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This study seeks to clarify the mechanism of strain development in curing a thick
composite structure with a temperature distribution in the thickness direction. Strain
developed during curing can be separated into two parts according to the causes.
One is chemical cure shrinkage of the matrix; the other is thermal shrinkage (or
expansion) of the cured composite. Therefore, this study consists of a cure-shrinkage
part and a thermal-shrinkage part. In both parts, the curing was monitored with an
embedded distributed optical-fiber sensor (pulse-pre-pump Brillouin optical-
time-domain analysis, PPP-BOTDA) and analyzed. In the cure-shrinkage strain part,
the strain distribution caused by different temperature histories was observed. We
confirmed that the lower viscosity part was influenced by the cure shrinkage of the
other part and that these phenomena can be analyzed by the visco-elastic cure
model. In the thermal-strain part, the amount of total shrinkage strain and the appar-
ent coefficient of temperature expansion distribution were observed in the thickness
direction. Warpage of the specimen was also observed. These results were confirmed
to be caused by the distribution of temperature and of the fiber volume fraction, V.

Keywords: composite; cure monitoring; optical fiber; thick laminate; visco-elastic
model

1. Introduction

Carbon-fiber-reinforced plastic (CFRP) structures, which have high specific strength and
stiffness, have been used extensively in many industrial fields. An important primary
application is in aircraft, where they are applied even to primary structures like the wings
and fuselage and are used under harsh environments. The quality of these composite
structure parts is a key issue for reliable products. The quality is very dependent on their
curing process.[1-3] In particular, in highly loaded structural parts, laminates of consider-
able thickness are utilized, and the cure temperature is not uniform in the through-
thickness direction. The temperature distribution in these thick laminates during curing
can cause an unexpected residual strain distribution in cured products. Accordingly, it is
necessary to measure and understand curing thick composite structures.

For this purpose, several cure-monitoring techniques and analysis models have
been established. Differential scanning calorimetry,[4] dielectrometry,[5] and point-
type optical-fiber sensors (including extrinsic Fabry—Perot type sensors,[6,7] Raman
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spectroscopy,[8] and fiber Bragg grating sensors [9-11]) are well-known cure-monitor-
ing techniques. Embedded optical-fiber sensors in particular are considered very use-
ful for measuring the temperature and strain inside a curing structure. They are
lightweight and small and rarely affect the mechanical properties of the materials in
which they are embedded. However, it has been difficult to monitor strain distribu-
tions in large or thick composite structures using these point sensors since they can
measure only a few or a limited number of points. To overcome this problem, dis-
tributed optical-fiber sensors (pulse-pre-pump Brillouin optical-time-domain analysis,
PPP-BOTDA) that can measure the strain or temperature distribution along an optical
fiber have been developed recently.[12] These are expected to enable strain and tem-
perature distribution monitoring of composite structures.[13,14] The Cure-Hardening
Instantaneously Linear Elastic (CHILE) model is the analysis model used to study
the residual stresses and curing deformation of composite structures depending on the
temperature.[15,16] However, the fundamental validity and applicability of these mod-
els have not been proved. Recently, a viscoelastic model has been developed to study
the mechanical behavior of polymer composites.[17,18]

This study seeks to clarify the mechanism of strain development in a curing thick
composite structure with a temperature distribution in the thickness direction. Strain
developed during curing can be separated into two parts according to the cause:
chemical-cure shrinkage of the matrix and thermal shrinkage (or expansion) of the
cured composite. Therefore, this study consists of a cure-shrinkage part and a thermal-
shrinkage part. In both parts, curing is monitored with a distributed optical-fiber sensor
(PPP-BOTDA) embedded in a thick laminate and analyzed. In the cure-shrinkage part,
two types of analysis (elastic and visco-elastic) were compared to examine the effect of
the visco-elastic behavior of a curing composite on strain development.

2. Measurement principles

PPP-BOTDA can measure temperature and strain changes along a measuring optical
fiber by observing the frequency shift of Brillouin backscattering light at each
point.[19] The measured shift, which is denoted by Avg is a function of the
temperature and strain applied at a measuring point and expressed by the following
equation:

AVB = C] Ae + CQAT (1)

where Ae (AT) is the change in applied strain (temperature). C; (C,) is the coefficient
of strain (temperature) effect. These two coefficients were determined by preliminary
experiments where only a strain or temperature change was applied to an optical fiber.
Using this equation, the frequency shift measurement includes both strain and tempera-
ture contributions, and hence thermocouples are embedded together for temperature
effect compensation. The strains are calculated by the following equation:

Avg — C,AT
— e 2
C @

This study used an NBX-7000 (Neubrex Co., Ltd.) for distributed sensing. The sam-
pling interval (spatial resolution) was 25 mm (20 mm). The measuring precision of the
strain was 10 pe.

