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Abstract

This paper presents in-process monitoring of cure and thermal shrinkage in unidirectional (UD)
CF/Epoxy laminates with interlayers. The transverse strain during a cure-process was in-situ measured
using an FBG sensor embedded in UD laminates with interlayers (IL) and without interlayers (NIL).
From the strain during a hold (high-temperature) stage, the coefficient of cure shrinkage (CCS) in the
transverse direction was estimated for both laminates. On the other hand, the coefficient of thermal
expansion (CTE) in the transverse direction was calculated from the change in the strain during a cooling
stage. The CTEs of both laminates were also measured by thermomechanical analysis for cured samples.
The CCS of the IL laminate is lower than that of the NIL laminate while the transverse CTE of the IL
laminate is higher than that of the NIL laminate. The CTE of both laminates decreases as the temperature
decreases. This temperature dependence of CTE is more prominent in the thickness direction. The above
difference of CCS and CTE in both laminates is approximately explained using micromechanical models.
However, some discrepancy could be attributed to softening of thermoplastic particles and temperature
dependent Young’s modulus with large error in the interlayer.

1. Introduction

As application of carbon fiber reinforced thermosetting resin composite (CFRP) laminates have been
extended to primary structure of civil aircraft, high-cycle fabrication has been increasingly required.
Since the conventional autoclave method needs much cost and processing time, several out-of-autoclave
(Oo0A) fabrication methods have been developed. In any fabrication methods, unexpected deformation
such as spring-in must be minimized to assure the dimensional accuracy and structural integrity. It has
been reported that a lot of factors such as viscoelastic properties, chemical (cure) shrinkage and thermal
shrinkage affect the residual stress during and after a cure process.

Several mathematical models including viscoelastic ones have been proposed thus far to predict the
process-induced deformation of thermosetting resin composites. For example, Johnston et al. [1]
proposed the cure-hardening instantaneously linear elastic (CHILE) constitutive model where the elastic
moduli of the resin change depending on temperature and DOC. In the path-dependent constitutive
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(PDC) model [2], the relaxation moduli before and after vitrification are approximated to be ones in the
rubbery and glassy states, respectively. Zobeiry et al. [3] then proposed the pseudo-viscoelastic (PVE)
model where the modulus at a particular time or frequency can be regarded as the modulus in the CHILE
model. In addition, Kravchenko et al. [4] employed a simple modulus development model using two
storage moduli during hold and cooling stages. Minakuchi et al. [5] performed cure simulation based on
the incremental linear elastic (ILE) model employing the internal strain measured with fiber Bragg
grating (FBG) sensors.

The latest CFRP prepreg for aircraft such as T800S/3900-2B (Toray) includes interlayers with
thermoplastic particles which enhance the interlaminar fracture toughness to suppress delamination.
Although a lot of work has been performed in terms of fracture behavior of such CFRP, little attention
has been paid to fabrication simulation considering internal strains except in several papers [6, 7].
According to the previous work, one of the difficulties in computational simulation is attributed to
unknown material properties depending on temperature and degree of cure (DOC).

Hence, this paper presents in-process monitoring of cure and thermal shrinkage in unidirectional (UD)
CF/Epoxy laminates with interlayers. The transverse strain during a cure-process was in-situ measured
using FBG sensors embedded in UD laminates with interlayers (IL) and without interlayers (NIL). From
the strain during a hold (high-temperature) stage, the coefficient of cure shrinkage (CCS) in the
transverse direction was estimated for both laminates. On the other hand, the coefficient of thermal
expansion (CTE) in the transverse direction was calculated from the change in the strain during a cooling
stage. Moreover, the CTEs in the fiber, transverse and thickness directions of both laminates were
measured by thermomechanical analysis (TMA) for cured samples. Finally, the CCS and CTE in both
laminates were discussed using micromechanical models.

2. Experimental

2.1. In-process monitoring

The NIL laminates were fabricated using the prepreg consisting of carbon fiber (T800S) and epoxy
resin (CFRP baes ply) while the IL laminates were made of the prepreg consisting of a CFRP base ply
and an interlayer including thermoplastic particles. The thickness of the prepreg of the NIL and IL
laminates is 180 and 200 pum, respectively. The material properties of the NIL laminates at room
temperature are similar to those of T800S/3900-2B and appear in the literature [7]. Both prepregs were
cut into 75 mm square sheets. The number of stacking plies n of the NIL and IL laminates is 24 and 20,
respectively. An FBG sensor was embedded in the mid-plane so that the direction of the FBG sensor
was normal to the fiber. The thermocouple was employed to measure the temperature of the laminate.
A unidirectional laminate ([0°]) set in a vacuum bag was fabricated using an autoclave. The laminate
was heated up to 180 °C at a rate of 2 °C/min. After the laminate was kept at 180 °C for two hours, it
was cooled down to room temperature at a rate of - 2 °C/min. The internal pressure of the autoclave was
maintained at 0.2 MPa during the whole cure-process. The thickness of the cured NIL and IL laminates
is 3.9 mm and 3.8 mm, respectively, and the final DOC after the cure-process is 0.90 [7].

