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Abstract Control and optimization of curing process is

very important for the production of high quality composite

parts. Crosslinking of molecules of thermoset resin occurs

in this phase, which involves exothermy of reaction,

chemical shrinkage (Sh) and development of thermo-

physical and thermo-mechanical properties. Exact knowl-

edge of the evolution of all these parameters is required for

the better understanding and improvement of the fabrica-

tion process. Sh is one such property of thermoset matrix,

which is difficult to characterize due to its coupling with

thermal expansion/contraction. A number of techniques

have been used to determine volume Sh of thermoset

matrix, which later on has been used to find tensor of Sh for

the simulation of residual stresses and shape distortion of

composite part, etc. Direct characterization of volume Sh

of composites has also been made by some authors.

Though not much, but some work has also been reported to

determine the Sh of composite part in a specific direction.

In this article, all the techniques used in the literature for

the characterization of Sh of resin and composite are

reported briefly with their respective advantages, disad-

vantage and important results.

Introduction

A better understanding of curing process and related phe-

nomena such as chemical shrinkage (Sh), thermal expansion

(T.E), heat transfer, reaction kinetics and properties devel-

opment is required for the production of high quality ther-

moset composite parts. Matrix shrinkage/expansion is an

important parameter to define the residual stress in a com-

posite part [1–11] and for its shape distortion during curing

[12–14]. Many defects [15, 16] in a composite part are pro-

duced as a result of these stresses. The matrix shrinkage can

be of two origins: thermal and/or chemical but in both cases it

is associated to heat transfer. During the curing, dimension

variation of a part is the result of coupled thermal and

chemical contributions. Certain problems such as sticking of

resin or composite with the container, exothermy of reaction

etc. are faced during the testing. Moreover, the strong cou-

pling with T.E makes the calculation of Sh difficult.

ASTM standard D2566 provided [17] a simple method

to measure the linear component of the apparent shrinkage

of a thermoset resin casting system during cure. A half

round cavity mould is filled with liquid resin. Difference

between length of cured resin and the mould corresponds to

the apparent shrinkage.

The true Sh is much higher than this apparent shrinkage.

In fact, for a hot curing system, the T.E coefficient of resin

in the liquid state is much higher than in the cured state,

either above or below Tg; this can lead to a very low

apparent shrinkage masking a much higher real shrinkage.
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Université du Havre, 53 rue de Prony, BP 540,

76058 Le Havre, France

e-mail: yasir.nawab@yahoo.com

S. Shahid

Normandy University, UCBN, UR ABTE EA4651, 14032 Caen,

France

N. Boyard
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A capillary-type dilatometer also presents a simple

method to determine the Sh of resin. Change in volume of

resin in capillary tube while curing the resin at isothermal

temperature corresponds to Sh. This change is recorded by

visual readings or using a digital method. Sticking of resin

with capillary walls was a significant problem faced in this

method.

Several other methods were then developed for the

determination of Sh to overcome the problems faced during

measurement, improve the accuracy of measurements, and

to do measurement in different conditions of temperature

and pressure.

In most of the studies conducted for Sh determination,

volume variation of matrix was recorded. Then volume Sh

was decoupled from T.E/contraction. Characterization of

volume Sh of composites has also been made by some

authors. Though not much, but some work has also been

reported to determine the linear Sh of a composite part.

In most of the studies, determination of Sh of thermo-

setting resins and composites was done by assuming neg-

ligible temperature gradients. For such studies, size of the

resin sample is a very important factor. Larger resin sample

used for shrinkage measurement releases a significant

amount of heat creating local temperature gradients. Since,

kinetics of reaction depends largely on temperature, it is

very difficult to couple this with the kinetics determined

from DSC (using a very small sample). On the other hand,

small sized sample used for measurement has negligible

exothermy, but there are always questions on the accuracy

of shrinkage measurement.

In this review, techniques that have been used for Sh

determination are discussed briefly with their respective

advantages, limitations and important results.

Sh determination techniques for thermoset resins

Dilatometric techniques for the reactive polymers can be

found in the literature in the beginning of 20th century [18]

but the dilatometers specialized for thermoset resins were

mostly developed in the second half of 20th century. Dila-

tometry of thermoset resins is difficult for several reasons

such as early beginning of chemical reaction, rapid chemical

reaction in heating ramp conditions, exothermy during the

reaction, which affects the temperature hence the reaction rate

control, sticking of resin with the container and deconvolution

of thermal contribution when reaction occurs during heating.

When the thermoset resin is cured, it undergoes volume

changes. They are due to its T.E or thermal contraction

(T.C), and Sh induced by crosslinking of molecules.

Figure 1 shows the curing cycle of a typical thermoset

resin (epoxy). The degree of cure is also plotted on the same

graph. Possible dimensional changes because of T.E, T.C and

Sh are also indicated. In the heating (from reference tem-

perature T0 to Tcure) step A–B, resin undergoes T.E and Sh.

Chemical shrinkage is not much significant in this step as

value of degree of cure is not very high. In the constant

temperature portion B–C, there will be no T.E, but resin will

shrink due to Sh. In the cooling step C–D, the resin will

shrink thermally. The total change in volume will be the

difference of volume at point ‘A’ and ‘D’ and it depends on

the temperature at which this change is measured [19].

Many techniques have been developed to measure

shrinkage of resin. These techniques can be categorized in

two groups (Fig. 2):

• Volume dilatometric methods

• Non-volume dilatometric methods

↑ ↓

↓

↓

Fig. 1 Curing cycle of an

epoxy resin
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Fig. 2 An overview of matrix shrinkage measurement techniques for resin

Fig. 3 Volume variation curves of different resins from literature and present study
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Both groups can be subdivided as shown in Fig. 2 to

provide an overview of the mainly developed techniques

for shrinkage determination.

Volume dilatometric methods

In this type of approach the change in volume is measured

directly. In all these methods, Sh is derived from volume

variation (dilatometric) curve. Variation of volume of resin

during curing depends on its chemical formulation, curing

cycle [20] and pressure applied. To give a broader view,

volume variation of epoxy resin 3501-6 [21] (Fig. 3a),

unsaturated polyester containing LPA [22] submitted to a

heating ramp curing cycle (Fig. 3b), unsaturated polyester

containing LPA cured at 35 �C [23] (Fig. 3c) are presented

along with volume variation of vinylester resin (Fig. 3d)

cured in heating ramp of 4 �C/min [24]. A significant dif-

ference can be observed among the volume curves of the four

presented (Fig. 3a–d).

