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ABSTRACT

A robust optical strain sensor, called fiber Bragg grating, is employed to mea-

sure the effective cure shrinkage—a part of cure shrinkage that is accumulated

only after the gel point—of a dual cure adhesive during each stage of curing—

(1) UV-curing stage and (2) thermal-curing stage. Unique experimental setups

and procedures are developed and implemented to cope with the technical

challenges associated with each stage of curing, including gel point detection

and uniform curing. The effective cure shrinkage is measured to be 2.1% and

0.78% for acrylate compound (UV-curing) and two epoxy compounds (thermal-

curing), respectively. The measurement accuracy of the proposed approach is

corroborated by an additional measurement under the identical curing condi-

tions. The results can be used to predict the cure-induced residual stresses of

dual curable adhesives.

Introduction

Dual curable adhesives (DCAs) are widely used in

applications where initial temporary alignment of

components is needed before fixing parts perma-

nently. The dual curing process yields two distinct

and temporally stable sets of material properties

during each stage of curing, which offers process

flexibility.

An application utilizing a dual curing adhesive is

illustrated in Fig. 1, where the DCA is applied to fix

the lens barrel containing multiple singlets to the lens

housing in a camera package. Alignment of the barrel

with respect to the image sensor is required to ensure

proper focusing. The barrel is aligned in the lens

housing, and it is fixed by UV-curing the adhesive

within a few seconds or fraction of a minute. This

stage is followed by subsequent thermal-curing for

permanent fixing.

Several types of DCAs are available in the market

for various applications. For example, acrylate–ure-

thane-based adhesives have moisture resistance, and

acrylate–epoxy-based adhesives have good adhesion

strength and shock resistance [1]. The chemistry of

the adhesives can be tailored to meet specific needs

for applications [1–4].

The polymers undergo a significant reduction in

volume during formation of covalent bonds (i.e.,
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curing); this volumetric shrinkage is known as cure

shrinkage [5]. It is important to note that the cure

shrinkage occurs over the entire cure time, but the

modulus of the polymer is virtually ‘‘zero’’ before the

gel point. Thus, the cure shrinkage that occurs before

this point does not contribute to the cure-induced

residual stresses. The cure-induced residual stresses

can be overestimated significantly if the total volu-

metric shrinkage is used in residual stress calcula-

tions. The cure shrinkage accumulated after the gel

point is known as ‘‘effective cure shrinkage’’ [6, 7]. Only

the effective cure shrinkage should be used to

determine the cure-induced residual stresses.

The effective cure shrinkage of DCAs is required to

predict the residual stress state of an assembly using

DCA after curing is completed. This value has not

been quantified because of the complex curing pro-

cesses of DCAs, and this is the motivation of the

study.

The objective of the paper is, thus, to measure the

effective cure shrinkage of a DCA during each stage

of curing—(1) UV-curing stage and (2) thermal-cur-

ing stage. An optical strain sensor called a fiber Bragg

grating (FBG) has been used successfully to measure

the effective cure shrinkage of a silicone-based elas-

tomer [7]. In the method, an FBG was embedded in a

cylindrically shaped specimen, and the strain caused

by the effective cure shrinkage was continuously

measured as a Bragg wavelength (BW) shift during

curing. The most critical challenge encountered dur-

ing the measurement was to negate the effect of the

mold that held uncured elastomer. The elastomer

cured very slowly at room temperature, and this

simple curing condition allowed to use an extremely

flexible mold fabricated from plastic wrap to cope

with the problem, whereby it deformed together with

the elastomer during curing at room temperature.

This simple solution is, however, not viable for DCA

curing because of its much more complex curing

conditions. Significant advancements are required to

provide uniform UV-curing and high temperature

curing. In addition, the effect of heat generation

produced during the strong exothermic reaction of

DCA curing has to be negated, which does not occur

during elastomer curing.

The definition of the effective cure shrinkage and

the fundamentals of the FBG-based method are

reviewed briefly in ‘‘Background’’ section. The effec-

tive cure shrinkage measurements are reported in

‘‘Cure shrinkage measurements’’ section. The accu-

racy of measurements is discussed in ‘‘Discussion’’

section, and the paper is concluded with ‘‘Conclu-

sions’’ section.

Background

The definition of the effective cure shrinkage is

reviewed first. Then, the FBG-based method to mea-

sure the effective cure shrinkage is briefly described.

