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ABSTRACT 
 

 
With an ever growing fleet of commercial airplanes utilizing composite 

structures, it is increasingly important to develop cost-effective and robust repair 

procedures.  Issues invariably occur during on-site repair which casts doubt on the 

structural suitability of the part.  This makes the ability to quantify the relationship 

between dwell temperature, cure state, and mechanical properties extremely important.   

Curing temperatures play a vital role in the difficulty of repairs.  Lower cure 

temperatures mean lower cost, less possibility of damage to surrounding material, and 

therefore, the potential for a more robust repair scheme. As such, low temperature cure 

materials are of great interest to the composite repair community. 

Current state-of-the-art says that cure must be very precise to ensure structural 

integrity.  As such, any repair with thermocouple readings outside a very narrow band 

must be reworked at substantial cost.  Often, when rejected repair materials are tested, 

they are found to be structurally sound.  The search for a solution to this problem has 

been the motivation for this study.   

  Rheometer testing quantifies the viscoelastic properties of the composite 

material as it cures.  This ex-situ approach allows a very detailed and accurate view of 

cure state properties.  These properties include glass transition temperature (Tg), gel time, 

vitrification time, G’ (storage modulus), G” (loss modulus), and Tanδ (G”/G’).  Glass 

transition temperature, gel time, and G’ were used to correlate viscoelastic properties 

with mechanical properties.   

The mechanical properties of interest were short beam shear strength, 

compression strength, compression modulus, compressive Poisson’s ratio, tension 
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strength, and tension modulus. Correlations were attempted for all mentioned mechanical 

properties.  It was found that the highly resin-dominated compression and short beam 

shear strengths showed a strong correlation with viscoelastic properties.  Both of these 

mechanical properties showed a very strong relationship to the nearly constant portion of 

the storage modulus G’ after curing is complete.  Compression and short beam shear 

strengths showed a weaker relationship with Tg, and none of the properties considered 

showed good correlation with gel time.  All other mechanical properties showed little or 

no change based on dwell temperature and, therefore, no acceptable correlation to 

viscoelastic properties was achieved.  

Mechanical properties which correlated well with the viscoelastic properties 

showed no statistical difference for dwell temperatures from 200˚F to 260˚F, and the non-

resin-dominated properties showed little difference from 180˚F to 260˚F.  This significant 

finding indicates that fiber-dominated properties remain constant for a wide range of cure 

temperatures. Resin-dominated properties remain statistically constant over a much larger 

cure temperature range than currently utilized by industry. 
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CHAPTER 1 

INTRODUCTION 

 
 

1.1  Composite Materials 

 
 Composites represent a category of structural engineering materials which combine two 

distinct components, a matrix and a reinforcement to create a new material with better properties 

than either component separately.  Composites have been commonplace in many industries for 

years [1].  A very common composite material is steel reinforced concrete.  The matrix in this 

material is concrete and the steel rebar is the reinforcement.  The composite displays much 

improved mechanical properties, particularly in tension, than the matrix alone. 

 The use of composite materials spans many industries.  This study emphasizes on carbon 

fiber reinforced polymer composites.  Polymer composites are grouped as thermosetting and 

thermoplastic.  Thermoplastic polymers can be readily melted and formed multiple times [1].  As 

such, they are superior materials for most consumable plastic products and are used extensively 

in industry.  Unfortunately these materials tend to have relatively poor strength and stiffness 

compared to their thermosetting counterparts and, thus, they are not generally suitable for high 

strength structural applications.  Thermoset (e.g., epoxy) polymers undergo an irreversible 

chemical curing process.  These materials are not readily melted or re-used. They are becoming 

extremely popular in the aerospace industry due to their exceptional strength to weight ratio and 

excellent resistance to fatigue and corrosion [1].  They are available in a multitude of forms, and 

allow for a great deal of flexibility in structural design. 
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1.2  Prepreg Composite Materials 

 
Fiber reinforced composites are generally supplied as either dry fibers or as 

preimpregnated (prepreg) material [2].  Dry fibers must be “wetted” with adhesive matrix in a 

secondary processing step while prepreg materials are supplied already wetted with adhesive.  

Prepreg materials are generally much easier to handle than dry fiber and they are used 

extensively for many aerospace applications such as Boeing 737 and 777 nacelles [3].  Prepreg 

materials can be supplied as unidirectional (UD) material with all fibers oriented in the same 

direction, or in a variety of woven cloths.  This study will focus on plain woven thermoset 

prepreg composite material.  Plain weave material gives a multi-ply laminate isotropic (in the 

0/90 directions) properties as compared to the highly anisotropic properties seen in a 

unidirectional prepreg. 

1.3  Curing 

 

Thermoset composite curing is an irreversible process during which the polymer changes 

from a viscous fluid to an elastic solid.  Initially the polymer is in fluid state. A drop in viscosity 

at the initial stages of cure is a very common phenomenon. It is caused by the temperature 

increase due to the heat which is introduced to accelerate the cure and due to the exothermic 

nature of the reaction [4].  As the polymer chains interlink and their molecules enlarge the 

viscosity increases.  When a 3-D network is fully formed, gelation or the “gel point” is said to 

have been achieved and a large percentage of cross linking is complete.  The characteristic of 

this point is the rapid increase in the viscosity.  Eventually the viscosity will reach a plateau 

value at which point most possible cross-linking has been accomplished.  This plateau transition 
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is termed vitrification.  When the heat source used for curing is removed the material completes 

its transition to a glassy, brittle solid and becomes a structural part. 

1.4  Industry Issues Leading to This Study 

 
The proliferation of structural composites in commercial aircraft makes it imperative to 

develop robust repair procedures.  Initial composite panel designs for commercial aircraft 

considered only small scale composite repairs.  Over the years larger and larger repairs have 

been needed due to unforeseen environmental conditions and increased loads. A recent paper 

described the challenges involved in the repair of a 7ft by 3ft section of a commercial thrust 

reverser structural panel (see Figure 1) [3].  The structural panel required replacing large sections 

of honeycomb core along with replacement of facesheet lamina.   

 
 

Figure 1.  Large composite repair [3] 
  

BEFORE AFTER 



4 
 

Often the airline or the manufacturer’s service center must complete this type of repair on site.   

Most composite materials must be cured at 350˚F to reach their maximum mechanical properties.  

The higher the cure temperature, the more skill is required in the successful completion of a 

repair.  The high temperature also increases the risk of affecting surrounding material.  Industry 

experience has shown that excessive temperature can cause core-to-facesheet disbonding in 

sandwich structures.  Disbond occurs when the adhesive bond between honeycomb core and the 

laminate face sheet degrades to the point that the two constituents no longer contact one another. 

Loss of bond strength between the honeycomb core and laminate face sheet compromises the 

structural integrity of the panel as shear loads can no longer be effectively transferred to the core 

and the facesheet is prone to buckling due to lack of support provided by the bond.  This loss of 

bond due to overheat can cause structural failure.  Lower curing temperatures decrease the risk of 

such damage during repair.  Lower curing temperatures also mean lower cost for equipment as 

well as a less intrusive and potentially more robust repair scheme.  Newly emerging high 

strength, low cure temperature materials are of great interest to the composite repair industry.  

This investigation quantifies the correlation between cure condition and mechanical properties of 

a low temperature (260˚F) cure carbon fiber prepreg material.   

Composite repairs come with their own special set of challenges different from their 

metal equivalents.  Before the new material is added, the damaged material must be removed, the 

surface prepared through taper-sanding, and lastly new material must be added [3].  The new 

material must then be cured using a closely monitored heat cycle (see Figure 5 for an example).  

Often, issues occur in on-site repairs and the mechanical properties of the material are called into 

question.  Beyond the well documented thermocouple hold tolerance of +15˚F/-12˚F, quite often 

thermocouples will give inexplicably erroneous readings, heat blankets may have inadequate 
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electrical supplies causing excessive variability, or worse yet, the system may crash altogether.  

When this occurs questions of conformity for certification are inevitably raised.  In this situation 

a grounded airplane and therefore substantial lost revenue may result from a repair whose quality 

cannot be properly verified.  It is important to know the relationship between state of cure and 

mechanical properties so that in the event of an unexpected field issue the repair can be verified 

without a destructive inspection.  Current state of the art says that the cure must be very precise 

to ensure structural integrity.  As such, any repair with thermocouple readings outside a very 

narrow band must be reworked.  Experienced service centers have had many painful experiences 

in which repairs were rejected at great cost in time, money, and reputation.  When rejected 

materials were tested they were found to be acceptable for service.  A solution for this problem 

has been the motivation for this study.   

1.5  Material 

 

The material investigated is plain weave Cytec CYCOM 5215.  This material is specifically 

designed for low temperature curing using vacuum bagging as opposed to an autoclave. This 

makes it an excellent candidate for repair since an autoclave is rarely available in the field.  Two 

standard cure cycles are recommended for this material: 

a)  14 hours cure at 150˚F under vacuum bag pressure followed by a 2-hour 350˚F free 

standing post cure. 

b) 2 hours cure at 260˚F under vacuum bag pressure with no post cure. 

Some basic expected material properties are summarized below: 
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TABLE 1  

 
CYTEC 5215 PW PROPERTIES [4] 

 

Property 
Carbon Fiber Fabric Prepreg 

Fiber Type G30-500-3K-PW 

Resin Content by Weight 40 +/- 2% 

Areal Fiber Weight 193 +/-5 g.m2 

Nominal cured prepreg thickness 8.3 mil 

Neat Resin Density 1.24 g/cm3 

 
 
 
 
 
 
 

TABLE 2   
 

MECHANICAL PROPERTIES OF CYTEC 5215 PW CURED AT STANDARD 260F CURE 
CYCLE [4] 

 

Test Test Method 260 ˚F Cure Standard Cure 

Compression 
(90/0)2s – 8 ply 
180˚F Wet 

SACMA 
6-94 

102 Ksi 107 Ksi 

Tg - DMA 
SACMA 
SAR 18R-94 

325˚F 375˚F 

 

The manufacturer recommends that the ambient temperature be less than or equal to 75˚F during 

layup to prevent air entrapment.  This was followed during panel build up. 
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1.6  Theoretical Background 

1.6.1  Rheology and Viscoelasticity 

 
 Rheology is the study of deformation and flow of matter.  It is concerned with the 

viscoelastic behavior of matter when force is exerted on it.  Rheology differs from fluid 

dynamics in that it is concerned with both liquid and solid states of matter whereas fluid 

dynamics is concerned only with liquids. Unlike polymer chemistry, rheology is concerned with 

macroscopic properties not with microscopic structure. The results of rheology provide a 

description of the viscoelastic behavior of matter [6]. 

 Viscoelasticity is the most relevant theory for the description of semi-liquid/semi-solid 

material properties.  Hookean solid and Newtonian fluid theories contain intrinsic assumptions 

which are acceptable for most situations. These theories, however, are not able to explain the 

behavior of material when it exhibits a combination of fluid and solid behaviors.  In a Hookean 

solid when a force is applied to a material, elastic strain immediately occurs and when the force 

is removed the material returns to its original shape just as quickly.  In a viscoelastic material, 

however, the initial strain and return to the original shape are time dependent and exhibit a 

hysteresis loop as shown in Figure 2.   

 

Figure 2.  Linear elastic material (a) viscoelastic material (b) [7] 
 



8 
 

So new terms must be introduced to the traditional Hooke’s law for rotational systems in order to 

account for the hysteresis lag as shown in Equations 1-3: 

   
γ

τ
=G          (1) 

where: 

τ = Torsional Shear Stress 

γ = Rotational Strain 

In contrast to the elastic modulus which is a quasi-static property, rheological moduli are 

dynamic in nature.   

