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ABSTRACT

The effects of cure temperature variation and hygrothermal conditioning on thermal,
physical, and mechanical properties of an out-of-autoclave prepreg were investigated and
correlated. To study the effects of cure temperature variation, intermediate-cure temperature,
second ramp rate, and post-cure temperature were varied from a recommended two-stage cure
cycle. The effects of adverse environmental conditions on the cure temperature variation were
studied by conditioning the samples in boiling water and a conditioning chamber. The material’s
cure state was monitored using a Different Scanning Calorimeter (DSC), Encapsulated Sample
Rheometer (ESR), and Dynamic Mechanical Analyzer (DMA). An ultrasonic C-scan and void
content tests were performed to map the void distribution in the cured laminates. The mechanical
properties were obtained using Short-Beam Shear (SBS) and Combined Loading Compression
(CLC) test methods. A further investigation on failure modes was also done on mechanical tested
coupons using the photoanalysis method. The results from the ESR and DSC showed that
complex viscosity and degree of cure were changed during cure while the final degree of cure,
glass transition temperature, and SBS strength did not show significant difference for
intermediate-cure temperature ranging from 99oC to 110oC and second-ramp up rate variation
ranging from 1.1oC/min to 2.2oC/min. For post-cure temperature variation from 99oC to 143oC,
good correlations were obtained between the material’s cure temperatures, state of cure, and
mechanical properties for dry room temperature and hot/wet conditions. The study showed that
material’s cure state should be used to define and monitor the cure quality rather than using a
time-temperature specification.
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CHAPTER 1
INTRODUCTION
Recently commercialized out-of-autoclave (OOA) prepregs have revolutionized the
composite industry [1]. OOA prepregs reduce the cost of curing composite parts significantly by
providing the quality of autoclave-cured parts in ones that are vacuum bagged and oven-cured [1,
2]. With high-strength, low porosity, and being cured without the need of using a pressure vessel,
OOA helps resolve many issues associated with the aerospace industry. Additionally, lowering
the cure temperature of OOA helps reduce the possibility of cure temperature variations for
larger parts, which equates to cost saving for curing equipment and tooling and effectively
improves composite repair schemes.
In the current practice, industry requires the cure for any polymeric composite material
must precisely follow specifications to ensure structural integrity. For out-of-autoclave material,
this specification involves time and temperature domains. As such, the quality of any parts cured
with time-temperature variation outside the specification window is questionable and most likely
must be rejected. Such rejection due to time-temperature variation is often caused by invalid
thermocouple readings, failure of heating equipment, or operation errors [3]. Previous studies
have shown that materials rejected due to cure temperature variations may still end up with
acceptable mechanical properties because the differences in cure temperatures may not lead to a
similar shift in its mechanical properties [3-5]. As such, develop a solid understanding of cure
temperature effects on the mechanical properties is beneficial to industry for reducing rejected
parts, time-saving, and cost effectiveness.
The traditional specification was based on time-temperature domain, which is not always
1

reliable in determining the cure quality. A new approach for material state management using
rheometry and differential scanning calorimetry is able to monitor the state of cure during the
process. This is directly related to the material properties and can give conclusive details on the
quality of the finished product [4, 5]. As such, monitoring the material’s state during cure can be
used to reduce the number of rejected parts due to time-temperature variation. In this thesis, the
material state management has been utilized using an Encapsulated Sample Rheometer (ESR)
and is verified by a Differential Scanning Calorimeter (DSC). The ESR provides the material’s
actual state during cure in relation to viscoelastic properties including minimum viscosity time,
gel time, vitrification time, and glass transition temperature. The DSC provides the material’s
enthalpy and degree of conversion, which is directly related to kinetic reaction. By varying the
cure temperatures, the material states and mechanical properties can be obtained and correlated.
Such cure states can be used to predict the mechanical properties of the material.
The performance of composite materials is very vulnerable under adverse environmental
conditions such as high humidity and elevated temperature (i.e. hygrothermal condition) [6, 7].
When the composite is prone to humidity and elevated temperature, the absorbed water might
attack resin-fiber interface, weakening the bond between them and softening the matrix. As such,
hot/wet mechanical properties are often used for design purposes. By applying the same
conditioning, the cure states and mechanical properties for material with cure temperature
variations can be obtained. The comparison of correlations between material states and
mechanical properties before and after hygrothermal conditioning can be used to predict the
effects of high humidity and elevated temperature in composite application.

2

CHAPTER 2
LITERATURE REVIEW AND TECHNICAL APPROACH
2.1.

INTRODUCTION TO COMPOSITE
Composite material is more advanced compared to traditional materials for its

lightweight, high specific strength (strength/density) and flexible properties that allow it to meet
various design needs [8]. A composite material is a combination of two or more constituents with
distinct physical and mechanical properties which form a new material with better properties
compared to each material individually. Typically, aerospace composite material is made of
fiber, matrix, and adhesion, which can be optimized individually to achieve desired properties.
2.1.1. FIBERS
In fiber-reinforced plastic composite (FRP), fiber serves as the primary reinforcement
component, which carries the major loads and stresses. For that reason, selection of fibers
usually comes from high stiffness material, especially in regards to the strength to weight ratio
(specific strength). Carbon fibers, which are produced from pyrolysis of organic precursors such
as rayon, pitch, and PAN, have been used widely in aerospace industry due to its high strength,
high stiffness, low density, and low thermal expansion [9]. To improve the fiber-matrix adhesion
and to protect the fibers, a thin coating of adhesive is usually applied to the surface of the fibers.
2.1.2. MATRIX
Matrix is an important constituent of the composite, which surrounds and embeds the
fibers. Generally, matrix is used to bond and hold fibers together and to transfer loads between
fibers. In addition, matrix protects fiber from adverse environment, keeps the fibers in proper
orientation and position, and determines the maximum service temperature of the composite. The
3

most commercially produced matrix for aerospace composite to date is made of polymeric,
which is usually in the form of resin.
Resin is an organic polymer that may contain a wide variety of chemical reactant agents or
additives to improve processing behavior, handle-ability and ultimate properties [10]. Polymer
material consists of polymer chains of monomers. When polymer material is heated, these chains
start moving and aligning themselves. Polymer chains connected in linear chain patterns or held
together by weaker secondary bonds are called thermoplastics. Thermoplastics become soft
when heated and solidified when cooled; this process is reversible regardless of the number of
thermal cycles. However, if the polymer chains are connected by cross-linked pattern, the
material is called thermosets. Thermosets are usually in liquid form and are solidified by a
process called polymerization. Polymerization is an irreversible process in which liquid resin is
plasticized by adding heat and/or catalyst to accelerate cross-linking. For most thermoset resins,
additional additives are usually added during resin formulation to improve the curing process and
properties. Most aerospace matrixes are modified epoxy resin in which additional chemical
agents have been added to improve properties. For example, thermoplastic hardener may be
added to improve toughness and service temperature.
2.1.3. PREPREG
Prepreg is a short-term for pre-impregnated of composite fibers, which is a preformation
of fiber-coated resin that is widely used in the aerospace composite industry. Usage of prepregs
can resolve critical problems in high-tech industries that are associated with traditional
processing of fiber reinforced plastic (FRP) manufacturing methods including wet layup, sprayup, or resin transfer molding (RTM), which includes [11]:
4



Non-uniformity of resin distribution on fibers which creates resin-rich or fiber-rich areas.



High deposits of volatile vapors which produce high porosity in finished parts.



Resin spills during processing which are hazardous and hard to clean.



Inconsistent resin to fiber ratio which may lead to structural and design problems.
In the process of impregnating the fibers, resin is precisely introduced to the fibers so that

the amount of resin on the fiber area is uniformly distributed. During the process of producing
prepreg, the new material is heated for a specific amount of time at a predetermined temperature
to cause the resin to slightly cure, creating so-called B-stage resin. Since the cure reaction is
already initiated, the prepreg must be stored in sub-ambient temperature (usually at 0oF) to
minimize further reaction. In prepreg handling and processing, care must be taken to minimize
aging and environmental effects due to out-time, temperature, moisture, and other adverse
conditions.
In prepreg, the fiber reinforcement is usually preformed or pre-aligned before
impregnation. The preformed fibers can be either unidirectional or fabric weaved depending on
the desired properties.
For the unidirectional fiber-reinforced prepreg (UD), all fibers are aligned in a single
direction in which fiber-dominated properties are maximized. The prepreg of this type is also
known as UD-tape. This formation is useful for components requiring the predominant strength
and stiffness in the fiber direction.
The fabric weave is the construction of fibers similar to the fabric orientation of clothes,
which consist of interlaced fiber yarns in different weave patterns. Typically, fabrics are preformed as plain weave, satin weave, or twill weave. The woven fabric can be characterized by a
repeated pattern by interlaced each yarn of the warp side over every other number yarns of the
5

fill side, which is called plain weave (PW), or every other numbers of yarns of fill side, which is
called hardness satin (HS). For example, in 8-HS weave construction, each fiber goes over 7
fibers and under 1 in both warp and fill direction (Figure 1 and Figure 2).

Figure 1. Typical eight harness satin weave construction [12].

Figure 2. Construction of fill and warp direction in typical woven fabric [12].
It is well known that fabric patterns greatly affect the composite properties. For example,
PW is self-balanced and has symmetry that has similar strength and stiffness in both longitudinal
and transverse directions (1 and 2 direction). In PW, warp and weft fibers are aligned in a
crisscross pattern, which provides good fabric stability. The woven fabric usually offers more
6

flexibility and drape-ability. In many hardness satin fabrics, the warp fibers are straighter, which
makes them stronger than fill fibers. Due to the degree of fiber’s waviness and differences in
warp and fill directions, the satin fabrics are generally imbalanced.
2.1.4. PREPREG HANDLING
For high performance composites, the cure kinetic of epoxy resin is usually conducted at
elevated temperatures. However, the kinetic reaction also continues at room temperature or even
at lower temperatures since the prepregs’ epoxies are in B-stage. Since the curing reaction may
continue to progress during handling and processing, care must be taken in not using expired
prepregs. Use of expired materials has been known to create poor mechanical properties and
voids for structure parts. For most commercial prepreg, the usage limitation is usually defined by
time, temperature and environment condition as specified by the manufacturer. Figure 3 shows
the widely accepted usage life limitation of prepreg.

Figure 3: Definitions of storage, handling, staging life, and out-time [13].


Shelf life is the maximum storage time of a prepreg when stored continuously under
well-controlled environment. For most commercial prepreg, the material should be stored
7

at 0oF or lower.


Out life is defined as the remaining usable time of prepreg outside of its controlled
storage environment. This is also known as out time.



Tack life is defined as the time that prepreg retains sufficient tack under room
temperature for the ease of lay-up.



