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Abstract

This paper describes a method for in situ determination of shrinkage during cure of thermosets using dynamic mechanical analysis (DMA)
instrumentation. The measurement technique correlates shrinkage with gelation so that accumulated stress in the cured system can be assesse
Measurements at elevated temperature are possible. The technique can be adapted to anisotropic shrinkage in systems, such as fiber-reinforce
composites, by selection of appropriate sample geometry.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction height of the fluid in the capillary. Similarly, a pycnometer
can be used to measure the change in volume of the sample

Shrinkage during cure of thermosetting resins is a well during cure[4]. In that case, the instrument has two con-
known phenomenon with potentially serious consequences,nected chambers of known volume. The sample is placed in
depending on the application of the material. The conse- one of the chambers, which is then evacuated. The sample
quences of shrinkage include void formation, stress crack-yolume is calculated via Boyle’s Law from the change in
ing, misalignment of optical components, damage to stress-pressure when a gas is allowed to enter the sample chamber
sensitive inserts, poor adhesion, delamination and warpingfrom the other chamber. In some cases, it may be possible
[1]. These effects can cause failure in adhesives, compositesto measure sample dimensions directly before and after
dental, medical, and electrical potting applications. Among curing. For example, the volume of a solid powder molding
the causes for shrinkage is the reduced distance betweezompound can be measured directly before and after curing
molecules as they form crosslinks during the cure process.[5]. A similar approach measures the volume of a sessile
In addition, the molecules of a semicrystalline polymer may drop of resin before and after curing, using a calibrated
pack better than molecules of an amorphous monomer. vision systen{6].

Several approaches are available for measuring cure Techniques measuring linear shrinkage include those cur-
shrinkage. Some measure volume change, such as thosghg a sample in a trough, or using a (TMA) or compliant
based on a capillary dilatometer, pycnometer, or direct mea- diaphragm. The ASTM D2566 method uses a hemicircular
surement of sample dimensions. Others measure a lineatrough 25.6 cm long having a radius of 1.27 Efh The test
shrinkage and make various assumptions to arrive at a volu-result is the amount of shrinkage in the axial direction, cor-
metric shrinkage, such as those curing a sample in a trough,rected for thermal expansion effects when elevated temper-
or using a thermomechanical analyzer (TMA) or compliant ature is required for cure. To the degree that the sample sur-
diaphragm. With a capillary dilatometer, the body is filled face is prevented from moving freely away from the walls
with the uncured material, then surrounded with an immis- of the mold, the linear shrinkage measured by this test may
cible fluid, such as mercury or water which extends into the pe |ess than the expected value of one-third of the volu-
graduated capillary attached to the b{#h3]. The change  metric shrinkage. Bair et al. have described an approach us-
in volume of the resin is recorded by noting the change in ing a thermomechanical analyzer to measure change in cure