Ae
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3. Strain distribution in cure-shrinkage process
3.1. Experiment setup

The specimen was made of carbon/epoxy T800S/3900-2B (Toray Industries, Inc.). The
stacking configuration was [90go]. Figure 1 illustrates the specimen (300 mm long, 100
mm wide and 20 mm thick), indicating the location of an embedded optical fiber for
PPP-BOTDA and the thermocouples. The embedded sensors were located between the
8-9, 24-25, 4041, 56-57, and 72-73 plies (numbered from the bottom) in the thick-
ness direction. The optical-fiber sensor is located at the center of the width direction
and perpendicular to the carbon fibers. The thermocouples used for compensation were
embedded in the same plies.

The specimen with the embedded sensor was cured in an autoclave. No pressure
was applied in order to measure the cure-shrinkage strain accurately. The specimen was
heated with only a bottom heating plate to create a temperature distribution in the
thickness direction. The temperature history recommended for this material consists of
three steps (1, rising by around 2 °C/min from room temperature to 180 °C; 2, holding
at 180 °C for 2 h (epoxy curing); and 3, cooling down to room temperature). The main
cure shrinkage of the matrix is completed in steps 1 and 2. Therefore, the strain and
temperature distribution were measured at intervals of 2 min during these steps.

3.2. Experiment result

Figure 2 presents the temperature histories measured by the embedded thermocouples.
The temperature histories in each ply clearly differed. The lower part of the specimen
had a higher temperature than the upper part for the overall process. The maximum
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Figure 1. Schematic diagram of specimen with embedded optical-fiber sensors and thermocouples.
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Figure 2. Measured temperature history in thickness direction.

gap between the holding temperature of the 89 plies and the 72-73 plies was about
40 °C. Heating with only a bottom plate caused a temperature distribution in the thick-
ness direction. The temperature within a given ply was uniform in this specimen. Such
a temperature distribution can occur in thick composite structures regardless of the
heating method (hot air and so on).

The strain history in each ply was calculated with Equation (2) using the temper-
ature histories in each ply as temperature compensation for PPP-BOTDA. Each mea-
suring point in the same ply had almost the same strain history, so Figure 3 graphs
the calculated strain histories at the center points in each ply. In this graph, each ply
had a clearly different strain history. In step 1, the temperature rose and there was
less curing. Therefore, the epoxy in the specimen had very low viscosity and the
developed stress was relaxed within a fraction of a second. In step 2, the epoxy had
visco-elastic or elastic behavior, and the temperature distribution might influence the
residual strain and stress distribution. The effect of temperature distribution on the
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Figure 3. Measured strain history in thickness direction.
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Figure 4. Measured total shrinkage strain in thickness direction.

strain history can be related to two important parameters, the time of cure-shrinkage
initiation and the total shrinkage strain during epoxy curing. The cure-shrinkage initi-
ation times differed in each ply. The lower part of the specimen started to shrink
sharply before the upper part. When the lower part started to shrink sharply, the
upper part was seen to shrink gradually, being affected by the shrinkage of the lower
part. The total shrinkage strain in epoxy curing (from 80 to 250 min), which was cal-
culated from Figure 3, is indicated in Figure 4 and ranged from 4200 to 5500 pe.
The upper part had a greater shrinkage strain than the lower part. The strain of
4200 pe in the 89 plies was almost the same as that obtained by a preliminary mea-
surement of a thin specimen with a uniform temperature field. When the lower parts
started to shrink sharply due to their own cure-shrinkage phenomena, the upper parts
had lower viscosity. Accordingly, the shrinkage of the lower parts could affect the
total shrinkage of the upper part.

3.3. Analysis model

FEM analyses with two different cure models were executed to reveal the cause of the
cure-shrinkage strain distribution. One was an ‘elastic model’ that included a degree-
of-curing sub-model, a cure-shrinkage sub-model, and a CHILE model. The other was
a ‘visco-elastic model’ that included a degree-of-curing sub-model (same as the elastic
model), a cure-shrinkage sub-model (same as the elastic model), and a visco-elastic
cure model established by Kim and White [17,18]. The details of each model are
explained later in this section.

