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Abstract

The development of a novel hot-stage microscopy technique to measure the level of
cure shrinkage that occurs in an epoxy thermoset microdroplet with different epoxy-to-
hardener ratios is presented. The equipment setup, sample preparation, and
experimental procedure are described in detail. A comparable method to characterise
cure shrinkage, a modified rheometry technique, is also reviewed. Shrinkage
measurements using the hot-stage microscopy method are shown to characterise the full
range of shrinkage that occurs both before and after the resin gel point, hence producing
values greater than those found previously in the literature. However, when used in
conjunction with the gel point values for the different ratios, measured using rheometry,
the technique produces results for shrinkage post-gelation that concur well with
literature values. The modified rheometry technique showed potential for measuring the
level of cure shrinkage with a varying cure temperature profile, with more work
required to perfect the method in defining the cross-over point for sample loading for

different epoxy-to-hardener ratios.

Keywords: Chemical Shrinkage, Cure Behaviour, Thermosetting resins, Hot-stage
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1. Introduction

Over the past decades it has become increasingly clear that in order to continue
optimising performance of composite materials it is necessary to better measure and
understand the micro-mechanical parameters that control their structure-property
relationships. Composite properties result from a combination of the material properties
of the fibre and the matrix as well as the capability of the fibre-matrix interface to
transfer stresses. Although tailoring the interfacial stress transfer capability is widely
recognised as being vital to optimising the performance of the final composite, it is
routinely reduced to a discussion about improving the ‘adhesion’ between the fibre and
the matrix. Adhesion represents a simplified term for encompassing the multiple

complex mechanisms that exist at the interface and contribute to its strength [1-5].

Discussions about the interface in composites typically focus on the chemistry of the
matrix system and the fibre surface, and the necessity to maximise the level of chemical
bonding in order to optimise the level of ‘adhesion’ between the two [1,4,6-9].
However a number of authors have also commented on the role that shrinkage stresses
have in influencing the stress transfer capability of the interface [10—16]. Specifically,
that residual radial compressive stresses formed at the interface may be a significant
contributor to the measured strength of the interface. Thermal compressive radial
stresses form during the cooling process due to differences in the thermal expansion
coefficients of the matrix polymer and the reinforcement fibre. However, most
thermosetting matrices also undergo additional volume change during polymerisation
known as cure shrinkage. Due to the increase of the glass transition temperature (Tg) as
thermoset matrix reacts and shrinks it is possible for some level of this cure shrinkage to

be ‘frozen’ into the system, creating additional residual stresses at the interface. It has
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been shown that the contribution made by chemical cure shrinkage to the residual

stresses at the interface may be greater than that of thermal shrinkage [17].

Many investigations have been conducted into evaluating potential techniques to
measure the level of cure shrinkage and also how it may be influenced by variables such
as curing temperature [18—24]. There is a consensus that a modified rheometry method
is applicable for studying the level of cure shrinkage at different isothermal
temperatures. Alternatively, the use of a gas pycnometer or the gravimetric method have
been shown to be equally viable for studying cure shrinkage. In relation to the role of
variables in defining shrinkage, it has been shown that an increase in curing temperature
would cause the shrinkage to occur earlier and, overall, to reach a larger value [19]. The
effect of different hardener ratios on the level of shrinkage and modulus development
for an epoxy resin has also been studied with it also having been found that the level of

cure shrinkage increases as more hardener is added to an epoxy system [21].

Outside of the limited number of studies discussed above, little in-depth work has been
reported on the role of the epoxy-to-hardener ratio in defining the level of cure
shrinkage that occurs during a curing process with a varying temperature profile.
Studies looking at the effect of the curing temperature typically focus on isothermal
temperatures or a constant heat ramp, with samples typically studied at the
stoichiometric ratio. The importance of the epoxy-to-hardener ratio has been shown
previously using the microbond technique to study the influence of the ratio over the
interfacial shear strength (IFSS) value [25]. From the key findings, it was hypothesised

that the contributions of the cure and thermal shrinkage could be influenced by the ratio
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due to changes in the material properties of the cured resin. This would correlate with

the IFSS values measured across different epoxy-to-hardener ratios.

Reflecting on the clear effect that matrix stoichiometry has been shown to have on the
material properties of the cured resin, IFSS values measured [25] and the results
discussed by Hoa et al. [21], it was deemed necessary to study how the shrinkage would
occur for an epoxy microdroplet sample. It was observed that such a study has never
been carried out, with the typical techniques used for studying shrinkage requiring

significantly more matrix material than would be found in a microbond sample.