shrinkage in a sample sandwiched between glass [jBites
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tion for thermal expansion effects would be required for a diameter parallel plate fixture. Initial sample thickness was
system cured at elevated temperature. Bair, et al. show thatn the range of 0.5mm. Shear modulus was measured at
for a sample having a large ratio of area to thickness, es-10rad/s and followed over time. This instrument will adjust
sentially all of the volumetric shrinkage occurs in the axial the gap between parallel plates to maintain a fixed compres-
direction. Another approach for measuring axial shrinkage sive or tensile load on the sample while it is applying an
in a thin sample uses a compliant disc sitting on one surfaceoscillating shear displacement to one plate and measuring
of a sample confined within a brass ring on a microscope the torque on the other plate. Shrinkage during cure was
slide [9,10]. In this technique, cure shrinkage is calculated measured by monitoring change in sample thickness, which
from the deflection of coverslip placed on top of the sample. the instrument adjusts during the test in order to maintain
This paper demonstrates how to use a dynamic mechani-0 & 1 g axial force on the sample. The calculated shrinkage
cal analysis (DMA) instrument to obtain shrinkage informa- of the sample was based on the change in gap between the
tion while simultaneously measuring shear modulus during parallel plates (i.e. sample thickness) during the test using
cure of a thermosetting resin. By this method, it is possi- the equation below:
ble to obtain shrinkage data and approximate gel time from
a single experiment. This approach takes advantage of the¥ shrinkage=
capability of the DMA instrument to adjust the gap in a
parallel plate fixture (i.e. sample thickness) automatically wherel is the gap at a particular time arg the initial
to maintain the axial force on the sample at a preset level. gap. These measurements were made at room temperature
Data are reported for an unfilled commercial epoxy under and at 65C. In addition, the approximate gel point was
various conditions and compared with data obtained using ataken as the crossover point & and G” This point is
pycnometer. somewhat dependent on the measurement frequency.
Comparison of this measurement method with a more
traditional approach was made by measuring the volume
2. Experimental of a sample of the same material as it cured at room
temperature using a Micromeritics AccuPyc 1330 helium
For the purpose of demonstrating this measurementpycnometer. This instrument has two connected chambers
method, samples of a commercial two-part epoxy adhesive,of known volume. The sample is placed in one chamber,
were prepared following the vendor's recommendation. which is then evacuated and back-filled with helium. The
The material is an amine-cured bisphenol A epoxy with volume of helium is determined by transferring the gas
no filler (Masterbond Inc., Hackensack, NJ). This adhesive to the other evacuated, empty chamber and measuring the
system cures in 24 h at room temperature, and cure can bechange in pressure of the gas. The volume of the sample
accelerated by heating. is then calculated from the difference in the volume of the
Measurement of rheological properties was carried out chamber with and without the sample. The measurement
using a Rheometric Scientific RDA 1ll DMA with an 8-mm  is automatically repeated until three determinations give
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Fig. 1. Shrinkage curves by pycnometer and by dynamic mechanical analysis.
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the same volume for the sample. For this measurement, the3. Results and discussion

sample was placed in the sample cup that had been lined

with aluminum foil. Measurements of the sample volume A typical method for measuring volumetric shrinkage of
were made at regular intervals under ambient conditions. resins has been pycnomei8}. This method measures total
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Fig. 2. Shrinkage curve (dotted) and modu® ( thick solid line;G”, thin dashed line) at room temperature.
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Fig. 3. Shrinkage curve (dotted) and modu® ( thick solid line;G”, thin dashed line) at 6%C.
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change in volume, as opposed to the linear shrinkage ob-was inserted. The total shrinkage observed was 2.8% un-
tained from the DMA. Comparison of the results obtained der this condition, compared to 3.2% at room temperature.
by the two methods is shown iRig. 1. The curves show Note that less of the shrinkage occurred before gelation at
good agreement between the two methods. Other workers65°C (1.2% out of 2.8%) than at room temperature. That
have shown that the linear shrinkage measured in a thin sam-observation could have importance for choosing process
ple having a large area typically gives good agreement to aconditions when using this material.
measurement of volumetric shrinkage of the same material
[8-10].
An advantage of measuring shrinkage by DMA is the abil- 4. Conclusions

ity to monitor shrinkage concurrently with monitoring the
mechanical properties of the material. Thus, one can mon- In situ determination of shrinkage during cure of ther-
itor viscosity and shear modulus of the resin, and thereby mosets by dynamic mechanical analysis has been demon-
determine the approximate gel time and shrinkage all in one Strated. The measurement technique correlates shrinkage
experiment. When a thermoset formulation reaches the gelWwith gelation so that accumulated stress in the cured sys-
point, there is a polymer network formed through the entire tem can be assessed. Measurements at elevated temperature
sample. Up to that point, the components can flow, so that it are possible. The technique can be adapted to anisotropic
is typically assumed that the polymer can adjust to shrink- shrinkage in systems, such as fiber-reinforced composites,
age before gelation without stressing the material. Only the by selection of appropriate sample geometry.
shrinkage that occurs after the gel point is considered impor-
tant for determining stress on embedded or attached com-
ponents because of restricted flow of the components afterAcknowledgements
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