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ABSTRACT 
 
 

Extent of cure and rheological properties were obtained for out-of-autoclave materials, 

Cycom 5320-8HS and Cycom 5320-PW, for the manufacturer recommended cure cycle using 

Differential Scanning Calorimeter (DSC) and Encapsulated Sample Rheometer (ESR), 

respectively. Rheological properties from ESR were further used in designing the cure cycles to 

study the evolution of mechanical properties. Five panels were cured at different cure stages 

using the designed cure cycles and coupons were tested for short beam shear and combined 

loading compression properties at different cure stages. To correlate the mechanical properties 

with its respective glass transition temperature, Dynamic Mechanical Analyzer (DMA) was used 

to obtain the glass transition temperature for the coupons obtained from the respective panels. 

Statistical results showed significant difference in short beam shear and combined loading 

compression properties up to vitrification, however, no significant difference was observed on 

these mechanical properties after vitrification. 

The observed linear trend between degree of cure (DOC) and glass transition temperature 

(Tg) was validated using Dibenedetto relation. Linearly increasing trend between degree of cure 

(DOC) and glass transition temperature (Tg) for different cure states suggests that both DOC and 

Tg can be used interchangeably to define the state of material. A good correlation was observed 

between material cure state and the mechanical properties. A mathematical model was also 

proposed to determine the short beam shear and combined loading compression properties based 

on material cure state.  
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CHAPTER 1 

INTRODUCTION 

The term “composite” is a generic term used to represent an object contains two or more 

constituents. A typical composite material consists of two constituent material having notably 

different material properties. These two materials when combined together can produce the 

desired material properties and can be tailored by varying the amount of its constituent elements. 

Carbon fiber reinforced epoxy matrix are emerging rapidly especially in the aerospace industries 

where the stiffness to weight ratio is critical. These materials have wide range of applications in 

the aerospace industry, both in primary and secondary structures [1]. These materials possess 

comparable mechanical properties to their metal counterpart while giving excellent weight 

reduction and resistance to corrosion.  

The constituent of polymeric composite materials consists of fibers, matrix, and coupling 

agent. Fibers are the primary load carrying elements and hence it is desirable to have their higher 

volume fraction. Typically, the volume fraction of fibers in polymeric composite material lies in 

the range of 55-67%. Matrix, another important constituent of polymeric composite, has a key 

role to hold the fibers in place and also to transfer loads between the fibers. They also serve to 

protect fibers from adverse environment and mechanical abrasion. The primary role of coupling 

agent is to advocate the bonding between the two main constituents i.e. fibers and matrix. 

The governing factors in deciding the material and percentage of each constituent 

element are the desired properties and cost. For aerospace applications, carbon and glass fibers 

are the commonly used structural materials in composites and thermoset epoxy resins for matrix 

content. The cure stages of thermoset resin involve three stages namely A-stage, B-stage, and C-

stage. During A-stage, the resin is liquid and is still soluble in many other liquids. B-stage refers 
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to the system where the reaction between epoxy and curing agent has been initiated but not 

completed. C-stage is the final stage of epoxy resin in which the epoxy gets final solid state and 

become infusible. Once cured, unlike thermoplastic, thermoset epoxy resins cannot be reheated 

to soften and reshaped.  

The most common form of supplied composite material is prepreg where the resin is in 

its B-stage. The advantage of using prepreg over other forms of material is its ability to control 

the amount of resin. These prepregs are usually supplied in the form of rolls. To achieve the 

desired mechanical properties, these prepregs should be used within their prescribed life and 

must have good drape-ability and tackiness. While drape-ability is essential to layup the prepreg 

according to the desired shape, tackiness is important to keep the layers in place and also to 

minimize the entrapped air between the plies.  

The epoxy in the prepreg is formulated either for autoclave or out-of-autoclave curing. 

However, out-of-autoclave (low pressure vacuum bag) curing is emerging rapidly in the 

aerospace industries. Beside the energy savings, these low pressure cured parts eliminate 

expensive tooling and equipment costs associated with autoclave manufacturing. Moreover, the 

size of the autoclave limits the cured part size and thus imposes tedious assembly requirements. 

Unlike autoclave prepreg, out-of-autoclave materials are usually semi-impregnated to provide 

low porosity even under a low pressure application. Although these vacuum bag cured prepregs 

were primarily used for secondary structures, recent researches and advancements leading to low 

porosity and good mechanical properties have also made them suitable for primary structures. 

Despite these advancements in the out-of-autoclave (OOA) composite prepreg, there are still 

unresolved issues related to OOA cure that require further development. Cure quality control and 

monitoring are the major challenges among these issues. 
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CHAPTER 2 

LITERATURE REVIEW 

Recent developments in out-of-autoclave technology have led to a point where the 

autoclave quality parts are achievable with a consolidation absolute pressure of 1 atmosphere 

only [2]. For out-of-autoclave prepregs, porous regions during manufacturing are created by 

applying the resin to the outer surface of prepregs to remove entrapped air within the uncured 

laminate stack and to provide enough consolidation pressure for the resin to flow into the dry 

regions during the elevated temperature [2]. During the cure, viscosity of the resin should be low 

enough and to be maintained for a sufficient period of time to completely wet the fibers and 

hence eliminating the possibility of voids locked in. As a general rule, higher initial temperature 

will lead to lower initial resin viscosity. However, with the elevated initial temperature the resin 

may start to gel sooner and hence will not provide sufficient time to remove the entrapped air. 

Therefore, knowledge of cure kinetics [3-8] and rheology [5, 8-10] is necessary in designing the 

cure cycle for a given material. Several studies have been performed to model the kinetic and 

rheological behavior of resin during the cure. These models are helpful in designing the cure 

cycles and to aid in the process development. While these models are useful in designing the 

cure cycle, these models cannot estimate the mechanical properties of the cured part. Several 

researchers studied the correlation between physical and thermal properties based on curing 

parameters and material cure state and few of them are discussed below. 

2.1 Glass Transition Temperature Model 

Glass transition temperature is the temperature above which the material state changes 

from solid to rubber like structure. This is an important parameter in determining the service 
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temperature of composite part. However, understanding true glass transition temperature is still a 

complex phenomenon [11, 12]. Likewise degree of cure, glass transition temperature of the 

polymer increases with increase in its cross-linking. A mathematical expression relating degree 

of cure and glass transition temperature was given by Dibenedetto in 1987 and can be expressed 

as [13]:  

 
  





 

1

1 0 TgTg
Tg (1)

where Tg is the glass transition temperature, α is the extent of cure, Tgo is the glass transition 

temperature at α=0, Tg∞ is the glass transition temperature at α=1, and λ is the curve fitting 

parameter and its value varies from 0 to 1. 

2.2 Mechanical Properties and State of Cure 

In the past studies, several authors studied the effect on mechanical properties due to cure 

temperature and state of cure [14, 15]. Some investigators [16, 17] assumed linear correlation 

between mechanical properties and state of cure while others [6] observed the relation of 

evolution of mechanical properties on its glass transition temperature. Walker et. al [18] 

observed a good correlation between short beam shear strength, glass transition temperature, and 

post cure temperature. Vo et. al [19] studied the effect of post cure temperature on degree of 

cure, compressive strength, and compressive modulus and observed the following: 

 Degree of cure, glass transition temperature, and compressive strength gradually 

increased with the increase in post cure temperature. 

 Degree of cure and normalized combined loading compressive strength varied linearly 

with glass transition temperature. 
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While good correlations between state of cure and mechanical properties have been made by 

previous scholars, mathematical expression to define the mechanical properties in terms of its 

state of cure still remains elusive. 

2.3 Mechanical Properties and Service Temperature 

Bosze et. al studied the effect of temperature on the tensile properties of two polymeric 

composites and observed that the tensile strength and modulus decreased with the increase in 

temperature [20]. It was also observed that the two prototypes exhibited the similar failure modes 

as the test temperature approached glass transition temperature. To predict the tensile strength at 

elevated temperature, they proposed the following correlation: 

   










To
Tos E

TE
T

'

' (2)

where σs(T) is the tensile strength at temperature T, σTo is the strength at room temperature, Eʹ is 

the storage modulus at temperature T, and EʹTo is the storage modulus at room temperature. 