The present work is aimed at giving details of the development of a hot-stage
microscopy technique that allowed for the measurement of cure shrinkage of an epoxy
microdroplet microbond sample within the laboratory during the curing process. It
covers the necessary equipment, sample preparation and analysis of readings recorded.
In addition, details are provided for a modified rheometry technique that was used to
compare shrinkage values over the same temperature schedule. This technique is based
upon those previously reported on in the literature, however with a varying temperature
schedule to match that used for the hot-stage study. The application of these techniques
is demonstrated by characterising the normalised volumetric shrinkage of the epoxy

matrix during polymerisation [26].

2. Methodology

2.1 Materials
Single boron free E-glass fibres, coated with y-aminopropyltriethoxysilane (APS) were
taken from larger rovings supplied by Owens Corning-Vetrotex. The nominal tex was

1200 g/km and the average diameter was 17.5 pm. Araldite® 506 epoxy resin and
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triethylenetetramine (TETA) curing agent were purchased from Sigma-Aldrich and used
as received. The stoichiometric ratio for the system was calculated as 12% TETA and
samples were prepared over a range of ratios from 7% TETA up to 22% TETA in
increments of 2.5% for the hot-stage technique. Due to time constraints only the ratios
of 7%, 12% and 22% were investigated using the modified rheometry technique. This
equated to an amine group: epoxy group ratio (R) varying from approximately 0.5 to 2.0

for both methods studied.

2.2 Hot-stage Microscopy Technique

During analysis of past literature, it was discovered that no technique had been
previously developed for studying microbond samples during the curing process to gauge
the level of shrinkage that occurs. As such it was challenging to apply the findings in
literature to micro-scale samples without investigating whether scaling would be an issue.
This led to the development of a new method using a Mettler Toledo FP90 hot-stage
heating element combined with a microscope and camera. The hot-stage setup allowed
for a controlled temperature schedule to be programmed to match the cure schedule used

in the preparation of microbond samples previously [11,25].

Samples were prepared by suspending single glass fibres, taken from larger bundles of
E-glass fibres coated with APS, above 1 mm thick rectangular glass slide cover slips
using a slow setting cement (see Figures 1 and 2). This fibre sample was then left for 24
hours to allow the cement to set. The procedure was extremely delicate due to a number
of variables that had to be carefully regulated. Firstly, the glass fibre could not be
allowed to touch the surface of the cover slip in case of contamination. Secondly, it had

to be ensured that the fibre was suspended as straight as possible relative to the cover
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slip to allow for easier analysis under the microscope. Finally, the height of cement used
had to be carefully controlled to prevent it from coming in contact with the inside of the

hot-stage heating element during the experiment.

Once the fibres had been successfully suspended, a minute droplet of epoxy was applied
using a thin piece of steel wire with a schematic of a typical sample shown in Figure 1.
Photos of a completed sample are provided in Figure 2 with the position of the
microdroplets marked. The sample was then placed in the hot-stage, ready for the curing
process to start, in as short a time as possible. Seven different ratios were studied with at
least five samples tested per ratio. The temperature schedule selected for the test
followed a similar curing schedule to that used in a microbond study of glass-epoxy

adhesion [25], as shown in Figure 3.

An Olympus BX51 microscope (200x magnification) was used to allow to monitor any
dimensional changes of the minute epoxy resin droplets. Images of samples were taken
at one-minute intervals over the duration of the cure using a Nikon Coolpix P5100
digital camera, mounted to the head of the microscope as shown in Figure 4. It was
found that, if left unchecked, the focus of the microscope could drift during the curing
process and as such the user was required to be present throughout the test to ensure that

this was minimised.

Once the curing process had completed the images collected were analysed for each
sample using the image processing software package ImagelJ, an open source, freely
available software package that allows for the distance within images to be measured.
Calibration of the software was of key importance to ensure that all images were

analysed to a consistent scale, hence why it was required that the user ensure that the



Development and application of novel technique for characterising the cure shrinkage of epoxy resins

level of magnification was maintained as close to constant as possible whilst the test
was conducted. For each image the distances “a” and “b”, as shown in Figure 5, were

measured and recorded.