Equivalent to Hooke’s law for a viscoelastic material [8]: 

( )δ
ε

σ
cos'=G         (2) 

( )δ
ε

σ
sin"=G         (3) 

where : 

G’ = dynamic storage modulus 

G” =  dynamic loss modulus 

δ = phase shift angle between stress and strain 

Storage modulus is very similar to the shear modulus G, but due to its dynamic nature 

will not have the same value.  The loss modulus signifies losses due to the heat and viscous 

losses during the stress/strain cycle. 

These terms can also be combined to form a complex dynamic modulus G* as shown in equation 

4: 

   "'* iGGG +=         (4) 

These properties are related to the dynamic viscosity by equation 5 : 
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ηη
ω

′′−′=
′′+′

i
i

GiG
       (5) 

 In this study a parallel plate rheometer is used to determine these factors from applied 

torque.  The measurements made by the equipment are the angular displacement of the actuator, 

θ, and the transducer moment, M. The stress depends on the torque and θ yields a strain value as 

shown in Equations 7 and 8: 

   θγ
H

R
=         (6) 

   
( )3

2

R

M

π
τ =         (7) 

where : 

R = Sample Radius 

H = Sample Thickness 

θ = Rotation Angle 

M = Transducer Moment 

These values taken over time allow calculation of G’, G”, and the lag angle δ [9, 10, 11]. 

1.6.2  Statistical Analysis 

 
 Several statistical terms and analyses are utilized in this paper to show variation in data 

and to determine if sets of data are a member of the same population and therefore show no 

statistically significant difference.   

The standard deviation is a very common statistical measure of the dispersion of a 

collection of a data.  The standard deviation is calculated by equation 8: 

  ( )∑
=

−=
N

i

i xx
N 1

21
σ        (8) 
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where: 

 N = number of samples  

ix = individual data value 

x = sample mean.   

Standard deviation gives a good indication of the variation within a data set. 

 Another value used throughout this paper is the coefficient of variation.  The coefficient 

of variation is calculated by equation 9: 

   100×=
µ

σ
CV                                                                       (9) 

where: 

 x  = Data Set Mean 

 σ = Standard Deviation 

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

 The final method of statistical analysis utilized in this study is a one way ANOVA.  This 

method is a hypothesis test for the analysis of variance in multiple data sets.  It is used to show 

whether there is a statistically significant difference between different data sets based on a 

specified parameter.  In this case, ANOVA is used to determine whether statistically significant 

differences exist based on cure dwell temperature.  A statistical data analysis package, Minitab, 

was used to calculate these results. A sample of the output is shown below: 

Individual 95% CIs For Mean Based on 

                        Pooled StDev 

Level  N   Mean  StDev   --+---------+---------+---------+------- 

180    5   2409    244   (-*) 

200    5  10596    261                                    (*-) 

220    5  10300    523                                   (*-) 

240    5  10594    524                                    (*-) 

260    5  10496    385                                   (-*) 

                         --+---------+---------+---------+------- 

        

Overlapping 
Confidence 
Intervals 
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If the data shows an overlap in the confidence intervals then 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.  As can be seen above there is no chance 

that the 180˚F confidence interval will achieve the same mean value as the 200˚F-260˚F 

intervals.  As such, there is a statistically significant difference between the 180˚F data set and 

the 200˚F-260˚F data sets [12].   

In conjunction with ANOVA testing, Minitab was used to calculate the statistical power 

based on the number of samples in a given data set.  Since ANOVA is an analysis of means its 

power is greater for small sample sizes sets if the separation between the means is large.  

Ironically this means that highly consistent data requires a larger sample size to properly discern 

a statistically significant difference between levels.  Although there is no standard for statistical 

power the general rule of thumb is that a sample size is sufficient if the power is .8 or greater.   

1.7  Previous Work 

 
 A few studies have been made of mechanical properties as they relate to viscoelastic 

and/or cure properties. The most similar to this study is the work performed by Soo-Young Lee 

and George Springer [13].  In their study, Dynamic Scanning Calorimetry (DSC) measurements 

were taken in order to determine degree of cure α, then tensile, compressive, and shear testing 

was performed on samples with a range of known degrees of cure (α=0.6 to 0.96).  They found 

that for the resin alone, compressive strength increased with degree of cure, shear and tensile 

strength decreased , and the moduli for all three properties were unchanged.  For the fiber/matrix 

combination the moduli of all three properties continued to show no change.  For the strength 

properties, compressive strength showed a 20% increase from α=0.6 to 0.7 and was unchanged 
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with further cure.  Tensile strength showed a slight downward trend with increased degree of 

cure, but was mostly unchanged.  Similar relationships were seen herein. 

In another study the relationship between loss modulus G” and the degree of cure α was 

investigated [14].  It was found that G” is an excellent indicator for degree of cure exhibiting a 

relatively linear relationship.  The behavior of G” during secondary curing was shown.  This 

behavior included a secondary peak in G” due to continued cross linking in material that was not 

fully cured.  This behavior was noted as well. 

A third study was conducted with respect to the temperature dependence of storage 

modulus E’ and tensile strength [15].  The purpose of this study was to quantify the elevated 

temperature properties of pultruded composites.  Dynamic Mechanical Analysis (DMA) was 

used to produce E’.  The tensile modulus was found to be constant even at elevated temperatures 

approaching Tg.  This showed that tensile modulus was not dominated by the state of the 

fiber/matrix interface.  The storage modulus was found to show excellent correlation with the 

tensile strength, however, based on test temperature.  The storage modulus is a primary 

correlating parameter for this study. 

 Another study was conducted to determine the impact of fiber content and degree of cure 

on 3-point bending strength, flexural modulus, and Izod impact testing [16].  Samples were 

tested using DMA to determine E’, E” and tanδ.  The peak in E” was used to determine glass 

transition temperature.  The investigation showed that increased fiber content caused an increase 

in E’.  In addition, the study found that there was a good linear correlation between degree of 

cure (α) and Tg. 

A fifth study investigated in-plane mechanical, thermal, and viscoelastic properties of a 

carbon/epoxy composite [17].  The study investigated the tensile, compressive, and shear 
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strengths of AGP370-5H satin carbon fiber/epoxy prepreg.  The viscoelastic behavior was taken 

after the cure cycle was complete and was used primarily to determine the Tg of the material.  

While no attempt was made in this study to relate the viscoelastic properties to the mechanical 

properties, the viscoelastic behavior was similar to the samples in this investigation as was the 

typical stress/strain profiles for mechanical properties. 

Finally, a study was made of mechanical and viscoelastic properties of sisal fiber 

composites [18].  The aim of this study was to quantify the mechanical tensile and creep 

(viscoelastic) properties for different fiber and resin processing conditions.  Similar to this study, 

it was found that processing parameters including temperature, resin, and fiber size played a vital 

role in the mechanical properties of the material.  This study is concerned specifically with the 

impact of cure temperature on mechanical properties. 
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CHAPTER 2 

EXPERIMENTAL SETUP 

2.1  Rheometer Testing  

 
An ATD CSS 2000 parallel plate Encapsulated Sample Rheometer (ESR) was used to 

continuously monitor the cure state of the samples.  Tg and viscoelastic properties related to the 

resin viscosity are obtained using this rheometer.  The hardware setup and rheometer sample are 

shown in Figure 3 and Figure 4.  

 

Figure 3.  Rheometer setup 
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Figure 4.  Rheometer sample 
 

Samples were approximately 0.125” thick and 1.63” in diameter.  Each sample was encapsulated 

in thin plastic sheets and encircled by high temperature silicone o-ring to prevent resin bleed.  

The rheometer is designed with 20 ridges on each side of the sample which allow some resin to 

flow into them and allow for excellent sample gripping even under high torque.  Due to the fact 

that the rheometer produces very high pressure between the parallel plates (290-580psi) the 

quality of the laminate is comparable to a vacuum bag or autoclave cure [19, 20].  The rheometer 

is calibrated according to the NIST standards [21]. 

The viscoelastic parameters graphed by the rheometer software are storage modulus (G’), 

loss modulus (G”) and the damping term tanδ (G”/G’).  Testing is performed at a constant 

frequency (ω) of 1 Hz. 

The samples were subjected to a typical repair time-temperature cure cycle.  The 

suggested repair cure cycle includes a ramp up of 1˚F-7˚F per minute to the desired cure 

temperature, 120-150 minute dwell followed by a 1˚F-10˚Fper minute ramp down.  The 

minimum cycle time within the above specification was chosen for initial experimental 

investigation. This may not be the optimal choice, but it would be the most economical for repair 

purposes.  The cure cycle used for initial rheometer testing was 7˚F/min ramp up, 120 minute 
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dwell time, and 10˚F/min ramp down (see Figure 5). The dwell temperature was varied from 

180˚F to 260˚F in 10˚F increments.  Two samples were cured at each dwell temperature.  The 

first (260˚F) mechanical test panel was cured at Sprit AeroSystems in their high tech industrial 

oven which was fully capable of the rheometer cure cycle.  It was discovered that the Yamato 

DKN600 oven used at the WSU lab was capable of 4˚F/min ramp up and a 1˚F/ min ramp down. 

Since cure is dependent on time-temperature history, it was suspected that additional curing 

would occur due to the extended time at elevated temperature during the ramp down phase of the 

cycle (see  

Figure 6).  In order to determine whether this suspected curing did in fact occur, further 

rheometer runs were performed at 180˚F, 200˚F, 220˚F, and 240˚F using the cure profile 

obtained from the Yamato DKN600.  These rheometer samples represented the mechanical test 

panels.  For all samples, a secondary temperature cycle was included in rheometer runs after the 

primary cure cycle was complete so that glass transition temperature (Tg) could be determined. 
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Figure 5.  Initial rheometer cure cycle + Tg 
 
 

 
 

Figure 6.  Oven cure cycle + Tg 
 
After intial mechanical testing was conducted, a large drop in mechanical properties was 

discovered at 180˚F.  A third cure cycle was developed to determine whether samples which did 

not show indications of complete curing could reach a fully cured state with an increased dwell 

time.  This cycle used the same temperature ramps as the initial cure cycle and a dwell time of 

300 minutes (see  

Figure 7). 
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Figure 7.  Low temperature extended dwell cure cycle + Tg 
 

The rheometer samples tested using the initially designed cure cycle are used for 

statistical analysis.  This decision was made because all dwell temperatures were not duplicated 

using the oven cure cycle.  An unequal number of samples per dwell temperature would have led 

to what is referred to as an unbalanced ANOVA test.  An unbalanced ANOVA requires a great 

deal more statistical analysis and understanding to prove its validity.  Further justification for this 

decision is presented in the rheometer results section. 

2.2  Mechanical Testing 

 
In order to determine mechanical properties short beam shear, tension, and compression 

tests were performed.  Five panels were cured at 20˚F dwell temperatures increments from 180 

˚F to 260˚F in order to fulfill the requirements shown in Table 3.  Panel lay-up placed all plies at 

0 degree orientation.  Lay-up order of the vacuum bagging materials turned out to be of critical 

importance in producing an acceptable panel.  The panel lay-up is shown in Figure 8.  This lay-
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up is known as a no-bleed system as it fully encapsulates the laminate with non-porous release 

film which prevents resin from bleeding out of the panel and causing excessive voids.  It is 

similar to the lay-up suggested in ASTM standard D5687 with the exception that a separate resin 

dam for further prevention of resin bleed was not used [22].  This lay-up proved to be highly 

successful and produced panels with a glass-like finish and no visible surface voids.  The panels 

were then cut into coupons as seen in Figure 9. 