2.4 Material Properties and Viscoelastic Properties 

Viscoelastic properties during cure play a vital role in determining the final mechanical 

properties of composite laminates. Complex viscosity can be used to define the acceptable cure 

zones. Advantages of using this property are that complex viscosity (1) shows material state 

changes during cure such as gelation and vitrification, (2) can be modeled as a function of cure 

state and, (3) can be correlated to the mechanical properties of the composite material. The 

acceptable cure zones can then be determined by plotting time-temperature transformation 

diagram [21-24] and by subsequent mechanical testing of the parts. Estimating the mechanical 

properties of the material during cure is a key in defining acceptable cure zones. 
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Figure 1. Time-temperature transformation diagram for TGDDM/DDS system [25]. 

While it is known that the mechanical properties are highly dependent on the path of 

viscoelastic properties during cure, only a few observations and correlations have been made to 

date between viscoelastic and mechanical properties since most of the available methods of 

measuring viscoelastic behavior do not produce consistent results and hence the variation in 

results does not allow the estimation of mechanical properties during the cure [6]. To overcome 

such problems, an ex-situ encapsulated sample rheometer (ESR) has demonstrated to be better 

technique [26]. Unlike other methods which either depends on sample preparation or may not 

measure the viscoelastic properties during the whole curing process, this method can monitor the 

real time viscoelastic properties for the full range of material state i.e. from low viscosity region 

to fully cured high rigid state.  
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2.5 Void Effects on Material Properties 

Voids are the defects and are typically found between laminate plies. Several researches 

have been performed to study the effect of moisture on void formation both for autoclave and 

out-of-autoclave materials. It was observed that out-of-autoclave materials were more vulnerable 

to exposed moisture and the void content increased with the increase in relative humidity. It was 

also observed that the presence of moisture decreased the time to reach the gel state and thereby 

reduced the processing window time for the material [27].  

 

Figure 2. Predicted and measured void volume 
fraction as a function of relative humidity [27]. 

 

Figure 3. Gel time as a function of relative 
humidity [27]. 

While the effect of moisture can be eliminated in a controlled environment, it is 

important to note that moisture alone is not the source for void formation. Entrapped air between 

the plies and volatiles which released during the curing are an important source of voids in cured 

laminates [28, 29]. Development of new methods for fiber impregnation has resulted in 

improved part quality for out-of-autoclave material, even for high temperature curing. Semi-

impregnated out-of-autoclave materials can produce autoclave quality parts, in which dry fiber 

provides a channel for air evacuation before the resin becomes gel [30].  
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Figure 4. Schematic representation of the impregnation of standard autoclave and semi-
impregnated out-of-autoclave prepreg [30]. 

Several studies have also been performed to correlate void content and mechanical 

properties [28, 29, 31-35]. Two mathematical expressions were proposed to determine inter-

laminar shear strength based on void and fiber volume fraction [36]. 

For cylindrical voids: 
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For spherical voids: 
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where ILSSr is the ratio of ILSS with voids to ILSS without voids, Vv is the void fraction, and 

Vfv is the fiber volume fraction. Koushyar et. al extensively studied the correlation between void 

content and its effect on inter-laminar shear strength properties for an autoclave material [37]. As 

shown in Figure 5 and Figure 6, they observed that the room-temperature/dry and hot/wet inter-

laminar shear strength decreased exponentially with the increase in void content. They also 

observed that for higher void content the model deviated from the experimental results with the 

possible reason of delamination within the laminates.  
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Figure 5. Comparison of normalized RT/D SBS strength and theoretical lines [37]. 

 

 

Figure 6. Comparison of normalized H/W SBS strength and theoretical lines [37]. 
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CHAPTER 3 

TECHNICAL APPROACH 

Out-of-autoclave low-temperature cure prepregs, such as Cycom 5320-8HS and Cycom 

5320-PW, are popular options for repair applications. While most aerospace composite materials 

should be cured at 350oF for a specified time to attain their best mechanical properties, prepregs 

can reach the desired mechanical properties when cured at lower temperatures or with less 

amount of time. Lowering the cure temperature mitigates the risk of affecting surrounding 

material in composite structures and reduces thermal residual stresses in metallic structures. It 

also diminishes the possibility of large cure temperature variation across the repair patch hence 

brings the potential for a more robust cure control. However, curing at higher temperature saves 

a significant amount of time and hence is also an important factor in designing the cure cycle 

especially for repair applications.   

Development of mechanical, physical and thermal properties of an out-of-autoclave 

prepreg composite is a complex process. Although the prepreg are normally processed using the 

isothermal curing, the development of its properties are generally non-linear and hence are 

difficult to predict. It is important to know the relationship between state of cure and mechanical 

properties of composite materials in order to verify the repairs without conducting destructive 

inspection. Mathematical modeling of composite material properties development during and 

after cure can lead to significant amount of time and money savings. Several studies have been 

performed to model the cure kinetics during prepreg processing. In this work, out-of-autoclave 

prepregs, Cycom 5320-8HS and Cycom 5320-PW were examined at different stages of 

manufacturer recommended cure cycle. Figure 7 shows the block diagram of technical approach 

used for this study. 
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Figure 7. Technical approach for modeling mechanical properties during the cure. 

The viscoelastic properties of the samples for selected cure cycles were obtained using an 

encapsulated sample rheometer (ESR). Glass transition temperatures of the cured specimens 

were obtained using a dynamic mechanical analyzer (DMA) and the thermal properties of the 

samples for selected cure cycles were obtained using a differential scanning calorimeter (DSC). 

Based on viscoelastic properties, cure cycles were designed to study the mechanical properties 
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development during cure. Mechanical testing was performed for the panels cured using designed 

cure cycles. The obtained mechanical properties were analyzed statistically to determine the 

effects of cure variation. Correlation between the state of cure and mechanical properties of the 

material were also investigated and the mathematical model was proposed to estimate the 

mechanical properties during the cure. 

3.1 Statistical Analysis 

One way Analysis of Variance (ANOVA) was employed in this study to determine if sets 

of data at different cure states were statistically different. One way ANOVA is a hypothesis test 

for the analysis of variance in multiple data sets. It is used to show the statistical significant 

difference between different data sets based on their confidence intervals. A sample of the output 

is shown in Table 1. 

Table 1. A sample output of ANOVA analysis 

 

If the data show an overlap in the confidence intervals, then, there is no statistically significant 

difference between the data sets for the given parameter.  This is likely if there is more than 5% 

of chance that the two samples will achieve the same mean value. 

Standard deviation is a common statistical measure of the dispersion of a data set. 

Coefficient of variation shows variation within the data set as a percentage of the average value 

of the data set. 

No Overlapping 
Confidence 

Intervals
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The standard deviation is calculated by equation (5) [38, 39]: 

   1/
2

1

2
1 










 


 nxnxs

n

i
in (5)

where N is the number of samples, xi is the individual data value, x is the sample mean. 

The coefficient of variation is calculated by equation (6) [38, 39]: 

1001  

x

s
CV n (6)

where: 

x  = sample average 

sn-1 = sample standard deviation 

CV = sample coefficient of variation 

xi = measured property 

To compare the results of two materials, two-sample t-test was also performed. This test 

determines if the mean of the two normally distributed independent populations are equal. 

According to this test, if the range of the difference in mean includes zero then statistically there 

is no significant difference between the two data sets. In other words, if the calculated range flips 

its sign from negative to positive or vice versa for the interval, statistically there is no significant 

difference for the two normally distributed independent populations. 
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CHAPTER 4 

EXPERIMENTAL SETUP 

4.1 Material 

Two out-of-autoclave materials were investigated in this study having same resin but 

different weave system.  

4.1.1 5320-8HS 

This out-of-autoclave toughened epoxy resin, formulated by Cytec, is supplied with 5320 

resin system and T650 8-harness satin (8HS) reinforced carbon fibers. This OOA prepreg 

produces low porosity parts without any external pressure. The manufacturer recommended cure 

cycle for this prepreg by Cytec is isothermal cure at 121oC for 60 minutes followed by 

freestanding post cure at 177oC for 120 min.  

4.1.2 5320-PW 

Similar to 5320-8HS, this material also contains 5320 resin system and T650 carbon 

fibers. The fibers of this prepreg are interlaced to fabricate plain weave fabric. Since this prepreg 

also contains the same resin system, manufacturer recommended cure cycle for this prepreg is 

same as 5320-8HS i.e. isothermal cure at 121oC for 60 minutes followed by freestanding post 

cure at 177oC for 120 min. 

