical AH, the value of 230 J/g, referenced from the Advanced Thermal Analysis
Laboratory (ATHAS) data bank [31] based at the Oak Ridge National Laboratory, was
used, as it is the accepted value used by other researchers [32]. The degree of crystallinity
of the top, middle, and bottom sections was 40, 43, and 40 %, respectively. The highest
degree of crystallinity was expected in the middle section due to the cooling characteris-
tics of the system; i.e., the top and bottom sections cools down faster than the middle.
Closer examination of Figure 1 shows that the curve for the middle section has a slight
linear portion at the onset of melting. The presence of both a and y phases is generally
indicated by a double peak, the y peak being at a slightly lower temperature than the o.
As the y phase fraction decreases, the distinct peak blends into the base of the o peak.
Presence of the lower melting temperature y crystalline phase was queried, although there
was not a distinct double melting peak

X-ray diffraction studies were conducted on the samples from the top, middle, and
bottom sections to establish the identity of the crystalline phases. Figure 2 shows the
XRD patterns for the sections from the composite and also a section of neat polymer. It is

clearly evident that the only peaks that exist for both the composite and neat polymer are
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a form, i.e., (200) and (002 and 220) reflections at 20 = 20 and 23.7. There were no
peaks at 20 = 21.4, which corresponds to the reflections of'y, i.e., (001 and 200) [32].

Therefore, it can be concluded that only the more stable form of crystal structure is pre-

sent in both the neat polymer and composite.

Tensile

Tensile tests were conducted according to ASTM D 3039M using 5 samples of
dimensions 12.5 mm x 250 mm cut from the panels. The sample ends were tabbed with
an epoxy/glass material, dimensions 12.5 mm x 63 mm x 0.85 mm, with the tab ends ta-
pered to 5°. The tabs were bonded to the sample using a Three Bond™ thermoplastic ad-
hesive. Samples were tested in a servo hydraulic tensile test machine at a displacement
rate of 2 mm/min with a gage length of 120 mm. The change in length of the sample was
measured using a clip-on extensometer, which was detached prior to failure.

The average modulus and ultimate tensile strength (UTS) values were 69.8 GPa
and 808.6 MPa for the carbon/PA6 (C/PA6) and 68.1 GPa and 730.2 MPa for the C/SC-
15, respectively. The results are summarized in Table 1. The tensile properties, as ex-
pected, are similar for both the SC-15 and PAG resins; these are generally fiber domi-
nated properties. However, an 11% increase was found in the UTS for the C/PA6. The
marginal increase in the UTS can be attributed to the slightly higher weight fraction of
fibers in the C/PA6 samples. The sample failed within the gage, and failure was mainly
fiber dominated. Figure 3 shows a typical failed sample; the failure pattern was typical

for a laminate section.
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Table 1. Average results of tensile tests performed for C/PA6 and C/SC-15 composite

systems.
Modulus (GPa) UTS (MPa)
C/PAG6 C/SC-15 C/PA6 C/SC-15
Mean 70 68 809 730
Standard Dev. 7.7 94 44.5 70.2
Minimum 62 61 729 609
Maximum 82 81 829 786

Flexure

Three-point bend tests were conducted according to ASTM D 790M. Five sam-
ples of dimension 10 mm x 80 mm x 4 mm were prepared from the panels. The support
span was set at 64 mm, and the rate of cross-head motion was 1.7 mm/min. The average
flexural modulus and flexural strength were 46.78 GPa and 524.66 MPa for the C/PA6
resin and 47.92 and 663 MPa for the C/SC-15 system, respectively. The results are sum-
marized in Table 2. The C/PA6 composite showed a reduction of flexural strength of
21% compared to the C/SC-15 composite. A more ductile failure was observed with the
C/PA6 composite as compared to the C/SC-15 composite.

The mode of failure was a combination of tensile face fracture and fiber wrinkling
and delamination on the compressive face the C/PA6, as shown in Figure 4. The mode of
failure for C/SC-15 system was tensile face fracture and subsequent delamination. The
mode of failure for the C/SC-15 resin was as expected; however, the C/PA6 was not ex-
pected to fail on the tensile face as this is not typical for a thermoplastic composite. The
failure mode can be attributed to the high degree of crystallinity of the nylon 6 due to the

in situ anionic polymerization of the nylon 6 [1]
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The load deflection curve shown in Figure 5 is a comparison of the C/PA6 and
C/SC-15 composites. The ductile failure of the C/PA6 composite is clearly evident from

the curves.

Table 2. Average results of flexure tests performed for carbon/nylon 6 and carbon/SC-
15 composite systems.

Modulus (GPa) UTS (MPa)
C/PAG6 C/SC-15 C/PA6 C/SC-15
Mean 46.78 47.92 524.66 663.00
Standard Error 2.78 0.68 71.11 11.68
Minimum 42.60 47.92 426.86 646.47
Maximum 50.29 0.34 622.94 673.98

Interlaminar Shear Stress

Short beam shear (SBS) tests were conducted according to ASTM D2344 to
measure the interlaminar shear stress of the composites. The beams were loaded in three-
point bending such that the dominant failure is shear. A variety of failure modes (bend-
ing, plastic indentation, and compressive) can occur that can skew the results, and care
must be taken to examine the failed specimen to ensure that failure occurs at the midsec-
tion or neutral axis of the beam, which is indicative of shear failure. The tests do not pur-
port to be absolute; however, they are a good indication for comparative analyses.

The support span for the SBS test was 16 mm (4 x thickness), and the rate of
cross-head motion was 1.0 mm/min. The results are summarized in Table 3. The average
short beam shear strength (SBSS) of the carbon/PA6 and carbon/SC-15 specimens was

66.4 MPa and 48.56MPa, respectively. The SBSS of the C/PA6 is 6% lower than the val-

ues for C/SC-15.
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A typical photomicrograph of the tested samples is shown in Figure 6. It can be
seen that the failure is at the mid section of the composite where the shear stress is at a
maximum, and it can be assumed that the value of the SBSS is valid according to the
ASTM D2344. Also the failure mode shows that the SBSS can be interpreted as an indi-

cation of the interlaminar shear strength of both materials, especially for comparative

purposes.