Shop life is the accumulation of time when a prepreg is at room temperature. In some
literature, shop life is also referred to as out-time.
For any special cases, the expired prepreg must be recertified prior to usage; otherwise,

the material must be disposed of. In addition, the conditions of the environment during out-time,
such as fluctuation of temperature and humidity, may lead to unpredictable cure reaction. This
may cause the prepregs’ expiration time to be shorter than the manufacturer’s suggested
expiration date. To avoid using expired material, consumers monitor and track both prepregs’
out-time as well as environmental conditions. Such monitoring of time and environment
conditions must be done to ensure the quality of unused prepreg. Using expired materials leads to
poor quality parts with high porosity, low mechanical properties, and other serious issues.
2.2.

CURING OF COMPOSITE
The effects of cure temperature on properties has been investigated and studied broadly

[14-16]. The term cure in composite processing refers to heating of prepreg to initiate and
accelerate reaction rates of resin to form a rigid matrix under the application of vacuum to
remove trapped air and volatiles and to consolidate the individual plies and fibers. The curing of
prepreg leads to changes in thermal, viscoelastic, and physical properties.
Due to variations in chemical compositions, different types of carbon/epoxy prepregs
8

have different requirements for processing and curing. The two most popular processing methods
for aerospace composite are autoclave and out-of-autoclave.
2.2.1. AUTOCLAVE
Currently, autoclave is the most common processing method for curing aerospace
structural composite. Autoclave is similar to a pressure-cooking vessel, where prepreg lay-up is
cured under relatively high temperature and pressure while volatiles and porosities are drawn out
of the laminate by the aid of vacuum pressure. As such, laminate cured using autoclave often
produces a low porosity and high quality part.
2.2.2. OUT-OF-AUTOCLAVE
Out-of-autoclave is generally referred to as either heater blanket or oven cure process.
Unlike autoclave curing, OOA only uses vacuum pressure to remove the entrapped air and
volatiles as well as to consolidate the prepreg’s plies. Traditionally, OOA cure parts usually
deliver higher porosity and lower quality than autoclave cured. A recent improvement in
technology has enabled cure OOA parts with lower porosity (less than 1%) and improving
quality [1]. Although OOA’s cure cycles often require longer time due to the dependent of
volatile removal along the edges, however, OOA compromise industry many advantages.
Without the needs of high pressure and cure at lower temperature, OOA can be used to cure
larger parts with less expensive for tool development.
2.2.3. CURE CYCLE
A typical curing process for an out-of-autoclave carbon/epoxy prepreg usually involves a
two-stage cure cycle. Before the cure, vacuum pressure is applied for a few hours to consolidate
the layups and to remove trapped air between the plies of the laminate. The vacuum pressure is
9

continuously applied throughout the cure cycle; from a stabilized room temperature, the
temperature is raised and kept at an intermediate level using a constant ramp rate. It is always
suggested that the ramp rate be low enough for uniform temperature distribution. During this
intermediate dwell-time stage, the reaction is progressing as resin molecules increase their
mobility, reducing viscosity and allowing trapped air and volatiles to escape. For the prepregs
with fibers that are not fully impregnated, the resin flow also helps wet the dry fibers uniformly
while avoiding excessive flow. During the second ramp up, the viscosity continues to decrease to
a lower level, permitting adequate consolidation and complete wetting of the fiber. After
reaching its minimum, the viscosity increases rapidly. As the process of cross-linking begins, Tg
also increases. Sometimes in this cure stage, the resin passes from a liquid state to rubbery state,
also known as gelation. This process is also known as kinetic-controlled reaction. In the second
dwell-time stage, the reaction rate tends to be slower due to the immobility of the molecules.
After a certain period, the reaction changes the material’s state from rubbery to a fully solid
crystallization state known as vitrification. In this stage, when the reaction Tg approaches its cure
temperature, the cure transitions to a diffusion-controlled reaction [17, 18].
Optimal cure temperature profiles for minimum residual stress have been studied as a
function of time and temperature [19]. It is important that the selected cure profile satisfies
several criteria such as minimum residual stresses and minimum cure cycle time with higher
DOC. The development of residual stresses during the cure cycle is one of the largest concerns
as these stresses affect the strength and mechanical properties of the cured laminate.
2.3.

DEGREE OF CURE
Heat flow is a time rate flow of heat in and out of prepreg samples and depends on the state
10

of reaction of the material. The term heat of reaction is used more in thermal analysis techniques
to represent the area under the heat flow curve integrated by a linear baseline (Figure 4). In
general, heat of reaction during the time between t1 and t2 can be calculated as [20-22]:
t2  dQ 
H (t )   
dt
t1
 dt 

(1)

Where heat of reaction, H(t) is the heat released between t1 and t2, and dQ/dt is the total
heat flow measured by DSC during a specified time. In general, most of the calculations for heat
of reaction normalize the heat flow over the sample weight, with the assumption that resin
volume fraction is the same for all prepreg samples. However, since DSC samples are small and
the resin volume fraction between samples is difficult to control, the heat of reaction should
normalize over the resin content weight rather than sample weight, which contains both fibers
and matrix.
The baseline used for calculating heat of reaction for obtaining the most reliable degree
of conversion is always debated. There are many different types of baselines for DSC that can be
found in the literature on the subject [23]. In this particular study, the horizontal baseline was
used for calculating the total heat of reaction, while the linear baseline was used for calculating
the residual heat of reaction.
Degree of cure measures the percentage of heat of reaction to the overall reaction of the
curing process. In other words, DOC can be used to determine how well a material has been
cured or how far reaction has advanced. Generally, DSC is the best technique to determine DOC.
However, DSC measures DOC indirectly and additional calculation is required after obtaining
the heat flow data.
In DOC calculation for prepreg, it is usually assumed that the initial DOC is zero since
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fresh prepreg is almost always delivered to its user in an unknown partially cured state. As such,
DOC of any partially cured prepreg is defined as the ratio of the total amount of heat reaction for
a specific cure cycle (HT) and the maximum heat of reaction of the sample, i.e. ultimate heat of
reaction (HU).

T 

HT
HU

(2)

Alternatively, the DOC at any time t of the cure cycle can be defined as:

 (t ) 

H (t )
HU

(3)

Figure 4: A typical heat flow curve during dynamic ramp obtain from DSC.
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Figure 5: A typical heat flow curve of two-stage cure cycle using DSC.
The ultimate heat of reaction, HU, can be obtained by applying a dynamic scan rate up to
the maximum temperature before decomposition of resin occurs. HU can also be defined by the
sum of total heat of reaction during the cure, HT, and its residual heat of reaction, Hres:
HU  HT  H res

(4)

From equation (2) and (4) , DOC at the end of any cure cycles can be defined as:

T 

H U  H res
H
 1  res
HU
HU

(5)

The scan rate is known to effect the ultimate and residual heat of prepreg samples [24]. The
concept of DSC is to keep sample remains in thermal equilibrium, thus lowering the heating rate,
which often gives better results. Previous studies have shown that thermal lag is proportional to
heating rate. However, faster heating rates often increase the sensitivity and reduce the time
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available for experimentation. For any typical polymeric resin, the recommended scan rate is
10oC/min [25]. However, in this study, the scan rate of 5oC/min was determined to be the best
option in order to obtain HR for the prepreg.
2.4.

VISCOELASTIC PROPERTIES
The term viscoelastic is usually used in rheology study of polymeric composites due to

the nature of the material. Since polymer is neither fully elastic nor viscous, neither Hookean
solid and Newtonian fluid theories are applicable. Thus, rheological method was introduced to
determine properties of such materials, i.e. composite, which is often in between viscous and
elastic states [26] (Figure 6).
The word rheology originated from the Greek word rheo-, flow, and –ology, the study of.
Rheology is defined as the study of deformation and flow of matters that behave in unusual ways
[27]. In physics, it is a given that everything flows. That is, both solid and fluid can be brought
into a common concept of rheology [28]. To be precise, composite rheology can be defined as
the study of transitional material states from fluidity-viscous states to solidity-elastic states as the
material advances to cure. In composite research, rheology study provides comprehensive details
of a material’s behavior during cure. Therefore, rheology can be used to characterize the flow
behavior and material state during cure.
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Figure 6: (a) A typical rheometry setup with the sample placed between two plates. (b) Stress
response to oscillatory strain for elastic, viscous, and viscoelastic material [29].
In this study, a shear rheometer was used to study viscoelastic properties of materials.
The rheometer allows the researcher to use a low amplitude shear test with relative frequency (ω)
to obtain viscoelastic properties. This form of time-dependent periodic deformation can be
arbitrarily expanded into a Fourier series to form a harmonic oscillations function. Using Euler’s
rule, these periodic signals can be written in a mathematic expression of complex exponential
functions [30].
Due to harmonic oscillations, the amplitude of strain (γo) changes with the frequency of
oscillation with respect to time as [29]:

 * (t )   o  sin(  t )

(6)

However, since the oscillating stress and strain in viscoelastic material is sinusoidal, the
response stress, τ(t), results in some delay with respect to γ(t). Such phase differences in
oscillation of stress and strain are defined as phase angle (δ) or loss angle (Figure 7)[4, 30, 31]:

 * (t )   o  sin(  t   )
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(7)

Figure 7: Phase shift due to response to stress/strain sinusoidal [29].
When both oscillating stress and strain signals are in the same phase (δ=0), the material
behaves like an elastic solid. On the other hand, when stress is proportional to the rate of strain
and phase shifts between oscillating stress and strain are out of phase, which is π/2 or δ=90, the
material behaves like viscous liquid. Consequently, when the material shows a response of both
in-phase and out-phase, which is 0< δ<90, the material is considered viscoelastic (Figure 6).
It is more conventional to express the dynamic behavior of shearing rheology in complex
expression:

G*  G'i  G"

(8)

Where complex shear modulus, G* can be defined as the ratio of sinusoidal stress to strain:

G* 

 *  o  sin(  t   )

*
 o  sin(  t )

(9)

Which can be simplified as [32]:

G* 

 * o
  (cos   i  sin  )
 * o

(10)

From equations (9) and (10), storage modulus (G’), loss modulus (G”), and phase shift angle
(tanδ) can be defined as:
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G' 

o
 cos 
o

(11)

G" 

o
 sin 
o

(12)

tan  

G"
G'

(13)

In these equations, G’ is behaving similarly to the shear modulus in mechanical testing.
However, due to its dynamic nature, G’ and the shear modulus will not have the same value. In
rheology, G’ is used to measure stored energy, representing the elastic portion of viscoelastic
materials. On the other hand, G” signifies losses due to heat and viscous losses during the
stress/strain cycle, or energy losses in term of heat, which represents the viscous behavior of the
viscoelastic materials.
In this thesis, rheometer was used as the main ex-situ method in conjunction with DSC
when determining the cure states of polymeric composites. These properties include storage
modulus and loss modulus, which were obtained directly from the rheometer. In addition, the
complex viscosity (η*) can be calculated based on a complex form of Newton’s law of viscosity
[32]:

* 

*


(14)

Where η* is the complex viscosity, defined by:

*   'i "

(15)
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o
G"
 sin  
  o


(16)

' 

o
G'
 cos  
  o


(17)

Equations (16) and (17) show the relationship between the complex viscosity with complex
modulus of a viscoelastic material. As shown, the real component of complex viscosity, η’, is
related to G”, representing the viscous nature of the material, while η” is closely related to G’,
representing the solid nature of the material [32].
Figure 8 shows the definition of minimum viscosity, gel, and vitrification obtained from
an ESR.