4.2 Cure Cycles 

To study the development in properties during the cure, cure cycles were customized 

from the manufacturer recommended cure cycle. The manufacturer recommended cure cycle for 

the material is shown as cure cycle number 5 in Table 2. To study the development of cure state 
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during the manufacturer recommended cure cycle, cure cycles 1-4 of Table 2 were designed 

using the viscoelastic properties and will be discussed in more detail in results and discussion 

section. 

To eliminate any possible void effects on mechanical properties, variation in cure cycle 

were introduced after the gel point to keep the minimum viscosity time and gel time constant and 

hence eliminating any possible porosity level variations between different panels. 

Table 2. Cure cycles for 5320-8HS and 5320-PW. 

Cure 
Cycle No. 

First 
Ramp-Up 
(°C/min) 

Intermediate 
Cure Temp. 

(°C) 

Intermediate 
Cure Time 

(min) 

Second 
Ramp-Up 
(°C/min) 

Post Cure 
Temp. 
(°C) 

Post 
Cure 
Time 
(min) 

1 1.67 121 42 - - - 

2 1.67 121 60 1.67 149* * 

3 1.67 121 60 1.67 177 9 

4 1.67 121 60 1.67 177 60 

5 1.67 121 60 1.67 177 120 

 
* - For cure cycle number 2, to obtain properties during the ramp, the curing had 

been stopped during the second ramp-up at 149 oC. 
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Figure 8. Cure cycles for 5320-8HS and 5320-PW. 

4.3 Equipments and Testing 

4.3.1 Differential Scanning Calorimetry Testing 

A differential scanning calorimetry technique was used to study the cure kinetics of 

5320-8HS and 5320-PW prepreg materials using a TA Instruments Q2000 differential scanning 

calorimeter. 

 

Figure 9. TA Instrument Q2000 Differential Scanning Calorimeter (DSC) [40].
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The prepreg samples of about 10-15mg in weight were tested in Tzero aluminum pans. 

The heat of reaction and the degree of cure of the samples were measured for temperature 

profiles shown in Figure 8. During the cure cycle, the degree of cure (DOC) at time t is given by: 

UH

tH
t

)(
)(  (7)

where H(t) is the total amount of heat released from the sample up to time ‘t’ during ramp and 

isothermal cycles and is defined as: 

dt
dt

dQ
tH

t

 







0
)( (8)

HU, the ultimate heat of reaction, is defined as: 

resTU HHH  (9)

where HT is the total heat released at each combined cure cycle and Hres is the residual heat and 

can be determined by the area under the heat flow curve in dynamic scanning when the 

exothermic reactions start: 

dt
dt

dQ
H

e

s

t

tres  





 (10)

where ts and te represent the start time and the end time of the exothermic reactions during 

dynamic scanning, respectively. 

After substituting equation (9) into equation (7), the degree of cure (DOC) can be written as: 

resT HH

tH
t




)(
)( (11)

Subsequently, the rate of the degree of cure (DOC) is: 

resT HH

dttdH

dt

td




/)()(
(12)

 



 

18 
 

4.4 Shear Rheometry Testing 

Viscoelastic properties of the prepreg during cure are an important parameter that 

determines the quality of cured laminate. These properties include minimum viscosity, minimum 

viscosity time, gel time, vitrification time, storage modulus (G’), loss modulus (G”), and tanδ 

(G”/ G’). This approach provides perspicacious view of cure state properties. For instance, a 

higher absolute value of minimum viscosity value or less time difference between minimum 

viscosity and gel time may lead to higher porosity level within a cured laminate.  

Gel time is a parameter which indicates that the curing material has created a 3-D 

network of interlinked polymer chains. It is characterized by a rapid increase in viscosity as the 

mobility of the molecular structure becomes more limited.  

Vitrification is the point at which the state of the material changes from the rubber like 

material to the solid glassy state. At vitrification, the instantaneous glass transition temperature 

equals the cure temperature and hence the cure reaction transits from kinetic control to diffusion 

control mode. After vitrification, the limited mobility of molecules considerably slows down 

further reactions [41]. 

Viscoelastic properties of the samples were obtained using encapsulated shear testing on 

AvPro ATD CSS 2000 rheometer for prepreg material. The AvPro ATD CSS 2000 rheometer 

consists of two parallel plates with 41.3 mm diameter. Each plate is designed with 20 grooves 

arranged in radial fashion to prevent the sample slippage at high torque. Rheometer samples 

consisting of 9 plies and 16 plies for 5320-8HS and 5320-PW, respectively, with a nominal cured 

thickness of 2.8 mm were used in this study. To prevent the bleeding during cure and to ease the 

removal of sample after testing, all samples were tested with O-ring and Kapton film. 

Experiments were conducted at a strain of 0.05 degrees and a constant frequency of 1 Hz. To 
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compare the viscoelastic properties with the mechanical properties, rheometer samples were 

tested using the cure profile number 5 of Table 2. This instrument gives real time complex 

viscosity during the applied temperature cycle which was used to capture important material 

transitions during the cure.  

 

Figure 10. AvPro ATD CSS 2000 Encapsulated Sample Rheometer (ESR) [26]. 

Gʹ is very similar to the shear modulus (G), but may not have the same value due to its 

dynamic nature. Gʹʹ signifies energy losses due to the heat and viscous effects during the 

stress/strain cycle. These terms can also be combined to form a complex dynamic modulus G* as 

shown in the following equation [42, 43] : 

*
"'* 









 


i
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where G* is the complex dynamic modulus, Gʹ is the storage modulus, Gʹʹ is the loss modulus, 

and *  is the complex viscosity. These properties are related to tan(δ) by the equation: 

G

G



)tan( (14)
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4.5 Glass Transition Temperature (Tg) Testing 

Similar to degree of cure, glass transition temperature is an important parameter in 

defining the state of cure [44]. Since Tg mark a physical change in state of the material, it can be 

accurately determined by either DMA or ESR. In this work, to correlate glass transition 

temperature with the mechanical properties, DMA was used to determine the Tg using three 

point bending clamp according to ASTM D7028-07 [45]. Table 3 shows the testing parameters 

used in this study to determine Tg.  

Table 3. Tg testing parameters. 

Equipment Test Parameters 

DMA 

Heat-Up Rate: 5oC/min 

Frequency: 1 Hz 

Strain Percentage: 0.02% 

4.6 Mechanical Testing 

For mechanical testing, in order to obtain balanced symmetric laminates, the panel lay-up 

was 12 plies of prepreg placed in quasi-isotropic sequence order [0/45]3s for 5320-8HS and 24 

plies of prepreg placed in quasi-isotropic sequence [0/45]6s for 5320-PW. Figure 11 shows the 

panel layup schematic for 5320-8HS and 5320-PW panels used in this study. Panels were 

debulked for 16 hours prior to curing. A minimum of 27 inHg vacuum was applied throughout 

the debulking and curing process. To assure the quality of the panels, all the panels were c-

scanned before being machined.  
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Figure 11. Panel layup schematic for 5320-8HS and 5320-PW panels. 

4.6.1 Short Beam Shear Testing 

The complexity of stresses and the variety of failure modes generally does not allow 

relating the short beam shear strength to any material property. However, this strength can be 

used for quality control purposes [38]. For this study, the panels were machined into coupons 

and tested for their short beam shear properties according to ASTM standard D2344. Figure 12 

and Figure 13 show the loading schematic and typical failure modes, respectively, for short beam 

shear testing according to ASTM standard. 

 

Figure 12. Typical loading diagram for SBS specimens for flat laminate [38]. 
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Figure 13. Typical failures modes in the short beam shear test according to ASTM D2344 [38]. 

Five specimens were tested from each panel to obtain the short beam shear strength. 

According to the standard, the following recommended geometries were used for coupon 

preparation: 

Specimen length = thickness x 6.0 

Specimen width = thickness x 2.0 

According to the ASTM standard D2344, following equation was used to obtain the short beam 

shear strength [38]: 

hb

P
F msbs


 75.0 (15)
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where: 

Fsbs = short beam shear strength, MPa  

Pm = maximum load during the test, N 

b = specimen width, mm 

h = specimen thickness, mm 

4.6.2 Combined Loading Compression Testing 

Unlike short beam shear strength, combined loading compressive strength is a property 

that is used for material specifications and design purposes. Combined loading compression 

(CLC) tests were performed according to ASTM D6641 [39]. Tests coupons were prepared 

carefully to prevent premature end crushing and also to prevent excessive induced bending or 

buckling during the testing. 