The commonly known volume dilatometric methods of

measurement of shrinkage can be categorized as:

• Capillary type

• Gravimetric method

• Plunger type

Capillary-type dilatometer

These dilatometers [25–27] are the simplest ones, and

measure the cure shrinkage by determining the linear

height change of a column of liquid such as mercury or

water, which is connected to a reservoir of the liquid sur-

rounding the test substance. They generally lack digital

output of the volume change, so the precision of the

measurement is largely limited by the accuracy of visual

observation.

Moreover, such instruments do measurements under low

pressure, which do not correspond to fabrication condi-

tions. In addition, the sticking of resin with the walls of

capillary tube results in additional errors. Therefore, this

method is restricted to slow reactions, low conversions and

low viscosity systems. Excellent control of temperature is

required to avoid the thermal effects.

Yates and McCalla [26] developed a capillary-type

dilatometer (Fig. 4a) and used it for vinylester resin and

three epoxy resins. It consisted of a bulb E having volume

of 15 cm3 for resin placement, which was connected to

three limbs A, B and C. The limb ‘C’ carrying thermo-

couple was extended in bulb E such that its tip was in the

resin. The lower end of limb had silicon fluid which

facilitated the thermal communication between resin and

thermocouple. A stopper D connected to E facilitated the

removal of dissolved gas.

The pre-weighted resin poured in bulb E by limb ‘B’ and

dissolved gas were removed by vacuum through stopper D.

The meniscus level of mercury in the limb ‘A’ gave the

information about resin volume. For heating, the dilatometer

was placed in a viscometer bath containing silicone fluid and

controllable temperature within T ±0.01 �C. The movement

of the meniscus in limb ‘A’ was monitored with the aid of a

cathetometer sighted through a window in the wall of the bath.

Figure 4b shows the variation of volume of vinylester

resin. Thermal cycle was composed of following steps:

• Curing at 20 �C for 24 h,

• Heating to 100 �C and then maintained at this temper-

ature for 3 h for post-curing

• Cooling to room temperature

Fig. 4 a Capillary-type

dilatometer b volume variation

of vinylester during curing [26]
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If ‘VR’ represents the volume at point B at the end of

first isotherm, the ratio V/VR denotes the reduced volume.

Sh was represented versus time and global shrinkage was

found about 6 %. The volume shrinkage in region CD was

due to the fact that resin had not cure completely during

isotherm at 20 �C for 24 h.

Epoxy resins were also cured in the similar way, fol-

lowing the manufacturer recommended thermal cycle. The

overall Sh of three types of epoxy resins were found equal

to 2, 6 and 4 %, respectively. Lack of re-use of instrument

was the biggest drawback of this technique.

Snow and Armistead [27] improved the instrument of

Yates et al. [26] by introducing a detachable bulb, a

graduated capillary and PYREX-treated glass (to overcome

problem of sticking of resin with walls). Specific volume

measurement as function of curing time, and T.E mea-

surement of monomer and cured thermoset were carried

out on bisphenol A dicyanate. The maximum value of cure

shrinkage was found to be 19 %.

Huang and Liang [28] proposed a capillary-type dila-

tometer in which sample was contained in a bag made of

high density polyethylene to avoid problem of sticking of

resin with walls of instrument. This device was used to

measure Sh of unsaturated polyester with four different low

profile additives (for shrinkage compensation).

The system consists of a sample cell of stainless steel

placed in a pressure cell (screwed at its bottom). The sample

(6–10 mg) was immersed in confining fluid, i.e. mercury,

whose level (on a graphite rod) indicated the variations of

volume. A thermocouple inserted into the sample bag recor-

ded the temperature variations during curing. The pressure

cell partially filled with silicon oil and equipped with heating

and cooling coils maintain the desired temperature and pres-

sure. The study was carried out under 0.1 MPa pressure.

Figure 5 shows the relative polymerization shrinkage % of

unsaturated polyester containing 10 % PVAc additive as

function of relative monomer conversion % (measured by

DSC), when final curing was done at 110 �C. One can observe

a linear relationship between resin shrinkage and conversion

degree. Visual measurement remains the limitation of the

device.

Gravimetric method

Gravimetric method is based on the monitoring the change

in buoyancy of the resin [19]. This method was used to

measure Sh of the epoxy resin system during an isothermal

cure [19, 29, 30]. Resin was weighed independently of the

bath and was suspended in a pot of fluid, regulated to the

curing temperature (Fig. 6).

Provided the density of the fluid is known, the Sh of the

resin can be monitored during an isothermal cure. The resin

system was sealed in a silicone rubber bag to avoid the

disturbance of chemical reactions of the resin by any other

medium such as air or moisture.

Furthermore, the soft and flexible silicone bags kept the

resin stress-free during the measurement regardless of the

state of the resin; therefore, the precise cure shrinkage of

the resin as a function of time at the curing temperature

was measured.

Fig. 6 Test setup of Gravimetric method [19]

Fig. 7 Chemical shrinkage of epoxy resin versus degree of cure for

100 �C isothermal cure based on FTIR cure kinetics [19]

Fig. 5 Relationship between the relative polymerization shrinkage

measured at 110 �C and the relative monomer conversion progresses

for UP resins [28]

J Mater Sci (2013) 48:5387–5409 5391

123



The relationship between the cure shrinkage and degree

of cure was deduced from the knowledge of the cure

kinetics of the resin system. The final shrinkage of the

epoxy resin was plotted versus (%) degree of cure (Fig. 7).

Authors found that shrinkage curve was bilinear, with a

break point at about gel point (30 % of cure) of resin used.

They suggested that upon gelation the cure shrinkage was

hindered by the build-up of 3D network of polymer chains,

resulting in low rate of volumetric change with crosslink-

ing. Two curves were fitted to find the shrinkage equation.

The final shrinkage was found equal to 6.9 %.

Low pressure conditions, isothermal curing, use of

another instrument for degree of cure measurement are the

limitations of this technique.

Plunger (PVT)-type dilatometer

This type of device can be compared to a syringe which

contains and pressurize the sample. The plunger of the

syringe is monitored to follow the volume changes. Many

authors [21, 31–36] used this instrument for the dilatometry

on thermoset resins. Some commonly known PVT devices

are described below:

Kinkelaar’s PVT Kinkelaar and Lee [37] developed many

versions of PVT instruments. In 1992, he presented a low

pressure and low temperature dilatometer. The heating and

cooling methods were not sophisticated and control of the

temperature was difficult. The instrument was used to study

UPE (unsaturated polyester resin) with LPA (low profile

additives) at 80 �C at pressure of 0.35 MPa. The sample

was sealed (air-free) in a PE pouch and was placed between

two screens, in a cavity made in two aluminium discs. A

30 ml glass syringe was cut in half and glued into the

holes, as shown in Fig. 8. Two thermocouples were placed

inside the sample and in the dilatometer cavity. The cavity

was filled with silicon oil.