Table 3. Average results of short beam shear tests performed for carbon/nylon 6 and
carbon/SC-15 composite systems.

Peak load (KN) Short Beam Shear Strength (MPa)
C/PA6 C/SC-15 C/PA6 C/SC-15
Mean 2523 1938.2 46.0 48.56
Standard Dev. 741 46.7 3.72 1.06
Minimum 2886 1882 36.26 47.13
Maximum 1811 1995 52.54 49.63

Impact

Low-velocity impact (LVI) tests were conducted to study the resistance to impact
and damage initiation and propagation of the C/PA6 and C/SC-15 composite panels. An
instrumented drop weight tower equipped with a load cell of capacity of 1590 kg (3500
Ibs) was used to conduct the tests. A hemispherical shaped tup of diameter 19.5 mm and
mass 0.12 kg was used as the impactor. The total impactor mass, including the tup, was
6.15 kg. The samples were clamped using a pneumatic assist mechanism, such that 76.2
mm (3”’) diameter of the s’ample face was exposed to the impactor. Three impact heights,

0.46 m, 0.71 m, and 1.15 m, were chosen in order to capture the dominant failure modes

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

of the plates from incipient to total failure and to analyze the energy absorption mecha-
nism and damage progression. The force-time, energy-time and load-deflection response
of the samples were measured. Damage initiation and progression was monitored.

The results are summarized in Table 4 for composites produced from both of the
resin systems showing the peak force and energy to peak force. At all energy levels, the
C/PAG6 system performed better than the C/SC-15 system. The load-time and energy-time
curves for C/PA6 and C/SC-15 panels are shown in Figures 7 and 8, respectively. For the
impact from 1.15 m on the carbon/SC-15 panel, the impactor totally perforated and re-
mained embedded in the sample, maintaining a residual force on the load cell, which re-
sulted in the force-time curve not returning to zero and the energy continuously increas-
ing. Therefore, the calculations were truncated at the point of the impactor being embed-
ded. At all energy levels, the damage to the C/PA6 system was lower than that of the
C/SC-15 system. Figure 9 shows the curves for the C/PA6 and C/SC-15 panels at the
maximum damage level on the same system of axis. The peak load, initiation energy (E)),
and propagation energy (Ep) are 13, 53, and 21% higher for the C/PA6 system as com-
pared to the C/SC-15 system. The damage mode for both systems was found to be largely
tensile face fracture, and damage was concentrated around the point of impact.

The C/PA6 composite was expected to be superior with respect to impact resis-
tance, as the PAG resin is tougher than the SC-15. During polymerization the carbon fi-
bers provide nucleation sites for the spherulites of the nylon 6. This increases the interfa-
cial bon strength [33,34]. The increase in interfacial bond strength increases the impact

resistance of the composite.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

Table 4. Average results of impact tests performed for C/PA6 and C/SC-15 composite

systems

Energy to max load (J) Maximum Load (kN)
Drop Height C/PA6 C/SC-15 C/PA6 C/SC-15
(mm)
460 22.1 18.2 7.3 6.2
710 25.2 22.4 6.9 6.4
1150 28.5 18.5 7.7 6.8

SUMMARY

The process developed for using vacuum assisted resin transfer molding
(VARTM) for the infusion of nylon 6 resin, as reported in the previous work [1], was ef-
fective in infusing thicker panels (20 layers). Burn-out studies showed that a 7% higher
fiber weight fraction was obtained for the carbon/PA6 system compared to the car-
bon/SC-15 system. The through-the-thickness crystallinity studies showed that there was
a 3% higher degree of crystallinity in the midsection than the surfaces, which is a charac-
teristic of the thermal history during processing.

The tensile tests yielded similar results for both composite systems for the
modulus, with an 11% increase in the ultimate tensile strength for the carbon/PA6 sys-
tem. The carbon/SC-15 system performed 21% better in flexure than the carbon/PA6 sys-
tem. The failure in the carbon/PA6 system was more ductile. The SBSS was 6% lower
for the carbon/PA6 than for the carbon/SC-15 composite. The lower values for both flex-
ural and SBSS are possibly due to some moisture absorption by the PA6 resin. There was
no particular care taken to keep the samples dry or dry them before testing.

The impact studies revealed that the peak load, initiation energy, and propagation

energy are 13, 53, and 21% higher for the carbon/PA6 system as compared to the car-
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bon/SC-15 system. The energy absorption characteristics were superior at all energy lev-
els tested. This is especially important because the rubber toughened SC-15 resin has
been especially developed to improve the impact capabilities of VARTM processed com-
posite structures. This study demonstrates the viability of an alternative; 1.e., a cost-
effective thermoplastic such as nylon 6 can be processed identically and yield better im-

pact properties.
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Figure 1. DSC thermograms of sections taken from the top, middle, and bottom (tool
face) of carbon/nylon 6 composite panels.
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Figure 2. XRD scans of neat anionically polymerized nylon 6 and sections taken from the
top, middle, and bottom (tool face) of carbon/nylon 6 composite panels.
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Figure 3. Typical failed sample in tension of carbon/PA6 composite sample. Failure oc-
curred within the gage.
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Figure 4. Typical failed sample in flexure of carbon/nylon 6 composite sample. Failure
mode was tensile face fracture and fiber wrinkling and delamination on the compressive
face, as observed by the inset.
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Figure 5. Load — deflection curve from flexure test, comparing carbon/nylon 6 to car-
bon/SC-15 composites. The ductile failure of the carbon/nylon 6 composite is clearly evi-
dent.
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Figure 6. Typical failed sample after short beam shear test. Highlighted area shows the
interlaminar shear crack at the midsection.
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Figure 7. Typical force/energy — Time curve for carbon/PA6 composite samples for vari-
ous energy levels. The impact heights of 0.46 m, 0.71 m, and 1.15 m are represented by
levels 1, 2, and 3.
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ABSTRACT

Liquid molding of thermoplastics has been limited by high resin viscosity, high
temperature processing requirements, and a short processing window [1]. The processing
parameters for vacuum assisted resin transfer molding (VARTM) developed by the au-
thors and previously reported [2] have been adopted to process carbon/nylon 6 com-
posite panels. The material used in this study was casting grade polyamide 6, e-
Caprolactam with a sodium-based catalyst and an initiator.