 

Figure 14. Typical test fixture for combined loading compression (CLC) [39]. 
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According to ASTM standard, for the test to be considered valid, failure of the specimens 

should occur within the gage section. To calculate the compressive strength of the laminate, 

following equation was used: 

hw

P
F fcu


 (16)

where: 

Fcu = compressive strength of the laminate, MPa  

Pf = maximum load, N 

w = specimen gage width, mm 

h = specimen gage thickness, mm 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Thermal and Mechanical Properties 

5.1.1 Differential Scanning Calorimetry Testing 

Final degree of cure (DOC) for manufacturer recommended cure cycle for 5320-8HS and 

5320-PW were obtained using differential scanning calorimetry (DSC) and are shown in Figure 

15. No significant change was observed in final degree of cure for manufacturer recommended 

cure cycle for 5320-8HS and 5320-PW. As such, degree of cure for 5320-8HS and 5320-PW 

were observed to be around 93%.  

 

Figure 15. Final degree of cure for 5320-8HS and 5320-PW for manufacturer recommended cure 
cycle. 
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The instantaneous degree of cure was also calculated using the equation (12) shown in 

section 4.3 above. Figure 16 below shows the development of extent of cure during the 

manufacturer recommended cure cycle for 5320-8HS and 5320-PW. In contrast to final degree of 

cure, significant difference was observed in degree of cure during the curing process. As shown 

in Figure 16, degree of cure for 5320-PW was observed higher than 5320-8HS during the first 

dwell temperature. However, this difference was gradually minimized during the second ramp 

and isothermal soak and finally diminished during the end of curing process.   

 

Figure 16. Degree of cure during the manufacturer recommended cure cycle for 5320-8HS and 
5320-PW. 
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5.2 Viscoelastic Properties using Shear Rheometry Testing 

Both the in-phase and out-of-phase part of the dynamic modulus, storage and loss 

modulus, were obtained by real-time monitoring of the prepreg curing using ESR. The two are 

related with the viscosity as follows [26]: 

*
"'* 
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where: 

G* = Dynamic modulus 

Gʹ = Storage modulus 

Gʹʹ = Loss modulus 

* Complex viscosity 

5.2.1 Storage Modulus 

Figure 17 shows the storage modulus (Gʹ) during cure for 5320-8HS and 5320-PW 

plotted on a semi-log scale, for manufacturer recommended cure cycle. Significant difference 

was observed in storage modulus for 5320-8HS and 5320-PW during their development. 

However, no significant difference was observed for 5320-8HS and 5320-PW in their plateau 

values for the manufacturer recommended cure cycle.  
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Figure 17. Storage modulus for 5320-8HS and 5320-PW using ESR. 

5.2.2 Complex Viscosity 

Figure 18 shows complex viscosity, η*, during cure for 5320-8HS and 5320-PW plotted 

on a semi-log scale, for manufacturer recommended cure cycle. Similar to degree of cure and 

storage modulus, significant difference was observed in complex viscosity for 5320-8HS and 

5320-PW during their development for manufacturer recommended cure cycle. However, 

likewise storage modulus, no significant difference was observed for 5320-8HS and 5320-PW in 

their plateau values during the applied thermal cycle. Moreover, the minimum complex viscosity 

for 5320-PW was observed higher than 5320-8HS. It is important to note that both degree of cure 

and complex viscosity for 5320-PW started deviating from 5320-8HS at the similar time during 

the curing and was minimized at the plateau of their complex viscosities. 
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Figure 18. Complex viscosity for 5320-8HS and 5320-PW using ESR. 

 

Figure 19. Minimum complex viscosity for 5320-8HS and 5320-PW using ESR. 

Minimum Complex 
Viscosity 
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Figure 20 shows the time to minimum complex viscosity obtained using encapsulated 

sample rheometer (ESR) for 5320-8HS and 5320-PW, for the manufacturer recommended cure 

cycle.  No significant change was observed in minimum complex viscosity time for samples 

cured using different weaves system. This implies that minimum viscosity time is dominated by 

resin only and the fibers and their interlacing pattern have no significant effect on it. 

 

Figure 20. Minimum complex viscosity time for 5320-8HS and 5320-PW using ESR. 

5.2.3 Damping factor (tanδ) 

Gelation represents a change in state from liquid to rubber like state and can be discern 

with the increase of molecular weight. Generally, gelation does not change the cure rate and 

hence cannot be determined using DSC. However, the increase in molecular weight significantly 

changes the viscoelastic properties during cure and can be used to determine gelation. As shown 

in Figure 21 the gel point, which mark the formation of 3D network, was taken as peak of tan(δ) 

associated with the rapid increase in complex viscosity.   
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Figure 21. Damping factor (tanδ) during cure for 5320-8HS and 5320-PW using ESR.  

Figure 21 shows damping factor (tanδ) during cure, obtained using ESR for manufacturer 

recommended cure cycle for 5320-8HS and 5320-PW. As shown in the figure, significant 

difference was observed in tan(δ) during cure for the two fabric pattern and the values for 5320-

PW appeared to be consistently higher than 5320-8HS during the minimum complex viscosity 

and gel time.  

The sharp drop of tan(δ) was taken as the gel point and are shown in Figure 22. 

Significant difference was observed in gel time for samples cured using 5320-8HS and 5320-

PW. It was observed that the 5320-PW gelled approximately 13 minutes sooner than 5320-8HS.  

  

Gel Point 
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Figure 22. Gel time for 5320-8HS and 5320-PW using ESR. 

5.2.4 Loss Modulus 

Vitrification is a transition of cure reactions from kinetic controlled to diffusion 

controlled mode. Physically, at vitrification the material changes from rubber like state to glassy 

solid. In literature, vitrification is also defined as the point at which the glass transition 

temperature of the material equals its curing temperature.  

For sufficiently higher heating rates and temperature, the temperature during cure always 

remains higher than instantaneous glass transition temperature and hence leads to fully cured 

laminate i.e. α=1. On the other hand, if the heating rate is slow, at some point during the cure, the 

glass transition temperature will become equal to the curing temperature leading to the transition 

of cure reaction from kinetics controlled to diffusion controlled. In the later case, the material 

will take significant longer time to achieve fully cured state, since the reaction rate is much 

slower in diffusion controlled reactions than in kinetic controlled reactions.   
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Gʹʹ during cure for 5320-8HS and 5320-PW are shown in Figure 23. The peaks of Gʹʹ 

were used to obtain vitrification time. Vitrification time signifies the transition of reaction 

change from kinetic to diffusion controlled mode.  

Figure 24 shows the vitrification time obtained using ESR for 5320-8HS and 5320-PW 

material. Unlike gel time, no significant difference was observed in the vitrification time for the 

manufacturer recommended cure cycle for 5320-8HS and 5320-PW.  

 

Figure 23. Loss modulus during cure for 5320-8HS and 5320-PW using ESR.  
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Figure 24. Vitrification time for different cure cycles for 5320-8HS and 5320-PW using ESR. 

5.2.5 Glass Transition Temperature 

Glass transition temperature of 5320-8HS and 5320-PW samples cured using 

manufacturer recommended cure cycle were obtained using TA Instruments Q800 dynamic 

mechanical analyzer (DMA). Figure 25 shows the measured final glass transition temperature 

(Tg) for 5320-8HS and 5320-PW using DMA. Similar to the final degree of cure obtained using 

DSC, no significant difference was observed in final Tg values for 5320-8HS and 5320-PW. As 

such, both DOC and Tg results suggests that they are dependent on each other and can be used to 

predict the final mechanical properties of the laminate. 
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Figure 25. Glass transition temperature for 5320-8HS and 5320-PW for manufacturer 
recommended cure cycle. 

5.2.6 Short Beam Shear Properties 

Average values for SBS strength of panels cured from 5320-8HS and 5320-PW material 

using the manufacturer recommended cure cycle along with their respective standard deviation 

and coefficient of variation are shown in Table 4.  

Table 4. Average SBS strength for 5320-8HS and 5320-PW material for manufacturer 
recommended cure cycle. 