The distance “a” was selected to be the minor axis and “b” the major axis. To allow for
the volume of the droplet at each interval to be calculated several assumptions had to be
made. First, it was assumed that the resin droplet remained symmetrical throughout the
curing process, with any droplets developing deformities removed from the final result
for each ratio. Typically, to calculate the volume of a spheroid three dimensions are
required however since only two were known (dimensions a and b) it was assumed that
the ideal model for the minute resin droplets embedded on the fibre was an ellipsoid.
The initial size of each droplet was difficult to prepare at a constant value thus the
distances were normalised to the initial dimensions to give an overall percentage

change. The volume of each droplet (Vp) was calculated using Equation 1.

h=3(3) @ N

The normalised volumetric shrinkage (ev) was then calculated using:

Ve =Vo 2)

Where V, represents the initial volume of the sample whilst V represents the volume of

the sample after time t during the curing process [26].

2.3 Modified Rheometry Technique
This technique was based on the modification of the rheometry methods used by Shah et
al. [18] and Khoun et al. [19] to study cure shrinkage. It focused on the measurement of

the gap variation between the parallel plates of a rheometer (HR-2 Discovery Hybrid
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Rheometer (DHR) from TA Instruments) as a sample of epoxy was cured. A controlled
normal force was applied to maintain the contact between the two plates and the resin
sample with the schematic of the setup shown in Figure 6. Ultimately the goal was to first
measure the gel point and then the level of cure shrinkage (after gelation). These
parameters were then studied over a range of epoxy systems from the stoichiometric value
to systems possessing excess epoxy and hardener respectively. Three ratios were studied
with three samples measured for the gel point and a further three samples for investigating
the level of shrinkage, for two of the three ratios. Due to time constraints, only two

samples were studied for the R =~ 2.0 ratio.

Unlike the hot-stage technique, the modified rheometry technique required the sample to
have gelled before accurate measurements could be taken. This was due to the possibility
of the sample resin being pushed out from between the plates if a normal force was applied
to the liquid resin. As such the procedure was split into two stages:

1. Pre-gelation;

i1.  Post-gelation;

The resin was prepared and mixed as previously and then applied to the disposable 25
mm bottom plate of the rheometer. The plate included a drip channel to account for any
spillage. Pre-gelation involved the sample undergoing a single-frequency stress-
controlled test conducted at a frequency of 0.2 Hz in oscillation mode with the gap
between plates being maintained at 0.5 mm and the strain at 15%, with no normal force
applied. The sample was then exposed to the same thermal schedule used for the hot-
stage technique. This is where the technique differs from that of Shah [18] or Khoun

[19] which maintained an isothermal temperature throughout.
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Two options were available for defining when gelation had occurred, with the first being
the cross-over point of the elastic modulus G” and viscous modulus G”". Although this
represented a viable method, it required more user input in order to ensure the correct
point had occurred before switching over to step two. Alternatively, the value of 500 Pa
s for viscosity has also been used in literature [19] to define the point when the second
stage was initiated. Based on this finding, it was this latter procedure that was used in the

cure shrinkage tests conducted in this study.

Once gelation had occurred the procedure moved to the second stage, which involved a
single frequency stress-controlled test being conducted at 30 Hz in oscillation mode.
This required a torque of 500 uNm and compressive force of 0.1 N to be applied under
isothermal conditions. The gap between the plates then began to vary due to shrinkage,
allowing for it to be recorded by the rheometer. This change would then be used with

Equation 3 to define the level of cure shrinkage.

o352 -

3. Results and discussion

3.1 Hot-stage Microscopy Technique
Figure 7 plots the normalised dimension reduction for the dimensions a and b of a
droplet with a ratio of R = 1.0. It can be seen that the main portion of the cure shrinkage
measured occurs during the initial heat ramp up to 60 °C and then the isotherm that
occurs afterwards. By the time of the second heat ramp up to 120 °C it appears that no

further cure shrinkage occurs.
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Figure 8 further highlights that most of the cure shrinkage occurs early on during the
curing process before then reaching a relatively constant value. Specifically, it can be
seen that after about 50 minutes, virtually all the cure shrinkage had occurred for the R
~ 1.0 samples. This represented a point where the sample was in the 60 °C isothermal
cure stage. This means that the further isothermal at 120 °C appears to cause no
significant shrinkage of the microdroplet samples relative to the initial phases.
Following this initial analysis, the final isothermal was removed for the bulk of the
testing to allow for the test to be carried out in a shorter time period with no apparent

loss of data.