The present work addresses the effects of moisture and ultraviolet (UV) exposure
on the static and dynamic mechanical properties of carbon fabric-reinforced, thermoplas-
tic polyamide 6 (also referred to as nylon 6 and/or PA6) matrix panels processed using
VARTM. The Bao and Yee dual diffusivity model [3] was applied to evaluate the mois-
ture uptake for the C/PA6, fully immersed in distilled water at 100°C. The model shows
good correlation with the experimental data in terms of the percentage of moisture ab-
sorption with respect to the square root of time. Scanning electron microscopy (SEM)
results show that surface defects induced during processing result in matrix micro-cracks
after moisture exposure and the fiber matrix interface is compromised. The flexural and
SBSS is lowered by 45 and 65%, respectively, after exposure to moisture at 100°C. The
impact resistance of the material is also lowered due to water ingress. However, the crys-
tallinity and melting peaks are not affected.

UV exposure up to 600 h causes yellowing of the samples and an increase in crys-
tallinity from 40 to 44%. The mechanical properties (flexure, SBSS, and low velocity im-

pact resistance) are not affected by exposure to UV for up to 600 h.
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INTRODUCTION

Polymer matrix carbon fiber-reinforced composites are widely used in a variety of
applications, such as aerospace, mass transit, automotive, and sporting goods. Their use
has become popular due to their attractive properties, including high strength to weight
ratio, high specific stiffness, and corrosion resistance. However, their susceptibility to
environmental degradation, especially hygrothermal aging and ultraviolet (UV) irradia-
tion, depending on the application and formulation of the matrix, has been of major con-
cern.

When exposed to humid environments, polymer-based composite structures can
absorb moisture, which affects the long-term structural durability and properties of the
composite [4,5]. Since high performance carbon fibers absorb little or no moisture com-
pared to the matrix, the absorption is largely matrix dominated. Moisture penetration is
largely dominated by diffusion. Other mechanisms that can contribute are capillarity and
transport by micro-cracks [6]. The rate of moisture absorption depends largely on the
type of matrix, orientation of the fibers with respect to the direction of diffusion, tempera-
ture of the water, and relative humidity [7]. Moisture absorption leads to changes in the
thermophysical, mechanical, and chemical characteristics of the matrix by plasticization
and hydrolysis [8-10]. Also, moisture wicking along the fiber-matrix interface degrades
the fiber-matrix bond, which results in the loss of microstructural integrity. Matrix domi-
nated properties such as interlaminar shear and impact resistance are most strongly af-
fected.

Most polymers absorb solar UV radiation, which causes photolytic, photo-

oxidative, and thermo-oxidative reactions that can degrade the polymer [11-13]. Polymer
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matrix composite materials are susceptible to this degradation by virtue of the matrix and
its importance in determining properties. The degradation of the material can range from
mere discoloration to a significant loss of mechanical properties. Most plastics or poly-
mer products that are used in outdoor applications use photo-stabilizers to prevent or
minimize damage from UV exposure. The degradation mechanisms are quite complex
and are usually dependent on the testing configuration and specific material being inves-
tigated [14]. This generally requires extensive experimental characterization of funda-
mental degradation mechanisms.

The wavelength of UV components of solar radiation incident on the earth’s sur-
face is under the 400 nm band. The energy provided by these UV photons falls within the
range of the dissociation energies of polymer bonds, which are typically between 290-
460 kJ/mole [15]. Thus, the chemical structure of the polymer is altered by photo oxida-
tive reactions caused by the absorption of these UV photons, which leads to the deteriora-
tion in properties. Typically these reactions cause molecular chain scission and/or chain
crosslinking. Chain scission lowers the molecular weight of the polymer, while crosslink-
ing causes brittleness, which can lead to microcracking. The chain crosslinking caused by
UV exposure can be advantageous and exploited, especially with thermoset resins, by
using it as a curing agent [16].

If the polymer absorbs visible wavelengths, the photo-oxidative reactions can also
cause the production of chromophoric chemical species, which may impart discoloration
to the material. An autocatalytic degradation process is established if UV-absorbing
chromophores are produced [14]. The formation of these groups provides a convenient

means of monitoring the degradation process.
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There has been substantial research conducted on moisture diffusion and UV ex-
posure and the effects on carbon fiber-reinforced thermoset matrix composites [17-22].
Some studies have also been conducted on discontinuous fiber-reinforced thermoplastic
composites [7]. However, little, if any, work has been reported on continuous carbon fi-
ber-reinforced thermoplastic composites exposed to moisture or UV. The synergistic ef-
fects of the various elements of environmental (moisture and UV) exposure that are ex-
perienced by most composite materials can greatly affect the rate of degradation of the
material.

The focus of this work is to understand the fundamental effects of moisture and
UV exposure independently on carbon fabric-reinforced nylon 6 composites. A method
for using VARTM to infuse carbon fabric preforms with poly-amide 6, a well-known
thermoplastic resin that has been used extensively for casting applications, has been de-
veloped. The processing parameters, methodology, and limitations of using VARTM for
nylon 6 matrix composites have been reported elsewhere [2]. The current study evaluates
the effects of moisture and UV exposure on these composite materials and the effect on

interlaminar shear strength, flexural strength, and low-velocity impact resistance.

Kinetics of Water Absorption
A basic study of the existing models of water absorption in composite materials
was undertaken, to compare results of the experimental moisture uptake/diffusion data for
the condition of the specimens fully immersed in distilled water at 100°C. A number of
studies have been conducted on moisture diffusion in composites, and most agree that

Fickian behavior adequately predicts the water ingress in these composites [7,23]. These
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studies have also shown that the most aggressive condition for the composite was full
immersion in water at 100° C. The equilibrium absorption was also reached in the mini-
mum time, under 100 h for nylon 6/6 [7]. Most of these studies have been conducted for
nonwoven (unidirectional and random chopped fiber) composite materials. Ishak and
Berry [7] showed that Fickian absorption adequately modeled the moisture absorption of
nylon 6/6 reinforced with short carbon fiber.