Figure 8. Typical viscoelastic properties obtained using ESR.
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In physics, viscosity is defined as the resistance of the material to flow [33]. Traditionally,
viscosity was usually measured by using a viscometer. However, this is not advisable for
prepregs due to their extremely high viscosity compared to neat resin. In composite processing,
viscosity must usually remain low during wetting and shape formation. For that reason, complex
viscosity of the material during cure plays an important role in determining the physical
properties of the finished material. As such, changes in the rate of viscosity also cause
fluctuations in the material states. In this study, the minimum peak of η* or maximum peak of
inverse η* is defined as the minimum viscosity point (tη*,min) of the material.
2.5.

GEL POINT
Gel time (tgel) is one of the key parameters in the study of curing polymeric composites; gel

time is the time when molecules form a 3-D network of interlinked polymer chains. At gel point,
the mobility of molecules becomes limited as polymer chains rapidly interlink. As a result, the
reaction after gel point rapidly increases as the material changes its physical state from a more
liquid-like state to a gel-like state.
2.6.

VITRIFICATION POINT
Vitrification is the point at which the state of the material changes from rubbery to solid and

glassy. At vitrification point, the curing state of material is merely stabilized while the reaction is
changing from kinetic reaction-controlled to diffusion-controlled. Vitrification point can be
determined using both DSC and rheometer. In cure kinetic, the vitrification point is determined
by the onset of the degree of cure curve. In rheology, the vitrification point is defined as the
maximum peak of the loss modulus curve, which is the onset of the storage modulus, complex
viscosity, and degree of cure curve [3, 4, 34]. At vitrification, Tg of the material is the same as
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the cure temperature. Following vitrification, the material is beginning to solidify, which causes
the prepreg to behave in a more elastic fashion. At this point, the glass transition temperature is
greater than the curing temperature.
2.7.

GLASS TRANSITION TEMPERATURE (TG)
Glass transition temperature is one of the most important parameters in composite design

and had been studied extensively [22, 35]. Tg is typically defined as the temperature at which
material transitions from solid-like to liquid-like behaviors or vice versa. It is the temperature
where tremendous changes occur due to the relaxation of polymer chains.
Since it is at Tg that the material exhibits tremendous change in its physical, thermal, and
mechanical properties, Tg is the key parameter in composite processing and design. Generally,
Tg is obtained at the same time as DOC to evaluate the composite’s state of cure. Tg is also
sometimes used for evaluating the material out-time prior to processing. In thermosetting
polymers, Tg can also be obtained as the material state changes from glass state at sub-ambient
temperatures to gel-like state at room temperatures.
There are different methods that can be utilized to determine Tg for carbon/epoxy
prepregs. Currently, the standard practice uses either a DSC or DMA to measure Tg. Although
Tg can be related to material kinetic reaction and thus be measureable by DSC, composite
processing generally uses Tg primarily for structural design purposes. As such, the material
strength when responding to temperature is of greater concern; when this is the case, the Tg
obtained from DMA is preferred. In any method, Tg is obtained by performing a dynamic scan to
find the response of signal transition due to temperature. Different dynamic scan rates have
defined effects on Tg values. As this is partially a study in Tg, an encapsulated sample rheometer
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is also introduced as a method for obtaining Tg. Additionally, the comparison among Tgs
obtained from DSC, DMA, and ESR is presented to validate the use of ESR in determining Tg.
TABLE 1
ASTM STANDARDS USED FOR TG MEASUREMENT

2.8.

Measured Property

Equipment

Standard

Dry Tg

DMA

ASTM D7028

Wet Tg

DMA

ASTM D7028

Dry Tg

Rheometer

ASTM D7028

Wet Tg

Rheometer

ASTM D7028

Dry Tg

DSC

ASTM E1262

MECHANICAL PROPERTIES
For high performance composite, mechanical properties play a major role in assessment of

how the material may be used. Evaluating the correlation between cure temperature, material
state, and mechanical properties are important for developing quality control of composite
structure. Previous studies showed that dwell temperature variations change the state of cure of
material which adversely affects the resin-dominated properties. In addition, adverse
environmental conditions such as high humidity and temperature are detrimental to the material’s
properties. As such, it is necessary to investigate the material properties under severe
environmental conditions in order to provide a more realistic assessment of the material
properties. Previous study showed that shear and compression properties are more affected by
cure temperature variation and severe environmental effects. In this thesis, short-beam shear and
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combined loading compression methods were used to correlate mechanical properties to the state
of cure.
2.8.1. SHORT-BEAM SHEAR (SBS) TEST
SBS is a mechanical test method, using three-point bending shear test. SBS is one of the
most important test methods in obtaining cure qualification for quality control. The advantages
of this test method are its simplicity and effectiveness. SBS properties can easily test in extreme
environments such as cryogenic or hygrothermal conditions. In addition, the SBS strength (is
used interchangeably with interlaminar shear strength (ILSS) in this thesis) is very sensitive to
void formations and cure quality of matrix in a laminate. According to ASTM D2344 [36], these
test methods use shear as dominant load; however, the internal stresses are complex, which
causes a variety of failure modes. For that reason, SBS strength is widely used for comparison,
quality control, and process specification purposes rather than defining any mechanical
properties.
2.8.2. COMBINED LOADING COMPRESSION (CLC) TEST
One of the major differences between various composite metallic materials is that there
are differences between tension and compression properties for composite, while tension and
compression properties are the same for metallic materials. Due to the complexity in obtaining
pure compressive properties, previous practice in design and calculation commonly assumed that
compressive strength of composite materials is equal to their tensile strength for composite
laminate [37]. However, such estimation is not always valid; therefore, it is necessary to obtain
the compressive strength value for critical design calculations through compressive testing. Not
all compressive testing methods yield similar results for compressive properties; rather, the
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results of the same composite material obtained with different test fixtures and procedures may
vary significantly, raising suspicion that testing may not have been performed properly [38]. In
this study, a combined loading compression (CLC) test according to ASTM D6641 [39] criteria
was performed to obtain compressive properties. The CLC test is widely accepted in the industry
because its test preparation is simple and inexpensive. Moreover, the unique CLC test fixture
helps reduce unacceptable failures compared to other compression tests such as ASTM D695
[40]; therefore, this test is very reliable [37, 38, 41, 42] .
2.9.

ANALYSIS OF FAILURE MODES
Analysis of failure modes provides useful information for assessing the quality of cured

composite materials. It is well recognized that delamination and buckling are the two main
contributors to compressive failure and that measures of the amount of buckling can be used to
examine whether or not the samples will fail prematurely [39]. In the beginning of the
compression test, the specimen usually undergoes buckling before delamination takes place [43].
Suemasu [44] reported that delamination in composite materials adversely affects the
compressive strength. Though the fibers are still capable of carrying and transferring the load
following delamination, they quickly bend and form microbuckling or fiber kinking as the
loading continues [45]. Composite failure usually initiates close to the free edge surfaces. As
such, delamination or failure of the outer plies (free-edges) usually happens before other plies in
the specimen [46-48]. Edge delamination, which is an early sign of premature failure, may
reduce the compressive strength of the specimen [48].
2.10. STATISTICAL ANALYSIS
One-way ANOVA is one of the most well-known statistical analysis techniques of
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hypothesis testing. Using a null hypothesis test, the ANOVA calculates and compares differences
between two or more samples in the same population. For validity of the comparison, the
calculation from ANOVA relies on certain assumptions including:


All samples must be independently and normally distributed in the same population



The variances of the population must be distributed using a F-distribution

The one-way ANOVA result displays variations and determines whether sets of data belonging
to the same population show statistically significant differences. In this thesis, a statistical data
analysis package called MinitabTM has been used to calculate these results. A sample of the
output is shown in Table 2.
TABLE 2
A SAMPLE OUTPUT OF MINITAB ANOVA ANALYSIS [3]

In the sample output, whenever the data shows an overlap in the confidence intervals, there is no
statistically significant difference between the data sets for the given parameter. This is true if
there is more than a 5% chance that two samples achieve the same mean value.
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CHAPTER 3
EXPERIMENTATION AND METHODOLOGY
3.1.

MATERIAL
A commercial carbon fiber-epoxy prepreg manufactured by Cytec Engineered Materials,

Cycom 5320 8HS, was used in this study. This out-of-autoclave prepreg is a toughened epoxy
resin system reinforced by eight harness satin (8HS) carbon fiber and has a low curing
temperature. It can be vacuum bag cured to produce autoclave quality parts with very low
porosity. According to manufacturer specifications, debulking the uniform thickness in parts
smaller than 0.6 m × 0.6 m for at least 4 hours at full vacuum (minimum 95 kPa at sea level) is
required before curing. The recommended cure cycle for this prepreg is an isothermal cure at
93oC ± 5oC for 135 minutes followed by ramp rate from 0.5-2.8 oC/min and post-cure at 143oC
± 5oC for 180 min.
3.2.

PANEL FABRICATION
Two batches of Cycom 5320 8HS prepregs were used in this study. The first batch was

used to fabricate the panels to study the effects of intermediate-cure and second ramp rate
variation. The second batch was used to study the effects of post-cure temperature variation.
Handling and processing prepregs requires experience and care. Improper handling can
cause deviations in the quality of composite. For instance, for this study, the fresh roll of prepreg
was defrosted for at least 4 hours prior to opening and cutting into plies. The defrost time can be
varied with the size of the prepreg roll. However, using prepregs immediately after removal from
the freezer without defrosting can cause condensation absorption into prepregs, which
significantly affects the quality of the laminate.
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The rolls of prepregs were cut into plies with the stiches on the edges as the 0o degree
reference marking (Figure 9). To ensure proper orientation, extra care was taken to cut the plies
in a 45o orientation.

Figure 9. Typical way for marking reference line for cutting and layup plies.
For most of structural parts, the layup should always be balanced and symmetric unless
done intentionally for other purposes. Symmetric laminate helps uncouple bends and prevents
warping due to thermal load while balanced laminate helps uncouple in-plane stress and shear
responses. As such, symmetric and balanced layups help reduce complications in structural
analysis, testing, and manufacturing.
The laminates in this thesis use a quasi-isotropic layup consisted of 12 plies. To satisfy
the requirements of symmetry and balance, the lay-up of 12 prepreg plies was placed in a [0/45]3s
stacking sequence. The layup achieves balance by flipping the plies about the symmetric layup.
It is noted that the weave structure of satin harness prepreg is different from the PW. Although
the properties of 8 HS are similar for warp and fill directions, the differences in waviness may
cause a single 8 HS ply to be asymmetric. As such, it is almost impossible to have a balanced
laminate for thin laminates of satin hardness. The layup in this study has a cured laminate
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thickness about 4 mm. The layup is considered a thick laminate, which can be assumed to be
balanced. This study assumes that fabrication of a [0/45]3s layup of 8HS satisfies the balance and
symmetry requirements.
To maintain repeatability and reduce fabrication error, the same bagging procedure was
followed for the fabrication of all panels. Figure 10 shows the specific bagging scheme used in
this study. A minimum of 95 kPa vacuum pressure (at sea level) was applied throughout
debulking and curing. The bagging procedure and material used for bagging are described in
Figure 10. Details of bagging materials are described below:


Tool plate (mold): a 12.5 mm thick aluminum tool plate with ultra-perfect surface was
used in curing. Prior to layup, the tool must be cleaned and its surface treated by applying
thin coats of B-15 and Frekote 44-NC release agent.