Figure 9 shows the results recorded for the R = 1.0 samples exposed to the modified
cure schedule. The initial measured diameters of the droplets are listed for reference. It
can be seen in Figure 9 that a good degree of correlation has been achieved between the
five different tests, with the main portion of shrinkage occurring during the first 20
minutes. This takes place during the initial heat ramp up to 60 °C despite the expected
thermal expansion that occurs due to the heating process of the droplet. The level of
shrinkage that occurs is shown to be independent of the initial droplet diameter, with the
48.6 um droplet shown to experience comparable shrinkage to droplets where the
diameter > 75 um. This is a positive sign since it implies that the test is not impeded by
varying droplet dimensions, a variable which is typically very difficult to control when

preparing microbond samples.

By taking the average of the different plots shown in Figure 9, along with those for the
other ratios a comparison plot can be constructed as shown in Figure 10. The

corresponding temperature during the curing process is also plotted. The data from

11
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Figure 10 were also used to construct Figure 11 to show the influence of the R value

over the level of shrinkage more distinctly.

Overall the plots show that as the R value of the matrix system was increased the
corresponding level of shrinkage also increased, agreeing with the findings of Hoa [21]
despite the different methods used. The overall difference is shown to be of significant

size, with the smallest shrinkage value measured as =~ 13% for R = 0.5 whilst the
largest is =~ 26% for R =~ 2.0 in Figure 10. As with Figure 9, it appears that the greatest

amount of shrinkage occurs during the initial heat ramp up to 60 °C, with the second

ramp up to 120 °C seemingly not having any significant affect.

However, the values measured using the hot-stage technique appear significantly larger
than those reported in the literature [18,19,23,24,27] obtained using other techniques. It
is observed that one general difference between the hot-stage microdroplet method and
other cure shrinkage techniques is that the hot-stage allows for measurement as soon as
the curing process begins. Other techniques such as those based on thermomechanical
analysis (TMA) or rheometry are reliant on the polymer having gelled before being able
to measure any further shrinkage. This distinction is important, since any cure shrinkage
measured prior to the gel point would result in residual stresses formed at the fibre-
matrix interface that would relax away to some degree. These stresses would not
contribute significantly to the stress transfer capability of the interface. Hence, although
the values shown in Figure 10 are larger than expected, potentially a great degree of the
residual stresses formed by this cure shrinkage will have relaxed away. For a true

representation of the data to be shown the gel point of each R value would need to be
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known and then applied; this conclusion resulted in the study of the gel point using

rheometry [26].

3.2 Rheometry — Gel Point Investigation
With the completion of the hot-stage microscopy study it became clear that more
information regarding the gel point of the epoxy system was required if the results from
the hot-stage technique were to be compared with other accepted methods for measuring
cure shrinkage. Specifically, whether the gel point would be influenced by the R value
and at what point in time each mixture would gel during the cure schedule shown in
Figure 3. This information would allow for the level of cure shrinkage after gelation to
be established and the results from the hot-stage method to then be compared to the

other techniques discussed in the literature.

The primary technique used to define the gel point during these tests was the cross-over

point of G" and G"" as shown in Figure 12 with the results presented in Table 1.

Table 1. Average gel point values according to moduli crossover point.

Ratio R=~0.5 R=~=1.0 R=2.0
Average Gel Point (s) 3060 2252 1982
Standard Deviation 157 37 108
95% Confidence 178 42 150

Another technique for calculating the gel point involves extrapolating the viscosity data
for each sample and determining the time at which the viscosity began to increase
exponentially. An example of such a plot is provided in Figure 13 with the data obtained
shown in Table 2. Comparing the two sets of data in Tables 1 and 2, it can be seen that

the values correlate well with each other.

13
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Table 2. Average gel point values according to viscosity extrapolation.

Ratio R=~0.5 R=~=1.0 R=~=2.0
Average Gel Point (s) 3313 2306 2018
Standard Deviation 121 13 126
95% Confidence 137 14 174

Overall it can be seen that the R value did have a considerable influence over the gel

point of the system as shown in Figure 14. As the R value was increased the gel point of

the matrix system was shown to decrease, with R =~ 2.0 found to gel after =~ 33
minutes. This compares to =~ 51 minutes for R & 0.5, highlighting the significant
difference between the two extreme values. The difference between R =~ 0.5 and R =~
1.0 appears notably larger than that shown between R =~ 1.0 and R =~ 2.0. This

phenomenon implies that adding extra amine groups to the reacting system will lead to
the reaction speeding up, and thus would influence the level of shrinkage measured

using the hot-stage technique.