Equations 2 and 3 outline the model developed by Crank [24] for diffusion of a
substance in one direction only. For an infinitely large plate of thickness h with single
phase diffusion, M; (mass of water absorbed at time t) by M (mass of water absorbed at
saturation) is given by:

M .8 — x EXP{— (ﬂ) 7 (2n+ 1)2} )

M 7t 2n+ ) h?

This equation is a series solution to Fick’s second law, which can then be re-

solved into two conditions of Dt/h? (Equations 3 and 4, respectively):

Dt
For W > 0.05 Equation 2 reduces to
Mt 8 Dr) ,
—=1-—EXP| - h—27Z' ?3)

Dt
For 7 << 0.05 Equation (2) reduces to

M, 4 (DN\"
M - 72 —hT 4)

@

The diffusivity D can be calculated from the initial linear portion of the absorp-

tion curve from Equation (4).
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The moisture absorption does not follow the previously described model for
woven fabric composites. There have been limited studies on the mathematical modeling
of moisture ingress on woven composites [3,25,26]. The transport of moisture in woven
composite materials is very complicated, as it is influenced by the matrix material, weave
architecture, residual stresses, and the fiber/matrix interface.

Whitney and Browning [26] studied the moisture diffusion of bidirectional graph-
ite composites and proposed a residual stress-dependent model. The basis for the residual
stress was the consideration that matrix shrinkage is restricted in both directions, hence
large residual tensile stresses may develop after cure. As the diffusion of moisture pro-
gresses, the swelling of the matrix relieves the residual stress within the material and
slows down the absorption. The linear dependency of diffusion on time proposed im-
proved correlation with the experimental data; however, the fit still showed some dis-
crepancy.

Bao and Yee [3] conducted an extensive study on the diffusion kinetics of mois-
ture in both unidirectional and woven composites. They also found that the diffusion was
non-Fickian for the woven composite. They conducted an extensive evaluation of the dif-
ferent models and fits with experimental data, and found that there were discrepancies
with the experimental and predicted results. They had also evaluated the stress-dependent
model proposed Whitney and Browning [26] and found that the correlation was limited at
best. A closer study of the experimental absorption curves showed that there were two
distinct linear regions before the equilibrium moisture was reached. They found that the

moisture uptake was composed of two processes with different rates: a fast initial rate and
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then a slower rate. They proposed the following dual diffusivity model, which is the sum

of two Fickian processes with different diffusivities.

M, = Mwl[l— exp{— 7.3(%) 0'75}} + sz{l— exp{— 7.3(%) MS” (5)

In this model, D, , M_, and D, , M_, are the diffusivity and equilibrium uptakes

of the fast and slow processes, respectively.

EXPERIMENTAL
Carbon Fabric
The carbon fabric used in this study was supplied by US Composites and was a 4
harness satin weave, with a 3K tow size, and an areal density and thickness of 0.02 g/cm2
and 0.254 mm, respectively. The fabric was washed in acetone to remove lubricants and
sizing and then placed in a recirculating oven at 100°C for 1 h to remove any residual

moisture and/or acetone.

Monomer, Activator, and Catalyst (PA6)

AP grade caprolactam monomer was used in this study. The monomer has low
levels of moisture (<0.0015% by mass), a low melting point (T, = 69°C), and low viscos-
ity (4.87 mPa-s at 100°C). Bruggolen C20, hexamethylene dicarbamoyl dicaprolactam,
and Bruggolen C10, sodium caprolactamate, both especially developed for AP of
caprolactam, were used as the activator and catalyst, respectively. The melt temperature
of both C10 and C20 is 60°C. The monomer, catalyst, and activator were supplied by

Bruggemann Chemical U.S., Inc., and were used without any further processing or puri-
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fication. Due to the sensitivity to moisture of the catalyst and activator, they were stored

and handled in a dry box with the relative humidity maintained at 8§%.

Processing

Twenty 300 x 300 mm layers of the carbon fabric were laid onto the tool surface
and bagged and sealed using high temperature film and tacky tape. A thermocouple was
positioned at the surface of the top layer of the carbon to record and monitor the tempera-
ture. The tool temperature was then raised to 100°C, and a continuous vacuum of 1 at-
mosphere was applied to the system.

The viscosity of the resin is a function of the levels of catalyst and initiator, tem-
perature, and time. Various combinations were investigated to achieve both full wet-out
of the preform and full polymerization. The caprolactam was heated to 100°C until it was
liquid. The catalyst and activator were then added, and the solution was brought to a mol-
ten state. The catalyst is sensitive to moisture, and the caprolactam oxidizes rapidly at
these temperatures. Therefore, storage and processing must be done in a dry nitrogen en-
vironment. The resin was then infused into the preform via an infusion line. Once the
resin reached the end of the preform, the infusion line was clamped off, and the tempera-
ture was raised to 150°C to polymerize the PA6. For further details on the process the

reader is referred to [2].

Moisture Exposure

A significant number of studies have shown that the rate of moisture absorption

by polymer matrix composite materials is dependent on the temperature, relative humid-
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ity, diffusivity of water in the polymer, and weave architecture of the fabric [3,4,7,26].
These studies have also shown that the maximum (or equilibrium) moisture absorbed by
a particular composite material is independent of temperature and relative. At higher
temperatures and relative humidity, the maximum amount of moisture absorbed by the
material will be reached in a significantly shorter time than exposure to a lower relative
humidity and lower temperature.

Since the focus of this study was to evaluate the deterioration in mechanical prop-
erties of the carbon fabric-nylon 6 matrix composite, it was decided to expose the mate-
rial to the most aggressive moisture condition, i.e., immersed in water at 100° C. The
specimens were cut from the panels using a diamond saw blade and then polished with
600 grit silicon carbide paper to minimize cracking or debonding of the edges. The size

of specimens for the different tests is shown in Table 1.