Release film: a layer of solid FEP release film was placed in between the mold and
laminate to enhance the surface finish and ease the laminate removal after curing.



Breather strings: Fiberglass string was placed along the edge of the laminate and
extended to the breather cloths. Placing breather strings increases the air channel, which,
when combined with breather cloths, help remove trapped air and moisture under vacuum
pressure.



Rubber damps: Silicon rubber damps were placed around the edges to prevent resin from
flowing out of the laminate edges.



Perforated release film: a layer of perforated FEP release film was piled on top of the
laminate to permit excessive resin to flow upward.



Peel ply: a layer of thin polyester release ply was used on top of the perforated release
film to serve as a bleeder to remove excessive resin and create surface interfaces. The
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peel ply thickness has some effects on curing laminate. Thinner peel ply may not remove
all excessive resin, causing void formation in the panel.


Caul-sheet: An aluminum caul-sheet was used to ensure uniform pressure was applied
throughout the panel.



Breather: Two layers of Airweave N4 breather were used to channel air under vacuum
pressures.



Vacuum bagging film: a thin nylon bagging film was used to enclose the layup before
debulking.

Figure 10. Vacuum bag scheme for 5320 8HS panels.
During the course of this study, it was observed that increasing the debulking time from 4
hours to 16 hours significantly reduced the porosity of the 12-ply panels. As such, all of the
panels were cured after being debulked for 16 hours. However, increasing the debulking time
from 16 hours to 30 hours did not improve the quality of the panel. Figure 11 shows the
debulking time effect to the cure quality.
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4 hrs

16 hrs

30 hrs

Figure 11. C-scan results of the panels cured with different debulking times.
3.3.

CURE CYCLES
To study the effect of cure temperature on the properties of 5320 8HS prepreg, the cure

cycles were designed to cover a wide range of temperature variation within a two-stage cure
cycle (Figure 12). The cure cycle is identified by time, temperature range, heat up rate (ramp
rate), and cool down rate. The cure cycles were selected by evaluating the cure of small samples
in DSC. The intermediate-cure temperatures, second ramp rates, and post-cure temperature cure
profiles were varied from the recommended cure cycle. All the panels in this study were cured
using a Yamato DKN600 oven.
After curing, all panels were inspected for surface finish and thickness variation along the
edges. Then a c-scan was used to inspect the porosity distribution and allowable porosity (by
approximate the black dots on c-scan images). The panels were then machined into test coupons
as shown in Figure 13 and Figure 14.
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Figure 12. Industry recommended cure cycle for 5320 8HS.

Figure 13. Machine layout for post-cure

Figure 14. Machine layout for intermediate-cure

temperature variation panels.

and second ramp rate variation panels.
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3.4.

DIFFERENTIAL SCANNING CALORIMETER (DSC)
A DSC (a well-known thermal testing technique to trace the aging of polymers) was used

to obtain cure kinetics of 5320 8HS. . In this study, DSC was used to obtain heat of reaction,
residual heat of reaction, degree of cure (DOC), and glass transition temperature of the samples.
The uncured prepreg samples, which weighed between 10 and 15 mg, were encapsulated in
Tzero aluminum pans and were subsequently cured in the DSC. The heat of reaction of the
samples during cure was measured with a TA Instruments Q2000 DSC. The degree of cure
(DOC) of the samples was calculated using heat flow data.
3.5.

DYNAMIC MECHANICAL ANALYZER (DMA)
DMA was used to measure Tg of the cured prepreg samples. Specimens were machined

from 3 ply panels. Five specimens were tested from each panel. The size of each specimen was 4
mm × 25 mm. Tg tests were performed according to ASTM D7028 [49], using a TA Instruments
DMA Q800 equipped with a three point bending clamp. A constant force of 0.5N, strain of 0.02
%, frequency of 1Hz, and dynamic scanning rate of 5oC/min was applied. In this study, Tg was
defined as the inflection point of the sudden drop in storage modulus (Figure 15).
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Figure 15. Typical Tg measurement obtained from DMA.
3.6.

RHEOLOGICAL ANALYSIS
Rheological experiments were carried out using the ATD CSS 2000 rheometer with 41.3

mm diameter parallel plates. ATD’s plates are designed with grooves to prevent slippage of the
sample at high torque. There were 20 ridges on each side of the sample, equally spaced and
arranged in a radial fashion with a height of 0.25 mm. The ridges had a width of 1.5 mm and a
length of 15 mm. The thickness of samples used in this study was 2.5 mm. Because of the high
pressure (2000-4000 KPa) that can be provided by the ATD, the rheometer is capable of
producing consistent laminates with a high quality similar to autoclave or vacuum bag
manufactured parts. Rheometer experiments were conducted at 1 Hz frequency with a constant
rotation angle of 0.05 degrees.
ATD CSS 2000 parallel plate rheometer was used to obtain the viscoelastic properties of the
prepreg. This rheometer is the only rheometer in the market which is capable of measuring the
viscoelastic properties of large prepreg samples. The thickness of the sample can be up to 3.2
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mm with a diameter of 40 mm. The rheometer also encapsulates a uniform sample volume with a
constant fiber and resin volume fraction for repeatable data measurement. The rheometer
provides analytical data for a wide range of curing from low viscous material (uncured prepreg)
to very stiff material (cured prepreg). Therefore, post-cure tests such as glass transition tests can
be performed using the same instrument while the sample is still in the rheometer.
3.7.

CONSTITUENT CONTENT TEST
Based on the layout configuration, void-content specimens were cut and their densities

measured. The method used here for measuring the densities of the majority of the samples was
water immersion. However, for specimens with visible surface voids, this method could not be
utilized, so the size and mass of the samples were used to calculate density.
There are different methods that can be used to investigate void content in laminated
composites. The method of characterizing voids plays an important role in obtaining realistic
results. The acid digestion method, which can be performed according to ASTM 3171 [50], is
one acceptable test method for obtaining the void contents of samples. In the current study, this
method was performed to obtain the void-content and fiber-volume ratio for all samples.
3.8.

SAMPLE CONDITIONING
Tenney T10RC is an environmental test chamber for conditioning test coupons. The

temperature range for the chamber is -38˚C to 205˚F. The humidity range for the chamber is 20%
RH to 98% RH in the dry bulb range of 68˚C to 185˚C. This chamber is equipped with a data
logging system that continuously sends temperature and humidity data through a high-speed
internet connection.
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TABLE 3
TEST CONDITIONING CRITERION PRIOR TESTING
Abbreviation

Conditioning Criterion
No prior conditioning had been done on samples. The

RTD
samples were kept under room temperature/ dry condition.
The samples were immersed in boiling water (100oC) for 48
HW Conditioning 1
hours.
The samples were exposed to 85% RH at 71oC until the
average moisture content of the traveler specimens changed
HW Conditioning 2
by less than 0.02% for two consecutive readings within a
span of 7 ± 0.5 days.

3.9.

MECHANICAL TESTING

3.9.1. INTERMEDIATE-CURE AND SECOND RAMP VARIATION STUDY
The SBS test subjected the beam-type specimen to a three-point bending load. As defined by
the standard, both width and length of the specimen depended on its thickness, usually with the
ratio of 2 x thickness and 6 x thickness, respectively. SBS does not give shear strength of the
laminate since strength obtained from this test is not pure shear; however, it is an excellent tool
for screening cure quality. A typical schematic of SBS test is shown in Figure 16.
To determine the effect of hygrothermal variations on the part quality, RTD and Condition 1
SBS samples were tested and compared. All SBS were tested using a SBS test fixture in
accordance with ASTM 2344.
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Figure 16. Horizontal shear load diagram for SBS test [36].
3.9.2. POST-CURE TEMPERATURE VARIATION STUDY
The mechanical properties for post-cure temperature variation panels were obtained using
both SBS and CLC test methods as per ASTM standards [36, 51]. Both SBS and CLC were
studied by testing RTD samples at room temperature and Conditioning 2 samples at 82oC in a
humidity controlled test chamber. At least 5 specimens were tested with SBS from each panel.
There were three CLC specimens tested at RTD and five specimens tested at HW condition.
The CLC test methods provide compressive properties such as compressive stress, strain,
modulus, and Poisson ratio. The dimensions for CLC specimens are specified by the standards as
144 mm. length by 12 mm. width. Prior to conducting compressive testing, the specimens must
be dimensioned carefully and meet certain requirements. For instance, the specimen’s ends must
be parallel to each other and perpendicular to the longitudinal axis of the specimens with a
variation of no more than 0.03 mm. In addition to thickness, variation across the width must
remain within 0.03 mm. To measure the compressive strain, a strain gauge was carefully bonded
to the middle of the specimen. It is to be noted that improper insertion of the strain gauge may
cause incorrect readings.
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Figure 17. Schematic of a typical CLC fixture [51].
Though the ability to test a combination of end loading and shear loading is the main
advantage of the CLC test method, it also has some drawbacks. Maintaining uniform loads on
the specimens under a combination of compressive and shear strength is a potential concern. The
CLC test fixture includes four separate stainless steel blocks and fastens in pairs by eight screws.
The surfaces of the blocks are coated with tungsten carbide particles to produce effective friction
with specimens. Non-uniformity of load distribution and applied torque create significant
changes in the obtained compressive strength values. To ensure uniform load distribution, an
applied torque of 10 N-m (the torque was applied by increment of 2 N-m on every screw) was
found to be best for the laminate tested in this study. This torque was applied on the fixture
screws clockwise in five increments. After assembling the specimen with the fixture, the
assembly was rechecked prior to testing.
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3.10. PHOTOANALYSIS
Following the SBS and CLC tests, further study regarding failure analysis was performed
to validate the failure modes and quality of the failed specimens. First, a basic visual inspection
of failed specimens was performed to identify the major failure modes. To capture a more
detailed understanding of secondary failure modes, examination of the free-edges of failed
specimens was performed using an optical microscope. In some cases, an in-depth analysis was
performed by dissecting the failed specimens to capture a more complete failure analysis.
A Carl Zeiss Axio Imager M1m optical microscope was used to investigate the failure
modes and void morphology for different post-cure temperatures. All of the tested specimens
were inspected and handled with extra caution in order to prevent further damage. The void
morphology was completed by examining the free edges of SBS specimens prior to testing.
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CHAPTER 4
RESULTS AND DISCUSSION
The following results and discussion are divided into three sections which correspond to
the effect of intermediate-cure temperature, second ramp rate, and post-cure temperature
variation. For each subsection, a wide range of temperature variation tests was performed using
DSC and an encapsulated rheometer to investigate the kinetics and rheology, respectively.
Moreover, mechanical tests were conducted to study the effect of cure temperature variation on
the laminate.
4.1.