The pressure was applied by putting the weights on the

syringe plunger. The movement of weights followed byFig. 8 Schematic of glass syringe dilatometer [37]

Fig. 9 Styrene polymerization

[37]
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volume variation of resin gave the linear indication and

was recorded by dial gauge or LVDT sensor. Portion of

syringe containing sample was immersed in a heating bath

mounted on support for heating. For cooling, the bath was

replaced by a cooling box manually. Maximum tempera-

ture limit was found to be less than 90 �C as any larger heat

produced could not be dissipated quickly causing boiling,

bubbles in syringe.

Figure 9 shows the volume changes of styrene, cured

following a specific curing cycle including heating ramps

and finally isothermal curing at 80 �C as a function of time

and degree of cure. Evolution of the degree of cure was

found using differential scanning calorimeter following the

same temperature profile as used in dilatometer. The final

shrinkage of styrene at 80 % degree of cure was found

equal to 12.05 %. Low pressure, low temperature condition

and inefficient heating and cooling system are the limita-

tions of this system.

Later on, Kinkelaar and Lee [37] developed a high

pressure and high temperature dilatometer instrument. An

improved version of this instrument was also presented [38].

This instrument offered better temperature control, quicker

heating and heat dissipation, higher pressure and tempera-

ture capabilities and easier use. A hydraulic cylinder that

could withstand about 200 �C and 3.5 MPa pressure was

used instead of the glass syringe. The cavity dimensions and

pouch material were the same as those of the glass syringe

dilatometer. Heating was improved by welding heating coils

in the high pressure unit. This dilatometer was constructed of

copper to decrease the heating time.

Pressurization was done using silicon oil and an accu-

mulator was used to prevent changes in pressure due to

volume changes and to maintain a steady pressure. The Sh

of unsaturated polyester resin was found equal to 6.5 %.

Sample size limit for both dilatometers was 7 ± 3 g.

GNOMIX high pressure dilatometer GNOMIX dilatom-

eter is a high pressure and high temperature dilatometer

used by several authors for dilatometry of thermoset resins

[39]. Mercury is used in this device as confining fluid.

Toxicity of mercury is a significant problem of such

devices.

PVT-a mould This device (Fig. 10) gives information

about degree of cure in addition to the volume variation [22,

40, 41] and has been used to study the neat thermosetting

resin and composites(several millimetre thick and 40 mm

diameter) under an adjustable pressure up to 10 MPa and

temperature up to 200 �C. The heating is ensured by three

heaters located at the top and bottom to heat the piston and

cavity, respectively. More details about this device are given

in [41, 42]. Two heat flux sensors [43] placed in the bottom

of the mould and in the piston provides information on

surface temperature of sample and heat flux density.

The movement of piston following the volume varia-

tions are recorded by LVDT-type displacement sensor with

a precision of 1 lm and a limit of 10 mm. Boyard et al.

[42] used this instrument to identify dilatometric behaviour

of BMC material during cure. This material was based on

unsaturated polyester prepolymer and a thermoplastic low

Piston

Cavity

Displacementsensor

Heatingcoils

Sample

HeatingcoilsGuidingcolumns

Cooling system

Ejectors

Heat flux 

Fig. 10 PVT-a mould
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profile additive (LPA) as shrinkage compensation agent.

The cycle started at 40 �C (for 15 min). Then temperature

was increased linearly to 180 �C at 5 �C/min and was

maintained for 15 min followed by cooling to 40 �C.

Figure 3b shows the thickness and temperature variation

during the cycle. An increase in thickness in the beginning

corresponds to T.E and then a quick fall indicates the Sh.

The shrinkage was found as a linear function of degree of

cure. A shrinkage model demonstrated the effect of LPA to

compensate the shrinkage.

Nawab et al. [24] determined volume Sh of vinylester

resin considering the thermal gradients. While modelling,

Sh was considered linear for a volume element. But global

behaviour of shrinkage versus degree of cure was found

nonlinear (Fig. 11). They also studied the effect of fibre

volume fraction on volume Sh of these composite. In another

study [44], they used this instrument in dynamic pressure

and measured the Sh of vinylester resin. This instrument was

also provided with an optical sensor to measure Sh along

with different optical properties of RTM6 resin [45].

Plunger-type dilatometers provide a dilatometric mea-

surement for the whole curing process and are able to work

under industrial (high pressure and high temperature)

conditions.

In plunger-type dilatometer, a certain amount of pres-

sure is required to apply for the resin during the test. This

may affect the shrinkage behaviour of resin. Furthermore,

resin is contained in a non-reactive pouch. The exact

behaviour of this material is very difficult to determine

since properties of resin are changing continuously during

the curing. This may also affect the quality of the results.

Non-volume dilatometric methods

In such techniques, shrinkage measurements are obtained

by means of a contacting or non-contacting transducer.

Some of these techniques are described briefly in the

following subsections:

From density variation

Resin shrinkage during curing causes a change in its den-

sity. Therefore, density variation was also taken as an

indicator of Sh in some studies.

ASTM D2566 [17] used by Bucknall et al. [46] to

determine the apparent linear shrinkage of resin during

curing. This method also suggests using variation of den-

sity during curing for determination of Sh. On subtracting

the T.E, determined using coefficients of T.E, from total

shrinkage, Sh is obtained.

An experimental setup [16, 47] for the shrinkage mea-

surements of epoxy resin based on density change is shown

in Fig. 12. The test procedure consisted of measuring the

sample weight in air, then weighing the sample (2–3 g)

while suspended on a holder and immersed in the inner

bath of silicon oil. A balance was used to monitor and

record on a personal computer the weight change of the

sample during cure. The sample density was then deduced

from this data. Using values of density of uncured resin (q)

and curing resin (q1) at a given temperature, volumetric

shrinkage was found using Eq. 1:

Volumetric shrinkage %½ � ¼ 1� q1

q

� �
� 100 ð1Þ

Chemical shrinkage of epoxy resin was found equal to

10 %, which is higher than other such values reported in

literature.

Magniez et al. [48] used the same setup to find the

apparent Sh of RTM6 resin. The silicon bath was replaced

with a water bath. Five gram of resin sample was cured at

isothermal temperature of 150 �C. Apparent Sh of this

resin was found equal to 3 %.