Table 1. Sample sizes prepared for different tests

Test Sample Size (mm)
Low Velocity Impact (LVI) 100 x 100
Flexure 10x 80
Short Beam Shear Strength (SBSS) 9x25
Moisture Absorption (ASTM D-570) 25x 75

The specimens were then dried in a recirculating air oven at 70°C and periodically
weighed on a high precision balance with a 0.1 mg resolution, until the weight had stabi-
lized. The dry weight (W) of all the specimens was then recorded. The samples were
then placed on a rack that prevented them from any contact with each other and fully

submerged into a reaction vessel containing boiling water. The temperature of the water

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

was maintained at 100°C using a hot plate and oil bath to maintain even heating. The
specimens were taken out at periodic intervals and weighed after excess moisture was
wiped off. The percentage weight gain (Equation 1) was monitored as a function of the

square root of time.

W - W
M = 'W 4% 100 (1)

d

Where M = percentage weight gain; W; = weight of moist material at a specific
time; and W, = dry weight.
The weight gain was plotted against the square root of time until the equilibrium

weight gain M_ was reached. The samples were then removed from the chamber. 50%

of the samples were put into a container with water at ambient temperature and taken for
testing and evaluation, while the rest were placed in a recirculating oven at 70°C to dry.
The samples were periodically weighed until the weight had stabilized, indicating that all
the moisture had been removed. The samples were placed in a desiccator and taken for

testing and evaluation.

UV Exposure

Specimens were cut and prepared according to the dimensions provided in Table
1 for LVI, flexure, and SBSS tests. The specimens were then placed in RTR 200 UV ex-
posure chamber with 12 fluorescent bulbs that provided UV irradiance at wavelengths of
200 to 400 nm within the chamber. These UV photons provide energy that is within the
range of the dissociation energies of polymer bonds, which are typically between 290-
460 kJ/mole The specimens were removed at 100, 200, 300, 420, and 600 h of exposure

and tested and evaluated.
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RESULTS AND DISCUSSION

Moisture

Visual observation of the specimens that were exposed to moisture showed that
there were areas of whitening of the matrix. The specimens seemed to have maintained
structural integrity, and there was no evidence of complete breakdown of the matrix away
from the fiber. SEM was conducted to ascertain the damage to the matrix and the fi-
ber/matrix interface. Figure 1 shows cracks that were formed on the surface due to the
effects of moisture and heat on the specimens. These were probably microcracks, which
could not be seen by SEM prior to moisture exposure, that developed due to the residual
stresses from the processing of the composite and which were expanded during exposure.
Other processing anomalies, such as surface roughness, stacking faults in the weave, and
misaligned fibers, could also contribute to cracks that opened during moisture exposure.
Figure 2 shows the effect of the moisture attack on the fiber matrix interface. Figure 3
shows a SEM image of an as-processed sample, and it is evident that the fibers are well

coated with the matrix and there is good adhesion of the matrix to the fiber.

UV Exposure

The specimens that were exposed to UV started to show discoloration after 300 h
and, after 600 h of exposure, there was considerable yellowing of the specimens. There
were no signs of chalking of the matrix or fibers that were exposed at the surface of the
specimen. The specimens maintained their structural integrity and there were no visible

signs of deterioration except for the yellowing. SEM microscopy showed that the fi-
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ber/matrix interface was preserved and no cracks were evident on the surface of the

specimens.

Water Absorption

Figure 4 shows the moisture absorption curves for the carbon/nylon 6 composites.
Closer observation of the figure clearly indicates that for all samples sizes there is a de-
finitive early stage of fast diffusion, followed by a slow (reduced) diffusion rate.

These results are in agreement with the model proposed by Bao and Yee. They
showed that there were two distinct linear regions before the equilibrium moisture was
reached in bismaleimide matrix woven carbon fiber composites,. Their study found that
the moisture uptake was composed of two processes with different rates, a fast initial rate
and then a slower rate, which compares well to what is observed in Figure 4. They pro-
posed the dual diffusivity model (Equation 5), which is the sum of two Fickian processes

with different diffusivities.

M, = Mml{l— exp{— 7.3(%) MSH + sz{l— exp[— 7.3(%) 0‘75” 5)

In the above model, D, , M, and D, , M, are the diffusivity and equilibrium up-
takes of the fast and slow processes, respectively. As the absorption is described by the

sum of two Fickian processes, Equation (4) can be used to determine diffusivity D, and
D, can then be determined from Equation (5).

The curve fit using the Bao and Yee dual diffusion model [2] is shown in Figure 5
for the ASTM D-570 specimens. The dual diffusion model (Equation 5) shows very good

correlation with the experimental data obtained in this study, with R? = 0.99. A Fickian
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fit is also shown with R> = 0.76, which shows very poor correlation with the experimental
data.

The bidirectional woven fiber arrangement (as in the carbon fabric used in this
study) restricts matrix shrinkage in both directions, which could cause surface defects, as
described earlier. These defects, especially near the surface, fill up with water very rap-
idly after immersion. However, this water does not change the local water concentration
in the matrix; therefore, the water diffusion in the matrix is independent of the fast diffu-
sion into the defects. Hence, the weight gains can be described by the sum of the two
Fickian processes. The slow diffusion process corresponds to the diffusion in the matrix
and represents the properties of the composite. The fast diffusion is more a function of

the physical flaws of the composite, namely surface defects.

Crystallization Study

A TA Instruments Q100 differential scanning calorimeter (DSC) was used to
characterize the thermal behavior of the samples exposed to moisture (M), specimens ex-
posed to moisture and then dried (MD), and specimens as processed (D). The specimens

were heated from 40 to 250°C at a rate of 10°C/min.

MOISTURE EXPOSURE
Figure 6 shows the DSC thermograms for the different specimens. A single peak

at the melt temperature of 225°C for all three specimens was observed. The crystallinity
was determined by comparing the experimental heat of fusion (AH) to the theoretical

value for a 100% crystalline sample. AH was measured by integrating the area under the
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peaks of the DSC thermograms. All three specimens yielded average AH values of 94 J/g,
which translated into crystallinity values of 40%. Although various values have been re-
ported in the literature for the theoretical AH, the value of 230 J/g, referenced from the
ATHAS data bank [27], was used as it is the accepted value used by other researchers
[28]. There is no apparent influence of moisture absorption on the position (temperature)
and shape (crystallinity) of the melting peaks. Russell and Beaumont [29] also found that
exposure to boiling water had no significant influence on the structure and morphology of
the spherulites of nylon 6 moldings. It can be speculated that although there is plasticiza-
tion of the matrix and possible changes to the crystal ordering during exposure to mois-
ture, the heating during the DSC study causes the material to dry and recover sufficiently

so that the thermograms are the unchanged.