Figure 1 depicts the experimental setup for in-process monitoring of the internal strain and temperature.
The central wave length and gage length of the FBG sensor are 1550 nm and 1 mm, respectively. The
wave length spectrum of the laser ray reflected from the FBG sensor was measured at a sampling rate
of 0.5 sec using a spectrum analyzer built in an FBG interrogator (sm125, Micron Optics). The signals
of the wave length spectrum and the temperature were collected in a personal computer to calculate the
mechanical strain € due to cure and thermal shrinkage using the following equation:

g = Cq (AAB —%) (1)
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Figure 1. Data acquisition system for in-process monitoring of internal strain using an FBG sensor.

where Alg and AT respectively denote the wave length shift and the temperature change from the room
temperature. Cg and Ct are the correction factors associated with strain and temperature, respectively,
and the calibrated values of Cg and Ct are 826.1 ue/nm and 88.34 °C /nm, respectively. Five or six
specimens were employed for monitoring the strain. The CCSs and CTEs in the transverse direction of
both laminates were calculated from the measured transverse strains in the hold and cooling stages,
respectively.

2.2. TMA measurement

NIL and IL UD laminates [0°:] with DOC of 0.90 were prepared through the same cure-process as above.
The cured thickness of the NIL and IL laminates is 5.4 mm and 5.8 mm, respectively. The laminates
were cut into 5 mm square samples for TMA measurement. The sample was heated up to 200 °C at a
heating rate of 2 °C/min in a sample tube of TMA. The probe load applied to the sample was selected to
be 50 mN. The CTEs in the fiber, transverse and thickness directions were measured using two samples
for each direction.

3. Micromechanical model
3.1 Elastic constants

In order to predict the CCSs and CTEs of both laminates, the micromechanical model is used. In this
section, elastic constants are described. First, we assume that the Poisson’s ratio of the epoxy resin vy,
is constant. This assumption is reasonable when the resin becomes glassy after gelation [8]. The shear
modulus of the resin G, is then proportional to E,,. Second, the elastic constants of fiber are assumed
to be constant during a cure-process. Since the IL laminate can be regarded as a transversely isotropic
body, the elastic constants of the IL laminate are given by

4V = V120) *kekm G (1 — V)Vt

11 1V + Em(1— V) + (ke + Gm)km + (ke — k) G Ve W

1

E,, = E;; = 2
2 =533 = aler) + (174G ) + (v Ery) @)

Gio¢+ Gyy) + (Giof — Gy V4
Gip = iz = Guy (G12r m) _( 12f_ m) f] 3)

(Gizf + Gm) — (Gi2r — GV

(Vm = V126) (km — k)G (1 — Vp) Vg
= Vys = ViorVs + V(1 — Vp) +

Vi = Vi3 = VigeVs + vin( t) (ke + G + (e — k) GeVe ()

where E, G, k and v are respectively referred to as the Young’s modulus, shear modulus, bulk modulus
and Poisson’s ratio, the subscripts 1, 2 and 3 respectively denote the properties of the fiber, transverse
and thickness directions, the subscripts f and m represent the properties of fiber and resin, respectively,

K. Ogi, K. Mizukami, H. Matsutani and N. Sato



ECCM18 - 18" European Conference on Composite Materials
Athens, Greece, 24-28™ June 2018 4

and V; is the fiber volume fraction. The expressions for G,3, Va3, Gp,Ga3f, kT, kyy and kg are given
elsewhere [4, 5, 7]. From the above equations, all the elastic constants are expressed as functions of Epy,.