STUDY ON EFFECTS OF INTERMEDIATE-CURE TEMPERATURE VARIATION

4.1.1. DEGREE OF CURE
Kinetic reactions for intermediate-cure temperatures which varied from 71oC to 116oC
were studied using a DSC. Equations (1) to (5) and Figure 5 show how final degree of cure and
heat of reaction for the different stages was calculated, while the results are shown in Table 4.
The final degree of cure shows no difference in the material cure state for different intermediatecure temperature cure cycles. However, the heat of reaction obtained for different cure stages
shows significant differences. The heat of reaction from the first isothermal stage, Hiso1
increased, while it decreased in the second isothermal stage. Additionally, Hiso1 for lower
intermediate-cure temperatures from 71oC to 93oC show little change. As such, the cure kinetic
effects were relegated to higher intermediate-cure temperatures above 93oC.
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TABLE 4
DSC RESULTS FOR DIFFERENT INTERMEDIATE-CURE TEMPERATURE CYCLES.
Intermediate-

Hramp,1

Hiso,1

Hramp,2

Hiso,2

Hres

Ht

Hu

α

cure Temp [oC]

[J/g]

[J/g]

[J/g]

[J/g]

[J/g]

[J/g]

[J/g]

-

71

1.2

8.8

21.8

119.5

32.2

151.3

183.4

0.81

82

1.3

6.6

23.6

107.5

29.5

139.1

168.6

0.78

93

2.6

6.4

22.3

88.3

24.7

119.6

144.3

0.80

99

2.0

26.2

19.2

83.7

37.0

131.0

168.0

0.80

104

2.1

40.0

15.4

63.8

31.2

121.3

152.4

0.78

110

2.3

64.0

9.8

53.8

31.2

130.0

161.2

0.78

116

6.2

91.7

5.7

40.0

33.2

143.6

176.8

0.79

From the examination of kinetic reactions for different intermediate-cure temperatures,
the intermediate-cure temperatures at 99oC, 104oC, and 110oC were selected for further
investigation using rheometry and mechanical testing. Figure 18 shows a shifting in the heat flow
curves as intermediate temperatures increased. Likewise, the heat flow and during cure DOC for
selected intermediate-cure temperatures are shown in Figure 19. Although the final state of cure
for all cure cycles is very similar, the kinetic reaction during cure is different for the various
stages of cure cycles (Figure 18 and Figure 19).
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Figure 18. Heat flow during cure for cure cycles with intermediate-cure temperature variation.

Figure 19. DOC during cure for intermediate-cure temperature cycles.
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4.1.2. VISCOELASTIC PROPERTY
In composite cure and processing, viscoelastic properties take on the characteristics of
various physical states of material as it cures. From the raw data obtained from the ATD CSS
2000 rheometer, the important cure parameters were obtained. Figure 20 shows the complex
viscosity during cure for intermediate-cure cycles. The complex viscosity curve clearly shows
two peaks responding to initial ramp. The peaks pick up consecutively at 37oC and 63oC and
appear repeatedly due to melting of the thermoplastic hardeners and other active reactants.
Figure 20 shows that, following the second peak, the viscosity drops quickly as the
material transitions from uncured solid to a low viscosity state. In this stage, the resin flows more
rapidly and infuses the dry fiber as the air and volatiles drift in the fiber direction and are
removed by vacuum pressure. As viscosity reaches its minimum, kinetic reaction picks up
rapidly, causing viscosity to rise until the end of the first isothermal stage. At the second ramp
rate, the viscosity drops once again due to the nature of the chemical reaction. After that, the
viscosity rapidly increases as material advances to complete its cross-linking.
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Figure 20. Complex viscosity for intermediate-cure temperature cycles.

Figure 21. Tanδ and G” for intermediate-cure temperature cycles.
42

TABLE 5
KEY PARAMETERS OBTAINED FROM ESR
Vitrification Time [min]

Intermediate-

Min Viscosity

Gel Time

cure temp [oC]

Time [min]

[min]

G"

Visc*

99

71

194

236

245

104

65

156

228

239

110

62

129

222

229

Using definitions provided in previous sections, minimum viscosity time, gel time, and
vitrification time are obtained. This data is shown in Figures 20 and 21 as well as Table 5. From
the data above, it is clear that an increase in intermediate-cure temperature has effects on the
time required to reach minimum viscosity, gel, and vitrification times.
4.1.3. GLASS TRANSITION TEMPERATURE
Figure 22 shows the measured dry Tg for intermediate-cure temperature cure cycles. As
the figure shows, no significant difference is observed in dry Tg for intermediate-cure
temperatures from 99oC to 110oC. In addition, no significant change is observed between Tg
obtained from the rheometer and DMA. This suggests that rheometry is a viable method to
determine Tg.
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Figure 22. Glass transition temperature for intermediate-cure temperature cycles.
4.1.4. CONSTITUENT CONTENT
Figure 23 shows the C-scans of the 5320 8HS panels with different intermediate-cure
temperatures cure cycles. From the C-scans below, the porosity of all panels was acceptable.
These panels were subsequently machined into test coupons for mechanical testing.
Figure 24 through Figure 27 show the average thickness, density, fiber content, resin
content, and void volume content of panels cured at different intermediate-cure temperatures.
Similar to the c-scan results, the void content performed on the panels shows the panels to be
acceptable as they all had void contents which were less than 2%. The resin density of 1.31
g/cm3 and fiber density of 1.77 g/cm3 were used for void content calculation. There is little
variation on laminate thickness and density for all the cure cycles at approximately 4.5 mm and
1.56 g/cm3, respectively. From the results below, it can be concluded that the level of porosity is
not affected by intermediate-cure temperature variation from 99oC to 110oC.
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99oC

104oC

110oC

Figure 23. C-scan results of the panels cured for intermediate-cure temperature variation.

Figure 24. Average thickness for intermediatecure temperature variation.

Figure 25. Average density for intermediatecure temperature variation.

Figure 26. Average resin content for
intermediate-cure temperature variation.

Figure 27. Average void content for
intermediate-cure temperature variation.
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4.1.5. MECHANICAL PROPERTIES
The effect of intermediate-cure temperature variation on the mechanical properties was
studied using the Short-beam Shear (SBS) test method. Table 6 shows the interlaminar shear
strength (ILSS) obtained from RTD conditioned samples with intermediate-cure temperatures
between 99oC and 110oC. It appears that intermediate-cure temperatures show slight effects on
mechanical properties as intermediate-cure temperature increases. To investigate the effect of
hygrothermal condition on intermediate-cure temperature variation, ILSS strength for both RTD
and HW are plotted together in Figure 28. This shows the hygrothermal condition (Condition 1)
has little effect on panels with intermediate-cure temperature variation from 99oC to 110oC.
TABLE 6
ONE-WAY ANOVA OUTPUT RESULTS FOR ILSS
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Figure 28. Comparison of RTD and HW ILSS for intermediate-cure temperature variation.
4.2.

STUDY ON EFFECTS OF SECOND RAMP RATE VARIATION

4.2.1. DEGREE OF CURE
Heat flow and degree of cure for cycles with second ramp rate variation are shown in
Figure 29 and Figure 30. Table 7 shows the heat flow for different stages of cure and the final
degree of cure. As these results show, the total heat of reaction (Ht) and ultimate heat of reaction
(Hu) show some variation for different cure cycles; however, the final DOC is not significantly
different. Conversely, heat flow and DOC during cure for different cure cycles varies during the
second ramp period. The time required to obtain the same DOC increases as the ramp rate
decreases.
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Figure 29. Heat flow during cure for cure cycles with second ramp rate variation.

Figure 30. DOC during cure for cure cycles with second ramp rate variation.
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TABLE 7
DSC RESULTS OBTAINED FOR DIFFERENT WITH SECOND RAMP RATE CYCLES.
Ramp

Hramp,1

Hiso,1

Hramp,2

Hiso,2

Hres

Ht

Hu

α

[oC/min]

[J/g]

[J/g]

[J/g]

[J/g]

[J/g]

[J/g]

[J/g]

-

0.28

1.6

8.2

107.8

19.1

31.9

136.7

168.6

0.8

0.56

1.6

7.3

71.2

55.3

37.4

135.5

172.9

0.8

0.56

2.3

6.9

69.0

49.5

31.4

127.7

159.1

0.8

0.83

2.8

6.8

49.4

60.3

29.0

119.3

148.3

0.8

0.83

2.4

8.2

50.5

55.2

32.4

116.3

148.7

0.8

1.11

1.7

7.4

36.2

84.1

37.3

129.5

166.8

0.8

1.67

1.2

8.5

22.1

95.4

33.4

127.1

160.5

0.8

1.67

2.9

8.9

22.6

109.0

35.8

143.4

179.2

0.8

2.22

1.9

6.7

15.7

110.2

37.7

134.5

172.2

0.8

2.78

2.0

7.0

11.9

107.9

33.8

128.8

162.5

0.8

4.2.2. VISCOELASTIC PROPERTIES
Figure 31 and Figure 32 show the complex viscosity, tanδ, and G’ during cure for
different cure cycles with second ramp rate variation. Following the methodology described
above, minimum complex viscosity time, gel time, and vitrification time for different second
ramp rates are shown in Table 8. Unlike intermediate temperature variation, there is no
significant change observed in the minimum viscosity time with increased second ramp rate.
However, a linearly decreasing trend is observed in both the gel and vitrification time with
second ramp rate variation.
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Figure 31. Complex viscosity for second ramp rate variation.

Figure 32. Gel time and vitrification for second ramp rate variation.
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TABLE 8
VISCOELASTIC PROPERTIES OBTAINED FROM ESR
Vitrification Time [min]
Second ramp [CPM] Min Visc* Time [min] Gel Time [min]

G"

Visc*

1.1

205

207

249

259

1.6

200

203

242

250

2.2

197

198

232

243

4.2.3. GLASS TRANSITION TEMPERATURE
Figure 33 shows dry Tg for different second ramp rates which were measured using the
rheometer and DMA. As the figure shows, no significant difference is observed in dry Tg for
differences in second ramp rates.

Figure 33. Glass transition temperature (Tg) for second ramp rate variation.
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4.2.4. CONSTITUENT CONTENT
Figure 34 shows the C-scans of second ramp rate variation cure cycles. The results show that
the porosity for all panels was acceptable. These panels were subsequently machined into test
coupons for mechanical testing.
Figure 35 to Figure 38 show the average thickness, density, fiber content, resin content, and
void volume content of panels cured at different second ramp rates. Similar to intermediate-cure
temperature variations, the level of porosity for different ramp rate variations from 1.1oC/min to
2.2oC/min is within the acceptable range. The laminate thickness, density, and fiber volume ratio
show insignificant differences.

1.1oCPM

1.6oCPM

2.2oCPM

Figure 34. C-scan results of the panels cured for second ramp rate variation.
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Figure 35. Average thickness for second ramp
rate variation.

Figure 36. Average density for second ramp
rate variation.

Figure 37. Average resin content for second
ramp rate variation.