UV EXPOSURE

Figure 7 shows the DSC thermograms of the specimens exposed to UV for 100 to
600 h. The melt temperatures (223°C) of the different specimens are within 1°C and fall
well within the range of melt temperatures for nylon 6. The AH values for the specimens
exposed to 100, 200, 300, 420, and 600 h of UV were 94, 97, 100, 101.5, and 103 J/g,
respectively. This results in an increase in crystallization of 40 to 44%, using 230 J/g as
the theoretical heat of fusion for 100% crystallinity. The exposure to UV light provides
energy for the recrystallization of the nylon 6 polymer. Initial analysis of the data sug-
gested that the heat generated from the exposure to UV caused annealing in the speci-
mens; however, a cooling fan in the chamber maintains the temperature to under 40°C,

which is too low to cause annealing. It is therefore postulated that the energy from the
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UV causes molecular mobility and some recrystallization in the specimen. These speci-
mens were taken from the surface of the exposed samples, as the depth of penetration of
the UV is only within the top 50 to 60 microns of the sample. Therefore this result should
not be overanalyzed with respect to predicting the overall effect to the composite struc-

ture.

FLEXURE TESTS

Three-point bend tests were conducted according to ASTM D 790M. Twelve
samples of the dimensions 10 x 80 x 4 mm were prepared from the panels. Eight speci-
mens were exposed to moisture and the remaining four were dried as per the precondi-
tioning for the moisture tests. After exposure to moisture, four of the samples were also
dried to allow some recovery. The support span was set at 64 mm, and the rate of cross-

head motion was 1.7 mm/min.

Moisture Exposure

The results are summarized in Table 2. The average flexural modulus was low-
ered by 15% after exposure to moisture at 100°C. However, the modulus of the material
was fully recovered after drying. The flexural strength was lowered by 45% after expo-
sure to moisture and recovered to within 10% after drying. The mode of failure was a
combination of tensile face fracture and wrinkling on the compressive face for the dry
sample, similar to the failure shown in Figure 9. However, after exposure to moisture, the
mode of failure was only wrinkling on the compressive face and delamination for both

sets. The failure mode in the dry as-processed sample can be attributed to the high degree
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of crystallinity of the nylon 6 due to the in situ anionic polymerization of the nylon 6 [2].
After exposure to moisture at 100°C, plasticization of the matrix occurs; this causes fail-
ure that is more typical of a thermoplastic composite. Figure 8 shows the typical failure
for a sample exposed to moisture and then tested. The failure on the compressive face and

subsequent delamination can be clearly observed.

UV Exposure

A total of 20 samples (4 at each time increment) were exposed to UV for 100,
200, 300, 420, and 600 h and tested as described previously. The results of the tests are
summarized in Table 2. There was no significant change in the flexural properties after
exposure to UV for up to 600 h. The maximum time of exposure (600 h) did not cause
sufficient damage to the structure of the matrix. A significantly longer time of exposure is
required before any change in the structure affects the flexural properties of the compos-
ite. A typical failed sample after exposure to UV for 600 h is shown in Figure 9. The
mode of failure was a combination of tensile face fracture and wrinkling on the compres-
sive surface. The flexural properties of the samples exposed to UV are lower than the
values for the as-processed dried samples. These samples were not kept in a dry envi-
ronment after processing, and it is assumed that some moisture was absorbed from the

ambient room conditions.
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Table 2. Average results of flexure tests performed for carbon/nylon 6 samples; M —
samples exposed to moisture; MD- samples exposed to moisture, then dried; D- sam-
ples processed and then dried to remove any moisture

Modulus (GPa) Flexural Strength (MPa)
M MD D M MD D
Mean 43.88 52.02 51.40 350.21  583.63  642.24
Standard Error 1.65 1.37 0.94 9.90 38.60 89.95
Minimum 39.44 48.52 48.92 327.47  472.17  475.08
Maximum 46.85 55.23 53.49 37435 637.30 847.41

Table 3. Average results of flexure tests performed for carbon/nylon 6 samples, for
various number hours of UV exposure.

Modulus (GPa) Flexural Strength(MPa)
Hours ofexp. 100 200 300 420 600 100 200 300 420 600
Mean 45.14 48.03 4437 4426 4573 480. 548 457 467 511
Standard Err. 075 137 087 235 1.15 245 34 26 54 45
Minimum 43.65 4553 4192 38.67 42.62 440. 477 383 343 393

Maximum 4720 5191 45.68 49.49 48.00 551 641 503 582 607

Interlaminar Shear Stress

Short beam shear (SBS) tests were conducted according to ASTM D2344 to
measure the interlaminar shear stress of the composites. The beams were loaded in three-
point bending such that the dominant failure is shear. A variety of failure modes (bend-
ing, plastic indentation, and compressive) can occur that can skew the results, and care
must be taken to examine the failed specimen to ensure that failure occurs at the midsec-
tion or neutral axis of the beam, which is indicative of shear failure. The tests do not pur-
port to be absolute; however, they are a good indication for comparative analyses. The
support span for the SBS test was 16 mm (4 x thickness), and the rate of cross-head mo-

tion was 1.0 mm/min.
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MOISTURE ABSORPTION

The results are summarized in Table 3. The average short beam shear strength
(SBSS) of the samples was 65% lower after exposure to moisture at 100°C. The material
only recovered to 47% after drying. A typical photomicrograph of the tested samples is
shown in Figure 10. It can be seen that the failure is between the laminar of the composite
and at the midsection where the shear stress is at a maximum, and it can be assumed the
SBSS is very close to the interlaminar shear strength. The radical loss after exposure to
moisture is attributed to the plasticization of the matrix. The fiber matrix interface has
also been degraded by moisture ingress, as shown in Figure 2. This was expected, as the
interlaminar shear stress (ILSS) is a matrix dominated property. The material did have

some recovery after drying; however, damage to the fiber matrix interface is irrecover-

able.