Gillespie and co-workers [49, 50] measured in situ the

Sh of vinylester resin using a density gradient column

Fig. 12 Setup for the measurement of density variation during curing

Fig. 11 Chemical shrinkage versus degree of cure of vinylester resin

and associated composites [24]
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technique. A plaque of resin was cast under the desired

isothermal condition (30 �C). After gelation, samples from

the plaques were inserted into the column and density was

monitored as a function of time. Sh was calculated from the

density variation. Volume Sh of vinylester resin was found

equal to 10 %.

Dynamic mechanical analyser

Lang et al. [51] and Schoch [52] used dynamic mechanical

analysis (DMA) to monitor Sh. Schoch et al. [52] measured

the shrinkage of amine-cured bisphenol A epoxy resin using a

Rheometric Scientific RDA III DMA with an 8-mm diameter

parallel plate fixture. Initial sample thickness was in about

0.5 mm. This instrument adjusted the gap between parallel

plates to maintain a fixed compressive or tensile load on the

sample, while it was applying an oscillating shear displace-

ment to one plate and measuring the torque on the other plate.

Shrinkage was measured from the change of gap during the

test and was found equal to 3.2 %. These results were then

compared with pycnometer measurements (Fig. 13).

By DMA, the shrinkage of the resin can be monitored

simultaneously with measurements of mechanical proper-

ties, i.e. viscosity, shear modulus, approximate gel time. In

addition, experiment can be performed at elevated tem-

peratures also.

Thermal mechanical analyser

TMA has been used by several authors for determination of

Sh [53–55]. For example, Hong et al. [56] measured the

cure shrinkage of epoxy resin using thermo mechanical

analyser, and DSC. A very small amount of resin, less than

5 mg, having thickness less than 30 lm was sandwiched

between two silicon slides and placed on TMA sample

platform (Fig. 14).

The measurement of dimension change was conducted

at constant cure temperature. Then, the extent of conver-

sion was monitored with DSC using the same temperature

profile. By analysing curves of both instruments simulta-

neously, cure shrinkage was determined. It was found that

Sh curve changed its slope from the gel point and reached a

maximum shrinkage of 4 %.

Zarrelli et al. [57, 58] used TMA for the dilatometry of

partially cured samples (200 9 400 9 2.5 mm) of epoxy

resin. The testing gave the information on volume variation

versus temperature, which later plotted versus degree of

cure, determined by DSC. Figure 15 shows the dimen-

sional changes of resin sample (initial degree of cure equal

to 0.68) versus temperature. Deviation of curve from the

linear behaviour (from 170 �C) was supposed due to rub-

bery state of resin. An effect of Sh can be observed

between 90 and 120 �C. The liquid dilatometry was done in

a home built dilatometer. The total shrinkage coefficient

was found equal to 0.054.

Yu et al. [59] used a similar setup, and measured Sh of

NCA (non-conducting adhesive) thermosetting resin during

an isothermal (100 �C) cure. Two types of resin NCA1 and

Fig. 14 Experimental procedure for characterization the cure shrink-

age [56]

Fig. 15 Dimensional changes of epoxy sample during cure [56]Fig. 13 Shrinkage curves by Pycnometer and DMA [52]
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NCA2 having gel points equal to 33 and 55 % degree of

cure, respectively, were investigated. It was found that

shrinkage curve for both resin is bilinear and change its

slope from gel point. Effect of applied load was also

investigated. It was found that by increasing load, cure

shrinkage decreases.

Testing of partially cured samples, use of DSC for

determining degree of cure are the limitations of this

technique.

Rheometer

Rheometer and DSC was used to measure the shrinkage of

thermoset resin. For example, Haider et al. [60–62]

developed a test procedure based on the rheometer normal

force control (Fig. 16) to study the cure shrinkage of

unsaturated polyester resin. The tests were performed

under certain isothermal temperatures. It consisted of two

segments: during the first one, when resin was in liquid

state, the normal force kept zero with certain values of

maximum angular strain and frequency, the distance

between plates was kept constant. This segment continued

till the beginning of Sh, identified by negative normal

force.

In the second segment, frequency and torque increased

with a constant normal force, i.e. 0.1 N but the gap might

change. When the normal force was changed due to the

expansion or shrinkage of resin, the gap changed also to

compensate the change in normal force.

The gap change was converted to linear cure shrinkage,

and from which volumetric cure shrinkage was found

(Fig. 16a). No shrinkage was observed until gel point. But

from there, a quasi linear was reported with a final

shrinkage of about 9 %.

The non-volume dilatometry has a frequent problem: the

contact between the resin and a solid surface such as the

plates might induce stresses in the resin during cure.

Therefore, it cannot precisely measure Sh of resin when it

undergoes changes from a liquid to a rubbery and then to a

glassy state. This problem also occurs in some volume

dilatometers when the resin being measured is directly in

contact with the container.

Pycnometer

Pycnometer, sometimes refers as gas pycnometer is a

device for measuring volume of sample. It consists of two

chambers as shown in Fig. 17: one for sample placement

and the other is used as reference.

Both chambers are connected by a gas pathway having a

valve. The pressure difference of gas, on filling the sample

chamber and then evacuating it in the second chamber with

and without sample, helps to compute the sample volume

[61]. Various readings at regular intervals can give the

volume as function of time.

Several authors used this method [52, 61, 63, 64] for Sh

determination. The Fig. 18 shows the results obtained by

Shah and Schubel [61] using pycnometer for unsaturated

polyester resin. Segment 1a, 1b and III correspond the pre-

gelation, post-gelation and post cure phases, respectively.

The cure shrinkage of unsaturated polyester under ambient

Fig. 16 Parallel plate geometry setup [60]. a Cure shrinkage as a

function of degree of cure [60]

Fig. 17 Schematic of a pycnometer that uses a gas displacement

technique [61]
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conditions was found to be 8.45 % which increased to

9.10 % after post-curing.

The disadvantage of this instrument is working only

under ambient conditions. This instrument gives good

results for the polymerization at low cure rate, small peak

temperature and small thermal gradients. The exothermy of

reaction may result in bad results.

Using ultrasonic waves

Hoa et al. [65] presented a method based on the mea-

surement of the evolution of thickness of epoxy resin

during cure, using the ultrasonic waves. The bulk modulus

was also identified during this experiment.

The liquid resin sample was placed into a cup that had

smooth surfaces inside and well-controlled dimensions.

Liquid couplant was placed on top of the liquid resin

sample. The couplant was selected such that it was less

dense than the liquid resin and also chemically inert and

immiscible with respect to the resin system.