Interestingly for each of the ratios the gel point was shown to occur during the 60 °C
isothermal stage of the curing process shown in Figure 3. According to Figure 10 this
would suggest that a large degree of the initial shrinkage induced stresses would not be
frozen into the system and instead will have relaxed away. Thus, the hypothesis that the
actual degree of residual stress that will be frozen into the network will be smaller than
that implied by the shrinkage levels seen in Figure 10 was shown to be correct.
Applying the gel point data to the hot-stage microscopy data creates the plot shown in
Figure 15, which shows the actual level of cure shrinkage that could result in stresses
being frozen into the system during the curing process. It can be seen that the cure

shrinkage values shown in Figure 15 are notably smaller than those initially shown in
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Figure 8, with the values measured now varying between 2% up to 7% depending on the
R value. These values now correlate well with those discussed in published literature
[17-19,21,24,28], suggesting that the hot-stage microscopy technique is indeed a viable

method for studying cure shrinkage [26].

3.3 Modified Rheometry Technique
To provide a direct comparison, a modified rheometry technique was used to study the
cure shrinkage of different R values exposed to the curing schedule shown in Figure 3.
A key aspect of this technique was setting the point at which the technique would
transition from the pre-gelation phase to the post-gelation phase, where the cure
shrinkage would be measured. The value of 500 Pa s had been used previously in the
literature [19] and was deemed acceptable for use with the Araldite® 506 - TETA
system. However, the transition point of 500 Pa s was found to be inconsistent when
defining a clear gel point for the different R values. As a result, it was found that some
samples could undergo a large degree of compression, with some resin being pushed out
from between the plates, due to it having not sufficiently gelled before loading was
applied. This can clearly be seen in Figure 16 where each sample initially undergoes a
large decrease in the gap between the rheometer plates, before then levelling off to some
degree, whereupon the actual shrinkage measurement during curing begins as shown in

Figure 17. It appears that this phenomenon applies to each of the R values studied.

Although this clearly hinders the measurement of the cure shrinkage, it can be seen in
the plot that shrinkage does indeed occur once the system has gelled. The samples are
shown to undergo a degree of cure shrinkage of a magnitude similar to that in Figure 15.

Yet unlike Figure 15 there is a notable dip downwards for each ratio where the

15
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temperature began the second temperature ramp up to 120 °C, suggesting that shrinkage
was still occurring at this point. In addition, this is followed by a slight increase in the
gap width as the temperature approaches 120 °C, implying potential expansion of the
sample due to the increase in rheometer temperature. It is notable that such an
expansion is not present in the hot-stage data shown in Figure 10. These differences
combined with the initial starting point for each sample varying greatly make it difficult

to discern whether the shrinkage measured was accurate or not.

Despite the concerns considering the applicability of the technique, when the data from
Figure 16 is used with Equation 3, it does produce a plot that compares favourably to
the data found using the hot-stage technique. Figure 18 shows that the two data sets
correlate well for two of the three ratios studied, with a distinct difference shown for R
~ 2.0 which was the ratio with the fewest samples studied. This would suggest that the
rheometer method may not be not as accurate for ratios where R > 1.0. An explanation
for this may be due to the faster gel point of the higher ratios leading to difficulties in
accurately measuring the level of shrinkage from the initial stages after the gel point.
This hypothesis would be supported by the fact that the results for the other two ratios
studied compare very favourably. However, due to the variation in initial gap sizes
discussed, it is difficult to fully confirm whether this is the case without future

experiments and analysis.

Overall it appears that the modified rheometer technique is a potentially viable method
for studying cure shrinkage with a varying temperature profile. The values produced for
cure shrinkage appear comparable, to a degree, with those shown for the hot-stage

technique despite the difficulties encountered. The true level of shrinkage that may have
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occurred was difficult to fully evaluate due to the large initial drop in the gap between
rheometer plates, which varied for each sample. It was concluded that in future the
viscosity value of 500 Pa s was not a viable transition point for this method, due to the
changing R values combined with the varying temperature. As such, it is recommended
that the user identify the point where G" and G” " cross during the experiment before
then manually instructing the software to begin the loading phase. This would ensure
that the material would have gelled before loading, ensuring that any further gap
changes measured was due to the chemical cure shrinkage reaction. This would negate

the variation that was shown between the different samples.