Material 
SBS Strength 

(MPa) 

Standard 
Deviation 

(MPa) 

Coefficient of 
Variation     

(CV) 

5320-8HS 79.79 5.9 0.07 

5320-PW 90.76 1.4 0.02 
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Figure 26. Short beam shear strength for 5320-8HS and 5320-PW for manufacturer 
recommended cure cycle. 

Table 5 shows the statistical t-test results for short beam shear properties of 5320-8HS 

and 5320-PW panels, cured using manufacturer recommended cure cycle. It can be seen from the 

statistical results that, at 95% confidence interval, SBS strength of 5320-PW is higher than 5320-

8HS. This is in well agreement with the previous study by Paiva et. al. for the same weave but 

different resin system and can be attributed with the higher inter-laminar resistance offered by 

the plain weave fabric pattern [46]. 
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Table 5. Two-sample t-test for SBS strength comparison between 5320-8HS and 5320-PW 
panels cured using manufacturer recommended cure cycle. 

Material No. of Samples Mean Std. Deviation 
Std. Error of 

Mean 
     

5320-8HS 5 79.79 5.94 2.70 

5320-PW 5 90.76 1.37 0.61 

Difference  = µ (PW) - µ (8HS) 

Estimate for difference: 10.97Mpa 

95% confidence interval difference: 3.40Mpa ––– 18.54Mpa 

5.2.7 Combined Loading Compression Properties 

Average values for CLC strength of panels cured along with their respective standard 

deviation and coefficient of variation are shown in Table 6.  

Table 6. Average CLC strength for 5320-8HS and 5320-PW material for manufacturer 
recommended cure cycle. 

Material 
CLC Strength 

(MPa) 

Standard 
Deviation 

(MPa) 

Coefficient of 
Variation  

(CV) 
    

5320-8HS 448.0 20.7 0.05 

5320-PW 511.0 28.2 0.06 
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Figure 27. Combined loading compression strength for 5320-8HS and 5320-PW for 
manufacturer recommended cure cycle. 

In contrast to SBS strength values, CLC strength of 5320-8HS was observed similar to 

5320-PW. Table 7 shows the statistical t-test results for CLC strength for 5320-8HS and 5320-

PW panels cured using manufacturer recommended cure cycle. It can be seen from the results 

that, there is no significant difference in CLC strength of 5320-8HS and 5320-PW panels; since 

the difference interval varies from negative 1.2MPa to positive 127.2MPa and thus includes zero.  

Table 7. Two-sample t-test for CLC strength comparison between 5320-8HS and 5320-PW 
panels cured using manufacturer recommended cure cycle. 

Material No. of Samples Mean Std. Deviation 
Std. Error of 

Mean 
     

5320-8HS 3 448.0 20.7 12 

5320-PW 3 511.0 28.2 16 

Difference  = µ (PW) - µ (8HS) 

Estimate for difference:  63Mpa 

95% confidence interval difference: -1.20Mpa –––  127.2Mpa 
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5.3 Mechanical and Thermal Properties Development during the Cure 

In section above, a comparison has been made for viscoelastic and thermal properties 

between 5320-8HS and 5320-PW for manufacturer recommended cure cycle. In order to 

investigate the mechanical properties development during cure, manufacturer recommended cure 

cycle was studied at different curing stages for 5320-8HS and 5320-PW. Viscoelastic properties 

for 5320-8HS, obtained using ESR as shown in Figure 28, were used in designing the cure cycles 

to study the during cure development of mechanical properties. From the results above, although 

5320-PW appeared to become in gel state sooner than 5320-8HS, the same cure cycles were also 

used for 5320-PW for juxtapose between 5320-8HS and 5320-PW. 

 

Figure 28. Viscoelastic properties during cure for 5320-8HS for manufacturer recommended cure 
cycle. 
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Figure 8 and Table 2 show the cure profiles designed using the viscoelastic definition of 

the material stages. The during-cure cure cycles were designed carefully to investigate the 

prepreg properties development during the cure. Important material transitions including gel 

point and vitrification point were investigated using the designed cure cycles. It is to be noted 

that, gel point was used as a starting point to study the during cure mechanical properties, since 

the material remains soft before the cross-linking and might had impose machining difficulties. 

Furthermore, cure cycles were selected based on 5320-8HS since it required more time to 

achieve gel state, as shown in section 5 above. Because of the large thermal mass of the panel 

compared to the ESR sample, an additional time of 10 minutes of curing was allowed for gel-

stage panels to account for the temperature variation inside the oven and to ensure that the 

material is stiff enough for the machining and specimens preparation.  

5.3.1 Glass Transition Temperature 

To compare and correlate the glass transition temperature with the mechanical properties 

of the panels, Tg samples of 3mm x 58mm long were machined from their respective cured 

panels and were tested using TA Instruments Q800 dynamic mechanical analyzer (DMA). Figure 

29 shows the measured Tg for different cure states for 5320-8HS and 5320-PW obtained using 

DMA. Similar to the degree of cure development during cure, Tg showed a gradual increase in 

values with the progress of curing. Moreover, the rate of development of Tg from gel to 

vitrification was sufficiently higher than the rate after vitrification. This implies that progress of 

Tg development was also dampened by the diffusion controlled reactions. As such, both DOC 

and Tg results suggests that they are dependent on each other and can be used interchangeably to 

predict mechanical properties of the laminate. 
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Figure 29. Glass transition temperature development for 5320-8HS and 5320-PW at different 
cure states during manufacturer recommended cure cycle. 

5.3.2 Short Beam Shear Properties 

Average values of SBS strength for 5320-8HS panels cured using cure cycles mentioned 

in Table 2 along with their respective standard deviation and coefficient of variation are shown 

in Table 8 and Figure 30. One-way ANOVA analysis of the SBS strength showed significant 

difference in SBS strength during cure from gel up to vitrification stage. However, no significant 

development in SBS strength was observed after vitrification for the manufacturer recommended 

cure cycle.  
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Table 8. Average SBS strength values at different cure stages for 5320-8HS. 

Cure State 
SBS Strength 

(MPa) 

Standard 
Deviation 

(MPa) 

Coefficient of 
Variation  

(CV) 

Gelled 13.72 1.0 0.07 

During Ramp 44.98 2.7 0.06 

Vitrified 80.2 1.5 0.02 

During Dwell 82.8 1.4 0.02 

Fully Cured 79.79 5.9 0.07 

 

 

 

Figure 30. SBS strength development for 5320-8HS during manufacturer recommended cure 
cycle.  
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Table 9. ANOVA analysis of SBS strength at different cure stages for 5320-8HS. 

 

Similar to 5320-8HS, panels were also cured from 5320-PW using the same cure cycles 

as mentioned in Table 2. Average values for SBS strength for 5320-PW panels along with their 

respective standard deviation and coefficient of variation are shown in Table 10 and Figure 31. 

Similar to 5320-8HS, one-way ANOVA analysis of the SBS strength showed significant 

difference in SBS strength during cure from gel up to vitrification stage. However, no significant 

development in SBS strength was observed after vitrification for the manufacturer recommended 

cure cycle. 

Table 10. Average SBS strength values at different cure stages for 5320-PW.  

Cure State 
SBS Strength 

(MPa) 

Standard 
Deviation 

(MPa) 

Coefficient of 
Variation  

(CV) 

Gelled 21.05 0.9 0.04 

During Ramp 67.54 3.6 0.05 

Vitrified 87.95 2.8 0.03 

During Dwell 90.50 1.6 0.02 

Fully Cured 90.76 1.4 0.02 
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Figure 31. SBS strength development for 5320-PW during manufacturer recommended cure 
cycle. 

Table 11. ANOVA analysis of SBS strength at different cure stages for 5320-PW. 

 

Figure 32 presents the comparison of short beam shear strength between 5320-8HS and 

5320-PW at different cure stages of manufacturer recommended cure cycle. Similar to fully 

cured behavior, SBS strength of 5320-PW was observed consistently higher than 5320-8HS 

during the cure for manufacturer recommended cure cycle.   
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Figure 32. SBS strength comparison between 5320-8HS and 5320-PW for manufacturer 
recommended cure cycle. 

5.3.3 Combined Loading Compression (CLC) Properties 

Average values of CLC strength for 5320-8HS panels cured using cure cycles mentioned 

in Table 2 along with their respective standard deviation and coefficient of variation are shown 

in Table 12 and Figure 33. Similar to SBS development during cure, one-way ANOVA analysis 

of the CLC strength showed significant difference in CLC strength during cure from gel up to 

vitrification stage. However, no significant development in CLC strength was observed after 

vitrification for the manufacturer recommended cure cycle.  
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Table 12. Average CLC strength values at different cure stages for 5320-8HS. 