The ultrasonic test cell (UT) was held fixed in the cup

cover so that it was partially immersed in the liquid cou-

plant (Fig. 19). The cup was set up so that it was in a

horizontal position, i.e. the cup bottom was parallel to the

liquid interface between the couplant and the resin. The test

cell can be placed inside a thermo-regulated bath as

required.

The principle of technique is based on the measurement

of speed of sound of waves and time required to pass

through the liquid couplant, placed on top of resin. Volume

(corresponding to the thickness) of resin was obtained by

treating the information about velocity of sound through

the couplant and the time taken by sound for a round trip

from UT to resin/couplant interface. Thickness of couplant

(between transducer and resin/couplant interface), hence

time required to pass through it, increases with shrinkage of

resin. Temperature of the system was also recorded during

the experiment. Measurements by this setup were contin-

uous. First reading of the system was too delayed so there

are risks of error in measurement. Figure 20 shows the

volume Sh of resin as function of time which ranges

between 3 and 4 % for various ratios of hardener.

Fig. 18 Pycnometer test results

for UP resin [61]

Fig. 19 Schematic view of the PSM instrumentation setup [65]
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Such experimental method may face the measurement

problems, such as the non-uniform thickness of resin due to

sticking with walls of container, and evaporation of cou-

plant in which ultrasonic transducer (UT) is immersed. In

the above presented study, container with very smooth

inner surface was used to avoid sticking. Furthermore,

sufficient quantity of couplant was used so that UT

remained immersed in couplant throughout the test.

Fibre Bragg gratings

Fibre Bragg gratings (FBG) were used by several authors

[66–73] for the Sh identification.

A schematic illustration of a FBG sensor is shown in

Fig. 21a. The uniform FBG is a segment of optical fibre

with a periodic modulation of the core refractive index.

Usually, an in-fibre FBG can be fabricated on a photo-

sensitive (germanium-doped or hydrogen-soaked) single-

mode optical fibre using a UV laser source at 240–248 nm.

Basically, the principle of the FBG sensor is based on

the measurement of the changes in reflective signal, which

is the centre wavelength of back-reflected light from a

Bragg grating, and depends on the effective refractive

index of the core and the periodicity of the grating.

According to the Bragg condition, the Bragg wavelength

(kB) can be expressed as 2 times of the product of grating

periodic spacing (K) and the effective refractive index of

the fibre core neff [74]. So the Bragg wavelength will shift

with changes in either neff or K. When an external

mechanical or thermal deformation is imposed on the

grating area, the effective refractive index will be changed

as well as the periodic spacing.

For example, Parlevliet et al. [66] used FBG to calculate

polymer shrinkage/strain of a mixture of unsaturated

polyester (Turane) and polyurethane resin during cure and

after curing. Glass cylinders were coated with wax to avoid

sticking of resin with the walls.

A simple guiding system was placed on top of the cylinder

to ensure that the optical fibre was suspended in the centre of

the cylinder (Fig. 21b). A K-type thermocouple was carefully

positioned close to the gratings for the temperature mea-

surements. After mixing and degassing, the resin was gently

poured into the test tubes and allowed to cure. Heating was

done with a hot oil bath, in which setup tube was suspended.

Gel point of resin system was determined successfully equal

to 40 �C (point A in Fig. 21c). The resultant curing strain is

presented in Fig. 21c as function of temperature. The linear

Sh was found equal to 1.9 %. Sticking of resin with container

walls, lack of control of resin temperature are the apparent

limitations of this system. Moreover, the presence of ther-

mocouple and sensor within the resin sample may induce

additional stresses and may affect the final results.

Laser beam scanning method

Thomas and Bur [75] measured the dimension change of

polystyrene during cure by embedding the optical sensors.

Using a helium-neon laser (wavelength, 632.8 nm) light

source, the sensor was used to detect light reflections from

the interfaces in the resin filled mould. A scheme of setup

is shown in Fig. 22a.

On shrinkage, the resin separates from the sapphire

window or the opposite wall creating a gap between resin

and window (or wall). The separation of the mould and

polymer surfaces is detected by an abrupt increase in

reflected light: this is followed by interference fringes

which develop via interfering reflections from the sapphire

window and the receding polymer resin surface. By

counting fringes as a function of time, shrinkage and rate of

shrinkage of the resin product were measured.

From the laser reflections they detected the Sh of sam-

ple, which is plotted versus curing time in Fig. 22b.

Fano et al. [76] used a similar method for measurement

of Sh of dental materials.

Strain gauge method

The strain gauges have been used since many years for the

displacement measurement due to applied external or

internal load for conventional materials. Some authors [77,

78] extended their use for the measurement of cure

shrinkage of thermoset matrix also.

For example, Ochi et al. [77] cured epoxy resin in a sil-

icon rubber mould. A steel ring bonded by a strain gauge

(KFC-10-C-1-11, Kyowa Electric Co., Ltd.) was placed in

the mould containing resin. Curing caused the production of

Sh strain and stress on the ring, which was measured by the

Fig. 20 Volume shrinkage % of resin for different amount of

hardener [65]
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Fig. 21 a A schematic

illustration of an FBG sensor.

b Schematic view of matrix

shrinkage test set-up [66].

c Strain development with

temperature during cure

of UP [66]
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strain gauge. The measurement setup is shown in Fig. 23b.

The results of Sh of two different epoxy resins versus curing

time are shown in Fig. 23a. Use of strain gauges is a reliable

method of Sh determination. The limitations are low pres-

sure measurement. Moreover, the presence of external

object in matrix can affect its shrinkage behaviour.

Miscellaneous techniques

These techniques are often used for the measurement of Sh

of dental materials. For example, Sun et al. [79] measured

the Sh using X-rays analysis. Sharp et al. [80] measured the

Sh by video imaging.

A summary of techniques used for dilatometry

of thermoset matrix along with resin system, sample size,

temperature and pressure conditions, and respective limi-

tations/advantages is given in Table 1.

Sh determination techniques for composites

Not many studies are conducted on the determination of Sh

of composite. A summary of techniques used for this

purpose is presented in Fig. 24.

Volume Sh of composites

Studies for determination of volume Sh of composites are

found rarely.

Plunger-type dilatometer

The device and working principle are described in the

preceding section. This setup has also been used for dila-

tometry of composites. For example, Russell [81] used

GNOMIX PVT device for determination of global volume

Sh of UD laminated (carbon/epoxy) composite. 1–2 g

composite samples with [0], and [0/90] stacking sequences

were studied. An example of variation of specific volume

versus curing time for the given temperature cycle are

plotted in Fig. 25. A pressure of 10 MPa was maintained

throughout the test to avoid evaporation of mercury. The

determined shrinkage was related to the development of

mechanical properties of composite.