 

 

 

 

 

 

Vacuum Bag 

Aluminum 
Mold 

Vacuum Attachment 

Vacuum Seal 

2 Mil FEP 

Release Film 

Caul Plate 

Laminate 

Cloth Bleeder 

Figure 8. Panel Layup 



20 
 

 

 
 

Figure 9.  Mechanical testing panel layout 
 

TABLE 3   
 

CYTEC 5215 PW MATERIAL TEST MATRIX 
 

Cure Temperature Thickness 
Inches (plies) 

Test Type Quantity Specimen Size 
(inches) 

180 
 

0~0.12 (16) SBS 
Tension 

Compression 

5 
5 
5 

0.25” x 0.75” 
10” x 1” 

5.5” x .5” 

210 
 

0~0.12 (16) SBS 
Tension 

Compression 

5 
5 
5 

0.25” x 0.75” 
10” x 1” 

5.5” x .5” 

240 0~0.12 (16) SBS 
Tension 

Compression 

5 
5 
5 

0.25” x 0.75” 
10” x 1” 

5.5” x .5” 

260 0~.12 (16) SBS 
Tension 

Compression 

5 
5 
5 

0.25” x0 .75” 
10” x 1” 

5.5” x .5” 
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The parts were finish machined to the tolerances specified in the appropriate testing standards.   

The short beam shear standard (ASTM D2344) was chosen as it is the most common 

industry standard for inexpensive shear property determination (see Figure 10).  This test 

involves a transverse load applied at the center of a specified span length for 3-point bending 

response.  The samples are rectangular beams measuring 2 times the thickness in width and 6 

times the thickness in length [23].      

 

 

Figure 10. Short beam shear load diagram from ASTM D2344 
 

Testing was performed on an MTS universal testing machine using a cross head speed of 

0.05 in/min.    

Tension test standard ASTM -D3039 was chosen as it uses a simple rectangular sample 

as opposed to a more costly and difficult to machine dog-bone sample [24].  The test standard 

allows the use of a sample without holding tabs.  Initial testing, however, showed that tabbing as 

shown in Figure 11 was needed to prevent breakage in the gripping region.   



 

Figure 11.  Typical tabb
 
Gripping region failure is an unacceptable failure

tension [24].  The specimens were tabbed for 

instrumented with strain gauges to allow 

were conducted at a cross-head speed of 

ASTM standard D6641, a combined shear and compression standard was chosen for 

compression testing as industry experience and ASTM guidance showed 

appropriate for stranded fiber material than a pure compression test such as ASTM D695 which 

is more appropriate for testing unreinforced plastics and adhesives

and setup are simpler for this standard as the sample is an untabbed rectangle (see 

22 

 

.  Typical tabbed sample from ASTM D3039/D3039M

Gripping region failure is an unacceptable failure mode dominated by shear as opposed to

were tabbed for the tension testing.  The tension samples were 

instrumented with strain gauges to allow tensile strength and modulus to be determined.  Tests 

head speed of 0.05 in/min. 

ASTM standard D6641, a combined shear and compression standard was chosen for 

compression testing as industry experience and ASTM guidance showed that it was more 

appropriate for stranded fiber material than a pure compression test such as ASTM D695 which 

is more appropriate for testing unreinforced plastics and adhesives [25,26,27].  The machining 

and setup are simpler for this standard as the sample is an untabbed rectangle (see 

 

ed sample from ASTM D3039/D3039M 

mode dominated by shear as opposed to 

the tension testing.  The tension samples were 

tensile strength and modulus to be determined.  Tests 

ASTM standard D6641, a combined shear and compression standard was chosen for 

that it was more 

appropriate for stranded fiber material than a pure compression test such as ASTM D695 which 

].  The machining 

and setup are simpler for this standard as the sample is an untabbed rectangle (see Figure 12).   
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Figure 12.  Typical combined load compression fixture from ASTM D6641 [26] 
 

The one disadvantage of this standard is that back to back strain gauges are required in 

the gauge area to assure that Euler buckling and excessive bending do not occur [28].  In an 

attempt to prevent buckling the minimum acceptable gauge length was calculated as shown in 

equations 10-11.   
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       (10) 

 
 
where: 
h = specimen thickness (in.) 
lg = length of gage section, mm (in.) 
Fcu = expected ultimate compressive strength (psi) 
Ef = expected flexural modulus (psi) 
Gxz = through-the-thickness (interlaminar) shear modulus (psi). 
 
From Cytec published data and measured values: 
 
h =0.125in 
lg =required information 
Fcu =100000 psi 
Ef = 9Msi 
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In lieu of making calculations for Gxz, a value of 0.60 Msi is assumed as it is a reasonable 

estimate for most polymer matrix composite materials tested at room temperature [26]. 

So: 
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  96.0=gl in   (11) 

 

Since the gauge length used in all testing was 0.5” there is no expectation that buckling would be 

an issue.  Unfortunately, excessive bending and buckling failures are not readily apparent 

without strain data.  So the calculation above is used as a guide.   

The test produces compressive strength for all 5 samples.  Compressive Poisson’s ratio 

and compressive modulus was found for 2 of the five specimens through the use of biaxial strain 

gauges.   

Compression testing was conducted by a universal testing machine at a cross-head speed 

of 0.05 in/min. 
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CHAPTER 3 
 

EXPERIMENTAL RESULTS AND DISCUSSION 

3.1  Rheometer Results 

 
Rheometer tests were performed in accordance with the test matrix shown in  

 
Table 4. 

TABLE 4   
 

RHEOMETER TEST MATRIX 

Sample Number Ramp Up Dwell Temperature Dwell Time Ramp Down 

 (˚F/Min) (˚F) (Min) (˚F/Min) 

1 7 220 120 10 

2 7 210 120 10 

3 7 200 120 10 

4 7 190 120 10 

5 7 250 120 10 

6 7 240 120 10 

7 7 230 120 10 

8 7 220 120 10 

9 7 210 120 10 

10 7 200 120 10 

11 7 200 120 10 

12 7 190 120 10 

13 7 180 120 10 

14 7 250 120 10 

15 7 240 120 10 

16 7 180 120 10 

17 7 260 120 10 

18 4 240 120 1 

19 4 240 120 1 

20 4 220 120 1 

21 4 220 120 1 

22 4 180 120 1 

23 4 200 120 1 

24 4 200 120 1 

25 4 190 120 1 

26 4 190 120 1 

27 4 190 120 1 

28 4 190 120 1 

29 4 180 120 1 

30 4 180 120 1 

31 7 260 120 10 

32 7 180 300 10 

33 7 180 300 10 

34 7 230 120 10 

35 7 190 300 10 

36 7 230 120 10 



 

The test matrix was adjusted and added to as information from

available. 

 The rheometer results give us an indication of a number of important parameters in the 

curing process such as glass transition temperature (T

state of cure and of the final stiffness of the 

determining Tg also gives an indication as to whether the sample has

characteristic peak in G’ as well as secondary peaks in G” and Tan

cured.   

In response to the discovery that the 

originally designed cure cycle shown in Figure 5, a series of samples was tested to determine the 

impact to cure state and properties.  The greatest concern

which did not exhibit full curing.  For these dwell temperatures 2 samples were cured, for the 

remaining temperatures (200˚F, 220

runs can be seen in Figure 13. 

Figure 13.  G' results for 4
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The test matrix was adjusted and added to as information from mechanical testing became 

The rheometer results give us an indication of a number of important parameters in the 

curing process such as glass transition temperature (Tg) and gel time as well as indications of the 

stiffness of the cured sample.  The secondary temperature cycle for 

also gives an indication as to whether the sample has been fully cured as there is 

as well as secondary peaks in G” and Tanδ if the sample is not 

In response to the discovery that the Yamato DKN600 was incapable of duplicating the 

originally designed cure cycle shown in Figure 5, a series of samples was tested to determine the 

impact to cure state and properties.  The greatest concern was for the 180˚F-190˚F

which did not exhibit full curing.  For these dwell temperatures 2 samples were cured, for the 

, 220˚F, 240˚F) only one sample was cured.  Results from these 

.  G' results for 4˚F/min ramp rate for 180˚F-240˚F dwell temperatures

mechanical testing became 

The rheometer results give us an indication of a number of important parameters in the 

) and gel time as well as indications of the 

The secondary temperature cycle for 

fully cured as there is 

if the sample is not fully 

was incapable of duplicating the 

originally designed cure cycle shown in Figure 5, a series of samples was tested to determine the 

˚F samples 

which did not exhibit full curing.  For these dwell temperatures 2 samples were cured, for the 

Results from these 

 

dwell temperatures 



 

 
Note the similarity of the results in Figure 13 to those of

of the calculated parameters such as gel time, final cured G’, and T

behavior, however, has not changed as seen in figures 14

the reduction in complexity associated with the use of a balanced sample

used for all statistical analysis as the intent of this investigation is to correlate behavior as 

opposed to the creation of predictive

sufficient for validation of the ANOVA analysis with 

Figure 14.  Normalized Final G' for 4
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Note the similarity of the results in Figure 13 to those of Figure 20.  The values of some 

of the calculated parameters such as gel time, final cured G’, and Tg have changed

has not changed as seen in figures 14-18.  Since this is true and 

reduction in complexity associated with the use of a balanced sample set, 7˚F

as the intent of this investigation is to correlate behavior as 

opposed to the creation of predictive models.  In addition, for all cases statistical power was 

of the ANOVA analysis with data provided by 7˚F/min samples

.  Normalized Final G' for 4˚F/min and 7˚F/min ramp rates

he values of some 

have changed.  Their general 

s is true and because of 

˚F/min data is 

as the intent of this investigation is to correlate behavior as 

.  In addition, for all cases statistical power was 

samples. 

 

/min ramp rates 



 

Figure 15.  Normalized gel time for 4
 
 

 

Figure 16. Normalized T
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.  Normalized gel time for 4˚F/min and 7˚F/min ramp rates

Normalized Tg from G’ for 4˚F/min and 7˚F/min ramp rates

200 220 240 260

Dwell Temperature (F)

4 FPM 7 FPM

 

/min ramp rates 

 

/min ramp rates 

260



 

 

Figure 17. Normalized T
 
 

 

Figure 18.  Normalized T
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Normalized Tg from G’’ for 4˚F/min and 7˚F/min ramp rates

.  Normalized Tg from tanδ for 4˚F/min and 7˚F/min ramp rates

200 220 240 260

Dwell Temperature (F)

4 FPM 7 FPM

 

/min ramp rates 

 

/min ramp rates 

260



 

3.1.1  G’ Results 

 

G’ is the real component of the material’s dynamic viscosity.  It is also known as the 

storage factor and is similar though not identical to the shear modulus G.  This parameter 

an indication of gel time, Tg, state of cure, and of the final 

Figure 19).  As such, its graph is very useful in characterizing the cure process.

Figure 

When G’ from multiple cure cycles are graphed together 

relating to possible values to use for correlation (s

indicating completion of cure was relatively stable, it was not achieved for all specimens and 

therefore was not ideal for correlation.  Instead

completion of curing and before the 

with mechanical properties. 

Sudden Increase 

Indicates Gel Point

30 

G’ is the real component of the material’s dynamic viscosity.  It is also known as the 

storage factor and is similar though not identical to the shear modulus G.  This parameter 

, state of cure, and of the final stiffness of the cured sample

its graph is very useful in characterizing the cure process. 

Figure 19.  Typical G’ vs. time graph 

from multiple cure cycles are graphed together observations can be made 

alues to use for correlation (see Figure 20). While the plateau value 

indicating completion of cure was relatively stable, it was not achieved for all specimens and 

therefore was not ideal for correlation.  Instead, the average final cured value of 

completion of curing and before the secondary Tg determination cycle was chosen for correlation 

Sudden Increase 

Indicates Gel Point 

Tg – Rapid 
Decline in G’ 

Final Cured G’ 

Stable Plateau 
indicates complete 
curing 

Absence of peak 
during Tg cycle 
indicates complete 
curing 

G’ is the real component of the material’s dynamic viscosity.  It is also known as the 

storage factor and is similar though not identical to the shear modulus G.  This parameter gives 

of the cured sample (see 

 

observations can be made 

lateau value 

indicating completion of cure was relatively stable, it was not achieved for all specimens and 

the average final cured value of G’ after the 

cycle was chosen for correlation 



 

Figure 20.  G' for a typical sample at each dwell temperature 

 
A peak during the Tg portion of the 

that further curing occurs.  As such

dwell time as opposed to 120 minutes to determine whether they were capable of obtaining a 

state of complete cure.   