Cure State 
CLC Strength 

(MPa) 

Standard 
Deviation 

(MPa) 

Coefficient of 
Variation  

(CV) 

Gelled 110.3 12.6 0.11 

During Ramp 292.0 13.3 0.05 

Vitrified 458.7 31.4 0.07 

During Dwell 466.7 22.9 0.05 

Fully Cured 448.0 20.7 0.05 

 

 

Figure 33. CLC strength development for 5320-8HS during manufacturer recommended cure 
cycle. 
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Table 13. ANOVA analysis of CLC strength at different cure stages for 5320-8HS. 

 

CLC properties were also obtained from the panels cured from 5320-PW using the same 

cure cycles as mentioned in Table 2. Table 14 shows the average values for CLC strength for 

5320-PW panels along with their respective standard deviation and coefficient of variation. 

Similar to 5320-8HS, one-way ANOVA analysis of the CLC strength showed significant 

difference in CLC strength during cure from gel up to vitrification stage. However, no significant 

development in SBS strength was observed after vitrification for the manufacturer recommended 

cure cycle. 

Table 14. Average CLC strength values at different cure stages for 5320-PW. 

Cure State 
CLC Strength 

(MPa) 

Standard 
Deviation 

(MPa) 

Coefficient of 
Variation (CV)

Gelled 139.9 7.6 0.05 

During Ramp 388.3 13.0 0.03 

Vitrified 478.8 23.8 0.05 

During Dwell 537.5 13.6 0.03 

Fully Cured 511.0 28.2 0.06 
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Table 15. ANOVA analysis of CLC strength at different cure stages for 5320-PW. 

 

 

Figure 34. CLC strength comparison between 5320-8HS and 5320-PW for manufacturer 
recommended cure cycle. 
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CHAPTER 6 

RELATIONSHIP BETWEEN STATE OF CURE AND MECHANICAL PROPERTIES 

Similarity among the trend of final degree of cure (DOC), glass transition temperature 

(Tg), and short beam shear (SBS) strength at various cure stages during the manufacturer 

recommended cure cycle lead to further investigation of correlation among these parameters. 

Although DOC and Tg are the most widely used parameters to measure the state of the material, 

SBS strength can quantify the amount of voids and hence is an important parameter in 

determining the quality of cured laminate. Therefore, it is highly desirable to obtain composite 

properties based on DOC, Tg, and SBS properties. The properties obtained from specimens at 

different cure stages during the manufacturer recommended cure cycle are summarized in Table 

16 and Table 17 for 5320-8HS and 5320-PW, respectively.  

Table 16. Properties used for correlation for 5320-8HS. 

Cure State 
Degree of 

Cure 

Tg 

(oC) 

SBS Strength 

(MPa) 

CLC Strength 
(MPa) 

Gelled 0.306 64 13.72 110.3 

During Ramp 0.482 110 44.98 292.0 

Vitrified 0.782 170 80.23 458.7 

During Dwell 0.901 192 82.89 466.7 

Fully Cured 0.930 199 79.79 448.0 
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Table 17. Properties used for correlation for 5320-PW. 

Cure State 
Degree of 

Cure 

Tg 

(oC) 

SBS Strength 

(MPa) 

CLC Strength 
(MPa) 

Gelled 0.371 76 21.05 139.9 

During Ramp 0.540 116 67.54 388.3 

Vitrified 0.817 170 87.95 478.8 

During Dwell 0.920 191 90.50 537.5 

Fully Cured 0.934 198 90.76 511.0 

6.1 Degree of Cure (DOC) and Glass Transition Temperature (Tg) 

As discussed 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 cure state. In 

addition, DOC and Tg also have a strong relationship to one another: the higher the DOC, the 

higher the Tg. Figure 35 shows the final DOC plot against Tg obtained using DSC and DMA, 

respectively, from its gelled state to its fully cured state for 5320-8HS and 5320-PW materials. 

As the figure shows, Tg of the material gradually increased with the increase in degree of cure. 

Linearly increasing Tg with corresponding increase in DOC suggests that Tg and DOC can be 

used to substitute each other to represent material cure state. 
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Figure 35. Correlation between Tg and DOC for different cure state. 

6.2 Short-beam Shear (SBS) Strength and Material Cure State 

Figure 36 and Figure 37 show the relationship between ILSS and material cure state for 

5320-8HS and 5320-PW. As shown in these figures, the SBS strength increased exponentially 

with degree of cure and glass transition temperature. Since short beam shear strength is a good 

candidate in representing the porosity level within the laminate, a strong correlation between 

SBS strength and material state suggests that short beam shear strength can be used along with 

material cure state to predict mechanical properties.  
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Figure 36. Correlation between SBS strength and DOC for 5320-8HS and 5320-PW. 

 

 

Figure 37. Correlation between SBS strength and Tg for 5320-8HS and 5320-PW. 
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6.3 Combined Loading Compression (CLC) Strength and Material Cure State 

Figure 38 and Figure 39 show the relationship between material cure state and its 

combined loading compression (CLC) properties for 5320-8HS and 5320-PW. As shown in these 

figures, similar to SBS properties, the CLC strength increased exponentially with degree of cure 

and glass transition temperature.  

 

Figure 38. Correlation between CLC strength and DOC for 5320-8HS and 5320-PW. 

 

Figure 39. Correlation between CLC strength and Tg for 5320-8HS and 5320-PW.
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6.4 Combined Loading Compression and Short Beam Shear Strength 

Figure 40 and Figure 41 show the relationship between combined loading compression 

(CLC) strength of material and short beam shear (SBS) properties for 5320-8HS and 5320-PW, 

respectively. Good correlation was observed between CLC and SBS strength of 5320-8HS and 

likewise for 5320-PW. 

 

Figure 40. Correlation between CLC and SBS strength for 5320-8HS. 

 

Figure 41. Correlation between CLC and SBS strength for 5320-PW. 
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CHAPTER 7 

MODELING 

7.1 Degree of Cure (DOC) and Glass Transition Temperature (Tg) 

To validate the linear correlation observed between Tg and DOC shown above, 

DiBenedetto relation was used. According to Dibendetto relation: 

 
  





 

1

1 TgTg
Tg o

(18) 

where: 

Tgo is the sub-ambient glass transition temperature 

Tg∞ is the ultimate glass transition temperature for the material 

 λ is the curve fitting parameter 

Table 18 shows the values of Tgo, Tg∞, and λ obtained for 5320-8HS and 5320-PW. 

Based on Dibenedetto relation above, Figure 42 and Figure 43 show relation between glass 

transition temperature (Tg) and degree of cure (DOC) for 5320-8HS and 5320-PW, respectively. 

It also shows that the predicted model closely matches with the experimental results. 

Table 18. Modeling parameters for correlation between Tg and DOC using DiBenedetto 
equation. 

Parameter 5320-8HS 5320-PW 

Tgo 0.8oC 8.0oC 

Tg∞ 210oC 216oC 

λ 1.00 0.84 
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Figure 42. Modeling of Tg vs DOC for 5320-8HS using DiBenedetto relationship. 

 

 

Figure 43. Modeling of Tg vs DOC for 5320-PW using DiBenedetto relationship. 
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7.2 Short Beam Shear (SBS) Strength and Material Cure State 

As shown in section 6 above, SBS increased with the increase in degree of cure and glass 

transition temperature. However, unlike degree of cure and glass transition temperature, the 

relation was not completely linear. For the initial stage of curing, from b-stage to vitrification, 

short beam shear strength increased rapidly with the state of cure. However, after vitrification the 

progress of short beam shear strength development had been dampened by the diffusion 

controlled reaction. A model was investigated and proposed during this work to predict the SBS 

strength based on glass transition temperature from its gelled state to its fully cured state. The 

proposed model is as follows: 
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where: 

Tg is the glass transition temperature  

Tg∞ is the ultimate glass transition temperature  

SBS∞ is the ultimate short beam shear strength  

c1 and c2 are curve fitting parameters 

To transform the model parameter from glass transition to degree of cure, Dibenedetto 

relation was used. Equation (20) shows the modified model to predict the SBS strength based on 

degree of cure of the material. 
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where: 

α is the degree of cure temperature 

Tgo is the sub-ambient glass transition temperature 

Tg∞ is the ultimate glass transition temperature of the material 

 λ is the Dibenedetto model parameter  

SBS∞ is the ultimate short beam shear strength (MPa) 

c1 and c2 are curve fitting parameters 

Based on equations (19) and (20), curve fitting parameters, c1 and c2, were obtained using 

excel solver and are shown in Table 19. The models were subsequently plotted using calculated 

and experimental parameters and are shown in Figure 44 through Figure 47. 