Problems faced were the toxicity of sample confining

fluid (mercury), voids in the sample and inaccurate deter-

mination of degree of cure.

Same device was also used to study the epoxy moulding

compound with and without fillers [82]. They also studied

the effect of fibre volume fraction on volume Sh of these

composite. Though not found the same by experiments

(Fig. 26), they assumed the Sh linear versus degree of cure.

Millischer and Delaunay [83] studied the behaviour of bulk

moulding compound in mould PVT-a. Nawab et al. [24]

determined volume Sh of 6 mm thick and 41 cm diameter

glass/vinylester composite considering the thermal gradi-

ents (Fig. 11). Results suggest that thermal gradients have

no significant effect on evolution and quantity of volume

Sh of composites due to the presence of low amount of

Fig. 23 a chemical shrinkage

versus curing time of four

different epoxy resin b scheme

of measurement setup

Fig. 22 a Scheme of

measurement setup b chemical

shrinkage versus curing time

[75]
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Table 1 Summary of techniques used for dilatometry of thermoset resin

Category Technique Resin Sample size Pressure

(MPa)

T (�C) up

to

Comments

Volume Capillary

type

VE, Ep 1–100 g Atm Isothermal

(200)

Sticking of resin with walls, manual reading and isothermal

and low pressure cure.

Gravimetric

method

Ep 3.7 g Atm Isothermal

(110)

Low pressure, use of another instrument for degree of cure

PVT-a
mould

VE,

UP,

Ep

10 g Up to 10 400 High pressure, temperature condition and measures heat flux

(degree of cure) in the same experiment. Cannot work at

atmospheric pressure.

Low

pressure

plunger

type

Styrene 7 ± 3 g 0.35 90 Low pressure and temperature conditions, inefficient heating

and cooling system, use of DSC for degree of cure.

High

pressure

plunger

type

UP 7 ± 3 g 3.5 204 High pressure and temperature conditions, use of DSC for

degree of cure is required.

Non-

Volume

Density

variation

VE 5 g Atm Isothermal

(170)

Simple method. Low pressure and isothermal cure only. Use

of DSC for degree of cure is required.

DMA Ep 0.5 mm thick Atm 200 Very small sample, used DSC for degree of cure,

measurements after gel point

TMA Ep Atm 120 Dilatometry of partially cured samples, used DSC for degree

of cure measurement

Rheometer UP 0.5 mm thick 0.1 120 Small sample size, isothermal, low pressure conditions,

change of experimental condition before and after gel

point.

Pycnometer UP 0.005 cm3 Atm Isothermal

(RT)

Low cure rates, low temperature, low thermal gradients

Fibre Bragg

gratings

UP 10 9 3 9 3 mm3 Atm 205 Low pressure, need of DSC for degree of cure, the presence

of thermocouples and sensors within sample.

Ultrasonic

waves

Ep 20 g Atm Isothermal

(RT)

Isothermal and low pressure conditions.

VE vinylester, Ep epoxy, UP unsaturated polyester, Atm atmospheric pressure, RT room temperature

Shrinkage 
characterization

(Thermoset 
composite)

Capillary Type

One dimensional 
measurement

Volume 
dilatometry

Fibre optic sensor
Manual 

measurements 
Warpage Strain gauge

DMA
(Dynamic Mech.

Analyser) 

Plunger Type 

TMA
(Thermal Mech.

Analyser) 

Fig. 24 Chemical shrinkage techniques for composites
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resin. They reported that fibres block the Sh of resin which

remains in the composite in the form of residual stress.

Volume Sh of glass/vinylester cross-ply composite with 32

and 49 % fibre volume fraction was found linear, and equal

to 4.4 and 2.8 %, respectively.

Prasatya et al. [84] measured Sh of a thermosetting

polymer Hexcel 8551-7 using a pressurisable bellows dila-

tometer for an isothermal cure at 122 �C and 5 MPa. It is a

general practice to use mercury which is highly toxic as the

fluid in dilatometers of this type. The direct contact with

fluid may also affect the cure of the resin systems in the test.

Capillary-type (laser scanning) dilatometer

Holst et al. [85] determined the volume Sh of epoxy system

containing fillers using a laser scanning dilatometer.

A scheme of setup is shown in Fig. 27a. Tests were

conducted on neat epoxy resin and filled with different

percentages of CaCO3. The sample was placed in a glass

tube below silicon oil. The position of the upper and/or lower

edge of the relevant resin meniscus was detected by the laser

scanner. From the change in the sample height, the sample

volume for a given time was calculated after a volume cal-

ibration of the glass tube. Volume Sh calculated from the

volume variations are plotted versus degree of cure in

Fig. 27b. Degree of cure was determined using DSC. It can

be noted that volume shrinkage versus degree of cure (a) is

linear for neat resin and for that filled with CaCO3.

Normalized volume Sh results suggested that presence

of filler has blocked the shrinkage.

Use of laser assured précised measurement of volume but

sticking of sample with the walls of container, creation of

cracks or other cavities in the sample during the measure-

ment are the drawbacks that may lead to erroneous results.

Moreover, measurements under atmospheric pressure and

isothermal conditions are the limitation of this technique.

Linear Sh of composites

Some authors also carried out to find the linear Sh and

resultant strain in composites. Measurement principals,

significant results, and advantages and drawbacks of these

techniques are given briefly below:

Manual measurement at regular intervals

White and Hahn [86] studied Sh of a single ply of bisma-

leimide matrix composite using a very simple method.

Fig. 25 Specific volume variation of carbon/epoxy laminate com-

posite [81]

Fig. 26 Chemical shrinkage versus degree of cure [82]

Fig. 27 a Chemical shrinkage versus degree of cure [85]. b Chemical

shrinkage versus degree of cure
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The plies were cut to 25.4 9 152 mm with the transverse

direction along the 152 mm length of the strip. Six prepreg

plies were placed on an aluminium caul plate with release

plies (Teflon) between the specimens and the caul plate so

that each specimen was allowed to shrink with minimal

constraint. These specimens were then cured in an oven. At

each of the predetermined points during the cure cycle, a

single specimen was removed and allowed to cool to room

temperature. Specimen dimensions were taken after several

minutes at room temperature. The chemical strains were

then calculated from changes in specimen dimensions at

room temperature. The authors suggested that the chemical

strains were large in magnitude, but they were experienced

very early in the cure cycle when the mechanical properties

were quite low and creep response was significant. The Sh

strains are plotted versus degree of cure in Fig. 28. Authors

also suggested that chemical strains had completed before

the degree of cure was fully developed and their contri-

bution to residual stress was very little.