Figure 38. Average void content for second
ramp rate variation.

4.2.5. EFFECT ON MECHANICAL PROPERTIES
The effect of second ramp rate variations on mechanical properties was studied using the
SBS test method. Table 9 shows one-way ANOVA analysis results obtained by Minitab. The
results show that the second ramp rate variation from 1.1oC/min to 2.2oC/min has no significant
effect on ILSS of 5320 8HS. The average ILSS for different second ramp rates, plotted in Figure
39, shows a slight increase in strength for the samples that were conditioned in boiling water for
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48 hours.
TABLE 9
COMPARISON BETWEEN HW AND RTD ILSS FOR SECOND RAMP RATE VARIATION.

Figure 39. Short beam shear strength for second ramp rate variation.
4.3.

STUDY ON EFFECTS OF POST-CURE TEMPERATURE VARIATION

4.3.1. DEGREE OF CURE
The cure temperature has well-known effects on a material’s state. Post-cure variations’
heat of reaction for different stages of cure is reported in Table 10. Additionally, the DOC during
cure for these cure cycles are presented in Figure 40. From the initial ramp up and intermediate54

cure stage, insignificant changes in enthalpy are observed for all cure cycles. However, DOC
increases rapidly during the second ramp up and post curing stage, indicating kinetics-controlled
cure reactions. Once the DOC reaches approximately 0.7 - 0.8, its rate of DOC tends to slow,
which indicates diffusion-controlled curing reactions. As can be seen, the post-cure temperature
variation strongly affects the final degree of cure. Therefore, there is a strong correlation between
DOC and post-cure temperature.
As expected, there is a gradual increase of Hramp,2 during the second ramp and post-cure
stages. The increase is due to the increased time required to reach higher post-cure temperature;
higher temperature curing causes more reaction in epoxy resin as well, which causes increases in
post-cure temperature to increase DOC for the material’s final cure state.
TABLE 10
HEAT OF REACTIONS AND DOC OBTAINED FROM DSC
Post-cure Temp Hramp,1 Hiso,1 Hramp,2

Hiso,2

Hres

Ht

α

[C]

[J/g]

[J/g]

[J/g]

[J/g]

[J/g]

[J/g]

99

5.2

9.1

0.6

46.4

117.7

61.3

0.34

104

5.2

9.2

0.9

63.9

98.4

79.2

0.45

116

5.3

9.4

2.7

87.4

60.2

104.8 0.64

126

4.6

10.7

5.6

100.1

47.0

121.0 0.72

143

5.0

8.6

27.9

106.1

30.4

147.6 0.83
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Figure 40. DOC during cure for different post-cure temperatures.
4.3.2. VISCOELASTIC PROPERTIES
For cure monitoring, ESR offers more advantages as the cure progress can be tracked
during cure. As discussed in the literature review section, the material states and reactions are
presented by different viscoelastic parameters.
In rheometer, storage modulus (G’) and loss modulus (G”) represent the real and
imaginary components of the dynamic modulus, respectively. These components can be obtained
directly from the rheometer. G’ gives the indication of the storage factor, which characterizes the
solidity, while G” represents the plasticity of the material. As shown in Figure 41 and Figure 42,
the vitrification time obtained from G” is always less than that of G’. This explains the existence
of vitrification for the post-cure temperature at 104oC using G’ definition, while the G” show no
appearance of vitrification.
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From G’ and G” results obtained using ESR, tanδ and complex viscosity are calculated
and presented in Figure 43 and Figure 44. Gel point is considered to be the time of physical
transition state of the material from liquid to gel-like stage. From the previous section, gel-point
in this study is defined as the peak of tanδ where the viscosity tends to be infinite. Gel time
occurred during the second ramp cure stage for higher post-cure temperature from 126oC to
143oC; however, lower post-cure temperature caused the gel time to occur during the post-cure
stage.

Figure 41. Storage modulus obtained for different post-cure temperatures.
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Figure 42. Loss modulus for different post-cure temperatures.

Figure 43. Tanδ for different post-cure temperatures.
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Figure 44. Complex viscosity for different post-cure temperatures.
TABLE 11
IMPORTANT PARAMETERS OBTAINED FROM ESR
Vitrification Time
Post-cure Temp Min Visc* Time Gel Time

Visc* Slope
[min]

[C]

[min]

[min]

[P/min]
G"

Visc*

99

95

104

-

-

1311410

104

186

216

334

-

2164030

116

192

209

285

302

2219300

127

199

203

259

269

3900170

143

200

203

241

245

9939720
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Table 11 presents the results for parameters obtained from the analysis of rheology
results. With an increase in post-cure temperature, the time required to reach minimum viscosity
increases while time to gel and vitrification decrease. For post-cure temperature increases from
99oC to 104oC, the minimum viscosity region shifted from intermediate dwell to the second
ramp. Such shifting indicates that the time between intermediate-cure stage and post-cure stage
plays a large role in the change of the material’s viscosity.
Complex viscosity curves identify different material states during cure. As shown in
Figure 44, the initial viscosity shows the material in a gel-like state. The low viscosity region
represents the material liquid state and high viscosity region represents the solid state.
Additionally, as the material transforms to a gel-like state, the complex viscosity accelerates
rapidly. Inflection of the plateau region presents the transition from plasticized to solidified
states, also known as vitrification. As can be seen in the figure, change in viscosity after gel-time
declines as post-cure temperature decreases. In comparison to DOC, the slope of viscosity after
gel to vitrification shows similar behavior. This can be used to correlate viscosity with DOC. For
lower post-cure temperatures (99oC to 104oC), the state of cure at the end of the cure cycle is
kinetically controlled since it does not reach the plateau value of G’.
4.3.3. GLASS TRANSITION TEMPERATURE
In regards to thermosetting prepregs, it is well known that DOC and Tg are bound in a
strong relationship: glass transition temperature proportionally increases with the degree of cure.
Even though both DOC and Tg are known as the thermal measurements, however, DOC is
primarily measured by DSC while Tg is preferably measured using a DMA.
The DMA used in this study uses a three-point bending test on a small rectangular
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laminate with a thickness of less than 1mm to measure the mechanical response of material with
temperature variations. A dynamic temperature scan of 5oC/min from 25oC to 216oC was applied
to Tg samples using a DSC, DMA, and ESR. For both DMA and ESR, Tg was determined by the
midpoint of the inflection of G’ curve while DSC used the midpoint of the sudden change in heat
flow signal.
To study the hygrothermal effect on different post-cure temperature variation, Tg samples
were conditioned using various conditioning parameters. The first batch of Tg samples were kept
at room dry temperature prior to being tested in DSC, DMA, and ESR. The second and third
batches of samples were conditioned under a hot water bath for 48 hours (Condition 1) and in an
environmental chamber until reached moisture equilibrium (Condition 2), respectively. All Tg
specimens were tested using a dynamic heat scan with the same test parameters as shown in
Table 12.
TABLE 12
TEST PARAMETERS USED FOR TG MEASUREMENT
Equipment

Test Parameters
Clamp Type: 3-point bending
Ramp Rate: 5oC/min

DMA

Frequency: 1 Hz
Strain Percentage: 0.02%
Force: 0.5 N
Ramp Rate: 5oC/min

Rheometer

Frequency: 1 Hz
Rotation Angle: 0.02%
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Figure 45 shows the measured RTD Tg for different post-cure temperatures using DSC,
DMA, and ESR. As the figure shows, the RTD Tg increases gradually as the post-cure
temperature increases. Tg obtained show consistency for different test methods. In addition,
Figure 45 confirms that ESR can be a good method for obtaining Tg of the composite laminate.
Figure 46 and Figure 47 show Tg obtained from samples treated using Condition 1 and
Condition 2, respectively. It can be seen in the figures that for post-cure temperatures ranging
from 116oC to 143oC, wet Tg is lower compared to dry Tg. In addition, over the same post-cure
temperature range, both wet and dry Tg have a gradual decrease corresponding to decreases in
post-cure temperature. However, for post-cure temperatures ranging from 99oC to 104oC, wet Tg
has no significant variation and is greater than dry Tg. This suggests that for post-cure
temperatures from 99oC to 104oC, wet Tg is affected predominantly by the conditioning
temperature rather than the curing temperature.

Figure 45. RTD Tg obtained by DSC, DMA, and ESR for different post-cure temperatures.
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Figure 46. HW Tg for samples conditioned in
boil water for 48 hours.

Figure 47. HW Tg for samples condition in
conditioning chamber.

4.3.4. CONSTITUENT CONTENT
Figure 48 shows the C-scans of panels with different post-cure temperatures. All of the
panels were debulked for 16 hours before being cured. As Figure 48 shows, the panel post-cured
at 143oC had the least porosity and the most uniform porosity distribution across the panel. The
porosity contents for all the panels have been confirmed to be acceptable (within 2% of void
volume fraction).
Figure 49 through Figure 52 show the average fiber volume fraction, resin volume
fraction, cured panel density, and void content for panels with different post-cure temperatures,
respectively. As the figures show, the panel post-cured at 143oC has the least porosity while all
other panels have an acceptable porosity level. The c-scan performed on the panels showed
similar results. The minimum void content of the cured panels indicates that the debulking was
performed properly; therefore, the variations in the material properties can be ascribed to the
difference in the state of cure. The resin density of 1.31 g/cm3 and fiber density of 1.77g/cm3
were used for void content calculation. The laminate cured density slightly increases as post-cure
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temperature increases.

143oC

126oC

104oC

116oC

99oC

Figure 48. C-scan results of the panels cured for different post-cure temperatures.

Figure 49. Average fiber volume content for
different post-cure temperatures.

Figure 50. Average resin volume content for
different post-cure temperatures.
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Figure 51. Average cured prepreg for different
post-cure temperatures.

Figure 52. Average void volume for different
post-cure temperatures.

4.3.5. VOID MORPHOLOGY
Figure 53 to Figure 57 illustrate pore morphology for the panels post-cured at different
post-cure temperatures. The panel post-cured at 143oC has the least porosity with voids being
both spherical and cylindrical. For the panels post-cured at temperatures below 143oC, more
voids are observed than the one post-cured at 143oC. The observed voids were both spherical and
cylindrical. However, more cylindrical voids are observed in panels as the post-cure temperature
decreased.
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Figure 53. Voids observed in the selected cross-section of the panel post-cured at 143oC.

Figure 54. Voids observed in the selected cross-section of the panel post-cured at 126oC.

Figure 55. Voids observed in the selected cross-section of the panel post-cured at 116oC.
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Figure 56. Voids observed in the selected cross-section of the panel post-cured at 104oC.

Figure 57. Voids observed in the selected cross-section of the panel post-cured at 99oC.
4.3.6. MOISTURE ABSORPTION
Through-the-thickness moisture conditioning for cure cycles with post-cure temperature
variation was performed in accordance with ASTM D5229. Specimens were exposed to 85%
relative humidity at 71oC until the average change in moisture content of the specimens was less
than 0.02% for two consecutive readings within a span of 7 ± 0.5 days. Figure 58 presents the
percentage of weight gain for different post-cure temperatures. It also indicates that higher postcure temperatures were less vulnerable to moisture absorption, while lower post-cure
temperature specimens absorbed more moisture. Figure 59 presents the percentage of weight
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change in the samples over time for different post-cure temperatures. This confirms that moisture
change over time for higher post-cure temperatures is less than those of lower post-cure
temperatures.