Effective cure shrinkage

During curing, relatively smaller molecules in poly-

mers crosslink to form larger molecules. The micro-

scale reduction in distance between molecules is seen

as volume shrinkage at a macroscale, known as cure

shrinkage. The cure shrinkage is proportional to the

cure extent, which evolves nonlinearly with time.

The cure behavior of a typical polymer system is

illustrated in Fig. 2, which shows the evolution of

cure shrinkage, eðtÞ, and elastic modulus, EðtÞ, nor-
malized by their equilibrium values, as a function of

time [6]. The figure also illustrates time at the gel

point, tgel, where the transition of an amorphous

polymer from liquid to solid occurs due to gelation,

and thus, the polymer starts developing mechanical

strength (i.e., modulus).

Figure 1 Schematic diagram of an integrated camera package

where a dual cure adhesive is applied to fix the lens barrel

containing lenses to the lens housing.
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The time measured after the gel point is called as

‘‘effective time,’’ which is denoted as ~t ¼ t� tgel, and

cure shrinkage that occurs after the gel point is called

‘‘effective cure shrinkage,’’ which is denoted as e ~t
� �

.

It should be noted that the gel point must be

identified accurately for effective cure shrinkage

measurements. This is the very reason why the FBG-

based method described in the next section is ideal

for measuring the effective cure shrinkage, because

the FBG is a robust strain sensor that detects a vol-

ume change only associated with mechanical strains.

FBG-based method

A fiber Bragg grating (FBG) can be fabricated in a

short segment of optical fiber (typically 5–10 mm).

This is achieved by creating a periodic variation in

the refractive index of the fiber core. When a broad-

band spectrum of light is incident on this region, only

a narrow band of wavelength is reflected, which is

centered on a fixed wavelength known as Bragg

wavelength (BW or kB). The BW is related to the

effective refractive index ; neff ; and pitch ; K; of the
grating [8] as:

kB ¼ 2neffK ð1Þ

External loading and/or thermal excursion will

alter the effective refractive index and the grating

pitch, which causes a shift in BW. The total BW shift

due to these loading conditions can be expressed as

[5]:

DkB ¼ Dki þ Dkd ð2Þ

The first term, Dki, is called the ‘‘intrinsic’’ BW shift,

which is only caused by temperature change, which

is defined as:

Dki ¼ kB af þ
1

neff

dn

dT

� �
DT ð3Þ

where af ; is the CTE of the fiber core material, neff is

the effective refractive index, dn
dT

; is the thermo-optic

constant, and, DT; is the temperature change with

respect to the initial condition. The second term, Dkd,
is called the ‘‘deformation’’-induced BW shift, which is

caused by external stresses.

In the method, an FBG is first embedded at the

center of a cylindrically shaped uncured polymer

[5, 6]. As illustrated in Fig. 3a, volumetric shrinkage

during curing will cause mechanical stresses in the

fiber, which in turn alter the effective refractive index

and pitch of the FBG. The inset illustrates the

reduction of the pitch (K to K0) caused by the

Figure 2 Illustration of evolutions of cure shrinkage and elastic

modulus.

Figure 3 FBG-based method: a schematic diagram of a

cylindrically shaped specimen before and after curing and

b spectral power distributions showing the peak wavelength

(i.e., Bragg wavelength) shift during curing.
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shrinkage. The net result is the BW shift from

kB to k0B, as illustrated in Fig. 3b. The effective cure

shrinkage can be determined from its relationship

with the BW shifts [6].

It is important to recall that the shrinkage causing

the stress in the FBG is ‘‘effective cure shrinkage’’ [6]. As

discussed earlier, the polymer is in ‘‘liquid’’ state

below the gel point, and this part of the shrinkage

will not contribute to the stress.

The governing equation that provides the rela-

tionship was derived under the generalized plane

strain condition with the following loading condition

[6]:

eloading ¼
0 for 0� r\rf
~e
3

for rf\r� rp

(

ð4Þ

where rf and rp are the radius of the fiber and the

polymer, respectively; and ~e is the volumetric effec-

tive cure shrinkage.

The BW shift due to the above loading condition,

i.e., the deformation-induced BW shift, Dkd, can be

expressed as [6]:

Dkd ¼
1

Ef

1� n2eff
2

P12 1� mfð Þ � P11mfð Þ
� �

rfzz�

2mf þ
n2eff
2

1� mfð ÞP11 � 1� 3mfð ÞP12ð Þ
� �

rfrr

8
>>><

>>>:

9
>>>=

>>>;

kB

ð5Þ

where kB is the initial BW; neff is the effective

refractive index; rfzz and rfrr are the axial and radial

stress components of fiber; mf is Poisson’s ratio of the

fiber material; and Pij; are the strain optic constants.