For a 190˚F sample, an increase in dwell time did allow the sample to reach a plateau 

value during cure.  There was still indication of 

but qualitatively it was significantly less than in the 120 minute cycle.  This indicates that an 

increase in dwell time will improve the cure state and increase the glass transition temperature 

for this material.   

Plateau value 
reached 200
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sample at each dwell temperature using the originally designed cure 
cycle 

portion of the cure cycle in 180˚F-200˚F specimen data

.  As such, samples at 180˚F and 190˚F were run with a 300 minute 

ll time as opposed to 120 minutes to determine whether they were capable of obtaining a 

sample, an increase in dwell time did allow the sample to reach a plateau 

value during cure.  There was still indication of further curing during the Tg determination cycle, 

but qualitatively it was significantly less than in the 120 minute cycle.  This indicates that an 

increase in dwell time will improve the cure state and increase the glass transition temperature 

Final cured G’ 
similar 190-260F 

Plateau value 
reached 200-260F 

Indication of further 
curing during Tg 

Cycle 180

 

using the originally designed cure 

specimen data indicates 

were run with a 300 minute 

ll time as opposed to 120 minutes to determine whether they were capable of obtaining a 

sample, an increase in dwell time did allow the sample to reach a plateau 

determination cycle, 

but qualitatively it was significantly less than in the 120 minute cycle.  This indicates that an 

increase in dwell time will improve the cure state and increase the glass transition temperature 

Indication of further 
curing during Tg 

Cycle 180-200F 



 

 

Figure 21.  G' for 120 minute and 300 minute dwell times at 190
 

As seen during the two 120 minute dwell 

time and never achieved a stable plateau G’ which indicate

also the level of agreement between sample runs, the two 120 minute runs are nearly 

indistinguishable from one anoth

justifies running two samples per cure cycle as opposed to the more traditional and statistically 

significant five samples for each test.

cured G’ for 180˚Fsamples increased indicating further curing, but its final G’ is still 

significantly less than that for all other samples

240˚F dwell temperatures the final G’ was similar for 7

23-26). 
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.  G' for 120 minute and 300 minute dwell times at 190˚F dwell temperature

As seen during the two 120 minute dwell time runs, the sample barely reached its gel 

and never achieved a stable plateau G’ which indicates the cure is not completed

also the level of agreement between sample runs, the two 120 minute runs are nearly 

indistinguishable from one another.  This shows the repeatability of the rheometer tests and 

running two samples per cure cycle as opposed to the more traditional and statistically 

s for each test.  Five samples were used for mechanical tests. 

samples increased indicating further curing, but its final G’ is still 

significantly less than that for all other samples (see Figure 13 and Figure 22).  For the 190

dwell temperatures the final G’ was similar for 7˚F/min and 4˚F/min samples

Indication of 
further cure in Tg 

cycle 

Plateau value reached in 
300 minute  dwell 

 

dwell temperature 

the sample barely reached its gel 

the cure is not completed.  Notice 

also the level of agreement between sample runs, the two 120 minute runs are nearly 

shows the repeatability of the rheometer tests and 

running two samples per cure cycle as opposed to the more traditional and statistically 

ive samples were used for mechanical tests.  The final 

samples increased indicating further curing, but its final G’ is still 

.  For the 190˚F-

/min samples (see figures 



 

Figure 22.  G' results for 180
 

Figure 23.  G' results for 190
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.  G' results for 180˚F samples cured at 7˚F/min and 4˚F/min

.  G' results for 190˚F samples cured at 7˚F/min and 4˚F/min

Increase in 

final cured G’  

Similar final 

 

/min 

 

/min 



 

 

Figure 24.  G' results for 20

 

 

Figure 25.  G' results for 220
 

Similar final 
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Similar final 

cured G’  
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G' results for 200˚F samples cured at 7˚F/min and 4˚F/min

.  G' results for 220˚F samples cured at 7˚F/min and 4˚F/min

Similar final 

cured G’  

Similar final 

 

 

/min 

 

/min 



 

 

Figure 26. G' results for 240
 

Statistical analysis of G’ shows similarity to SBS and compression 

was no statistically significant difference between final cure state G’ for 200

highly significant difference at 180

values are shown in Table 6 and Figure 27.

 
MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR POST CURE 

 
                        Individual 95% CIs For Mean Based 

Level  N   Mean  StDev      +---------

180    2  32699   1247      (--

190    2  58768    328                                (

200    2  58327    151                               (

210    2  60973   4664                                 (

220    2  58470    736                               (

230    2  56136   1938                             (

240    2  56332   1254                             (

250    2  55491   1460                            (

260    2  54125   1248                           (

                            +---------

                        30000     40000     50000     60000

 

Similar final 

cured G’  

35 

. G' results for 240˚F samples cured at 7˚F/min and 4˚F/min

Statistical analysis of G’ shows similarity to SBS and compression strengths 

difference between final cure state G’ for 200˚F-260

nce at 180˚F as shown in Table 5.  The results for final G’ and statistical 

values are shown in Table 6 and Figure 27.  

 
TABLE 5 

RESULTS SHOWING STATISTICAL DIFFERENCES FOR POST CURE 
G’ RESULTS 

Individual 95% CIs For Mean Based  

on Pooled StDev 

Statistical Power = 1 

 

---------+---------+---------+--------- 

--*--) 

190    2  58768    328                                (--*--) 

200    2  58327    151                               (--*--) 

210    2  60973   4664                                 (--*--) 

220    2  58470    736                               (--*---) 

230    2  56136   1938                             (--*--) 

240    2  56332   1254                             (--*--) 

250    2  55491   1460                            (--*---) 

260    2  54125   1248                           (--*--) 

---------+---------+---------+--------- 

30000     40000     50000     60000 

 

Similar final 

 

/min 

strengths in that there 

260˚F and a 

The results for final G’ and statistical 

RESULTS SHOWING STATISTICAL DIFFERENCES FOR POST CURE 



 

AVERAGE POST CURE G’ AND STATISTICAL VALUES
 

Dwell 
Temperature 

Final State 
G' 

(F)  (psi) 

180 32699.000

190 58768.000

200 58327.000

210 60973.000

220 58470.000

230 56136.000

240 56332.000

250 55491.000

260 54125.000

 

Figure 27.  G' average values with standard deviation
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TABLE 6   
 

AVERAGE POST CURE G’ AND STATISTICAL VALUES 

Final State 
Normalized G' Standard Deviation 

   (psi) 

32699.000 0.536 1247.000 

58768.000 0.964 328.000 

58327.000 0.957 151.000 

60973.000 1.000 4664.000 

58470.000 0.959 736.000 

56136.000 0.921 1938.000 

56332.000 0.924 1254.000 

55491.000 0.910 1460.000 

54125.000 0.888 1248.000 

.  G' average values with standard deviation 

 

CV 

% 

3.814 

0.558 

0.259 

7.649 

1.259 

3.452 

2.226 

2.631 

2.306 

 



 

3.1.2  G” Results  

 

G” is also called the loss modulus and 

heat and viscous damping in the exothermic reaction

used to determine Tg.  It can be seen in 

same as Tg found for G’.  The Tg

approximately represents the midpoint of the drop in G’ as opposed to the initiation of the

drop [29, 30].  The vitrification time

 
Since G” does not exhibit 

was not directly used for correlation.  The 

the dwell temperature (see Figure 

Vit
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d the loss modulus and represents the energy lost during the cure cycle as 

heat and viscous damping in the exothermic reactions [14].  G” was one of the three parameters 

.  It can be seen in Figure 28 that the Tg value found from G

g value from G” is generally higher than that found for G’ and 

approximately represents the midpoint of the drop in G’ as opposed to the initiation of the

].  The vitrification time shows as a peak in the G” graph. 

 

Figure 28.  Typical G' and G" 

Since G” does not exhibit the same type of stable value for the final cured state as G’ it 

was not directly used for correlation.  The vitrification time and Tg were definitely dependent on 

Figure 30).  At lower dwell temperatures G” shows a second peak 

Vitrification 

Tg G” 

Tg G’ 

the energy lost during the cure cycle as 

].  G” was one of the three parameters 

that the Tg value found from G’’ is not the 

value from G” is generally higher than that found for G’ and 

approximately represents the midpoint of the drop in G’ as opposed to the initiation of the G’ 

 

value for the final cured state as G’ it 

were definitely dependent on 

).  At lower dwell temperatures G” shows a second peak 



 

during the Tg cycle (see Figure 29

portion of the time-temperature cycle

completion. 

Figure 29.  Low temperature G" showing multiple peaks
 

 
Figure 30

Vitrification
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29).  This is due to secondary curing which occurs during this 

temperature cycle [14].  These peaks diminish as polymer cross li

.  Low temperature G" showing multiple peaks 

30.  Typical G" for each dwell temperature 

Vitrification 

Multiple Peaks at Tg

 

Tg 

).  This is due to secondary curing which occurs during this 

].  These peaks diminish as polymer cross linking nears 

 

 

Multiple Peaks at Tg 



 

3.1.3  Tanδ Results 

 
Tanδ is the ratio of G’ and G” as shown in equation 

δtan=
′

′′

G

G
   

 
  

This parameter is used for gel

[9].  This makes it much less ambiguous than G’ as its gel time

the parameter.  Tanδ can also be used to determine T

found using Tanδ is higher than that for G’.  The T

those found using G’ [30]. As Figure 

end of rapid decline in G’. 
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 is the ratio of G’ and G” as shown in equation 13: 

      

      

used for gel point determination.  An obvious peak is shown at 

biguous than G’ as its gel time indication is a rapid increase in 

 can also be used to determine Tg.  As can be seen in Figure 

 is higher than that for G’.  The Tg values defined by tanδ are different from 

Figure 31 shows the value obtained using tanδ approximates the 

Figure 31.  Typical tanδ and G' 

Gel Point Tanδ 

Tg from Tanδ 

Tg G’ 

(13) 

An obvious peak is shown at gel time 

indication is a rapid increase in 

Figure 31, the Tg value 

are different from 

δ approximates the 

 



 

Graphing tanδ for all dwell temperatures shows the trend toward increased gel

decreased Tg as the dwell temperature decreases (see 

dwell temperatures the tanδ graph shows two peaks at the T

which occurs during the Tg portion of the time

shown in G”.  The first peak represents the true T

during the Tg temperature cycle (see 

Figure 
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 for all dwell temperatures shows the trend toward increased gel

as the dwell temperature decreases (see Figure 33).  During some of the lower 

 graph shows two peaks at the Tg location.  This is due to curing 

portion of the time-temperature profile similar to the dual peaks 

shown in G”.  The first peak represents the true Tg while the second peak shows continued curing 

temperature cycle (see Figure 32).  

Figure 32.  180˚F dwell temperature tanδ 

Secondary Peak

 for all dwell temperatures shows the trend toward increased gel time and 

).  During some of the lower 

location.  This is due to curing 

ilar to the dual peaks 

while the second peak shows continued curing 

 

Secondary Peak 



 

Figure 33

3.1.4  Gel Time Results 

 

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

network of interlinked polymer chains

viscosity as the mobility of the molecular structure becomes more limited.  

Gel time values were determined from the first visible peak after initiation of the cure 

cycle for the tanδ plot of each sample.  In order to determine the maximum tan

chosen along each side within the linear region of the climb to the peak.  Thr

set of intersecting lines was drawn as seen in 

taken as the gel time. 

The lines used for determining gel time

the chosen points into five equal segments, taking the actual data points which fell within these 

segments and finding the R2 value 
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33.  Typical tanδ for all dwell temperatures 

is a parameter which indicates that the curing material has created a

network of interlinked polymer chains [20, 31].  It is characterized by a rapid increase in 

viscosity as the mobility of the molecular structure becomes more limited.   

values were determined from the first visible peak after initiation of the cure 

 plot of each sample.  In order to determine the maximum tanδ, two points were 

chosen along each side within the linear region of the climb to the peak.  Through these points a 

s was drawn as seen in Figure 34.  The intersection point of these

s used for determining gel time were evaluated by splitting the distance between 

the chosen points into five equal segments, taking the actual data points which fell within these 

value which quantifies the quality of a linear fit to these data points.  