Figure 58. Moisture absorption for different
post-cure temperatures.

Figure 59. Percentage weight change over time
for different cure cycles.

4.3.7. MECHANICAL PROPERTIES
4.3.7.1. SHORT-BEAM SHEAR TEST
Average values for RTD ILSS and the standard deviation are shown in Table 13. The
results show a significant drop in the average RTD SBS strength as the post-cure temperature
decreases from 143˚C to 126˚C. This correlates to results for both DOC and Tg indicating that
post-cure temperatures effect the mechanical properties of 5320 8HS. As the post-cure
temperature decreased, the matrix quality decreased, leading to decreases in matrix-dominated
properties of composite.
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TABLE 13
RTD ILSS ONE-WAY ANOVA RESULT FOR POST-CURE TEMPERATURE VARIATION

The effect of hygrothermal conditioning on ILSS for different post-cure temperature
variations is shown in Table 14. The results show an increase in the average HW SBS strength as
the post-cure temperature increased from 104˚C to 143˚C. However, the average overall HW
SBS strength does not vary significantly for different cure cycles as compared to RTD SBS
strength. A comparison of ILSS in Figure 60 shows that HW SBS strength for samples cured at
lower post-cure temperature (99oC to 104oC) is higher compared to RTD samples. This indicates
that, during the time it took to reach moisture equilibrium in the conditioning chamber, the
samples for post-cure temperatures from 99oC to 104oC were subjected to more curing, which
led to an increase in HW SBS strength. In contrast, the RTD SBS strength is higher for samples
cured at higher post-cure temperatures (116oC to 143oC). The decrease in ILSS shows the
detrimental effect of moisture and elevated temperature on mechanical properties of the cured
laminate.
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TABLE 14
HW ILSS ONE-WAY ANOVA RESULT

Figure 60. Comparison of RTD and HW ILSS for different post-cure temperatures.
4.3.7.2. FAILURE ANALYSIS FOR FAILED SBS SAMPLES
Further investigation of the failure modes for RTD and HW SBS specimens was
performed using an optical microscope. The failure modes for all of the specimens was
acceptable according to ASTM D 2344. It has been found that the SBS failure mode for all postcure cycles except the post-cure at 143oC is interlaminar shear. The interlaminar shear failure
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mode indicates that the bond strength between lamina layers was insufficient to hold the lamina
together, which produced premature failure. The failure mode for cure cycle post-cure at 143oC
is compression-interlaminar shear. Compressive failure shows that the the fibers actually
fractured at the upper surface. This indicates not only sufficient interaction between fibers and
matrix, but also that the mode is not entirely dominated by the resin.
Figure 61 shows the magnified cross section of failed RTD SBS specimens post-cured at
143oC around the load region. The compression failure started under the load region and the
resulting crack propagated into the bottom layers. However, this type of crack propagation was
not observed in samples post-cured at temperatures ranging from 99oC to 126oC; these
specimens failed due to interlaminar shear at multiple locations (Figure 61.a-e). As can be seen
in Figure 61.d, the voids in the samples helped propagate cracks along the fiber direction.
Similarly, Figure 62 shows the magnified cross section of failed HW SBS around the
load region. The typical failure mode for all HW SBS samples is interlaminar shear. However,
some magnified cross sections of failed HW SBS specimens around the load region showed
compression failure mode for different post-cured panels.
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(a)

(b)

(c)

(d)

(e)
Figure 61. (a) Magnified cross section of a RTD SBS specimens post-cured at (a) 143oC, (b)
126oC, (c) 116oC, (d) 104oC, and (e) 99oC.
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(a)

(b)

(c)

(d)

(e)
Figure 62. (a) Magnified cross section of a HW SBS specimens post-cured at (a) 143oC, (b)
126oC, (c) 116oC, (d) 104oC, and (e) 99oC.
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4.3.7.3. COMBINED LOADING COMPRESSION TEST
Table 15 shows average CLC strength, standard deviation, and ANOVA results for
different post-cure temperatures. The overlapping confidence intervals obtained from one-way
ANOVA analysis of the CLC strength indicates that there is no significant difference between
the average CLC strength values for the panels post-cured at 143oC and 126oC and the panels
post-cured at 126oC and 116oC. However, the average CLC strength gradually decreased with
decreasing post-cure temperatures.
The HW compressive strength for similar post-cure temperatures is shown in Table 16.
There is no significant difference in compressive strength for panels cured at post-cure
temperatures ranging from 99oC to 116oC. In addition, HW CLC results show that there is no
significant difference in compressive strength for panels post-cure at 126oC and 143oC.
To determine the effect of environmental conditioning on compressive properties, both
HW and RTD CLC strength and strain are plotted in Figure 63 and Figure 64, respectively.
Figure 63 shows a drop in compressive strength for post-cure temperature of 143oC after
conditioning. For the other post-cure temperatures ranging from 99oC to 126oC, there is a
noticeable increase in CLC strength after hygrothermal conditioning. The compressive strain for
different post-cure temperatures shows an increasing trend as post-cure temperature increased
(Figure 64). In addition, a major increase in HW CLC strains for post-cure temperatures from
99oC to 116oC confirmed the effect of cure during conditioning. It is noticed that the same strains
were obtained for post-cure temperature at 126oC and 143oC due to the maximum capability
strain measurements of strain gages being reached. As such, the strains measured for post-cure at
126oC and 143oC are too low and need to be verified using other methods.
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TABLE 15
ONE-WAY ANOVA RESULTS FOR RTD COMPRESSIVE STRENGTH

TABLE 16
ONE-WAY ANOVA RESULTS FOR HW COMPRESSIVE STRENGTH.

Figure 63. RTD and HW compressive strength
for post-cure temperature cycles.
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Figure 64. RTD and HW compressive strain
for post-cure temperature cycles.

The RTD and HW compressive modulus for different post-cure temperatures panels is
shown in Figure 65 and Table 17. The modulus was obtained using the slope of the linear portion
of the stress strain curve for each specimen. One-way ANOVA showed that the average values
of CLC modulus do not vary significantly for different post-cure temperatures (Table 17). In
addition, there is no significant effect from hygrothermal conditioning on compressive modulus.
The compressive Poisson’s ratio for different post-cure temperatures is summarized in
Figure 66 and Table 18. As shown, both RTD and HW Poisson’s ratios are considerably similar
for different post-cure temperatures. There is a slight increase in Poisson’s ratio after
hygrothermal conditioning. However, this shows that there was not a significant effect from
environmental conditioning for different post-cure temperatures. As such, no particular trend is
observed for Poisson’s ratio with post-cure temperature variation.

Figure 65. Compressive modulus for post-cure
temperature cycles.

Figure 66. Compressive Poisson’s for postcure temperature cycles.
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TABLE 17
ONE-WAY ANOVA RESULTS FOR RTD AND HW CLC MODULUS

TABLE 18
ONE-WAY ANOVA RESULTS FOR RTD AND HW CLC POISSON’S RATIO

4.3.7.4. FAILURES ANALYSIS FOR CLC SAMPLES [16]
Following the CLC test, the failure samples were examined further to validate the test
results. The CLC test method combined shear and end compression loads while fixtures clamped
down the ends of specimens. Once the compressive load was applied, it forced the fibers and
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matrix in the gauge section to compress and bend. The specimens usually failed within the gauge
section. The failures for all specimens were dominated by either bending and delamination or
both. Certainly, crack initiations and propagations began developing as the compression load
initiated. As such, they are recognized as the source for the establishment of multiple
delaminations. As the length of delaminations increased between plies, the fibers tended to bend
increasingly, forming microbuckling or kinking. These delaminations led to independent failure
modes at various locations.
The obtained failure modes for all CLC specimens are acceptable as described by ASTM
D 3410 (Figure 67). Visual inspection found that the compressive failure mode for the specimens
post-cured at 99oC (Figure 68.c) was a long split in the gauge section (SGV). This failure mode
is dominated by resin failure and edge delamination, which indicates an insufficient bond
between the resin and the fiber. The failure mode for all other specimens (Figure 68.a and Figure
68.b) is delamination and kink bands in the gauge section (DGV and KGV, respectively). For
most of the samples, the failure mode is dominated by delamination, fiber kinking, and in-plane
shear failure, which indicates strong bonds between the resin and the fiber since failure is
governed by both constituents.
Panels post-cured at 143oC, 126oC, and 116oC shared similar failure modes with some
deviation due to the curing quality of matrix though the delamination length was decreased with
lower post-cure temperatures. As shown in Figure 68, the failure modes were different for panels
cured in different post-cure temperatures. Based on the detail of the microscopic photos, an
approximate 45 degree line can be drawn to specify locations of where major failures of the
specimen took place.
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Figure 67. Acceptable and unacceptable compressive failure modes according to ASTM D 3410
The advantage of capturing the failure mode of a spectrum of lower to higher-cured
specimens can help draw conclusions about the failure progress. For all panels, it appeared that
the 45o-plies failed first with a free-edge 0o-plies delamination. Failures due to interlaminar
delamination between 0o and 45o plies and fracture in 45o-plies increased in severity with
increases in post-cure temperature. More brittle and crushed resin also caused faster fiber failure
under high compressive stress.
Figure 69 and 68a show comprehensive failure of typical compressive failure modes. For
higher cured specimens, the formation of multiple delaminations combined with continuing
compressive loads create fiber misalignment and ply waviness, which causes increased
microbuckling and eventually failure of weaker ply, leading progressively to complete failure. In
lower cure samples, delamination and bending were not the primary issues since the matrix was
much softer and easier to compress compared to that of the higher cure specimen. Once the
softer matrix failed, if the specimen continued to suffer from loading, the 45o-plies tended to fail
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first due to shear followed by the progressive failure of the 0o-plies, most likely due to the load
being unable to transfer properly.

Figure 68: A typical CLC failure of specimens for post-cure temperatures at (a) 143oC, (b)
104oC and (c) 99oC, respectively.
In the compression test, the interlaminar stress is more concentrated near the free-edges,
which makes the likelihood of free-edges undergoing delamination first increase, followed by
delaminations in other areas [52-54]. For lower post-cure samples, the matrix is softer.
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Therefore, once the matrix failed, the fiber tended to bend with little delamination. Since the
specimens were exposed at room condition for a few days and the experiment was done at room
temperature, the effect of thermal load should be negligible. It is the post-cure thermal load
which induces the initial cracking in the matrix. A higher thermal load will induce higher stress,
thus creating more initial crack interfaces.
The obtained failure modes for all HW CLC specimens were also acceptable according to
ASTM D 6641. The typical failure mode observed for failed HW CLC specimens was BGM
(brooming in the middle of gate section). Similar to RTD CLC specimens, the failed HW CLC
specimens were examined under the microscope to investigate the failure mode for different cure
cycles. It was found that failure modes were similar for all cure cycles. The observed failure
modes were delamination and kinking in the gauge section (DGV and KGV, respectively). These
failure modes are dominated by delamination, fiber kinking, and in-plane shear failure, which
indicates a strong bond between the resin and the fiber since both have failed. Figure 70 shows
the typical failure mode for specimens cured at different post-cure temperatures.
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Figure 69. Detail view of failures for 143oC specimen.

