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Effect of pressure and reinforcement
type on the volume chemical shrinkage
in thermoset resin and composite

Yasir Nawab1, Nicolas Boyard2 and Frédéric Jaquemin3

Abstract

The diverse use of thermoset composite materials is increasing day by day in industrial applications. This has led to the

development of several fabrication techniques, use of various reinforcement types, and different fabrication conditions to

achieve a composite part with required properties. Despite all these technological advancements, there is a shear need

to investigate and understand the effect of all these factors on the curing process. Volume chemical shrinkage of resin is

one such property, which has been studied by several authors for a given value of applied pressure. A few studies have

reported results on volume chemical shrinkage of composites for one type of reinforcement and for a single applied
pressure. In the present work, experiments on vinylester resin and associated glass fibres composites were conducted

under two different pressures. The tested composites were containing unidirectional fibres ([0] and [0/90]) and plain

woven fabric with two different fibre volume fractions. The results of these experiments, carried out in a plunger type

dilatometer, led us to show the effect of fibre fraction, type of reinforcement, and applied pressure on the volume

chemical shrinkage of vinylester resin.
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Introduction

Chemical shrinkage of thermoset matrix is one of the

major sources of cure-induced defects in composite

parts for the aerospace, naval, and automotive applica-

tions. These defects include matrix cracking, fibre buck-

ling, reduced strength, warping, and shape distortion.

Characterization of chemical shrinkage is thus of cru-

cial interest for modelling the residual stress1,2 and the

resultant defects.

Several dilatometric techniques3–20 have been used

for the characterization of chemical shrinkage. Out of

these, plunger type dilatometer is mostly used for the

determination of volume chemical shrinkage.

Plunger type instrument (also called PVT device) for

thermoset resin can be compared to a syringe, which con-

tains and pressurize the sample. The plunger of the syr-

inge is monitored to follow the volume changes. Many

authors6,7,21–26 used this instrument for the dilatometry

on thermoset resins. This instrument in the beginning was

only able to record volume changes under a low applied

pressure. Later on, different improved versions of PVT

device were developed, which worked under high pres-

sure and also characterized several other resin properties.

This instrument has also been employed for the meas-

urement of volume chemical shrinkage of composites.

For example, Russell et al.27 used GNOMIX PVT

device for the determination of global volume chemical

shrinkage of UD-laminated (carbon/epoxy) composite.

Same device was also used to study the epoxy moulding

compound with and without fillers.28Holst et al.29 deter-

mined the volume chemical shrinkage of epoxy system

containing fillers using a laser scanning dilatometer.

PVT-� mould is a high pressure (up to 10MPa) and

high temperature (up to 200�C) PVT device also
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equipped with heat flux sensors. Therefore, it is able to

measure simultaneously the flux density and hence the

degree of cure, volume, and temperature of mould sur-

face for a given hydrostatic pressure.30–32 In a recent

work, results on the volume chemical shrinkage of viny-

lester resin and associated cross-ply composite under

one pressure value have been reported considering the

thermal gradients.32 The experimental data in that

work were obtained from the tests using this device.

Parameters of fabrication of thermoset composites

parts vary a lot according to nature of part and fabri-

cation technique. Pressure applied during curing is one

such parameter. In our knowledge, the effect of pres-

sure on the volume chemical shrinkage of thermoset

resin and composite is not reported yet. Moreover,

the effect of reinforcement type on the volume chemical

shrinkage of resin and composite is also rarely studied.

Therefore, the objective of this work is to address these

issues. In the present article, results on the volume

chemical shrinkage of vinylester resin and associated

glass composites under two pressure and heating

ramp conditions are presented. For composites, the

tests were conducted on unidirectional ([0], [0/90]) and

fabric-reinforced composite samples having two differ-

ent fibre fractions to study the effect of reinforcement

type and the fibre fraction on their volume chemical

shrinkage. The volume measurements of resin and com-

posite during curing were taken using PVT-� mould.

The contribution of thermal expansion to the total

volume variation was calculated using thermal coeffi-

cients of sample and temperature profile. Chemical

shrinkage was obtained by deducing thermal expansion

from the experimental displacement curve.