The general form of the governing equation that

provides the relationship can be expressed as:

Dkd ¼ FðEp; bÞ �
~e
3

ð6Þ

where b ¼ rp
rf

(called ‘‘configuration’’) and FðÞ is the

nonlinear function derived in Ref [6].

Cure shrinkage measurements

The effective cure shrinkage is measured separately

for two stages: (1) UV-curing stage and (2) thermal-

curing stage.

Specimen preparation

The dual cure adhesive (DCA) tested in this study

consists of one acrylate and two epoxy resin com-

pounds in the uncured mix. The acrylate component

is trimethylolpropane acrylate (TMPTA), and epoxy

components are bisphenol-A-epichlorohydrin (BPA)

and bisphenol-F-epichlorohydrin (BPF) [1]. It also

contains photoinitiators, latent curing agents, etc.

The curing mechanism of the DCA is illustrated in

Fig. 4, which shows the adhesive chemistry after each

curing stage. The acrylate monomers will cure first to

form chains when exposed to UV light (k = 365 nm).

The epoxy oligomers will, then, cure in a subsequent

thermal-curing process at elevated temperatures

[1, 9].

Before the fiber was embedded in the uncured

adhesive, the FBG was tested to obtain intrinsic prop-

erties. The bare FBG was placed in an oven, and the

intrinsic BW was documented as a function of tem-

perature. The intrinsic BW shift was fitted to a quad-

ratic polynomial function with DT ¼ T � 25 �C [6] as:

Dki (nm) ¼ 0:01811 � DT þ 9:96� 10�6 � DT2 ð7Þ

The specimen size (or configuration) was decided

based on the criteria of cure extent uniformity within

the sample. Adhesive curing is an exothermic reac-

tion, which produces heat. The heat generation in

conjunction with low thermal conductivity can cause

a large temperature gradient within the specimen,

causing non-uniform curing.

A numerical analysis proposed in Ref. [6] was

conducted to investigate the effect of heat generation

on the cure extent uniformity. The total heat gener-

ation during curing was measured for the analysis

Figure 4 Illustration of curing mechanism of dual cure adhesive.
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using a DSC temperature sweep experiment (5 �C/
min). The results are shown in Fig. 5, where two heat

generation peaks produced by two epoxy compo-

nents are evident. The total heat generation was

156.7 J/g, and it was used as a heat generation input

for the numerical analysis. The analysis indicated

that the specimen configuration should be less than

30, i.e., b ¼ rp
rf
\30, to ensure less than 1% non-uni-

formity between the center and edge of the specimen.

This was used to set the upper limit of the configu-

ration at a cure temperature.

The free-edge effect was also considered to deter-

mine the length of the specimen. A supplementary

numerical analysis indicated that a length of 60 mm

was enough to avoid the free-edge effect. More

details about the free-edge effect can be found in Ref.

[7].

UV-curing stage

The test setup used for UV-curing is illustrated

schematically in Fig. 6, which shows the cylindrical

housing containing a UV light source, the cylindrical

mold containing the adhesive, acrylate plugs for fiber

alignment, and V-groove fiber holders for holding the

fiber in position.

Most metal, glass, and polymer tubes are opaque to

UV light. Fluorinated ethylene propylene (FEP), a

polymer of Teflon family, is commonly used in UV

filtration systems, and it has a transmittance of[ 90%

over the wavelength of 300 nm [10]. A commercially

available tube made of FEP was selected for the mold

for UV-curing. The inner diameter (ID) and outer
diameter (OD) of the tube are 3.175 mm (0.12500) and

6.35 mm (0.2500), respectively. Considering the fiber

diameter of 125 lm, the tube provides a configura-

tion of 25.4 (b ¼ 25:4), which is smaller than the

configuration upper limit described in the previous

section.

A UV LED strip (Part 7021.65: Waveform Lighting)

with the center wavelength of 365 nm was used as a

UV light source. The penetration depth of the UV

light at its maximum intensity (50 mW/cm2) was

about 2 mm, which was sufficient for the specimen

configuration. For uniform illumination during cur-

ing, the strip was wrapped around the inner surface

of a custom-designed cylindrical housing. The LED

strip and the housing are shown in Fig. 7. Very uni-

form light illumination along the entire mold was

resulted.
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Figure 5 Results of DSC temperature sweep at 5 �C/min.