Table 19. Modeling parameters for correlation between material cure state and SBS strength. 

PARAMETER 5320-8HS 5320-PW 

Tgo (
oC) 0.80 7.98 

Tg∞ (oC) 210 216 

SBS∞ (MPa) 82.89 90.50 

λ 1.00 0.84 

c1 88.60 215.73 

c2 9.02 11.92 
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Figure 44. Model plot between SBS strength and glass transition temperature for 5320-8HS. 

 

Figure 45. Model plot between SBS strength and glass transition temperature for 5320-PW. 
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Figure 46. Model plot between SBS strength and degree of cure for 5320-8HS. 

 

 

Figure 47. Model plot between SBS strength and degree of cure for 5320-PW. 
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7.3 Combined Loading Compression (CLC) Strength and Material Cure State 

Combined loading compression (CLC) strength was also plotted based on the similar 

model as proposed for short beam shear strength, since there is a strong correlation between short 

beam shear (SBS) strength and combined loading compression (CLC) strength. The models for 

CLC strength were modified as follows: 
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(22) 

where: 

α is the degree of cure temperature 

Tgo and Tg∞ are the sub-ambient and ultimate glass transition temperature, respectively 

λ is the Dibenedetto model parameter  

CLC∞ is the ultimate combined loading compression strength (MPa) 

c1 and c2 are curve fitting parameters 

Table 20. Modeling parameters for correlation between material cure state and CLC strength. 

Parameter 5320-8HS 5320-PW 

Tgo (
oC) 0.80 7.98 

Tg∞ (oC) 210 216 

CLC∞ (MPa) 466.72 537.53 

λ 1.00 0.84 

c1 43.97 65.30 

c2 8.35 9.21 
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Although linear relationship was observed between SBS and CLC strength, it is to be 

noted that the curve fitting parameters for combined loading compression (CLC) strength models 

are slightly different than short beam shear (SBS) strength model and can be ascribed as the 

dispersion of the obtained results within the statistical range. Model plots for combined loading 

compression (CLC) strength using equations (21) and (22) are shown in Figure 48 through 

Figure 51. 

 

Figure 48. Model plot between CLC strength and glass transition temperature for 5320-8HS. 
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Figure 49. Model plot between CLC strength and glass transition temperature for 5320-PW. 

 

Figure 50. Model plot between CLC strength and degree of cure for 5320-8HS. 
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Figure 51. Model plot between CLC strength and degree of cure for 5320-PW. 
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CHAPTER 8 

CONCLUSIONS 

Manufacturer recommended cure cycle was studied for out-of-autoclave materials with 

two different weave but same resin system. A differential scanning calorimeter (DSC) was used 

to obtain the degree of cure during applied thermal cycle. Viscoelastic properties during cure 

were obtained using encapsulated sample rheometer (ESR) while glass transition temperature 

was obtained using dynamic mechanical analyzer (DMA). Mechanical properties were obtained 

from the panels at different stages during the cure.  

The rate of reaction showed significant effect on the glass transition and hence 

mechanical properties development during cure. Extensive development of mechanical 

properties was observed during the manufacturer recommended cure cycle up to vitrification. 

However, the progress of mechanical properties development was dampened by the diffusion 

controlled reaction mechanism once the vitrification point was reached. 

Significant difference in the properties development was observed between 5320-8HS 

and 5320-PW material. It was observed that the 5320-PW material reached the gel stage sooner 

than 5320-8HS. Moreover, statistical results showed that the short beam shear properties of 

5320-PW were better than 5320-8HS. 

An observed linearly increasing trend between degree of cure (DOC) and glass transition 

temperature (Tg) for different cure states suggests that both DOC and Tg can be used 

interchangeably to define the state of material. To further investigate the correlation between 

state of cure and mechanical properties, degree of cure and Tg both were plotted against short 

beam shear and combined loading compression strength. A good correlation was observed 

between material cure state and its SBS and CLC properties. A linear correlation was also 
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observed between SBS and CLC strength. As such, short beam shear strength can be used along 

with material cure state to predict mechanical properties of the laminate. 

To characterize the curing and hence predict the mechanical properties, a model was 

investigated and proposed for 5320-8HS and 5320-PW. The proposed model can be used to 

predict the SBS and CLC properties based on either glass transition temperature or degree of 

cure. Although, theoretically all the specimens had the same porosity level, the factor of porosity 

can easily be accounted for by combining this model with the available models for cylindrical 

and spherical voids. 

  



 

67 
 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES  



 

68 
 

LIST OF REFERENCES 

1. Marsh, G., "Composites lift off in primary aerostructures," Reinforced Plastics, 2004, 
48(4): p. 22-27. 

2. Kratz, J., Hsiao, K., Goran, F. and Hubert, P., "Thermal models for MTM45-1 and Cycom 
5320 out-of-autoclave prepreg resins," Journal of Composite Materials, 2012. 

3. Kamal, M.R., "Thermoset Characterization for Moldability Analysis," Polymer 
Engineering and Science, 1974, 14(3): p. 231-239. 

4. Chern, C.S. and Poehlein, G.W., "Kinetic Model for Curing Reactions of Epoxides with 
Amines," Polymer Engineering and Science, 1987, 27(11): p. 788-795. 

5. Hickey, C.M.D. and Bickerton, S., "Cure kinetics and rheology characterisation and 
modelling of ambient temperature curing epoxy resins for resin infusion/VARTM and wet 
layup applications," Journal of Materials Science, 2012: p. 1-12. 

6. Ruiz, E. and Trochu, F., "Thermomechanical Properties during Cure of Glass-Polyester 
RTM Composites: Elastic and Viscoelastic Modeling," Journal of Composite Materials, 
2005, 39(10): p. 881-916. 

7. Woo Il Lee, Loos, A.C. and Springer, G.S., "Heat of Reaction, Degree of Cure, and 
Viscosity of Hercules 3501-6 Resin," Journal of Composite Materials, 1982, 16(6): p. 
510-520. 

8. Dusi, M.R., Lee, W., Ciriscioli, P.R. and Springer, G.S., "Cure Kinetics and Viscosity of 
Fiberite 976 Resin," Journal of Composite Materials, 1987, 21(3): p. 243-261. 

9. Instruments, T. Rheology Theory and Applications Course. 2008  [cited 2011 
08/25/2008]; Available from: ftp://ftp.tainstruments.com/pub/training/Rheology 
Training-2008-1.pdf. 

10. Cole, K.C., Hechler, J.J. and Noel, D., "A new approach to modeling the cure kinetics of 
epoxy/amine thermosetting resins. 2. Application to a typical system based on bis[4-
(diglycidylamino)phenyl]methane and bis(4-aminophenyl) sulfone," Macromolecules, 
1991, 24(11): p. 3098-3110. 

11. Bennemann, C., Donati, C., Baschnagel, J. and Glotzer, S.C., "Growing range of 
correlated motion in a polymer melt on cooling towards the glass transition," Nature, 
1999, 399(6733): p. 246-249. 

12. Berthier, L., Biroli, G., Bouchaud, J.-P., Cipelletti, L., Masri, D.E., L'Hôte, D., . . . 
Pierno, M., "Direct Experimental Evidence of a Growing Length Scale Accompanying the 
Glass Transition," Science, 2005, 310(5755): p. 1797-1800. 



 

69 
 

13. DiBenedetto, A.T., "Prediction of the glass transition temperature of polymers: A model 
based on the principle of corresponding states," Journal of Polymer Science Part B: 
Polymer Physics, 1987, 25(9): p. 1949-1969. 

14. Hong, X. and Hua, Y., "The effects of curing cycles on properties of the epoxy system 
3221/RH glass fabric composites," Polymer Composites, 2008, 29(4): p. 364-371. 