Materials and methods

In this work, 14 types of resin and composites samples

were tested. The list of these is given in Table 1. For

each sample type, three repetitions were done. S1 and

S2 were the pure vinylester resin samples tested under

two different pressures (P1¼ 0.65MPa and

P2¼ 0.32MPa). This resin is available commercially

with the name DERAKANE MOMENTUM 411-350

epoxy vinyl ester. Cobalt naphthenate (0.05wt%) was

added as an initiator and 1 wt% catalyst NOROX

MEKP-925H methylethylketone peroxide, MEKP) for

initiating the chemical reaction.

Reinforcement types, stacking sequence, and pres-

sure conditions for composite samples S3–S14 are

given in Table 1. Both resin and composite samples

were in the form of circular discs with diameter equal

to 40.5� 1 mm and thickness about 6mm. Density of

unidirectional (UD) and woven fabric reinforcement

was equal to (300 g/m2). On PVT-� mould, sample

weight varies between 8 and 16 g depending on the

fibre volume fraction.

Samples were cured using following thermal cycle:

maintaining at room temperature for 2min, heating

to 180�C at the rate of 4�C/min, maintaining at

180�C for 10min, and finally cooling to room tempera-

ture at 4�C/min. Since glass transition temperature of

the resin is about 118�C, heating above this tempera-

ture was done to ensure complete curing of samples.

Experiments were also conducted on resin samples

using Differential Scanning Calorimeter DSC (TA

Q200 from TA Instruments�) to determine the heat

of cure of resin samples. Five samples of about 10mg

of resin were tested using the curing cycle presented

above. Heat of cure was found by integrating the heat

flux density peak using a sigmoid base line. Glass tran-

sition temperature of the cured resin was also deter-

mined using this instrument.

Like other PVT devices, PVT-� mould (Figure 1)

consists of a piston, which is able to move in a cylin-

drical stainless steel cavity having a 61-mm internal

diameter. The heat transfer is one dimensional and

along the sample thickness. Heaters installed at the

bottom of mould cavity and in the piston ensure uni-

form heating of sample surfaces. Heat flux sensors33

placed each in the bottom of cavity and in the piston

record the heat flux. The mould is placed between two

platens of an electric press. Servo motors adjust the

position of the piston is the real time to keep the pres-

sure constant. More details about this device are given

in Boyard et al.34 and Millischer.35

Silicon pouch (Figure 1) is available in two portions:

a small container and a lid. Before placing in the mould

cavity, reinforcement (if any) is placed in the container

Table 1. Different samples studied in this work.

Sample Reinforcement

Stacking

sequence Vf (vol%) Pressure

S1 – – – P1

S2 – – – P2

S3 Woven fabric [0/90] 32% P1

S4 Woven fabric [0/90] 32% P2

S5 Woven fabric [0/90] 49% P1

S6 Woven fabric [0/90] 49% P2

S7 UD [0/90] 32% P1

S8 UD [0/90] 32% P2

S9 UD [0/90] 49% P1

S10 UD [0/90] 49% P2

S11 UD [0] 32% P1

S12 UD [0] 32% P2

S13 UD [0] 49% P1

S14 UD [0] 49% P2
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and sealed with the lid using the silicon adhesive.

The resin is then injected in the pouch using vacuum

assistance. This also helps to remove air bubbles. Once

the pouch containing resin or composite is placed in

mould cavity and test is launched, the piston moves

following the variations of the sample volume to main-

tain a constant hydrostatic pressure. These variations

are recorded by linear variable differential transformer

(LVDT) displacement sensor with a precision of 1 mm

and a limit of 10mm.

A schematic representation of volume variations of

the sample in the silicon pouch during curing and

external pressure applied by piston during the PVT-�

experiment are given in Figure 2. Thermal expansion/

contraction due to heating/cooling and/or exothermic

reaction and chemical shrinkage due to crosslinking

causes the changes in volume. Since the surface of

the silicon pouch, on which the constant pressure is

applied, does not vary, the change in volume appears

as a change in thickness and recorded by LVDT

sensor.