UV EXPOSURE

A total of 20 samples (4 at each time increment) were exposed to UV for 100,
200, 300, 420, and 600 h and tested as described previously. The results of the tests are
summarized in Table 4. There was no significant change in the ILSS properties after ex-
posure to UV for up to 600 h. The maximum time of exposure (600 h) did not cause suf-
ficient damage to the structure of the matrix. A significantly longer time of exposure is
required before any change in the structure affects the ILSS properties of the composite.
It should be noted that the SBSS values after exposure to UV are 24% lower than in the

as-processed dried sample. It is assumed that the samples absorbed some moisture from
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the ambient environment, as no special care was taken after processing to keep these

samples in a dry environment.

Table 4. Average results of SBSS tests performed for carbon/nylon 6 samples; M —
samples exposed to moisture; MD- samples exposed to moisture, then dried; D- sam-
ples processed and then dried to remove any moisture

SBSS (MPa)
M MD D
Mean 22.98 35.45 66.41
Standard Error 0.32 0.67 0.61
Minimum 22.33 33.79 65.13
Maximum 23.79 37.03 68.03

Table 5. Average results of SBSS tests performed for carbon/nylon 6 samples, at vari-
ous number hours of UV exposure.

SBSS (MPa)
Hours of Exp. 100 200 300 420 600
Mean 46.87 52.11 55.09 49.07 49.81
Standard Error 3.72 2.47 1.68 3.97 3.63
Minimum 36.26 48.44 50.24 43.52 40.98
Maximum 52.54 56.81 57.39 56.76 58.35

Impact

Low-velocity impact (LVI) tests were conducted to study the resistance to impact
and damage initiation and propagation of the carbon/nylon 6 composite panels exposed to
moisture and UV. An instrumented drop weight tower equipped with a load cell of capac-
ity 1590 kg (3500 Ibs) was used to conduct the tests. A hemispherical shaped tup of di-

ameter 19.5 mm and mass 0.12 kg was used as the impactor. The total impactor mass,
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including the tup, was 6.15 kg. The samples were clamped using a pneumatic assist
mechanism, such that 76.2 mm diameter of the sample face was exposed to the impactor.
Three impact heights, 0.46 m, 0.71 m, and 1.15 m, were chosen in order to capture the
dominant failure modes of the plates from incipient to total failure and to analyze the en-
ergy absorption mechanism and damage progression. The force-time, energy-time, and
load-deflection response of the samples were measured. Damage initiation and progres-

sion was monitored.

MOISTURE EXPOSURE

The failure modes of the three different types of samples, i.e., exposed to moisture
(M), exposed to moisture then dried (MD), and as-processed and dried (D), were very
different. The samples that were exposed to moisture showed a slight loss in stiffness, as
the matrix became more plasticized and the fiber-matrix interfacial bond was compro-
mised. This resulted in a more localized damage zone, as energy transfer/spread was
mitigated. The recovered samples (MD) performed marginally better due to the matrix
recovering some of its properties; however, the loss in the fiber matrix interface cannot
be recovered. Figure 11 shows the force/energy — time profiles for the samples at the
maximum drop height of 760 mm. The maximum energy absorbed by all three samples is
approximately the same. However, the dry sample offers some rebound after impact. This
implies that the sample is capable of absorbing more energy. The load profiles of the
samples show that the failure in the moisture-exposed sample is quite catastrophic, as
there is a sharp drop after the maximum load. The dry sample shows that there are dam-

age interactions within the sample at the peak load. These interactions are load transfers
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from matrix to fiber and delamination. The peak is not sharp, which implies that the sam-
ple is capable of withstanding a higher load. Inspection of the failed samples confirm
these results, with the dry sample having a larger damage spread compared to the mois-
ture exposed sample. SEM observation, as shown in Figure 12, shows that most of the
fibers in the moisture exposed samples were not coated with the matrix, while Figure 13,
the SEM image of the dry sample, shows that the fractured fibers are still well coated by
the matrix. The main mode of failure for the dry samples was tensile face fracture with
largely fiber breakage. The moisture exposed sample was a combination of fiber break-
age and pull out. The fibers in the dry sample had multiple fractures compared to the
moisture exposed samples. The sample exposed to 600 h of UV is shown in Figure 14;

however, the failure in both dry and UV exposed samples are identical.

UV EXPOSURE

The samples that were exposed to UV for up to 600 h performed identically to the
dry samples. The load/energy — time curve for a sample exposed to 600 h of UV is shown
in Figure 15, which is identical to the profile for the dry sample shown in Figure 11. The
SEM observation, shown in Figure 13, also shows no difference between the UV exposed

samples and the dry samples.

SUMMARY
The equilibrium moisture content was reached after immersion in distilled water
at 100°C for 100 h. SEM images showed that surface defects due to processing have been

expanded and the fiber matrix interface was attacked by the water ingress. The dual
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Fickian model for bidirectional composite developed by Bao and Yee [3] showed good
correlation to the experimental results for water absorption.

DSC studies showed that the moisture ingress did not have any influence on the
melting peaks or the crystallinity of the composite. The flexural properties are lowered by
45% due to water ingress; however, the material recovers to within 10% after drying. The
SBSS, a matrix dominated property, is lowered by 65% due to water ingress and only re-
covers to 47% after drying. Low-velocity impact shows that the damage to the samples
exposed to moisture performs much lower than the as-processed dry samples. The main
contributing factor to the lowering of the mechanical properties is the plasticization of the
matrix and the attack on the fiber matrix interface by the water.