Cooling of plies on removal from oven induces thermal

strain, which is difficult to deduct from total strain.

Shrinkage determined in this study is the apparent shrink-

age. As described earlier, apparent Sh may be much lower

than the actual Sh. Manual measurement, curing under

atmospheric pressure and experiments on only unidirec-

tional composites are the limitation of this method.

Warpage

Daniel et al. [87] which followed the warpage of 16 plies

unidirectional glass/epoxy laminated plate. These uncured

16 plies were stacked over a fully cured 16 ply plate having

same stacking sequence. During the curing, uncured por-

tion shrank chemically, whereas no such phenomenon

occurred in cured portion. Due to this mismatch, warpage

occurred in the sample, which was recorded using shadow

moiré method. Curing temperature as a function of time,

and a line diagram of measurement setup are shown in

Fig. 29a, b. A pressure of 2.3 MPa was maintained during

the curing.

It was assumed that both uncured and cured portion

undergo the same T.E. Therefore, warpage was assumed

zero during heating or cooling in the absence of Sh. From

the warpage of this 32 ply sample, curing strain of 16 ply

uncured prepreg was calculated. The Sh strain was found

equal to ex = 1.540 9 10-4 and ey = 2.779 9 10-4.

Similar method is used by Hu et al. [88], Zhu et al. [89]

and Ken and Masumi [90] for the characterization of Sh in

a specific direction.

This method is presents a good way to observe the effect

of Sh in the composite. But it did not provide quantitative

values of Sh. Results obtained are the values of chemical

strains, which may be only due to a part of total Sh

occurred in the resin.

A significant advantage of this method is its ability to

provide measurement throughout the curing. Here, this

method was used for a composite having all the plies at 0�

Fig. 29 a Temperature cycle

for curing the composite

b experimental setup for

measuring out-of-plane

deflection [87]

Fig. 28 Transverse chemical strain of a single ply of composite
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and a curvature along z-axis was observed, but for the

composites with complex stacking sequences, it is very

difficult to deconvolute the strains along x, y and z-axis.

Moreover, use of adhesive between uncured and cured

portion, flow of resin during curing may also affect the

quality of results.

Strain gauge method

Crasto et al. [91] studied 16-ply unidirectional (AS4/3501-

6) graphite/epoxy composites from Hexcel. The build-up of

residual strains during composite cure was measured with

WK-00-250BG-350 strain gauges from Micro Measure-

ments, Inc. Size of a sample was equal to 15.2 9 15.2 cm.

The strain gauges were bonded to the surface plies and/or

embedded at the mid-plane at a location at least 1.3 cm

from a free edge.

Curing was done in an autoclave, while plies were

vacuum bagged. The sketch of setup is shown in Fig. 30.

Using a gauge from the same production lot, bonded to an

ultra-low CTE titanium silicate block, as part of the

Wheatstone half-bridge, the output of the active gauge was

compensated for temperature and pressure variations in the

autoclave to yield the strain arising solely from composite

cure.

An example of results is shown in Fig. 31, where tem-

perature cycle and longitudinal and transversal strains are

plotted versus processing time. Between points D and E,

when temperature was constant, a significant amount

(1500 ppm) of transverse strain was observed. This corre-

sponds to Sh of composite. The strain along fibres (longi-

tudinal strain) was negligible.

Sakaguchi et al. [92] used strain gauges to measure the

Sh of dental composites. Kim [93] also used strain gauges

to measure curing strains of carbon/epoxy composite dur-

ing curing by resin transfer moulding (RTM) process.

This method provides simultaneously the strains in two

directions. But the presence of gauges can change the local

stiffness of composite and hence may affect the results.

This technique is able to detect the strain induced in the

composite due to Sh. Such strain induces only when

properties of matrix have developed significantly. It means

the measured values of strains correspond to only a portion

of total Sh. A relation between Sh and induced strain may

help to find the amounts of Sh occurred actually.

Fibre optic sensors

Fibre optic sensors have been used by several authors [94–

97] for the measurement of cure strains and residual

stresses of composites.

Testing principle of two such sensors: Extrinsic Fabry–

Perot interferometer (EFPI) sensor, and FBG are given

below with an example of results given by each sensor. The

tests were conducted on Carbon Fibre Reinforced Plastic

(CFRP) composite samples, made from 16 plies of Hexcel

920 prepreg with different stacking sequences. Thickness

of each sample was about 2 mm. Curing was done in a

heating press. Several sensors were placed within the

laminated plate at different positions.

Extrinsic Fabry–Perot interferometer (EFPI) sensor The

basic principle of the EFPI sensor used by Leng and

Asundi [98] was based on the multi-reflection Fabry–Perot

interference between two reflecting mirrors. The schematic

configuration of the EFPI sensor is shown in Fig. 32a. The

EFPI sensor was made using a single-mode optical fibre

and a multi-mode fibre as the two reflectors. Two fibres

were inserted and fused into a quartz capillary tube with a

larger diameter. An epoxy adhesive was used to reinforce

the join points with the capillary. The cavity comprised two

reflectors that were parallel to each other and perpendicular

to the axis of the optical fibres. The cavity length between

the two surfaces of the optical fibres changes due to the

Fig. 30 Sketch of strain gauge measurement setup [91]

Fig. 31 Curing strains and temperature versus processing time
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application of mechanical load or thermal or chemical

strain. This change was determined using a Fabry–Perot

interferometer. The measured cured strain along fibre

direction (0�) and perpendicular to the fibre direction is

presented in Fig. 32b. As expected, the transversal cure

strain is much higher than the longitudinal strain. More-

over, authors were able to observe the vitrification with this

setup.

FBG sensor An example of cure strain measured by FBG

sensor placed within 16 ply laminated composite is shown

in the Fig. 33. Authors also made a comparison of these

results with those obtained using EFPI sensor.

Similar to warpage and strain gauge method, this tech-

nique also provides the values of chemical strains occurred

due to Sh. Actual value of Sh can be determined by finding

its exact relation with these strains. The presence of an

external object within composite certainly affects the

results, which should be considered with this technique.

Thermo-mechanical analyser

Olivier [99] adapted TMA to determine the in-plane Sh and

thermo-mechanical mechanical properties of laminated

composite samples during curing.