Results and discussions

Interpretation of heat flux density and thickness

variation curves

Resin and composite samples were cured according to

thermal cycle and pressure conditions presented in

Materials and methods section. A reference experiment

was run on an aluminium disc with known properties

enclosed in a silicon pouch. The objective was to deter-

mine the possible heat loss to the mould and thermal

expansion of the LVDT sensor, silicon pouch, and the

mould. Temperature cycle described in precedent sec-

tion was used under two pressure conditions. The

results of these experiments were used later as base

lines for displacement and heat flux density while treat-

ing the data.

After data treatments and subtraction of respective

base lines, the total heat flux density (’) and the thick-

ness variation purely associated to the resin or compos-

ite were obtained.

Piston 

Cavity
Displacement sensor (LVDT)

Ejector

Silicon pouch 

containg sample 

Figure 1. A snapshot of PVT-� showing moulding cavity, piston and silicon pouch containing sample.

Thermal expansion

Chemical shrinkage

External force (pressure)

Resin sample

Applied pressure by piston 

Silicon pouch

Mould surface 

Figure 2. Schematic representation of the sample volume variations induced by phenomena occurring during the PVT-� experiment

in a silicon capsule.
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An example of thickness variation of the resin

sample (S1) during the thermal cycle, and the asso-

ciated heat flux data (for heating step only) versus sur-

face temperature of sample are presented in Figure 3.

As described earlier, the thickness variation corres-

ponds to volume change. During the heating cycle,

this thickness variation was the result of thermal expan-

sion and chemical shrinkage while the only prominent

phenomenon during cooling cycle was the thermal

contraction.

Linear part (zone A–B) of the thickness curve repre-

sents the thermal expansion of neat resin. The slope of

thickness curve in this zone gave the volume coefficient

of thermal expansion (CTEuncured) of neat resin. As the

reaction starts at low temperature, this region is very

small. Since the reaction was not started in this zone, an

endothermal effect was observed on heat flux curve due

to the heating of the sample.

Exothermic heat flux in a thermoset resin due to

crosslinking of molecules gives an idea about chemical

reaction in the resin. It can be noted from heat flux

density curve that the chemical reaction started from

B (exothermy started at the same temperature) and

completed or became very slow on reaching C. Since

temperature was also increasing, the shrinkage was

coupled with thermal expansion. Because of beginning

of chemical reaction, a little deviation from linear

behaviour of thickness curve at B was observed. But

later, the thickness curve took a U turn due to high

chemical shrinkage. The chemical reaction was at its

peak (heat flux density curve) at this time. In the zone

C–D, the prominent effect was again thermal expansion

and the curve is quasi linear. Since glass transition

occurred near C, the resin was in rubbery solid state

in zone C–D. The coefficient of solid rubbery resin

(CTErubbery) was found by calculating the slope of

thickness curve in zone C–D.

During the cooling step (in zone C–D), a hysteresis

of thickness curve was observed in the beginning, but

later both the cooling and heating thickness curves

superimposed. During cooling, thickness curve can be

divided into two portions with two different slopes

(I and II). This difference is due to change of material

state from rubbery to glassy state.

The difference between initial thickness (at the start

of heating) and final thickness at the end of cooling is

equal to the apparent shrinkage of material which was

found equal to 2.1� 0.4 vol% for neat vinylester resin.

It should be noted that apparent shrinkage is always

lesser than chemical shrinkage. This is because of the

fact that thermal expansion coefficients of uncured or

partially cured resin in liquid or gelled state during

heating are much higher than thermal expansion coef-

ficient of solid cured resin during cooling. Due to this

difference, one cannot observe the whole effect of chem-

ical shrinkage.

In order to determine chemical shrinkage, the first

step was to calculate thermal expansion of sample in

zone B–C. Determination of coefficients of thermal

expansion was required for this purpose. Since the

Chemical reaction zone A B C D 

Hea�ng

Cooling (II) 

Hea�ng 

Cooling (I) 

Figure 3. Thickness variation of neat resin sample during the curing and cooling versus temperature, heat flux density during curing

is also plotted.
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evolution of properties of resin from uncured to cured

state depends on degree of cure (�), mixing law (1)

was used to find coefficient of thermal expansion

CTE(�) for a give value of degree of cure � in the

curing zone B–C.