Exposure to UV for up to 600 h caused yellowing of the samples. The crystallin-
ity increased from 40 to 44% due to UV exposure. However, this was only on the surface
of the samples. 600 h of exposure to UV did not have any effect on the flexural, inter-
laminar shear strength or impact properties of the composite. The time of exposure will

have to be significantly increased before the properties start to deteriorate.
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Figure 1. SEM image of carbon/nylon 6 composite surface cracks after exposure to water
at 100°C for 100 h.
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Figure 2. SEM image of carbon/nylon 6 composite showing fiber matrix interface degra-
dation after exposure to water at 100°C for 100 h.
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Figure 3. SEM image of carbon/nylon 6 composite showing the fiber matrix interface af-
ter processing. Very good wet-out at the filament level is achieved.
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Figure 4. Curve showing percentage of water absorption against the square root of time
for the different types of samples immersed in water at 100°C.
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Figure 5. Curve showing percentage of water absorption against the square root of time
for the ASTM D 570 samples immersed in water at 100°C compared to the dual diffusiv-

ity and Fickian models.
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Figure 6. DSC thermograms for samples immersed in water at 100°C for 100 h, after
recovery and dry samples.
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Figure 7. DSC thermograms for samples exposed to UV for 100, 200, 300, 420, and 600
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Tensile Face

Figure 8. Typical failed carbon/nylon 6 sample tested in flexure after immersion in water
at 100°C for 100 h.
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Tensile Face

Figure 9. Typical failed carbon/nylon 6 sample tested in flexure after exposure to UV for
100 h. Mode of failure was a combination of tensile face fracture and fiber wrinkling on
the compressive face.
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Figure 10. Typical failed SBSS sample, with initial failure crack at the midsection, as
highlighted in the image.
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Figure 11. Typical force/energy — time curves for carbon/nylon 6 composite material ex-
posed to moisture at 100°C; M- exposed to moisture, MD- exposed to moisture then
dried, D- as processed and dried
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Figure 12. SEM image of moisture exposed sample afier low-velocity impact test. Inset
shows dry filaments, indicative of the fiber matrix interface attach by the moisture.
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Figure 13. SEM image of as-processed, dry sample after low- velocity impact test. Fail-
ure mode is mainly due to fiber breakage, and matrix adhesion to the fiber is clearly evi-
dent.
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Figure 14. SEM image of sample exposed to 600 h of UV and then tested under low-
velocity impact conditions. Failure mode is mainly due to fiber breakage, and matrix ad-
hesion to the fiber is clearly evident.
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Figure 15. Typical force/energy — time curves for carbon/nylon 6 composite material ex-
posed to UV for 600 h.
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GENERAL SUMMARY

The aerospace, automotive, and mass transit sectors have steadily increased the
use of composites for large-scale structures. The development of novel and cost effective
technologies and materials has made composite structures a viable alternative to tradi-
tional materials. In this study a novel way to produce carbon-reinforced PA6 resin com-
posite structures has been developed. The advantages of using a thermoplastic resin in the
traditional thermoset domain can be exploited. It increases the alternatives that are avail-
able to engineers and designers of composite structures, especially where high toughness
was a limiting constraint with thermoset resin structures.

VARTM, a method that is well established for thermosetting resin composites,
was successfully modified and developed to infuse carbon fabric preforms with nylon 6, a
thermoplastic resin. The methodology, processing parameters, and limitations were suc-
cessfully established. Optical microscopy and SEM showed that good fiber impregnation
was achieved at both the tow and filament levels.

The processing conditions developed yielded a relatively high (40-44%) degree of
crystallinity of the nylon 6. A high (approximately 98%) degree of conversion from
monomer to polymer was also achieved. A fiber weight percent of between 62 to 66%,
with no visible (OM and SEM) void content, was achieved.

XRD and DSC studies showed that only the more stable o crystal structure was
present and there were no peaks corresponding to the y crystal structure. The tensile tests

yielded similar results for both composite systems for the modulus, with an 11% increase
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in the ultimate yield strength for the carbon/PA6 system. The carbon/SC-15 system per-
formed 21% better in flexure than the carbon/PA6 system. The failure in the carbon/PA6
system was more ductile. The SBSS was 6% lower for the carbon/PA6 than for the car-
bon/SC-15 composite. This is possibly due to moisture absorption by the samples, as no
particular care was taken to keep them dry or dry them before testing.

The main advantage of using thermoplastics over thermosets is the resistance to
impact. The impact studies revealed that the peak load, initiation energy, and propagation
energy were 13, 53, and 21% higher for the carbon/PA6 system as compared to the car-
bon/SC-15 system. The energy absorption characteristics were superior at all energy lev-
els tested.

One of the major disadvantages of PAG6 is its susceptibility to absorb moisture,
which could reduce the properties of the structure. In this study the samples were im-
mersed in boiling water until equilibrium uptake was reached, which is an exceptionally
harsh condition. The equilibrium moisture content was reached after immersion in dis-
tilled water at 100°C for 100 h. SEM images showed that surface micro-cracks due to
processing had expanded and the fiber matrix interface was attacked by the water ingress.
The dual Fickian model for bidirectional composite developed by Bao and Yee [46]
showed good correlation to the experimental results for water absorption.

DSC studies showed that the moisture ingress did not have any influence on the
melting peaks or the crystallinity of the composite. The flexural properties are lowered by
45% due to water absorption; however, the material recovers to within 10% after drying.
The SBSS, a matrix dominated property, is lowered by 65% due to water ingress, and

only recovers to 47% after drying. Low-velocity impact shows that the damage to the
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samples exposed to moisture performs much lower than the as-processed dry samples.
The main contributing factor to the lowering of the mechanical properties is the plastici-
zation of the matrix and the attack on the fiber matrix interface by the water.

Exposure to UV for up to 600 h caused yellowing of the samples. The crystallin-
ity increased from 40 to 44% due to UV exposure. However, this was only on the surface
of the samples. 600 h of exposure to UV did not have any effect on the flexural, inter-
laminar shear‘strength or impact properties of the composite. The time of exposure will
have to be significantly increased before the properties start to deteriorate.

The main contribution of this study is to provide designers and engineers a ther-
moplastic material for large-scale composite structures. The comprehensive studies on
the mechanical and thermal properties provide a good indication of the possible use of
these materials, especially where toughness is a high requirement. The limitations with

regard to environmental exposure are also presented to complete the study.
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FUTURE WORK
The development of a process to use liquid molding techniques for infusion of
thermoplastic resins offers several opportunities for future investigations. The following
are some areas that could be further investigated:
e Infusion of other fabrics, such as glass and aramid, with PA6 resin.
e Investigation of other resins that can be polymerized in-situ.
e Addition of nanoclays and/or carbon nanotubes to improve barrier and mechanical
properties.
e Investigation of the synergistic effects of the different environmental aspects that

the composite has to withstand.
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