Figure 5 indicates the size of the models used for the two analyses. Each model
had five parts with different temperature histories corresponding to the temperature his-
tories of the experiment. The lower parts had a higher holding temperature than the
upper parts (Figure 5). Figure 6 plots the input temperature histories of each part. The
applied temperature histories (as input) were (1) rising in 80 min from room tempera-
ture to the holding temperature of each part (160, 170, 180, 190, and 200 °C) and (2)
holding for 2 h.
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Figure 5. Analytical model and temperature distribution in thickness direction in FEM.
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Figure 6. Temperature history at measuring points distributed in thickness direction.

3.3.1. Model 1 (elastic-curing model)

The following equations express the degree of cure sub-model.[20]

f{—j =k +hko) - (1—0a)- (047 —a) (2<0.3) 3)
%:1@ (=) (03<2) @)

dE
ki =4 -exp (— R—T‘) 5)



Downloaded by [University Town Library of Shenzhen] at 12:47 28 December 2015

Advanced Composite Materials 331

dE

k2 = A2 - EXp <— R—;) (6)
dE

k3 = A3 - EXp <— R—;) (7)

In these equations, a and ¢ are the degree of epoxy curing and time. Coefficients k;, 4;,
and E; (i=1-3) are model parameters determined by experiments with differential scan-
ning calorimetry. R and T are the gas constant and temperature of the material. The fol-
lowing equations express the cure-shrinkage sub-model.

&, = 0.0 (a<acr) (8)
g =& - os (ac1 La<acs) ©
oy = —— L (10)

Olc2 — %c1

Here ¢, and ¢, are the cure-shrinkage strain and the total cure-shrinkage strain. a.; and
o, are the degree of curing when resin shrinkage begins and stops. The following
equations express the CHILE model.

E(O{,é):Eo—f—(EC—Eo)-OC (1])

v =103 (12)

E, Ey, and E,. are the composite elastic modulus, the composite elastic modulus at very
low curing, and the composite elastic modulus at a=1.0. v is the composite Poisson’s
ratio.

3.3.2. Model 2 (visco-elastic curing model)

The following equations express the visco-elastic curing model.[17,18]

_ ¢
E(e,¢) = E - exp (— T(a)> (13)
. At
A= @D (14)
‘L'(OC) =10 - 10f(oc)—(oc—0.98)~(9,9—log10) (15)
f(2) = 0.0536 + 0.06150 4 0.9227 - o (16)

& and ¢ are the reduced time and the stress relaxation time. a7 and 7, are the shift factor
for time—temperature superposition and the peak relaxation time. In previous modeling,
the stress relaxation time was expressed by combining nine different stress relaxation
times with nine weight functions. In this study, one representative stress relaxation time
was used to simplify the model. All of the values used in these models are summarized
in Table 1.
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Table 1. Material properties in Section 3.3.

A, 0.35 x 10%s & 4.0 x 10° pe
A, —0.34 x 10%/s et 0.6

A3 0.33 x 10%/s tea 1.0

dE, 8.07 x 10* J/mol E, 0.08 GPa
dE, 7.78 x 10* J/mol E. 8.0 GPa
dE, 5.66 x 10* J/mol v 0.3

R 8.31 J/mol/K T 7.94 x 10° min

3.4. Analysis result

Figure 7 presents the degree-of-curing histories calculated with the degree-of-curing
sub-model (Equations (3) through (7)). The five different temperature histories had dif-
ferent degrees of curing. The degree of curing in the higher-temperature parts increased
before that in the lower-temperature parts. Figures 8 and 9 give the calculated strain
histories with the elastic cure model and the visco-elastic cure model. Both results
exhibited a sudden cure-shrinkage strain drop. With the elastic cure model, the strain
was uniform after epoxy curing. In contrast, a strain distribution was obtained after cur-
ing with the visco-elastic model. Figure 10 plots the total shrinkage strain values dis-
tributed in the thickness direction with the elastic cure model and the visco-elastic cure
model. The black line indicates the experiment result. The analytical result with the
elastic cure model differed from the experiment result. The one with the visco-elastic
cure model had a similar value and trend, with the total shrinkage increasing as a func-
tion of the ply number.