Gel Time 

Tg 

 

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

].  It is characterized by a rapid increase in 

values were determined from the first visible peak after initiation of the cure 

δ, two points were 

ough these points a 

.  The intersection point of these lines is 

were evaluated by splitting the distance between 

the chosen points into five equal segments, taking the actual data points which fell within these 

these data points.  



 

If the R2 value was below 0.8 the selection of points was re

intersecting lines properly represented the data

The gel time was a primary parameter

properties.  The results for gel time

time within the same dwell temperature and ramp rate.  

sample itself or may have been due to 

The gel time is dependent on time spent at elevated temperature.  An increased ramp rate 

brings the material to temperature more quickly and causes an increased rate of cross linking.  

Thus a decrease in gel point time would be expected.  As expected, the faster 7

ramp rate samples showed a decreased gel time.  

 
Figure 

 

Statistical analysis showed significant differences at both 180

Table 7.  Gel point did not show any particular trend regarding an increase in variation due to 
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.8 the selection of points was re-evaluated.  This assured that the 

intersecting lines properly represented the data (see Figure 34).   

as a primary parameter evaluated for correlation with mechanical 

ies.  The results for gel time are shown in Figure 36. There was some variation of the gel 

ell temperature and ramp rate.  This variation may have been due to the 

due to the selection of points in the tanδ graph.   

is dependent on time spent at elevated temperature.  An increased ramp rate 

brings the material to temperature more quickly and causes an increased rate of cross linking.  

Thus a decrease in gel point time would be expected.  As expected, the faster 7

ramp rate samples showed a decreased gel time.   

Figure 34.  Gel point determination 

Statistical analysis showed significant differences at both 180˚F and 190˚F

.  Gel point did not show any particular trend regarding an increase in variation due to 

evaluated.  This assured that the 

evaluated for correlation with mechanical 

. There was some variation of the gel 

This variation may have been due to the 

 

is dependent on time spent at elevated temperature.  An increased ramp rate 

brings the material to temperature more quickly and causes an increased rate of cross linking.  

Thus a decrease in gel point time would be expected.  As expected, the faster 7˚F/min (FPM) 

 

˚F as shown in 

.  Gel point did not show any particular trend regarding an increase in variation due to 
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dwell temperature.  The lowest variation was noted at the manufacturer suggested dwell 

temperature (260˚F) as seen in Table 8 and Figure 35.   

TABLE 7   
 

MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR GEL   
TIME RESULTS 

 
Individual 95% CIs For Mean Based 

On Pooled StDev 

Statistical Power = 1 

 

Level  N    Mean  StDev  -----+---------+---------+---------+---- 

180    2  143.02   1.38                                   (--*--) 

190    2   75.80   7.72                (--*-) 

200    2   55.08   0.76       (--*-) 

210    2   41.30   0.64      (--*-) 

220    2   35.57   1.33    (--*--) 

230    2   40.98  15.58      (--*-) 

240    2   29.72   2.42   (-*--) 

250    2   30.53   0.68   (--*-) 

260    2   26.85   0.12  (--*-) 

                         -----+---------+---------+---------+---- 

                             35        70       105       140 

Pooled StDev = 5.90 

 

 
TABLE 8   

 
AVERAGE GEL TIME AND STATISTICAL VALUES 

 

Dwell Temperature Gel Time 
Normalized  
Gel Time Standard Deviation CV 

(F)  (min)   (min) % 

180 143.020 1.000 1.380 0.965 

190 75.800 0.530 7.720 10.185 

200 55.080 0.385 0.760 1.380 

210 41.300 0.289 0.640 1.550 

220 35.570 0.249 1.330 3.739 

230 40.980 0.287 15.580 38.019 

240 29.720 0.208 2.420 8.143 

250 30.530 0.213 0.680 2.227 

260 26.850 0.188 0.120 0.447 

 



 

Figure 35.  Gel 
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.  Gel time average values with standard deviation 

Figure 36.  Gel times 
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3.1.5  Tg Results 

 
The glass transition temperature (Tg) represents the temperature at which the material 

transitions from a brittle, glassy solid state to either a rubbery elastomeric state or a viscous fluid. 

Below Tg the amorphous solid bonds are primarily intact.  With increased temperature more and 

more joining bonds are broken and these broken bonds begin to form clusters. Above Tg these 

clusters become macroscopically large and allow the material to flow.  In addition, secondary, 

non-covalent bonds between the polymer chains become weak.  At this point polymers become 

soft and capable of plastic deformation without fracture.  For thermoplastics this is a highly 

desirable trait, but for structural composites this is a devastating condition as material used near 

or above its glass transition temperature will lose strength and stiffness [4].  The glass transition 

temperature was determined using three different rheological parameters (G’, G”, and tanδ).  The 

temperatures given by these three parameters represent the full range of the drop in G’ and 

therefore the full range of transition temperature values.   

The temperature values were determined using the method described in ASTM standard 

E1640-04 [30] and using the temperature cycle defined in SACMA test standard SRM18R-94 

[29,19].  While these standards are intended for use with Dynamic Mechanical Analysis (DMA) 

they are suitable for use with rheometer data.  This can be justified by the fact that DMA and the 

rheometer are both mechanical cure monitoring systems.  While DMA employs bending to 

determine E’, E”, and Tanδ the rheometer uses rotational shear.  The graphs and results produced 

by both instruments are very similar.     

Tg is a good candidate for correlation with mechanical properties as it is highly dependent 

on the cure cycle and corresponds to an important physical property used in structural design. 
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3.1.5.1  Tg Results from G’          

 
ASTM E1640-04 specifies that G’ is the preferred parameter for use in determining Tg.  

G’ is preferred because it represents the initiation point of the transition from the glassy to 

rubbery state.  The beginning of this transition is important to composite design.  Although 

significant material property loss is seen at temperatures far lower than Tg, the drop off point in 

G’ represents the end of acceptable material strength [15].   

 Tg values from G’ were determined from the rapid drop off of the plot for each sample 

during the Tg temperature cycle.  In order to determine the drop off value, two points were 

chosen along each side within the linear region of the graph moving toward the drop point.  Per 

ASTM E1640-04 one point of the line created after the drop-off was taken approximately at the 

midpoint of the drop (see Figure 19) [30].  Through these points a pair of intersecting lines was 

drawn as seen in Figure 37.  The temperature corresponding to the intersection point of these 

lines is taken as Tg. 

The lines used for determining Tg were evaluated in a similar fashion to the gel point 

lines by splitting the distance between the chosen points into five equal segments, taking the 

actual data points which fell within these segments and finding the linear fit R2 value for these 

data points.  If the R2 value was below 0.8 the selection of points was re-evaluated.   



 

Figure 
  

 Tg determined by G’ was the primary T

properties as it is related to the dwell temperature and it corresponds to the onset of drastically 

reduced material properties.  T

Dependence on dwell time is an asset as it allows for multiple correlations which can account for 

the improved curing possible in low temperature samples, but dependence on ramp rate simply 

adds additional variability similar to

presented in Figure 38. 
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Figure 37.  Tg determination from G' 

was the primary Tg candidate for correlation with mechanical 

properties as it is related to the dwell temperature and it corresponds to the onset of drastically 

reduced material properties.  Tg shows a relationship to the dwell time and the ramp rate.  

endence on dwell time is an asset as it allows for multiple correlations which can account for 

the improved curing possible in low temperature samples, but dependence on ramp rate simply 

s additional variability similar to gel point.  The individual results for T

 

candidate for correlation with mechanical 

properties as it is related to the dwell temperature and it corresponds to the onset of drastically 

to the dwell time and the ramp rate.  

endence on dwell time is an asset as it allows for multiple correlations which can account for 

the improved curing possible in low temperature samples, but dependence on ramp rate simply 

ults for Tg from G’ are 



 

Figure 38.  Tg values from 
 

Statistical analysis of Tg

No significant differences were found

220˚F, and 180˚F-200˚F samples show

This is in contrast to gel time 

differences.  Tg from G’ does not exhibit the steady increase in variation as dwell temperature 

decreases that is seen in other parameters and 

The results of statistical analysis can be seen in table

 

Note Increased Tg 
due to increased 

dwell time 
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from G' vs. dwell temperature with ramp rate in ˚F per minute

g from G’ shows numerous statistically significant differences.  

were found from 220˚F-260˚F, similarity was found between 210

samples showed no similarity to any of the other dwell temperatures.  

time where all samples from 200˚F-260˚F showed no significant 

from G’ does not exhibit the steady increase in variation as dwell temperature 

decreases that is seen in other parameters and in strength data as will be seen 

analysis can be seen in tables 9-10 and Figure 39. 

 
 

 
 
 

 

per minute 

shows numerous statistically significant differences.  

found between 210˚F-

no similarity to any of the other dwell temperatures.  

showed no significant 

from G’ does not exhibit the steady increase in variation as dwell temperature 

strength data as will be seen in later sections.  
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TABLE 9  

 
MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR TG FROM  

 
G’ RESULTS 

 
                         Individual 95% CIs For Mean Based  

on Pooled StDev 

Statistical Power = 1 

                                     

Level  N    Mean  StDev   -+---------+---------+---------+-------- 

180    2  101.31   0.96   (*) 

190    2  134.34   3.03          (*) 

200    2  195.59   0.12                      (*) 

210    2  222.33   0.00                           (*-) 

220    2  232.39   7.51                               (*-) 

230    2  247.00   1.41                                 (*) 

240    2  259.30   1.23                                   (*) 

250    2  256.00   4.39                                  (*) 

260    2  267.53   3.80                                    (-*) 

                          -+---------+---------+---------+-------- 

                         100       150       200       250 

 

Pooled StDev = 3.39 

 

TABLE 10  
 

AVERAGE TG FROM G’ AND STATISTICAL VALUES 
 

Dwell 
Temperature 

Tg from 
G' Normalized Tg Standard Deviation CV 

(F) (F)   (F) % 

180 101.310 0.376 0.960 0.948 

190 134.340 0.499 3.030 2.255 

200 195.590 0.726 0.120 0.061 

210 222.330 0.826 0.000 0.000 

220 232.390 0.863 7.510 3.232 

230 247.000 0.917 1.410 0.571 

240 259.300 0.963 1.230 0.474 

250 269.300 1.000 4.390 1.630 

260 267.530 0.993 3.800 1.420 

 



 

 

Figure 39.  Tg from G’ average with 
 

The value of G’ used for correlation were taken from the average after cure G’ as shown 

in Figure 20.  The G’ values did not show a trend toward higher variation as the cure temperature 

decreases.  The post cure G’ averages were consistent from 200

not dependent on the ramp rate for any but 180

for the low temperature samples.  This lack of

mechanical properties as there was no statistical difference found between the 260

was cured at Sprit AeroSystems using the cure cycle seen in 

using the cure cycle shown in Figure 6. 

3.1.5.2  Tg Results from G” 

 
ASTM E1640-04 specifies that G” may also be used to determine T

by the study agree it is acceptable.  The T

of the drop off in G’ and therefore are a

transition from glassy to rubbery material states. 
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from G’ average with error bars showing standard deviation

The value of G’ used for correlation were taken from the average after cure G’ as shown 

.  The G’ values did not show a trend toward higher variation as the cure temperature 

The post cure G’ averages were consistent from 200˚F-260˚F.  Also, the final G’ was 

ent on the ramp rate for any but 180˚F values.  Final G’ was dependent on dwell time 

for the low temperature samples.  This lack of ramp rate dependence is mirrored in the 

mechanical properties as there was no statistical difference found between the 260

using the cure cycle seen in Figure 5 and the 240

using the cure cycle shown in Figure 6.  