15. Labronici, M. and Ishida, H., "Effect of degree of cure and fiber content on the 
mechanical and dynamic mechanical properties of carbon fiber reinforced PMR-15 
polyimide composites," Polymer Composites, 1999, 20(4): p. 515-523. 

16. Yi, S. and Hilton, H.H., "Effects of Thermo-Mechanical Properties of Composites on 
Viscosity, Temperature and Degree of Cure in Thick Thermosetting Composite Laminates 
during Curing Process," Journal of Composite Materials, 1998, 32(7): p. 600-622. 

17. Bogetti, T.A. and Gillespie, J.W., "Process-Induced Stress and Deformation in Thick-
Section Thermoset Composite Laminates," Journal of Composite Materials, 1992, 26(5): 
p. 626-660. 

18. Walker, S., Alavi-Soltani, S., Vo, T. and Minaie, B. Correlation between Cure State and 
Room Temperature Short Beam Shear Strength of an Out-of-autoclave Prepreg 
Composite. in 2011 SAMPE Spring Technical Conference and Exhibition - State of the 
Industry: Advanced Materials, Applications, and Processing Technology, May 23, 2011 - 
May 26, 2011. 2011. Long Beach, CA, United states: Soc. for the Advancement of 
Material and Process Engineering. 

19. Vo, T.M., Alavi-Soltani, S., Walker, S., Das, R. and Minaie, B. Effect of Post Cure 
TemperatureVariation on Compressive Properties of an Out-of-autoclave Prepreg 
Composite. in 2011 SAMPE Spring Technical Conference and Exhibition - State of the 
Industry: Advanced Materials, Applications, and Processing Technology, May 23, 2011 - 
May 26, 2011. 2011. Long Beach, CA, United states: Soc. for the Advancement of 
Material and Process Engineering. 

20. Bosze, E.J., Alawar, A., Bertschger, O., Tsai, Y.I. and Nutt, S.R., "High-temperature 
strength and storage modulus in unidirectional hybrid composites," Composites Science 
and Technology, 2006, 66(13): p. 1963-9. 

21. Enns, J.B. and Gillham, J.K., "Time-Temperature-Transformation (TTT) Cure Diagram: 
Modeling the Cure Behavior of Thermosets," Journal of Applied Polymer Science, 1983, 
28(8): p. 2567-2591. 

22. Eom, Y., Boogh, L., Michaud, V., Sunderland, P. and Manson, J.-A., "Time-cure-
temperature superposition for the prediction of instantaneous viscoelastic properties 
during cure," Polymer Engineering and Science, 2000, 40(6): p. 1281-1292. 

23. Kashani, P., Alavi-Soltani, S., Ghods, F. and Minaie, B., Development of Time-
Temperature Transformation Diagram during Cure of Polymer Composites Using Shear 
Rheometry and Thermal Analysis, in SAMPE Fall Technical Conference2008: Memphis. 



 

70 
 

24. DeMeuse, M.T., Gillham, J.K. and Parodi, F., "Evolution of properties of an 
isocyanate/epoxy thermosetting system during cure: continuous heating (CHT) and 
isothermal time-temperature-transformation (TTT) cure diagrams," Journal of Applied 
Polymer Science, 1997, 64(1): p. 15-25. 

25. Bilyeu, B., Brostow, W. and Menard, K.P., "Separation of gelation from vitrification in 
curing of a fiber-reinforced epoxy composite," Polymer Composites, 2002, 23(6): p. 
1111-1119. 

26. Kashani, P. and Minaie, B., "An ex-Situ State-Based Approach Using Rheological 
Properties to Measure and Model Cure in Polymer Composites," Journal of Reinforced 
Plastics and Composites, 2011, 30(2): p. 123-133. 

27. Grunenfelder, L.K. and Nutt, S.R., "Void formation in composite prepregs – Effect of 
dissolved moisture," Composites Science and Technology, 2010, 70(16): p. 2304-2309. 

28. Judd, N.C.W. and Wright, W.W., "{Voids and their effects on the mechanical properties 
of composites- an appraisal}," Sampe Journal, 1978, 14: p. 10-14. 

29. Hernández, S., Sket, F., Molina-Aldareguı´a, J.M., González, C. and Llorca, J., "Effect of 
curing cycle on void distribution and interlaminar shear strength in polymer-matrix 
composites," Composites Science and Technology, 2011, 71(10): p. 1331-1341. 

30. Brillant, M., Out-of-Autoclave Manufacturing of Complex Shape Composite Laminates, 
in Mechanical Engineering 2010, McGill University: Montreal, Canada. 

31. Liu, L., Zhang, B.-M., Wang, D.-F. and Wu, Z.-J., "Effects of cure cycles on void content 
and mechanical properties of composite laminates," Composite Structures, 2006, 73(3): 
p. 303-309. 

32. Jeong, H., "Effects of Voids on the Mechanical Strength and Ultrasonic Attenuation of 
Laminated Composites," Journal of Composite Materials, 1997, 31(3): p. 276-292. 

33. Mouritz, A.P., "Ultrasonic and Interlaminar Properties of Highly Porous Composites," 
Journal of Composite Materials, 2000, 34(3): p. 218-239. 

34. "The effects of flaws and voids on the shear properties of cfrp : Hancox, N.L. Journal of 
Materials Science Vol 12 (May 1977) pp 884–892," Composites, 1978, 9(3): p. 207. 

35. Yoshida, H., Ogasa, T. and Hayashi, R., "Statistical approach to the relationship between 
ILSS and void content of CFRP," Composites Science and Technology, 1986, 25(1): p. 3-
18. 

36. Greszczuk, L. Effect of voids on strength properties of filamentary composites in 22nd 
Annual Meeting of the Reinforced Plastics Division of The Society of the Plastics 
Industry. 1967. 



 

71 
 

37. Koushyar, H., Alavi-Soltani, S., Minaie, B. and Violette, M., "Effects of variation in 
autoclave pressure, temperature, and vacuum-application time on porosity and 
mechanical properties of a carbon fiber/epoxy composite," Journal of Composite 
Materials, 2011. 

38. ASTM, Standard Test Method for Short-Beam Strength of Polymer Matrix Composite 
Materials and Their Laminates, in ASTM Standard: D 2344/D 2344M – 002000. 

39. ASTM, Standard Test Method for Determining the Compressive Properties of Polymer 
Matrix Composite Laminates Using a Combined Loading Compression (CLC) Test 
Fixture, in ASTM Standard: D 6641/D 6641M – 012001. 

40. Gernaat, C.R., Correlation between Rheological and Mechanical Properties in a Low-
Temperature Cure Prepreg Composite, in Mechanical Engineering 2008, Wichita State 
University: Wichita, KS. 

41. Cook, W.D., Scott, T.F., Quay-Thevenon, S. and Forsythe, J.S., "Dynamic mechanical 
thermal analysis of thermally stable and thermally reactive network polymers," Journal 
of Applied Polymer Science, 2004, 93(3): p. 1348-1359. 

42. Ferry, J.D., Viscoelastic Properties of Polymers. 3rd edition ed. 1980: Wiley. 

43. Riande, E., Diaz-Calleja, R., Prolongo, M., Masegosa, R. and Salom, C., Polymer 
Viscoelasticity: Stress and Strain in Practice (Plastics Engineering). 1st ed. 1999: CRC 
Press. 879 pages. 

44. Sabzevari, S.M., Alavi-Soltani, S. and Minaie, B., "New method for estimating the extent 
of curing of thermosetting prepregs," Journal of Applied Polymer Science, 2011, 121(2): 
p. 883-891. 

45. ASTM, Standard Test Method for Glass Transition Temperature (DMA Tg) of Polymer 
Matrix Composites by Dynamic Mechanical Analysis (DMA), in ASTM Standard: D7028 
- 07e12008. 

46. Paiva, J.M.F.d., Santos, A.D.N.d. and Rezende, M.C., "Mechanical and morphological 
characterizations of carbon fiber fabric reinforced epoxy composites used in 
aeronautical field," Materials Research, 2009, 12: p. 367-374. 

 

 


	ABSTRACT
	TABLE OF CONTENTS
	INTRODUCTION
	LITERATURE REVIEW
	TECHNICAL APPROACH
	EXPERIMENTAL SETUP
	RESULTS AND DISCUSSION
	RELATIONSHIP BETWEEN STATE OF CURE AND MECHANICAL PROPERTIES
	MODELING
	CONCLUSIONS
	REFERENCES