The prepreg of the IL laminate consists of a CFRP base ply (thickness t.) and an interlayer (thickness
t;). When it is assumed that the interlayer on the transversely-isotropic base ply is isotropic, the IL
laminate can be treated as a homogeneous orthotropic body. Consequently, the in-plane elastic constants
of the IL laminate are approximated by the following simple rule of mixture:

Ej1 =EVi+E; (1-V) &)
Eyy = EiVi + Exp(1 = V) (6)
V12 = ViVi + v, (1= W) (7)
Gz = GV + G,(1 = 1)) 3
with
yo= 9

YU+t ©)

Ei=EnVe +E,(1—V,) (10)

where the subscripts i and p respectively stand for the properties of the interlayer and thermoplastic
particles, V, represents the volume fraction of epoxy resin in the interlayer, and a bar over the variable
denotes the properties of the IL laminate.

3.2. CTE

It is well known that 8, depends on temperature T and DOC «. Here, the following simple expression
is proposed for epoxy resin during cure:

’8 ={ bml (0( < (del)
" bmz (T) (a = agel)

where by,; is a material constant and b, (T) is a function of temperature. The expression for the CTE
of the interlayer is proposed as follows:

_ BmEmVe + ﬁpEp(1 - Ve)
= E,

(1

Bi (12)

where B, and E}, respectively denote the CTE and Young’s modulus of thermoplastic resin particles.
The CTEs of the NIL laminate, 8; (j = 1, 2, 3), are given by the micromechanical model [9] as

_ B1tE116Vs + BmEm (1 — V)

13
B e (13)
B2 = Bz = (Bag + vi2eBr1)Vs + (1 + vin) B (1 — V) — v124 (14)
Finally, the CTE of the IL laminate, ,B_j (j =1, 2,3), are analogous to Eqgs. (13) and (14):
_ EiVi + BiE11 (1=
B1 2181 1Y1 :81 11( 1) (15)

Ell
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= BiEiVi + B2Exn (1 —1))
BZ - E
22

(16)

Bz = Bz +vi2B) (1 = V) + (1 + v)BiV; — V1. (17)

It should be noted that CTE of the thickness direction is different from that of the transverse direction.
3.3. CCS

The cure shrinkage strain rate of the NIL laminate is expressed as
&=—Aa (j=1,2,3) (18)
where 4; denotes the CCS of the NIL laminate in the j-direction. When the volumetric shrinkage strain

of epoxy resin Ay, is provided, 4; (j = 1,2, 3) are expressed as

 Oa/3Em(1 = V)
VT EnVy 4 En(1— VD) (19)

Ay =23 = (Am/3) (L +vy)(1 - Vf) — V24 (20)

in which the expressions of CTE (Egs. (13) and (14)) are employed by replacing ;¢ and 8, with 0 and
Am/3, respectively. The CCSs of the IL laminate /Tj (j = 1, 2, 3) are then given by

1 = (A4i/3)EiVi + 4E11(1 = 1))

1 . (21)
1, = (4i/3)EV; ‘*‘_/1215'22(1 -V 22)
Ey
A3 = (A + v = V) + (1 + v)(A4/3)V; — V1244 (23)

in which the expressions of CTE (Egs. (15) to (17)) are employed by replacing ; and ; with 4; and
A;/3, respectively, and 4; denotes the maximum volumetric shrinkage strain due to cure in the interlayer.

4. Results and discussion

Figure 2 shows the change in the temperature and the transverse strains in the NIL and IL laminates in
a cure-process. After the gelation point (@ge; = 0.65), the strain decreases with time during the hold
stage. In the subsequent cooling stage, the strain continues to decrease with a temperature decrease. The
average cure and thermal shrinkage strains in the NIL and IL laminates are summarized in Table 1. The
cure shrinkage of the IL laminate is smaller than that of the NIL laminate while the thermal shrinkage
strain of the IL laminate is greater than that of the NIL laminate.

Figure 3 (a) demonstrates the CTE of the NIL and IL laminates calculated from the strain in the cooling
stage (Fig. 2). The CTE of both laminates increases with increasing temperature. The increase is
remarkable when the temperature exceeds approximately 80 °C. The CTE of the IL laminate is larger
than that of the NIL laminate at temperature below 140 °C. This temperature dependence of CTE is
expressed by the following empirical equation:

ﬂz(T)} B {a(T —50)2+b

£, (T) a(T —50)*>+b
where a, b, @ and b are material constants. The values of a, b, @, b, CCS and CTE of both laminates
are listed in Table 2 where the CCS at DOC lower than age is assumed to be zero for simplicity.
Combining egs. (11), (14) and (24) leads to

(T =>50°C, a > ag) (24)
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Figure 2. Change in the temperature and the transverse strains in the NIL and IL laminates in a cure-
process ((a): strain and temperature vs. time, (b): strain vs. temperature).

Table 1. Average cure and thermal shrinkage strains in the NIL and IL laminates.