CTE �ð Þ ¼ CTEuncuredð1� �Þ þ � CTEcuredrubbery ð1Þ

Total heat of cure was determined by integrating the

heat flux curve using sigmoid base line. The average

value for three resin sample was found equal to

�Havg¼ 325� 4.2 J/g. From the DSC experiments,

average value of total heat of cure of five samples was

found equal to 324.9� 3.6 J/g. This shows that the

results of both instruments are in agreement. Using

DSC, the glass transition temperature of fully cured

resin was found equal to 118� 0.9�C versus the manu-

facturer provided value of 120�C.

If it is considered that temperature through the

thickness of sample is uniform, then degree of cure

will also be uniform in the sample. Its value at time

instant (t) can be determine by integrating the heat

flux curve until that time and dividing by total heat

of cure:

�ðtÞ ¼

Z t

0

’dt

�Htot

ð2Þ

Here �(t) is the degree of cure at a given time instant,

�Htot is the total heat of reaction released, and ’ is the

heat flux density. Temperature profile during the heat-

ing of a resin sample, heat flux density, and degree of

cure (�) calculated using equation (2) is plotted in

Figure 4 versus time in seconds.

Figure 5 shows an example of thickness variation

and heat flux density versus temperature graph of

cross-ply glass/vinylester composite sample having 16

plies (Vf¼ 32%). Evolution of both curves is similar

to that of resin presented in Figure 3. The heat flux

curve started from zero followed by an endothermy.

The reaction in case of composite was a little delayed

as compared to resin and can be attributed to the dif-

ference of sample preparation time. The heat flux dens-

ity returned to zero during the isothermal step at 180�C.

Thickness curves of composite during the cooling step

did not superimpose.

This might be due to the limitation of hypothesis

made that elastomer acted like a fluid and was fully

able to compensate the volume changes caused by

shrinkage or expansion. In our view, this hypothesis

is applicable to resin/composite in liquid, gel, and/or

in rubbery state, because in this state, liquid, or gelled

resin allowed the elastomer to flow thanks to the

applied pressure. But once the resin is glassy, it is not

possible for elastomer to fill all the vacant spaces cre-

ated by thermal contraction.

Determination of chemical shrinkage

Determination of chemical shrinkage is a complex phe-

nomenon due to its strong coupling with thermal

expansion/shrinkage. If thermal gradients are present,

finding the solution becomes more difficult due to the

existence of gradients of thermophysical properties and

degree of cure through the sample. It has already been

shown in the literature32 that presence of thermal gra-

dient effects only the evolution of chemical shrinkage of

resin versus degree of cure. Otherwise, total chemical

shrinkage remains unaffected. In case of composite, the

Figure 4. Heat Flux curves recorded during curing of neat resin, calculated degree of cure is also plotted versus time.
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effect of thermal gradients on both evolution and total

chemical shrinkage is not significant, which is because

of the low amount of resin present in them. Therefore,

it was decided to neglect the effect of thermal gradients

for the simplicity of calculations. With this assumption,

it is simple to determine chemical shrinkage (diCS��)

using equation (3)

diCS�� ¼ d ðT,�Þ � dið1þ CTEð�Þ�TÞ ð3Þ

where di is the initial thickness of the sample. CS is the

coefficient of chemical shrinkage, which is defined

as CS ¼
�dshrinkage

di��
. It has no units. CTE(�) is the coeffi-

cient of thermal expansion of sample calculated using

equation (1).

Effect of fibre fraction. As illustrated in Figure 6, mol-

ecules of liquid matrix move freely. With the beginning

of the chemical reaction, networks of molecules

are formed. After passing the gel point of the matrix,

the size of these molecular networks is increased so

much that their mobility is reduced. In the presence

of reinforcement, an adhesion of these molecules is

also created with the fibres. The fibre-matrix adhesion

and the physical blockage by fibres, in addition to bulk

of molecules, hinder the molecular movement (due to

chemical shrinkage or thermal expansion) from this

point. This resulted into the formation of micro resi-

dual stresses among fibres and matrix. The hindrance

by fibres increases with the proceeds of chemical reac-

tion due to the formation of bigger molecular networks.