04 specifies that G” may also be used to determine Tg if all parties affected 

by the study agree it is acceptable.  The Tg values found from G” are indicative of the midpoint 

of the drop off in G’ and therefore are at the midpoint of the temperature range representing 

transition from glassy to rubbery material states.  

 

standard deviation 

The value of G’ used for correlation were taken from the average after cure G’ as shown 

.  The G’ values did not show a trend toward higher variation as the cure temperature 

.  Also, the final G’ was 

values.  Final G’ was dependent on dwell time 

is mirrored in the 

mechanical properties as there was no statistical difference found between the 260˚F panel which 

and the 240˚F panel cured 

if all parties affected 

values found from G” are indicative of the midpoint 

t the midpoint of the temperature range representing 
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Similar to gel point values,  Tg values from G” were determined from the peak of the plot 

for each sample during the Tg temperature cycle.  In order to determine the peak value, two 

points were chosen along each side within the linear region moving toward the peak point.  

Through these points a set of intersecting lines was drawn as seen in Figure 40.  The intersection 

point of these lines is taken as Tg. 

The lines used for determining Tg were evaluated similar to gel point lines by splitting the 

distance between the chosen points into five equal segments, taking the actual data points which 

fell within these segments and finding the R2 value for these data points.  If the R2 value was 

below 0.8 the selection of points was re-evaluated.   

As with Tg values from G’, the values were dependent on dwell temperature, ramp rate 

and dwell time.  As such, these values carry with them the same asset of accounting for 

improved cure at longer dwell times and the deficit of dependence on a secondary cure cycle 

factor.  Results for Tg from G” can be seen in  

Figure 42. 

Statistical analysis of Tg derived from G” Tg results shown in Table 11-12 and Figure 41 

show that there was no statistically significant difference in Tg from 200˚F-260˚F, 180-210˚F 

samples showed no similarity to any other dwell temperature. 



 

 

Figure 
 

MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR 

 
                         Individual 95% CIs For Mean Based                         

Level  N    Mean  StDev  ----+

180    2  116.18   0.59  (* 

190    2  193.35   1.27             (*

200    2  255.32   0.26                      *)

210    2  279.21   1.14                         (*)

220    2  349.05   6.55                                   (*)

230    2  344.79   6.44                                  (*)

240    2  347.78   5.00                                   (*)

250    2  343.99   4.13                                  (*)

260    2  345.54   0.38         

                         ----+

                           140       210       280       350

 

Pooled StDev = 3.80 
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Figure 40.  Tg determination from G” 

 
TABLE  11   

 
MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR 

G”  

Individual 95% CIs For Mean Based                         

on Pooled StDev 

 

Statistical Power = 1 

 

+---------+---------+---------+----- 

190    2  193.35   1.27             (* 

200    2  255.32   0.26                      *) 

210    2  279.21   1.14                         (*) 

5                                   (*) 

230    2  344.79   6.44                                  (*) 

240    2  347.78   5.00                                   (*) 

250    2  343.99   4.13                                  (*) 

260    2  345.54   0.38                                  (*) 

+---------+---------+---------+----- 

140       210       280       350 

 

MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR TG FROM 

Individual 95% CIs For Mean Based                          



 

 

Figure 41.  T
 
 

AVERAGE TG 
 

Dwell Temperature Tg from G"

(F) (F)

180 116.180

190 193.350

200 255.320

210 279.210

220 349.050

230 344.790

240 347.780

250 343.990

260 345.540
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.  Tg from G” average and standard deviation 

 
 

TABLE 12   
 

AVERAGE TG FROM G” AND STATISTICAL VALUES 

from G" Normalized Tg Standard Deviation

(F)   (F) 

116.180 0.333 0.590 

193.350 0.554 1.270 

255.320 0.731 0.260 

279.210 0.800 1.140 

349.050 1.000 6.550 

344.790 0.988 6.440 

347.780 0.996 5.000 

343.990 0.986 4.130 

345.540 0.990 0.380 

 

Standard Deviation CV 

% 

0.508 

0.657 

0.102 

0.408 

1.877 

1.868 

1.438 

1.201 

0.110 



 

 

 
Figure 42.  Tg from G"

 
Since the values obtained from G” are not indicative of the start of rapid decrease in 

structural strength these values are of less interest for structural design, but are used for 

correlation.  

3.1.5.3  Tg Results from Tanδ 

 
ASTM E1640-04 specifies that

the study agree it is acceptable.  The T

the rapid drop off in G’ and therefore is 

properties and represents the end of 

Similar to Tg from G”, Tg from tan

during the Tg temperature cycle.  In order to determine the peak value two

along each side within the linear region moving toward the peak.  Through these points a set of 

Note Increased Tg 
due to increased 

dwell time 
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from G" vs. dwell temperature with ramp rate in ˚F/min

Since the values obtained from G” are not indicative of the start of rapid decrease in 

structural strength these values are of less interest for structural design, but are used for 

04 specifies that tanδ may be used to determine Tg if all parties affected by 

the study agree it is acceptable.  The Tg values found from tanδ are indicative of the end point of 

drop off in G’ and therefore is far past the point of drastic reduction in mechanical

properties and represents the end of transition from glassy to rubbery material state

tanδ was determined from the peak of the plot for each sample 

temperature cycle.  In order to determine the peak value two points were chosen 

along each side within the linear region moving toward the peak.  Through these points a set of 

 

min 

Since the values obtained from G” are not indicative of the start of rapid decrease in 

structural strength these values are of less interest for structural design, but are used for 

if all parties affected by 

 are indicative of the end point of 

far past the point of drastic reduction in mechanical 

lassy to rubbery material state.  

 was determined from the peak of the plot for each sample 

points were chosen 

along each side within the linear region moving toward the peak.  Through these points a set of 



 

intersecting lines was drawn as seen in 

as Tg. 

The lines used for determining T

Figure 
 

Statistical analysis showed statistical similarity from 200

190˚F and 200˚F, and similarity between 180

13-14 and  

Figure 44. 

As with Tg derived from G’

and dwell time.  Results for Tg from 

from tanδ were less dependent on ramp rate than those developed from the other parameters as 

shown by the nearly linear results from 200
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intersecting lines was drawn as seen in Figure 43.  The intersection point of these lines is taken 

The lines used for determining Tg were evaluated similar to gel point lines

Figure 43.  Tg determination from Tanδ 

Statistical analysis showed statistical similarity from 200˚F-260˚F, similarity between 

, and similarity between 180˚F and 190˚F.  Statistical results are shown in table

derived from G’, the values were dependent on dwell temperature, ramp rate 

from tanδ can be seen in Figure 45.  Interestingly, the T

 were less dependent on ramp rate than those developed from the other parameters as 

shown by the nearly linear results from 200˚F-260˚F. 

.  The intersection point of these lines is taken 

were evaluated similar to gel point lines. 

 

, similarity between 

.  Statistical results are shown in tables 

, the values were dependent on dwell temperature, ramp rate 

.  Interestingly, the Tg values 

 were less dependent on ramp rate than those developed from the other parameters as 
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TABLE 13   
 

MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR TG FROM 
TANδ 

 
                                 Individual 95% CIs For Mean Based  

on Pooled StDev 

 

Statistical Power = .998153 

 

Level  N    Mean  StDev    +---------+---------+---------+--------- 

180    2  173.49   4.69    (----*----) 

190    2  226.31   1.13           (----*-----) 

200    2  307.89  66.89                       (----*----) 

210    2  358.76   4.42                              (----*----) 

220    2  359.09   9.51                              (----*-----) 

230    2  355.52   4.02                              (----*----) 

240    2  359.62   5.32                              (----*-----) 

250    2  358.14   5.83                              (----*----) 

260    2  357.82   2.60                              (----*----) 

                           +---------+---------+---------+--------- 

                         140       210       280       350 

 

Pooled StDev = 22.83 

 
 

 
TABLE 14   

 
AVERAGE TG FROM TANδ  AND STATISTICAL VALUES 

 

Dwell Temperature Tg from Tanδ  Normalized Tg Standard Deviation CV 

(F) (F)   (F) % 

180 173.490 0.482 4.690 2.703 

190 226.310 0.629 1.130 0.499 

200 307.890 0.856 66.890 21.725 

210 358.760 0.998 4.420 1.232 

220 359.090 0.999 9.510 2.648 

230 355.520 0.989 4.020 1.131 

240 359.620 1.000 5.320 1.479 

250 358.140 0.996 5.830 1.628 

260 357.820 0.995 2.600 0.727 



 

 
Figure 

 

.

Figure 45.  Tg from Tan
 

Note Increased Tg 
due to increased 
dwell time 
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Figure 44.  Tanδ Tg with standard deviation 

 
from Tanδ vs. dwell temperature with ramp rate in ˚F

 

 

˚F/min 
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3.2  Mechanical Testing Results  

 
Three types of mechanical testing were performed.  These tests represent two resin-

dominated properties (Short Beam Shear and compression) as well as one fiber-dominated 

property (tension).  For short beam shear, strength data was collected.  For compression and 

tension both elastic modulus and strength were collected.  Poisson’s ratio was collected from 

compression samples.  Test panels were prepared using a 180˚F-260˚F dwell temperature range 

at 20˚F increments. 

3.2.1  Short Beam Shear Results 

 
 Short beam shear is a generalized shear strength test which may be characterized as 

interlaminar shear.  The stress state can be mixed, however [23, 32].  It is generally used for 

quality control and comparison of composite materials.  Statistical analysis showed that there 

was no significant difference based on temperature for the 200˚F-260˚F cure temperature panels 

and a highly significant difference in the 180˚F cured panel (see Table 15).  In addition a 

significant change in the failure mode of the samples was observed.  For 220˚F-260˚F cure 

temperature samples the failure mode was dominated by compressive failure as defined by 

ASTM standard D2344.  A compressive failure shows that the bond between the fibers and the 

matrix was strong as the fibers actually fractured at the upper surface.  This would seem to 

indicate that there was some interaction by the fibers at this point and that the mode was not 

entirely dominated by the resin.  This is interesting, however, as the strength at 200˚F was very 

similar to that of 220˚F-260˚F panels yet the failure mode was dominated by inelastic 

deformation.  Essentially this failure mode represents sufficient bond between the resin and 

fibers to prevent shear delamination, but not enough bond strength to allow the load to be 
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properly transferred to the fibers as they do not fracture.  The failure ends with what in metals 

might be referred to as yielding.  At this point the lamina is unable to carry further load.  The 

200˚F rheometer samples did not show completed curing.  Perhaps the matrix was cured enough 

to attain full strength, but not enough to allow for brittle fracture.  Another possibility is that the 

bond between lamina layers was just sufficient to hold the structure together without 

delamination, but not sufficient to prevent some sliding of the lamina across each other thus 

allowing for the inelastic deformation.  At 180˚F the failure mode changed again to interlaminar 

shear indicated by edge delamination for all of the samples (see Figure 46 for failure mode 

examples).  This failure mode clearly indicates that the bond strength between lamina layers was 

insufficient to hold the lamina together.  There was no evidence of fracture in the matrix or fibers 

other than at the edge of the samples.   