To understand these results, we focused on the strain value of the upper part during
the ‘initiation period’. The initiation period refers to the period when the cure shrinkage
of the other part starts (i.e. the degree of curing of the other part exceeded 0.6; see
Equation (9) and Table 1) and that of the part in question had not started (i.e. the
degree of curing of the part in question was less than 0.6). In the analysis, the time
when the degree of curing exceeded 0.6 was 37 min for Part 1 and 47 min for Part 5.
Therefore, the strain of Part 5 in this initiation period (10 min) must be generated by
shrinkage of the other parts. The shrinkages in the initiation time, calculated by both

1.2
1+
¥
5 08
3 Part 3
T
(=]
L]
2 06
(=T
it
(]
0.4
0.2
0 50 100 150 200
Time [min]

Figure 7. Calculated degree of cure history at measuring points distributed in thickness
direction.
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Figure 8. Calculated strain history at measuring points distributed in thickness direction (elastic
curing model).
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Figure 9. Calculated strain history at measuring points distributed in thickness direction
(visco-elastic curing model).

elastic and visco-elastic models, were —116 pe (elastic) and —1110 pe (visco-elastic).
From Figure 3, the experiment value was about —1000 pe. In the visco-elastic model,
both stress relaxation behavior and a low elastic modulus can make shrinkage in the
initiation time higher. These results confirmed that the visco-elastic model can express
the material behavior in the ‘initiation period’ and the total shrinkage strain distribution,
and that the elastic cure model cannot.

4. Strain distribution in cooling down process
4.1. Experiment setup

In the previous section, the authors focused on the chemical-cure shrinkage strain, and
the strain developed by temperature distribution at steps 1 and 2 was evaluated at atmo-
spheric pressure. This section examines the thermal strain development in step 3, where
the material has elasticity.
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Figure 10. Comparison of total cure-shrinkage strain distributed in thickness direction.

The specimen was made of carbon/epoxy T800S/3900-2B (Toray Industries, Inc.).
The stacking configuration was [90g,]. Figure 11 illustrates the specimen (300 mm long,
100 mm wide and 15 mm thick) and the locations of the embedded optical-fiber sensor
and the thermocouples. The embedded sensors were located between the 10-11, 21-22,
50-51, and 70-71 plies in the specimen (numbered from the bottom). The optical fiber
is located in the center of the specimen, perpendicular to the carbon fibers. The thermo-
couples were embedded in the same plies for temperature compensation, and the speci-
men was cured in an autoclave. The pressure in the autoclave was kept at 0.5 MPa
before the cooling step. The specimen was heated with only a bottom heating plate.
Before the cooling step, the applied pressure was decreased to atmospheric pressure to
relieve the effects of pressure and boundary conditions.

4.2. Experiment result

Figure 12 plots the temperature histories measured by the thermocouples embedded in
the center of each ply. Plies distributed in the thickness direction had clearly different
temperature histories. The lower part of the specimen had a higher temperature than the
upper part for the overall curing process. The difference in holding temperatures of the
10-11 plies and the 7071 plies was 20 °C. The high pressure applied might have pro-
duced a smaller difference in holding temperatures compared with the atmospheric
pressure result in Section 3.2.

The strain history in each ply was calculated using the measured temperature for
compensation. Figure 13 plots the calculated thermal strain histories at the center points
distributed in the thickness direction. In this graph, each ply has a clearly different
strain history. The total amount of shrinkage strain in the cooling step and the coeffi-
cient of temperature expansion (CTE) were calculated from Figure 13. Figure 14 indi-
cates the total strain of each ply. The holding temperature difference resulted in a strain
distribution. The amount of the total shrinkage strain decreased as the number of plies
increased because a greater temperature change produced higher thermal-shrinkage
strain. Figure 15 indicates the apparent CTE values of each ply, calculated directly from
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Figure 11. Schematic diagram of specimen with embedded optical-fiber sensors and thermocouples.
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Figure 12. Temperature history at measuring points distributed in thickness direction.

the measured strain and temperature changes. The CTE decreased when the number of
plies increased. It is difficult to explain the resulting CTE distribution by temperature
change alone. If one part has a smaller temperature change and shrinkage strain (corre-
sponding more plies), that part should have residual compression stress and thus a
higher CTE value caused by the other part, which has a greater temperature change
and shrinkage strain. To explain the CTE distribution, the fiber volume fraction, Vj of
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Figure 13. Measured total shrinkage strain in thickness direction.
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Figure 14. Measured thermal-shrinkage strain distribution in thickness direction.

the cured specimen was measured by microscope observation (VHX-2000, Keyence
Corporation). Figure 16 presents one example of a cross-sectional view. The lighter part
corresponds to the carbon fibers and the darker part corresponds to the epoxy matrix.
In the calculation process of ¥V the fiber part was extracted based on brightness, and
the area ratio of the fiber part was defined as V. The V; value of each ply was calcu-
lated by averaging date obtained from five different areas (100 x 250 pm?). Figure 17
plots the calculated V; distribution. ¥, was not uniform in the specimen, and the values
increased as a function of the number of plies from the Oth ply to the 60th ply. The V
values near both the top and bottom surfaces were lower. Air vacuuming both surfaces
during curing could have generated resin flows from them.