Several 25 9 2.5 mm unidirectional and cross-ply

samples with various stacking sequences were prepared

from a unidirectional prepreg tape. Sample was hold and

connected to TMA through the steel clamping jaws as

shown in Fig. 34. The pin joints allowed the free rotation

of sample about y-axis. Any change in dimension along the

sample axis was detected by LVDT sensor of TMA along

with sample temperature.

An example of strain result for [90]4 sample and tem-

perature cycle are plotted versus time in Fig. 35. A clear

evolution of strain with temperature cycle can be noted.

The strain recorded during the isothermal portion of tem-

perature cycle is related to Sh.

Partially cured sample are required for testing on this

instrument. This setup provides good results for samples

having only in-plane strain, but the presence of out-of-

plane deflection such as in case of [0/90] can affect the

quality of results. Moreover, the sample cannot be sub-

jected to pressure and vacuum during the experiments. To

relate the strain with degree of cure, another instrument

such as DSC is required.

Dynamic mechanical analyser

Ersoy and Tugutlu [100] used DMA for through the

thickness Sh strain measurement of cross-ply (XP) and

unidirectional (UD) carbon/epoxy (AS4/8552 by Hexcel

Composites) composite material. Each sample contained

26 plies, and was 5 mm thick.

TA Instruments Q800 Dynamic Mechanical Analyser

was used in compression mode with the appropriate com-

pression clamps to test 25 9 25 mm2. The partially cured

sample was placed on the flat surface of the fixed bottom

Fig. 32 a Schematic of EFPI sensor b curves of longitudinal and transverse cure strains of CFRP composite laminates (04/904/904/04) using the

EFPI sensor

Fig. 33 Comparison curves of longitudinal cure strain of CFRP

composite laminates (04/904/904/04) with damage using the EFPI and

FBG sensors
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clamp and the moving top clamp applied a very small force

(0.1 N) on the sample to hold it. The displacement of this

clamp during curing provided dimensional changes of the

sample. DSC was used to determine the degree of cure.

Fig. 34 Perkin–Elmer TMA7

extension device for in-plane

displacement measurement

Fig. 35 Curing strain of [90]4 composite versus time

Fig. 36 Experimental setup for measuring out-of-plane shrinkage

versus degree of cure
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Figure 36 shows the through the thickness Sh (strain %)

of cross-ply and unidirectional composite sample versus

degree of cure. A significant difference of stacking

sequence of Sh can be noted.

This is a simple method to determine Sh of composite in

a specific direction. But for measurement on this setup,

partially cured samples are required. This means that

information on shrinkage is available only after a certain

degree of cure, e.g. gel point. Moreover, another instrument

such as DSC is required for degree of cure measurement.

Though a little, mechanical consolidation may also affect

the results.

Using video camera

Garstka et al. [101] used a non-contact video extensometer

to measure through the thickness curing strain of UD and

cross-ply carbon/epoxy (16 ply, about 4 mm thick) lami-

nated composite (AS4/8552) plates. Sample was placed

between two steel plates. Following the position of targets

marked on the steel plates by a video extensometer

(Fig. 37), thickness of composite was recorded at a fre-

quency of 20 Hz.

The average values of post gel shrinkage were found to

be 0.48 % for unidirectional and 0.98 % for cross-ply

laminates, respectively. Authors held lateral contraction,

which was completely constrained, responsible for the

almost double through the thickness Sh strain in cross-ply

laminates. Effect of consolidation on thickness variation

was also discussed in detail in this paper. Authors made a

comparison of their measurements with the value of vol-

ume Sh of same resin, showing that they were able to

measure almost whole through the shrinkage of resin after

gel point.

Ifju et al. used a cure reference method [102, 103] for

the measurement of curing strains of 16 ply AS4/3501-6

graphite/epoxy composite with different stacking sequen-

ces. The method involves the replication of diffraction

gratings onto the surface of composite specimens during

the autoclave curing. Residual strains associated with the

curing process were measured using moiré interferometry

at room temperature after the specimens were taken out of

the autoclave.

Removal of sample for strain recording may lead to the

different results as compared to in situ measurement.

Conclusion

It can be concluded from the above literature survey that

the most difficult step to determine the Sh is its decoupling

from T.E. The choice of shrinkage measurement technique

is dependent on many factors. For example, if an inex-

pensive and simple technique is required, a capillary-type

dilatometer is the best choice. However, measurement can

be taken under atmospheric pressure and at room temper-

ature. Moreover, sticking of resin with walls, manual

readings affect the quality of results. Gravimetric method is

a good alternative of capillary-type dilatometers but they

lack the measurement under pressure conditions. Plunger-

type dilatometers provide measurement under high tem-

perature and pressure conditions along with measurement

of degree of cure from the same experiment. But the

contribution of pouch containing resin may affect the

quality of results.

Techniques like Rheometer, DMA and TMA require

partially cured samples for the measurements. Moreover,

sample sizes are very small. Pycnometer gave good results

at room temperature only if there is no exothermy of

reaction or change of temperature during curing. Mea-

surement using ultrasonic waves is also very sensitive to

temperature change during curing. FBG is very good

techniques for online monitoring of Sh and mechanical

properties of resin during curing. However, care should be

taken to deduct the effect of presence of thermocouples and

sensors within the resin sample, which might affect the

results by changing the local mechanical properties of

matrix.

Most of the authors neglected the thermal gradients

while calculating the Sh of resin, and with some excep-

tions, in majority of studies it was found that Sh has a

linear relationship with degree of cure.

In most of the techniques, two different instruments

were used for Sh and degree of cure measurement. If

amount of resin tested on both instruments is different,

higher exothermy in larger amount sample will change its

rate of reaction and will affect the results. Therefore, care

should be taken while selecting the amount of resin in such

cases.

Despite several reported techniques in the literature, the

studies on Sh of composite are not so often. In general, it isFig. 37 Transverse chemical strain of a single ply of composite
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believed that volume Sh of composite is equal to Sh of

resin volume present in that composite. However, in most

of the studies reported in the literature, this was found not

true. It has been observed that the Sh varies with fibre

volume fraction and orientation of plies. The mostly used

technique for determining volume Sh is a plunger-type

dilatometer. Sh determined by this technique was linear as

a function of degree of cure.

Using the optical sensors or strain gauges is a good for

the simultaneous measurement of in-plane Sh along both

axes. Pressure on strain gauge can affect the results.

Moreover, the presence of these sensors may change the

local mechanical properties. Therefore, care should be

taken in this regard.

TMA gave repeatable results on shrinkage measure-

ments, but pressure cannot be applied during the curing on

the composite samples. Information on shrinkage before

the gel point is not available on DMA and TMA as partially

cured samples are required for the testing.
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