. Cure shrinkage strain Thermal shrinkage strain
Laminate
(18 (ue)
NIL 4200 5800
IL 4000 6100

b — (Bat + v126B10) Vs
A +v)A -1 T+v)@ -1
Temperature dependence of CTE of the NIL laminate, 5,(T), IL laminate, 8,(T), and epoxy resin,

by, (T), is compared in Fig. 3 (a). It is proved that the increase in CTE of both laminates is mainly
attributed to the temperature dependence of CTE of the epoxy resin.

b2 (T) = (T —50)% + (a= age) (25)

On the other hand, the measured Young’s modulus of the epoxy resin with a = 0.90 is expressed as [7]:
E(T) = {E;o,x{l +pL(Tx =T} (T <Ty)

" Efox{l+pu(Tx — T} (T > Ty)

where E,fno’K = 2.42 GPa, p;, = 0.00385 (°C™1), py = 0.0115 (°C™1) and Tx = 140 °C. It could be

possible to determine E;(T) using measured E,,(T) and E,,(T) according to Eq. (6). However, the
difference between E,, and E,, during the cure-cycle was not always large enough to precisely
estimate E;(T). Therefore, it is assumed that E;(T) changes in proportion to E,,. Figure 3 (b) depicts

(26)

Table 2. Parameters associated with cure and thermal shrinkage in the NIL and IL laminates.

Transverse CCS, A, or 4, Transverse CTE, S, or 3,

Laminate C(logr_f)l b(oocr_ll; (Upper: 0 = a = age) (50 = T = 80 °C)
(Lower: arge) = a = 0.90) (x 10°°C™
0
NIL 0.00254 26.7 0.0168 27.5
0
IL 0.00189 32.5 0.0160 33.1
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Figure 3. Change in (a) the CTE of the NIL and IL laminates and the epoxy resin and (b) the elastic
modulus of the epoxy resin, interlayer and the NIL and IL laminates in the cooling stage.

the change in the Young’s modulus of the epoxy resin and the interlayer and the transverse modulus of
the NIL and IL laminates calculated using egs. (2), (6) and (26). It is found that the moduli increase
bilinearly with cooling. Using eq. (22) and the moduli in Fig. 3 (b), the predicted 4; is -0.00282. This
value is evidently incorrect. This is partly because softening of the thermoplastic particles in the
interlayer prevent the FBG sensor from fully capturing the cure shrinkage strain. Another reason is the
small difference between the measured E,, (T) and E,, (T).

Figure 4 (a) shows the CTE of the NIL and IL laminates in the fiber, transverse and thickness directions
measured by TMA. The CTE in the fiber direction is approximately zero independent of temperature
while the CTEs in the transverse and thickness directions exhibit temperature dependence as shown in
Fig. 3 (a). The CTEs in the transverse direction measured by TMA are lower than those measured by
FBG sensors, especially at high temperatures. This discrepancy is attributed to the increase in higher
DOC of the TMA samples which undergo after-cure. In addition, the CTEs measured by FBG sensors

100 1 300 ——————————— 17—
80 - 1 aeal using Eq. (16)
250 - ——using Eq. (17) 1
o w0 : 5
© ° 200 + i
2 40 )
S | 3
w ~ 150 - 4
5 20L 4
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(a) (b)

Figure 4. (a) The CTE of the NIL and IL laminates in the three directions measured by
TMA and (b) the CTE of the interlayer estimated using eqs. (16) and (17).
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and TMA are the ones in the cooling and heating, respectively. The CTE in the thickness direction is
higher than that in the transverse direction. Figure 4 (b) plots the CTE of the interlayer estimated from
this result and eqs. (16) and (17). The two values are comparable only at low temperatures. Equation
(17) can provide better prediction because it does not employ the temperature dependent elastic moduli
E,,(T) and E,, (T) that are not always accurately measured.

5. Conclusions

This paper presents cure and thermal shrinkage strains in UD NIL and IL laminates using embedded
FBG sensors and TMA. It is found that the CCS of the IL laminate is lower than that of the NIL laminate
while the transverse CTE of the IL laminate is higher than that of the NIL laminate. The CTE of both
laminates decreases as the temperature decreases in the cooling stage. This temperature dependence of
CTE is more prominent in the thickness direction. The above difference of CCS and CTE in both
laminates is approximately explained using micromechanical models. However, some discrepancy must
be attributed to softening of thermoplastic particles in the interlayer and inaccurate temperature
dependent elastic moduli during the cure process.
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