To study the effect of presence of fibres on the chem-

ical shrinkage, shrinkage of each composite sample was

converted to shrinkage of an equivalent mass of neat

resin. The results for resin (S1) and UD composites

with [0/90] stacking sequence under P1 pressure (sam-

ples S7 and S10) are shown in Figure 7. It can be noted

that shrinkage of resin without fibres is higher than the

Figure 5. Variation of thickness of and associated heat flux density (during heating step only) of glass/vinylester cross-ply composite

sample (32 vol%).

cross linking

Molecules before 

chemical reaction

Cross linked molecules  

Figure 6. Illustration of increasing molecular network size and shrinkage with crosslinking.
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shrinkage of the same quantity of resin with the fibres.

It means the presence of fibres hinders the resin to

shrink chemically during curing. The difference

increases by increasing the fibre fraction. Similar results

were found for other reinforcement types.

Effect of reinforcement type. In addition to unidirectional

fibres, woven reinforcement is becoming more and

more popular in the industrial applications due to the

defined distribution of fibres36 and rigid structure. In

general, liquid composite moulding is used for such

type of composite fabrication. The results of volume

chemical shrinkage of resin, UD composites ([0] and

[0/90]), and plain woven fabric-reinforced composites

under two pressure conditions are presented in

Figure 8. The evolution of chemical shrinkage versus

degree of cure was found linear but for a better under-

standing only the final values of shrinkage are plotted

in this figure. All the samples names are also written on

each experimental value of shrinkage. Dashed lines are

added only to show the shrinkage trend.

For a given value of pressure and fibre volume frac-

tion, we were expecting that due to the stiffness of the

structure, chemical shrinkage of fabric compos-

ite< chemical shrinkage of [0/90] composite< chemical

shrinkage [0] composite. But for 32% fibre volume frac-

tion, the results show that there is no significant

effect of type of reinforcement type on the

Resin (sample S1) 

Composite sample S9 

(Vf=49%,  pressure =P1) 

Composite sample S7 

(Vf=32%,  pressure =P1) 

Figure 7. Chemical shrinkage of resin and equivalent composite [0/90] shrinkage versus degree of cure.
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Figure 8. Volume chemical shrinkage of resin and various composite samples.
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chemical shrinkage. In fact for such low volume frac-

tion, the hindrance of the fibres is weak. However, a

prominent effect can be noted in case of higher fibre

volume fraction (49%) as shown in Figure 8.

Effect of pressure. Application of pressure is necessary to

avoid air bubbles and for consolidation of composite

part during fabrication. The amount of applied pres-

sure depends on various parameters including matrix

type, fabrication technique, and type of composite.

The free volume decreases and chemical shrinkage

increases due to the applied pressure on resin during

its curing. Any change in chemical shrinkage may

lead to the change in induced residual stress and

hence shape distortion of the part. Therefore, it is

essential to study the effect of applied pressure on the

chemical shrinkage of matrix and composites. It has

been shown by Nawab et al.32 that the application of

pressure over a short period of time does not affect the

amount of heat released during curing and has not

changed chemical shrinkage significantly.

In the present study, resin and composites were

cured under two different pressures (hydrostatic),

which were maintained throughout the curing process.

It can be noted that for all reinforcement types and

fibre volume fraction, the effect of pressure on chemical

shrinkage is significant. The value of shrinkage at

higher pressure (P1) is higher than the value of shrink-

age at low pressure (P2).

Conclusion

In this study, volume chemical shrinkage of vinylester

resin and associated glass fibre composites containing

UD fibres and plain woven fabric as reinforcement is

studied. Experiments on composite samples were done

with two fibre volume fractions. All the tests were con-

ducted under two pressures. The results of experiments

showed that pressure applied during the curing of

matrix affects significantly the volume chemical shrink-

age of resin and composite. Keeping all other factors

constant, volume chemical shrinkage increases by

increasing the pressure. Moreover, the presence of

fibres in matrix hinders its chemical shrinkage. For a

given reinforcement, shrinkage blockage of sample

having a greater fibre volume fraction is higher in com-

parison with composite containing low fibre volume

fractions. It was also observed that for a given fibre

volume fraction, volume chemical shrinkage of fab-

ric< shrinkage of [0/90] composite< shrinkage of [0]

composite. This leads to the conclusion that for the

given values of fibre volume fraction and pressure

applied, the volume chemical shrinkage will be lesser

for the stiffer reinforcements.
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