 

 

Figure 46.  Failure modes for short beam shear from ASTM D2344 
 
 



60 
 

 
 
 
 

TABLE 15  
 

MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR SBS 
 

Individual 95% CIs For Mean Based on 

Pooled StDev 

Statistical Power = 1 

Level  N   Mean  StDev   --+---------+---------+---------+------- 

180    5   2390    425   (-*) 

200    5  10704    446                                    (*-) 

220    5  10335    591                                   (*-) 

240    5  10544    283                                    (*-) 

260    5  10328    206                                   (-*) 

                         --+---------+---------+---------+------- 

                        2500      5000      7500     10000 

 

 
Average values for SBS failure strength along with standard deviation are shown in Table 

14 and Figure 47.  This chart indicates the 78% reduction in average strength at a dwell 

temperature of 180˚F panel.  Obviously there is a significant change in the resin cure properties 

over the dwell temperature range from 180˚F-200˚F.  As can be seen in Figure 20, G’ exhibits a 

similar although not as severe drop between 180˚F and 200˚F and as such, appears to be a very 

good candidate for correlation with SBS strength.  The coefficient of variation from Table 14 

shows a general increasing trend as the dwell temperature decreases from 260˚F (the 

manufacturer suggested dwell temperature).  The standard deviation increases at 220˚F, but does 

not show a sharp change as the dwell temperature decreases to 180˚F.  This tends to show that as 

the mechanical degree of cure increases the property variation decreases.  This may be due to 

inconsistent localized curing s cross-linking is in these panels is incomplete.  Some areas may be 

slightly more cured than others depending on localized heat input. 
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Figure 47.  Average short beam shear failure strength with error bars showing standard deviation 
 

 
 

TABLE 16  
 

 AVERAGE SHORT BEAM SHEAR STRENGTH AND STATISTICAL VALUES 
 

Dwell Temperature 
SBS Average 

Strength SBS Normalized 
Standard 
Deviation CV 

(F) (psi)   (psi) % 

180 2390.96 0.22 425.43 17.79 

200 10704.93 1 446.31 4.17 

220 10335.21 0.97 590.78 5.72 

240 10544.84 0.99 283.36 2.69 

260 10328.91 0.96 206.42 2 

 
Since SBS is considered to be a mixed mode strength, it is not expected to show the same 

consistency for quality correlation as compression and tension.  
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3.2.2  Combined Loading Compression (CLC) Results 

 
 The combined loading compression test is rapidly becoming the standard among industry 

composite testing experts.  The simple and inexpensive coupon preparation along with the ability 

to adjust the percent end loading to reduce unacceptable end crushing failures make it a very 

reliable test [33].  The CLC test also allows modulus, strength, and Poisson’s ratio values to be 

determined using strain gauges.  

 Similar to short beam shear, CLC samples showed a definite change in failure mode 

based on cure temperature.  At 180˚F all samples exhibited edge delamination failure (see Figure 

49).  This again indicates that the bond between lamina layers was insufficient to allow the force 

to be transferred to the fibers.  From 200˚F to 260˚F the failures were dominated by a 45 degree 

angle compressive fracture in the gauge section (see figures 49-52).  This is in contrast to SBS 

where the 200˚F panel showed a failure mode different from 180˚F.  The lack of this 

intermediary failure may be due to the type of loading applied.  For SBS the sample has free end 

conditions which would allow the sample layers the freedom to move with respect to one 

another.  Since the CLC fixture has clamped ends to apply end loading the lamina are not free to 

move with respect to each other and the failure mode is forced to be either delamination or 

fracture.  In both cases the strength values for 200˚F were very similar to those of the 220˚F-

260˚F panels.  Both failure modes observed are acceptable per ASTM D3410 which is 

referenced by D6641 for acceptable modes of failure (see Figure 47) [34].  A few samples as 

seen below were rejected due to end crushing, but were replaced by extra samples.  Markings 

seen in the pictures represent observed voids in the specimen.  This obvious change in failure 

mode is indicated in the compressive strength results as well.  The compressive strength falls off 

sharply from 200˚F to 180˚F samples.  These results indicate the resin dominance of this 
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property because the 180˚F samples were not as well cured as those at 200˚F.  The cure state was 

also indicated by difficulties the sample fabricator had in preventing edge delamination during 

machining and in viscoelastic property results. 

 

Figure 48.  Failure modes from ASTM D3410 [34] 
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Figure 49.  180˚F compression failure modes 
 

 

 

Figure 50.  200˚F compression failure modes 

End Crushing 
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Figure 51.  220˚F compression failure modes 
 

 

 
 

Figure 52.  240˚F compression failure modes 
 

End Crushing 



66 
 

 

Figure 53.  260˚F compression failure modes 
 

The normalized results of CLC strength are very similar to those of SBS strength both in 

magnitude and trend (see Figure 54).  Similar to SBS, there was no statistically significant 

difference between the strength values for 200˚F -260˚F  and a highly significant difference for 

180˚F  as seen in Table 17 and  

Figure 55.  CLC shows the same type of drop off in properties at 180˚F as SBS.  CLC 

results are excellent candidate for correlation with final cured G’ values due to these similarities. 

TABLE 17 
 MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR CLC 

STRENGTH 
 

Individual 95% CIs For Mean Based 

on Pooled StDev 

Statistical Power = 1 

 

Level  N    Mean  StDev     -+---------+---------+---------+-------- 

180    5   27712   5258     (-*-) 

200    5  102489   1249                                   (-*-) 

220    5  100388   3402                                  (-*-) 

240    5  101203   5763                                   (*-) 

260    5   96337   5316                                 (-*) 

                              -+---------+---------+---------+-------- 

                           25000     50000     75000    10000 



 

 

Figure 54.  Normalized Compression and SBS strength data
 

The magnitude of compressive st

[4] as seen in Table 18 and  

Figure 55.  As with SBS

samples.  

67 

.  Normalized Compression and SBS strength data 

The magnitude of compressive strength approaches the Cytec published v

.  As with SBS, the largest coefficient of variation occurred in the least cured 

 

rength approaches the Cytec published value of 102 ksi 

in the least cured 
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Figure 55. Average CLC compression strength values with error bars showing standard deviation 
 

TABLE 18  
 

 AVERAGE COMPRESSION (CLC) STRENGTH AND STATISTICAL VALUES 
 

Dwell  
Temperature 

Average Compressive  
Strength 

Compression  
Normalized 

Standard  
Deviation CV 

(F) (psi)   (psi) % 

180 27711.80 0.27 5257.54 18.97 

200 102489.24 1.00 1248.86 1.22 

220 100388.04 0.98 3402.08 3.39 

240 101203.32 0.99 5763.34 5.69 

260 96337.21 0.94 5316.41 5.52 

 
 
 The compressive modulus showed an extremely small coefficient of variation and 

counter to compressive strength did not show an increase in variation as the cure temperature 

decreased.  In fact, the largest coefficient of variation was found at 260˚F.  In addition there was 

no decrease in modulus at 180˚F as was seen in the compressive strength.  As will be seen in the 
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tension section, the compressive modulus was approximately 90% of the tensile modulus val

This similarity is mentioned in literature and was at one time assumed of compressive strength as 

well [34].  Modulus results are shown in 

Figure 56.   

COMPRESSIVE MODULUS AND STATISTICAL VALUES
 

Dwell 
Temperature 

Comp. 
Modulus

(F) (Msi) 

180 8.71 

200 8.82 

220 8.86 

240 8.93 

260 8.68 

 

Figure 56.  Compressive modulus with
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the compressive modulus was approximately 90% of the tensile modulus val

mentioned in literature and was at one time assumed of compressive strength as 

].  Modulus results are shown in Table 19 and  

TABLE 19  
 

COMPRESSIVE MODULUS AND STATISTICAL VALUES

Modulus 
Normalized Comp 

Modulus 
Standard 
Deviation 

  (F) 

0.98 0.06 

0.99 0.11 

0.99 0.04 

1.00 0.14 

0.97 0.17 

 
.  Compressive modulus with error bars showing standard deviation

the compressive modulus was approximately 90% of the tensile modulus value.  

mentioned in literature and was at one time assumed of compressive strength as 

COMPRESSIVE MODULUS AND STATISTICAL VALUES 

CV 

% 

0.74 

1.24 

0.47 

1.61 

2.01 

 

standard deviation 
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Compressive modulus does not show the same dependency on cure as compressive 

strength.   

 
Compressive Poisson’s ratio showed a sharp increase in variation at 180˚F similar to 

tensile modulus.  The value of the ratio, however, did not show a sharp drop similar to 

compressive strength.  This shows that Poisson’s ratio is not highly dependent on degree of cure.  

Poisson’s ratio results are shown in Table 20 and Figure 57. 

 

TABLE 20  

COMPRESSIVE POISSON’S RATIO AND STATISTICAL VALUES 

Dwell Temperature 
Comp. 
Poisson Normalized Comp Poisson 

Standard 
Deviation CV 

(F)     (F) % 

180 0.048 0.762 0.013 27.355 

200 0.060 0.950 0.003 4.170 

220 0.064 1.000 0.007 11.030 

240 0.054 0.844 0.005 8.415 

260 0.056 0.875 0.003 5.548 



 

 

Figure 57.  Compressive Poisson's ratio 
 
As with compressive modulus, the

this property is not likely to correlate well with 

3.2.3  Tension Results 

 

Tension is a fiber-dominated

least useful for correlating to cure state properties

that the full extent of correlation could be determined.

Unlike SBS and CLC the statis

statistical differences.  Differences are seen not between 180

SBS and CLC results, but instead 180

200˚F -220˚F show similarity to each other and are different from all other pa
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.  Compressive Poisson's ratio with error bars showing standard deviation

As with compressive modulus, the fact that there was no significant drop at 180˚F

this property is not likely to correlate well with viscoelastic properties. 

dominated property in composites and is therefore expected to be the 

least useful for correlating to cure state properties [35, 36]. It was included for completeness so 

that the full extent of correlation could be determined. 

Unlike SBS and CLC the statistical analysis of tension strength results indicate multiple 

statistical differences.  Differences are seen not between 180˚F  and all other panels as with the 

SBS and CLC results, but instead 180˚F, 240˚F, and 260˚F  show no difference.  Samples from 

show similarity to each other and are different from all other panels (see 

 

standard deviation 

˚F indicates that  

property in composites and is therefore expected to be the 

]. It was included for completeness so 

tical analysis of tension strength results indicate multiple 

and all other panels as with the 

show no difference.  Samples from 

nels (see  
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TABLE 21).  Tensile strength results do not show a significant drop off at 180˚F nor do 

they show the same increase in variation at 180˚F that was identified for SBS and CLC data (see  

 

 

TABLE 23).  Tensile modulus results do show statistical difference between 180˚F 

samples and those of all other dwell temperatures (see Table 22).  It does not, however, show a 

large drop off in average value as with SBS and CLC (see Table 24 and Figure 59).  This 

indicates that direct correlation is not likely to be effective with respect to tension.  The 

coefficient of variation for tensile modulus increased with a decrease in dwell temperature.  The 

largest coefficient of variation was found in the least cured samples. 

 
TABLE 21   

 
MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR TENSION 

STRENGTH RESULTS 
 

Individual 95% CIs For Mean Based 

on Pooled StDev 

Statistical Power = .99 

 

Level  N    Mean  StDev      -+---------+---------+---------+-------- 

180    5  116145   2728      (------*------) 

200    5  134422   4052                                (------*------) 

220    5  130557   2825                           (------*-----) 

240    5  119984   9440            (-----*------) 

260    5  117861   2641         (-----*------) 

-+---------+---------+---------+-------- 

112000    119000    126000    13300  
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TABLE 22  
 

MINITAB ANOVA RESULTS SHOWING STATISTICAL DIFFERENCES FOR TENSION 
MODULUS RESULTS 

 
     Individual 95% CIs For Mean Based 

On Pooled StDev 

Statistical Power = .933 

 

Level  N    Mean   StDev  ---+---------+---------+---------+------ 

180    5  9.0688  0.2377  (-----*------) 

200    5  9.4472  0.1044                     (-----*------) 

220    5  9.4644  0.1039                      (-----*-----) 

240    5  9.2986  0.0790              (-----*-----) 

260    5  9.4166  0.0691                    (-----*-----) 

                         ---+---------+---------+---------+------ 

                          9.00      9.20      9.40      9.60 

 
 

TABLE 23  
 

AVERAGE TENSION STRENGTH AND STATISTICAL VALUES 
 

Dwell 
Temperature 

Tension 
Strength 

Tension Strength 
Normalized 

Standard Deviation 
Coefficient of 

Variation 

(F) (psi)  (psi) % 

180 116145.49 0.86 2727.90 2.34 

200 134422.24 1 4052.04 3.01 

220 130556.56 0.97 2825.27 2.16 

240 119983.51 0.89 9439.91 7.86 

260 117860.60 0.87 2640.62 2.24 



 

Figure 58. Average tensile strength values with standard deviation
 

AVERAGE TENSION MODULUS AND STATISTICAL VALUES
 

Dwell 
Temperature 

Tension 
Modulus 

(F) (Msi) 

180 9.07 

200 9.45 

220 9.46 

240 9.30 

260 9.42 
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. Average tensile strength values with standard deviation

 
 
 

TABLE 24   
 

AVERAGE TENSION MODULUS AND STATISTICAL VALUES

Tension 
 

Tension Modulus 
Normalized 

Standard 
Deviation 

  (Msi) 

0.96 0.24 

1.00 0.10 

1.00 0.10 

0.98 0.08 

0.99 0.07 

 

 

. Average tensile strength values with standard deviation 

AVERAGE TENSION MODULUS AND STATISTICAL VALUES 

CV 

% 

2.62 

1.10 

1.10 

0.85 

0.73 



 

Figure 59.  Average tensile modulus values with standard deviation
 

 
Similar to SBS and CLC,

180˚F samples were dominated by edge delamination

this mode of failure indicates a reduction in interlaminar bond strength leading to delamination.  