4. Conclusions

This paper has discussed the development of a novel technique using hot-stage
microscopy which can be used to measure the cure shrinkage of a minute epoxy droplet
upon a single fibre during its curing process. It was shown that as the R value of the
system was increased, the level of cure shrinkage that occurred increased. Thus, the
contribution to the stress transfer capability of the interface due to residual radial
compressive stresses caused by this shrinkage could be influenced by the hardener-to-
epoxy ratio. The values measured using the technique were found to be noticeably
larger than those reported in the literature, however this was due to technique measuring
all possible shrinkage that would occur. To account for this the gel point for the
different ratios was required to discern how much shrinkage could be frozen into the

matrix structure.

A rheometry study showed that the gel point of the matrix system was indeed influenced

by the R value. As the R value was increased the gel point was shown to occur earlier.
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Since the same schedule was used in the rheometer study and the hot-stage shrinkage
measurements, the gel points could then be applied to the hot-stage data. Taking this

into account, the post-gelation shrinkage values for R =~ 0.5, R =~ 1.0 and R = 2.0

were calculated and these appeared consistent with values reported in the literature.

A modified rheometry based technique also appeared to show potential for measuring
the level of cure shrinkage with a varying temperature profile. However, more work is
required to fully perfect this method due to difficulties in defining the cross-over point

for sample loading. This will be subject to further research.
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Figure Captions

Figure 1. Hot-stage microscopy sample schematic.

Figure 2. Photos of hot-stage microscopy sample with the position of the

microdroplet(s) highlighted.

Figure 3. Temperature schedule of hot-stage microscopy technique.

Figure 4. Photos of hot-stage and microscope setup.

Figure 5. Photos of epoxy microdroplet under microscope showing level of cure

shrinkage after 0 minutes and 20 minutes respectively. The distances a and b are

highlighted. Figure 6. Schematic of rheometer cure shrinkage setup.

Figure 7. Normalised dimension reduction versus time plot for a sample with a ratio of

R = 1.0 for full cure schedule.
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Figure 8. Normalised volumetric reduction versus time plot for R = 1.0 samples for full

cure schedule.

Figure 9. Normalised volumetric shrinkage versus time plot for R = 1.0 samples for
modified cure schedule.

Figure 10. Normalised volumetric shrinkage versus time comparison plot for all R
values studied.

Figure 11. Normalised volumetric shrinkage versus R value comparison plot after
specific time periods.

Figure 12. Crossover point of G' and G" used as one technique to define the gel point of
the sample (R =~ 1.0).

Figure 13. Extrapolation of viscosity plot for gel point of sample (R~ 1.0).

Figure 14. Plot of gel point versus R value.

Figure 15. Adjusted cure shrinkage results measured using hot-stage microscopy taking

account for gel point.

Figure 16. Plot of rheometer plate gap width versus time into curing schedule.

Figure 17. Magnified plot of rheometer plate gap width versus time into curing schedule
for sample number 2 with a R ratio of 1.0.

Figure 18. Comparison of cure shrinkage results measured using the rheometer and hot-

stage techniques.
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Figure 1. Hot-stage microscopy sample schematic.

Figure 2. Photos of hot-stage microscopy sample with the position of the

microdroplet(s) highlighted.
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Figure 3. Temperature schedule of hot-stage microscopy technique.

Figure 4. Photos of hot-stage and microscope set-up.
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Figure 5. Photos of epoxy microdroplet under microscope showing level of cure
shrinkage after 0 minutes and 20 minutes respectively. The distances a and b are

highlighted.
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Figure 6. Schematic of rheometer cure shrinkage setup.



Normalised Dimension Reduction

Development and application of novel technique for characterising the cure shrinkage of epoxy resins

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

140
1 120
41 100
1 80
41 60
——— Dimension A 1 40
——— Dimension B
1 20
------ Temperature
Schedule
1 1 1 1 O
50 100 150 200 250

Time (minutes)

Figure 7. Normalised dimension reduction versus time plot for a sample with a ratio of

R = 1.0 for full cure schedule.
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cure schedule.
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of the sample (R = 1.0).
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Figure 16. Plot of rheometer plate gap width versus time into curing schedule.
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Figure 17. Magnified plot of rheometer plate gap width versus time into curing schedule

for sample number 2 with a R ratio of 1.0.
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Figure 18. Comparison of cure shrinkage results measured using the rheometer and

hot-stage techniques.
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