Figure 6 Schematic illustration of UV-curing setup.
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Accurate alignment of the fiber in the mold was

required to be use the governing equation (Eq. 5). This

was achieved by two extra devices. In order to position

the fiber at the center of themold, an acrylate plugwas

fabricated using a laser cutting machine. The plug is

shown in Fig. 8. The outer dimension of the plug was

made identical to the ID of the mold. A tiny hole

(155 lm in diameter) was made at the center to

accommodate the fiber. The hole of the plug ensured

accurate radial positioning of the fiber. The plug also

served to retain the uncured adhesive inside themold.

The additional vertical alignment was achieved by the

V-groove fiber alignment tool (HFV001: Thorlabs). The

fiber was held in place in the groove using a tape

(Fig. 6). The tape allowed for the fiber to remain in

place without buckling while offering negligible

resistance to the fiber movement in the axial direction.

Despite the relatively small configuration (3.175 mm),

the temperature rise produced by the exothermic pro-

cess during UV-curing was not ignorable. The temper-

ature rise produced the intrinsic BW shift. This

temperature effect had to be carefully compensated.

Since the UV test setup could not accommodate two

molds, two separate tests were conducted to record

the temperature rise and the BW shift during UV-

curing, respectively. The first test was conducted

using a DCA specimen with a thermocouple embed-

ded at the center. The temperature history obtained

from the first test is shown in Fig. 9. The temperature

increased rapidly to 38.2 �C immediately after the

LED was turned on, and it became stable and

remained constant at 35.8 �C after approximately 50 s.

The constant temperature was much higher than

room temperature, which was caused by the radiative

heat of the LED lamp. Only the temperature increase

above the constant temperature (DT = 2.7 �C) was

caused by heat generation during curing. It is

important to note that thermal-curing at the stabilized

temperature was virtually negligible. This will be

explained in detail later using the DSC data.

The second test was conducted under the same

condition using another DCA specimen with an FBG.

The BW obtained from the second test is also shown in

Fig. 9. The total BW shift obtained during UV-curing

was determined from the BW data. The deformation-

Figure 7 UV light housing where a UV LED strip is wrapped

around the inner surface of a cylindrical tube.

Figure 8 Acrylate plug used for the UV-curing mold.

Figure 9 History of BW and temperature during UV-curing.
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induced BW shift was, then, calculated by subtracting

the intrinsic BW shift (Eq. 7) from the total BW shift.

The three BW shifts are plotted in Fig. 10. It is impor-

tant to note that the deformation-induced BW shift

remained zero for the initial part of curing, fromwhich

the gel point was readily determined.

After the gel point, the deformation-induced BW

shift continued to drop for approximately 4 min,

beyond which the signal stabilized. UV exposure was

continued for additional 30 s to ensure complete cure,

and the light source was switched off. The stabilized

signal confirmed completion of the UV-curing pro-

cess. The deformation-induced BW shift accumulated

during UV-curing is also shown in Fig. 10; it is 64 pm.

The mold tube has properties similar to Teflon, and

it is not supposed to adhere to the acrylate that

interacts with UV light. After UV-curing, the speci-

men was slipped out from the mold by itself, con-

firming this ideal non-sticky characteristic of the tube

material. This also ensures that the effective cure

shrinkage of the UV-curing process was measured

under a constraint-free condition.

Thermal-curing stage

The DCA specimen removed from the UV-curing

mold was cured further at 85 �C. The thermal-curing

setup is illustrated schematically in Fig. 11, where

both FBG and thermocouple embedded specimens

prepared from the UV-curing stage are placed inside

a convection oven (EC11A: Sun Electronic Systems).

The convection oven was preheated until the

thermocouple attached to the specimen seat reached

85 �C. Then, two specimens were inserted and placed

on the specimen seat through a small hole built on

the oven. This procedure offered negligible distur-

bance of the thermal equilibrium.

The temperature and the BW obtained from the

two specimens are shown in Fig. 12. An overshoot by

the exothermic process was observed (the maximum

overshoot of 18 �C). The overshoot from the target

temperature lasted for about 6.5 min, beyond which

the temperature stabilized at 85 �C, and thus ensured

isothermal curing.