The failure mode in the remaining samples w

61-64.  It is interesting to note that the modulus results indicat

difference for 180˚F samples which 

tensile strength has no such indicati

influenced to some extent by resin cure and may have an indirect correlation with the cure state.
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.  Average tensile modulus values with standard deviation

, there was a change in failure mode at 180˚F.  Once again the 

samples were dominated by edge delamination (see Figure 60).  As with SBS and CLC 

this mode of failure indicates a reduction in interlaminar bond strength leading to delamination.  

remaining samples was dominated by tensile fracture as shown in figures 

.  It is interesting to note that the modulus results indicate a statistically significant 

which corresponds to this radical change in failure mode while the 

tensile strength has no such indication.  So there is some evidence that the tensile modulus is 

by resin cure and may have an indirect correlation with the cure state.

 

.  Average tensile modulus values with standard deviation 

.  Once again the 

As with SBS and CLC 

this mode of failure indicates a reduction in interlaminar bond strength leading to delamination.  

acture as shown in figures 

a statistically significant 

corresponds to this radical change in failure mode while the 

on.  So there is some evidence that the tensile modulus is 

by resin cure and may have an indirect correlation with the cure state. 
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Figure 60.  180˚F tensile failure modes 

 
 

 
 

Figure 61.  200˚F tensile failure modes 
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Figure 62.  220˚F tensile failure modes 
 

 

 
 

Figure 63.  240˚F tensile failure modes 
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Figure 64.  260˚F tensile failure modes 
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CHAPTER 4 
 

CORRELATION 

 
Correlation for all parameters followed the same procedure: 
 
1.  Average parameter data was found for each dwell temperature. 
 
2.  The data was normalized using the highest average value of the parameter. 
 
3.  The normalized data for each viscoelastic parameter was graphed together with each  

mechanical property to get a qualitative visualization of similarities and trends. 

4.1  Short Beam Shear (SBS) Data Trends 

 
Normalized data for SBS and parameters (G’, Gel Point, and Tg) are shown in figures 64-

66.  It is immediately obvious that the G’ final data has the most similar shape and magnitude to 

SBS strength (see Figure 65).  If the similarity between SBS strength and G’ continues from 

180˚F to 190˚F then the actual drop point for SBS strength could be expected to be somewhere 

between these two temperatures.   

Gel time values follow nearly the opposite trend from SBS data.  This was expected since 

gel time increases as the dwell temperature is decreased whereas SBS strength decreases with a 

decreased dwell temperature.  Gel time does not account for the rapid change of mechanical 

properties from 180˚F to 200˚F (see Figure 66).  It shows a gradual decrease as the data trends 

toward its minimum at 260˚F.  Glass transition temperature data from G’, G”, and Tanδ have a 

similar magnitude and shape.  They do not, however, account for the rapid decrease in properties 

seen in the SBS data.  They show a gradual increase to a final minimum value at 260˚F (see  

Figure 67).  The Tanδ Tg graph qualitatively shows the best agreement with SBS as it 

increases more rapidly than the others.      



 

 

 
Figure 

 

 
Figure 66
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Figure 65.  Normalized SBS and G 

66.  Normalized SBS data and Gel Time 

 

 



 

 

Figure 
 

4.3  Combined Loading Compression

 
Compression strength data showed a very 

both these strengths are resin-dominated

relationship to cure properties are similar.  

Once again G’ showed the highest potential for direct correlation due to its very similar 

shape and magnitude (see Figure 

Gel point showed the same inability to predict the behavior seen in the strength data.  It 

did not account for the severe reducti

yield a quality correlation.   

Glass transition temperature data did not exhibit the sharp drop off in properties and 

from tanδ was qualitatively more similar than
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Figure 67.  Normalized SBS and Tg 

Compression (CLC) Data Trends 

data showed a very similar trend to SBS.  This was expected as 

dominated (see Figure 54).  As such, the trends seen in their 

relationship to cure properties are similar.   

Once again G’ showed the highest potential for direct correlation due to its very similar 

Figure 68).   

Gel point showed the same inability to predict the behavior seen in the strength data.  It 

did not account for the severe reduction in properties for the 180˚F panel.  As such

Glass transition temperature data did not exhibit the sharp drop off in properties and 

was qualitatively more similar than Tg from the other parameters in both magnitude 

 

similar trend to SBS.  This was expected as 

the trends seen in their 

Once again G’ showed the highest potential for direct correlation due to its very similar 

Gel point showed the same inability to predict the behavior seen in the strength data.  It 

panel.  As such it does not 

Glass transition temperature data did not exhibit the sharp drop off in properties and Tg 

from the other parameters in both magnitude 



 

and shape.  Tg values from G’ followed the cure temperature quite closely.  This explains its 

more gradual drop in value.  

There was no acceptable correlation found for compressive modulus or Poisson’s ratio.

Figure 68. Normalized compressive data
 

Figure 69.  
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values from G’ followed the cure temperature quite closely.  This explains its 

There was no acceptable correlation found for compressive modulus or Poisson’s ratio.

Normalized compressive data and final cured G' 

.  Normalized compression data and gel time 

values from G’ followed the cure temperature quite closely.  This explains its 

There was no acceptable correlation found for compressive modulus or Poisson’s ratio. 

 

 



 

Figure 70

 

4.3  Tension Data Trends 

 
 Tension data showed an entirely different trend from SBS and compression.  Since 

tension is a fiber-dominated property it was not expected to show a rapid drop off in properties at 

180˚F and it did not.  Since the viscoelastic

rheological properties will show a direct correlation to the tensile strength or modulus.
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70.  Normalized Compressive data and Tg 

Tension data showed an entirely different trend from SBS and compression.  Since 

property it was not expected to show a rapid drop off in properties at 

viscoelastic properties are highly resin-dominated

rheological properties will show a direct correlation to the tensile strength or modulus.

 

Tension data showed an entirely different trend from SBS and compression.  Since 

property it was not expected to show a rapid drop off in properties at 

dominated, none of the 

rheological properties will show a direct correlation to the tensile strength or modulus.   



 

 

Figure 

Figure 
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Figure 71.  Normalized tension and G' 

 
Figure 72.  Normalized tension and gel time 

 

 



 

 

Figure 73

 

 

85 

 
73.  Normalized tension data and Tg values 
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CHAPTER 5 
 

CONCLUSIONS 

 
 The work presented herein represents a step forward in understanding the relationship 

between viscoelastic and mechanical properties of a thermoset prepreg composite.  The 

rheometer data yielded multiple parameters which indicated the cure state of the material 

including storage modulus (G’), loss modulus (G”), and the ratio of G’ over G” (tanδ).  These 

properties were used to define gel time and glass transition temperature.   

Gel time was found to increase with a decreased dwell temperature.  Gel time was 

dependent on ramp rate, but was not dependent on dwell time.  It did not follow a profile similar 

to any mechanical properties in magnitude or shape.  While gel point is an important parameter 

for characterizing the cure state of a material, it is not likely to be a good predictor of mechanical 

properties.  

Glass transition temperature showed a gradual increase in value as the dwell temperature 

increased.  The values of Tg produced from the three viscoelastic parameters (G’, G”, and Tanδ) 

exhibit the range of temperatures over which the value of G’ drops off sharply.  These three 

values characterize the range of temperatures which define glass transition.  Because of its 

gradual increase across the full range of dwell temperatures Tg is likely to be only moderately 

successful in predicting resin-dominated mechanical properties with Tg from tanδ showing most 

promise.  Tg is not likely to be successful in predicting fiber-dominated tensile strength or 

modulus values. 

Since G’ has close ties to shear modulus, it is the primary rheological parameter which is 

likely to show good predictive ability for mechanical properties.  The portion of the G’ value 

chosen was the average value seen after the completion of the cure cycle and before the Tg 
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determination cycle began.  These values of G’ represent the real part of the dynamic shear 

modulus for the cured solid sample.  The agreement between G’ and the resin-dominated 

properties of compression and short beam shear strength (SBS) were excellent.  G’ mirrored the 

increase in variation at 180˚F seen in compression and SBS.  Since this parameter is dominated 

by the resin properties it could not characterize the fiber-dominated properties of tension strength 

and modulus.  There was also no appropriate comparison for compressive modulus or 

compressive Poisson’s ratio.   

Mechanical testing produced short beam shear strength, compressive strength, 

compressive modulus, compressive Poisson’s ratio, tensile strength, and tensile modulus. 

Short beam shear strength is a resin-dominated property primarily representing 

interlaminar shear.  This strength showed a marked drop off at 180˚F and it also exhibited a 

change in failure mode at 180˚F due to interlaminar shear.  At 200˚F the failure mode changed 

from compression-dominated to inelastic failure-dominated mode.  The failure mode from 

220˚F-260˚F was dominated by compressive failure.  These changes in failure mode indicate 

that, as shown in the rheometer data, the resin is not cured as well in the lower dwell temperature 

specimens.  This leads to incomplete bonding between layers and to a drastic reduction in resin-

dominated properties. 

Compressive strength is also a resin-dominated property.  Compressive strength, although 

much larger in magnitude than short beam shear, showed a similar percent reduction in value at 

180˚F.  The failure mode for all 180˚F samples was long edge delamination in the gauge area.  

This confirms the prediction from the rheometer data that the laminate was not fully cured.  

Failure in all the remaining samples exhibited compressive fracture in the gauge section.  The 

compressive modulus did not exhibit the same reduction at 180˚F seen in compressive strength.  
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Its value was approximately 10% lower than tensile modulus.  This has been reported in 

literature, but there is not a sufficient theoretical basis for this phenomenon [33].  Compressive 

Poisson’s ratio also did not show a significant change in value with decrease in cure temperature.  

It did, however, show a sharp increase in variation at the 180˚F.  Compressive modulus and 

compressive Poisson’s ratio do not show resin dependence akin to SBS and compressive 

strength. 

Tensile strength and modulus both exhibited very little change with respect to dwell 

temperature.  Tensile test results did, however, show a change in failure mode at 180˚F.  All the 

180˚F samples, as with compression and short beam shear, exhibited edge delamination.  All 

other samples exhibited fracture in the gauge section.  The results of tension testing showed that 

it is not resin-dominated and is not likely to be a good predictor for tensile properties. 

Overall, this study showed that for a relatively wide temperature range of dwell 

temperatures (60˚F) the mechanical and rheological properties showed no statistically significant 

difference.  This lends credibility to the anecdotal evidence gathered in composite repairs 

showing that material rejected due to temperature variations still show acceptable mechanical 

properties. 
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