Figure 70. Typical failed HW CLC specimen for different post-cure temperatures.
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CHAPTER 5
CORRELATIONS
From the curve shown for DOC, Tg, and ILSS, similar trends among them were observed
for different cure cycles. Since DOC and Tg are the most widely used parameters to measure the
quality of the cure cycle, it is desirable to obtain composite properties based on DOC and Tg.The
experimental results showed no correlation between intermediate-cure temperature variation and
second ramp up variation with ILSS. The ILSS is used to measure cure quality, which is also
affected by both matrix and void formation. However, the properties of the material were found
to be affected by post-cure temperature variation. In addition, the failure modes for SBS and
CLC tests also show correlations with the strength obtained for this particular satin weave
material. For all of the specimens, the failure is dominated by resin.
The properties obtained for RTD and HW conditioned specimens for different post-cure
temperatures are shown in Table 19 and Figure 19, respectively, and are used for correlation. .
Using the results, the material states properties and mechanical properties were compared among
the various post-cure temperatures.
TABLE 19
RTD PROPERTIES USED FOR CORRELATION
Post-cure Temperature [C]

99

104

116

126

143

DOC

0.35

0.46

0.64

0.72

0.83

RTD Tg - DMA [C]

81.5

102.8

133.0

146.7

164.6

RTD ILSS [Mpa]

24.3

39.0

62.0

70.0

78.4

RTD CLC Strength [MPa]

195.0

287.7

392.1

430.3

490.2
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TABLE 20
HW PROPERTIES USED FOR CORELATION

5.1.

Post-cure Temperature [C]

99

104

116

126

143

HW Tg - DMA [C]

128.3

126.8

134.4

139.1

148.2

HW ILSS [MPa]

53.2

53.9

56.5

58.2

61.3

HW CLC Strength [MPa]

419.8

429.2

430.3

450.3

459.5

DEGREE OF CURE VS. GLASS TRANSITION TEMPERATURE
As discussed in Section 4.3.1 and 4.3.3 above, both DOC and Tg are important

measurements of material cure state. They are strongly dependent on the cure cycle and are
directly related to the post-cure temperature. In addition, DOC and Tg also have a strong
relationship to one another: the higher the DOC, the higher the Tg. As shown in Figure 71, the
values for both DOC and Tg gradually increase as the post-cure temperature increases. The
increase is shown by a second-order polynomial trend. Figure 72 shows the final DOC plot
against RTD Tg for different post-cure temperature. Linearly increasing Tg corresponds to
increases in DOC, suggesting that Tg and DOC can be used to substitute each other to represent
material cure state. For the post-cure temperatures ranging from 93oC to 143oC, the value of
DOC ranges from 0.35 to 0.83 while the value of Tg ranges from 81oC to 170oC.
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Figure 71. Degree of cure and glass transition
temperature vs. post-cure temperatures.
5.2.

Figure 72. Correlation between Tg vs. DOC for
different post-cure temperatures.

DEGREE OF CURE VS. COMPLEX VISCOSITY
The during cure degree of cure (Figure 40) and complex viscosity (Figure 44) are

superimposed and shown in Figure 73. As the figure shows, degree of cure shows strong
correlation with complex viscosity for different cure cycles. From initial curing, the peaks from
complex viscosity show the material responds to heat ramp up. At the same time, the response of
enthalpy causes a slight increase in the degree of cure. Both degree of cure and complex
viscosity show a shift as the cure stage changes from ramp to isothermal cure.
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Figure 73. Correlation between Complex Viscosity and DOC.
5.3.

SHORT-BEAM SHEAR STRENGTH VS. COMPRESSIVE STRENGTH
As shown in Figure 60 and Figure 63, the ILSS and CLC strength increases proportionally

with post-cure temperature. Figure 74 and Figure 76 show the relationship between ILSS and
CLC strength for RTD and HW condition, respectively. Similar to Tg and DOC, RTD ILSS and
CLC strength show a second-order trend as post-cure temperature increases from 99oC to 143oC.
However, the HW ILSS and CLC strength show a linearly increasing trend with increased
temperature.
Although SBS strength does not directly measure shear strength, it is a good candidate to
represent cure quality. As such, a plot of compressive strength versus ILSS could show the
effects of cure quality on compressive strength. Figure 75 and Figure 77 show compressive
strength increases proportionally with increased post-cure temperatures.
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Figure 74. Correlation between ILSS and
compressive strength for RTD condition.

Figure 75. RTD CLC strength vs. RTD ILSS
for different post-cure temperatures

Figure 76. Correlation between ILSS and
compressive strength for HW condition.

Figure 77. HW CLC strength vs HW ILSS for
different post-cure temperatures

5.4.

MATERIAL STATES VS. MECHANICAL PROPERTIES
The following procedure was followed when investigating the correlation among different

material properties for various post-cure temperatures:


Final Tg and DOC for each post-cure temperature were normalized using the maximum
value of the corresponding property for all cure cycles.



The average values of the mechanical properties for each post-cure temperature were
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normalized using the maximum average value of the corresponding property for all cure
cycles.


The graphs for different normalized properties were overlaid to observe possible
similarities in trends.
Using RTD and HW properties shown in Table 19 and Table 20, the material state and

mechanical properties were normalized and plotted to show the correlation. Table 21 and Table
22 show the normalized values obtained for each cure cycle.
TABLE 21
RTD PROPERTIES USED FOR CORRELATION
Post-cure Temperature [C]

99

104

116

126

143

DOC

0.42

0.55

0.77

0.87

1.00

RTD Tg - DMA

0.54

0.66

0.83

0.90

1.00

RTD ILSS

0.31

0.50

0.79

0.89

1.00

RTD CLC Strength

0.40

0.59

0.80

0.88

1.00

TABLE 22
HW CORRELATION OBTAINED FOR POST-CURE TEMPERATURE CYCLES
Post-cure Temperature [C]

99

104

116

126

143

HW Tg - DMA

0.87

0.87

0.92

0.95

1.00

HW ILSS

0.87

0.88

0.92

0.95

1.00

HW CLC Strength

0.91

0.93

0.94

0.98

1.00

Figure 78 shows the normalized DOC and RTD Tg obtained using DMA, ILSS, and CLC
strength at RTD condition for different post-cure temperatures. As shown in the figure, all of the
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material properties gradually increase with the increase in post-cure temperature. A similar trend
for different properties versus post-cure temperature predicts a strong correlation between them.
Figure 79 and Figure 80 show the correlation between RTD and HW mechanical properties
versus material state. A linearly increasing trend shows that material state can be used to predict
mechanical properties. The study illustrates that as the material cure state is increasing, the ILSS
and compressive strength increases proportionally.

Figure 78. Normalized values for RTD
properties vs. post-cure temperatures.

Figure 79. Normalized values for RTD
properties vs. Tg.

Figure 80. Correlation between HW properties vs Tg.
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CHAPTER 6
CONCLUSIONS
6.1.

SUMMARY
The effects of post-cure temperature variation and hygrothermal conditioning on different

stages of curing on an out-of-autoclave composite were investigated. The effect of cure
temperatures was studied by varying the recommended two-stage cure cycle from 71oC to 116oC
for intermediate-cure temperatures, 0.28oC/min to 2.78oC/min for second ramp rates, and 99oC to
143oC for post-cure temperatures, respectively. The effect of adverse environmental conditions
on the cure temperature variation were also studied by conditioning the samples via either
boiling water bath or conditioning chamber until reaching moisture equilibrium. The material
cure state was monitored by DSC, ESR, and DMA. The mechanical properties were obtained
using SBS and CLC test methods. A further investigation on failure modes was also done on
mechanical tested coupons using the photoanalysis method.
For intermediate-cure temperature and second ramp rate variation, the results from the
ESR showed that there was a slight decrease in time during cure for reaching minimum viscosity,
gel, and vitrification as the intermediate temperature and second ramp up rate increased. The
results from DSC also confirmed that both heat flow and degree of cure were shifting during cure
for these cure cycles. However, the final degree of cure did not show significant differences for
intermediate-cure temperature and second-ramp up rate variation. Ultrasonic C-scan and void
content tests showed acceptable porosity level for all panels. The mechanical test using the SBS
test method also showed no significant differences, which verified that there is insignificant
effect of intermediate-cure temperature and second ramp rate variation within the range studied.
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For post-cure temperature variation, the material state of cure obtained from ESR, DSC,
and DMA showed increases in minimum viscosity time, vitrification time, total heat of reaction,
degree of cure, and glass transition temperature as post-cure temperature increased. A decrease
in gel-time was observed for increased post-cure temperature. Ultrasonic C-scan and void
content tests again showed acceptable porosity level for all panels. The void morphology showed
that panels post-cured at 143oC had the least porosity. For the panels post-cured at temperatures
below 143oC, more voids are observed than the one post-cured at 143oC. In all panels, the
observed voids were both spherical and cylindrical. However, more cylindrical voids are
observed in the panels as the post-cure temperature decreased.
Observation showed insignificant changes for the material’s final cure states and
mechanical properties for intermediate-cure temperature and second ramp up rate variation.
However, it was observed that the ILSS, CLC strength, DOC and Tg gradually increased with
increasing post-cure temperature. Hygrothermal conditioning also showed that the moisture
content was related with post-cure temperatures and material state as well. Moreover, the
normalized CLC strength and DOC linearly changed with Tg obtained with DMA, which
suggests that material state should be used to predict mechanical properties rather than timetemperature cure profile. The obtained CLC failure modes for specimens with lower DOC (postcured at 99oC) was long splitting in the gauge section. This failure mode is dominated by resin
failure and edge delamination, indicating an insufficient bond between the resin and the fiber.
The failure mode for all other specimens was delamination and kink bands. These failure modes
indicate a strong bond between the resin and the fiber as they have both failed.
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6.2.

RECOMMENDATIONS FOR FUTURE STUDIES
The works presented by this thesis can be further investigated in regards to a

comprehensive depiction of the effects of all post-cure temperatures.

Material states and

mechanical properties can be modeled in correspondence with post-cure temperature variation.
As was presented in this work, material states can be used for predicting mechanical properties,
so further understanding of during cure effects on mechanical properties is also necessary. The
following is recommended for further investigation:
-

Expand the study of post-cure temperatures’ effects on material with the DOC range of
0.8 to 1. Material state monitoring using ESR and DSC for these cure cycles is strongly
recommended.

-

In addition to obtaining the SBS and CLC properties, compression after impact (CAI)
properties would be helpful to provide understanding of post-cure temperatures’ effects
on impact damage.

-

Similar correlation between material’s cure temperature, cure state, and mechanical
properties as the presented thesis and possibility, a model using nonlinear regression
curve fitting could be obtained.
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