The total, intrinsic, and deformation-induced BW

shifts obtained during the initial part of thermal-

curing are shown in Fig. 13. The gel point was

determined as the end of the plateau region of the

deformation-induced BW shift. The specimen cured

continuously for approximately 43 h until no change

in BW signal was observed. The deformation-in-

duced BW shift over the entire thermal-curing stage

is shown in Fig. 14, where a plateau region at the end

is clearly seen indicating that curing process is com-

pleted. The deformation-induced BW shift

Figure 10 BW changes during UV-curing. The value shows the

deformation-induced BW shift accumulated during UV-curing.
Figure 11 Schematic diagram of thermal-curing setup inside a

convection oven.
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accumulated during thermal-curing is also shown in

Fig. 14; it is 2150 pm.

Calculation of effective cure shrinkage

It is important to recall that the equilibrium modulus

is required to calculate the effective cure shrinkage

from the deformation-induced BW shift (Eq. 6). The

modulus of the UV-cured specimen was difficult to

measure by the conventional test apparatus such as

dynamic mechanical analyzer (DMA) due to it

extremely low value. For this reason, the modulus

values available in the literature were used for the

calculation of UV-curing-induced effective cure

shrinkage: 0.98 MPa [11], 1.04 MPa [12] and,

1.13 MPa [13]. Substituting the deformation-induced

BW change of 64 pm (Fig. 10) and the representative

modulus of 1.05 (± 0.08) MPa into Eq. (6), the volu-

metric effective cure shrinkage was determined to be

2.098 (± 0.017)%.

The modulus of the DCA specimen after thermal-

curing was determined by a commercial DMA

instrument. Three-point bending test results obtained

at 85 �C are shown in Fig. 15. The modulus was

obtained from the slope of the linear fit (R2 = 0.998),

and it was 247 MPa. Equation (6) was used again to

calculate the effective cure shrinkage caused by

thermal-curing using Dkd ¼ 2150 pm and the equi-

librium modulus. Considering the modulus uncer-

tainty of 1% based on the specifications of the

instrument (DMA RSA3), the volumetric effective

cure shrinkage was determined to be

0.778 ± 0.0024%.

Discussion

An additional experiment was conducted to investi-

gate repeatability of the proposed testing procedure.

The results obtained from the additional experiment

are compared with the original test results in Fig. 16.

Both UV-curing and thermal-curing-induced BW

shifts are virtually identical, which confirms that the

measurements can be done very consistently and

accurately, albeit complex.

As mentioned earlier, the radiative heat produced

by the LED lamp increased the base temperature of

the specimen by approximately 10 �C (from 25.4 to

35.8 �C) during the UV-curing state. As can be seen

from the DSC data (Fig. 5), the heat generation starts

Figure 12 History of BW and temperature during thermal-curing.

Figure 13 BW shifts during the initial part of thermal-curing.

Figure 14 Deformation-induced BW shift during the entire

period of thermal-curing.
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around 60 �C, which is a clear indication that the

epoxy components will not cure during the UV-cur-

ing stage.

It is worth noting that a clear change in slope was

observed after approximately 30 min in the thermal-

curing stage (Fig. 14). In the DSC data (Fig. 5), the

heat generation of the first peak (DH1¼ 122:63 J/g) is

much larger than that of the second peak

(DH2¼ 34:06 J/g). It is speculated that the epoxy

component associated with the first peak cures much

faster at the thermal-curing temperature of 85 �C

compared to the epoxy component associated with

the second peak, and thus produces the rapid change

of the BW for the first 30 min of the thermal-curing

stage. Each epoxy component could be tested sepa-

rately to evaluate this effect more quantitatively.

Conclusions

A dual cure adhesive that consists of acrylate com-

pound and two epoxy compounds was tested to

measure the effective cure shrinkage—a part of cure

shrinkage that solely contributes to cure-induced

residual stresses. A robust optical strain sensor,

called fiber Bragg grating (FBG), was employed to

achieve the goal. Dual stage of curing—(1) UV-curing

stage and (2) thermal-curing stage—posed unique

technical challenges, but they were dealt with suc-

cessfully by improvising unique experimental setups

and procedures for each stage of curing. The amounts

of the effective cure shrinkage were determined to be

2.1% and 0.78% for the acrylate compound (UV-cur-

ing) and two epoxy compounds (thermal-curing),

respectively. Measurement accuracy and repeatabil-

ity were confirmed by an additional test. The pro-

posed test procedure can be used other types of dual

cure adhesives. Conventional methods which mea-

sure total volumetric shrinkage can significantly

overestimate the residual stresses. To the best of

author’s knowledge, no previous methods have

measured effective cure shrinkage for DCA needed to

evaluate residual stresses.
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