This result confirmed that the apparent CTE decreased when the number of plies
increased. The measured V; distribution is also considered in the analysis in the next
section, together with the temperature distribution. The specimen warped after curing,
which was also considered to be caused by the temperature and V), distribution.
Therefore, the warpage is also analyzed in the following section.
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Figure 15. Obtained CTE distribution in thickness direction.
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Figure 16. Cross-sectional view of cured specimen.

4.3. Analysis model

FEM analyses were conducted with the elastic curing model to determine what caused
the thermal-shrinkage strain distribution, CTE, and warping of the cured specimen.
Figure 18 indicates the size of the model used for the analysis. The analyses were exe-
cuted by ABAQUS. Three different analyses were executed to evaluate the effect of
the temperature and V distribution.

(1) The temperature change was varied in the thickness direction (Figure 12) and
V; was uniform.

(2) The temperature change was uniform and ¥, was varied in the thickness direc-
tion (Figure 17).

(3) Both the temperature change and ¥, were varied in the thickness direction.

The following equations expressed the CTE model including V.[21]
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Figure 17. Volume fraction distribution in thickness direction calculated from cross-sectional
view.
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Figure 18.  Analysis model for FEM.

oy = o + BN (] — o) [E"(1 = vas/ = 2v"vin ) (1 = V)) + B4 (1 4 v™)

, : (17)
+EY (14 v")(1 = 2v") V] + 2E"Ey (o — o) (via” = v")(1 = ¥)}
ty = "+ 5 {B (o4 — ") (1= V)" (20 + "y =) = B (14)] g

F2E (o — a"[E"(1 = v'V,) (1 = V) + EL(1 = v )V}

R= Emz(l - "/;3 - 2"{2"/;2)(1 - Vf)z +Em(1 - I//‘){E/;(l - ‘/;3 - 4"mV{2)Vf +E§[1
V" (=)W} + BB (1L + ") [+ (1= 2v") ]y
(19)

In these equations, the upper index (f, m) expresses the value for the fiber and matrix.
All of the values used in these models are summarized in Table 2.
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Table 2. Material properties in Section 4.3.
E) 296.0 GPa o -3.06 x 10 °K '
E, 13.8 GPa o 6.94 x 10°K!
G, 9.0 GPa E" 3.24 GPa
G, 5.8 GPa G" 1.19 GPa
vl 0.20 V" 0.36
vl 0.25 a" 62.0 x 10°K™"

4.4. Analysis result

Figures 19 and 20 plot the calculated shrinkage strain and the apparent CTE distribu-
tion in the thickness direction. The red, blue, and black lines correspond to the results
of models (i), (ii), and (iii). The marked points indicate the experiment results. In
Figure 19, all three analytical results express the strain increase as a function of ply

Figure 19.

Figure 20.
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Figure 21. Residual displacement of the bottom surface of specimen.

number. We focused on the maximum strain differences, which are the differences
between the shrinkage strain at the Oth ply and that at the 80th ply. The strain differ-
ence caused by the temperature distribution (i), V; distribution (ii), and both the temper-
ature and ¥ distribution (iii) were 529, 327, and 827 pe. The strain difference caused
by the temperature distribution (i) exceeded that caused by the V; distribution (ii). The
result with model (iii) agreed well with the experiment result. Both the temperature and
the Vrdistribution significantly influenced the shrinkage strain distribution. In Figure 20,
the maximum apparent CTE differences caused by the temperature distribution (i), ¥V
distribution (ii), and both the temperature and V distribution (iii) were 0.29 X 10°K™,
2.02 x 10°K™" and 1.75 x 10°°K™". The temperature distribution affected the shrink-
age strain distribution much less than the V, distribution. The results with models (ii)
and (iii) had similar apparent CTE distributions and agreed well with the experiment
result. Based on these results, the apparent CTE value was strongly affected by the V'
distribution. Figure 21 presents the experiment and analytical specimen warpage results
obtained at the bottom surface of the cured specimen. The green line represents the
experiment result. The result with model (iii) agreed well with the experiment result,
confirming that both the temperature and the V; distribution caused the cured specimen
to warp. These results indicate that temperature, strain, and apparent CTE distributions
(calculated from temperature and strain) identified by optical-fiber sensors enables pre-
dicting the thermal distortion in cured products.

5. Conclusion

This study sought to clarify the mechanism of strain development in curing a thick
composite structure with a temperature distribution in the thickness direction. Cure
monitoring with an embedded, distributed optical-fiber sensor (PPP-BOTDA) and a
cure analysis were performed for both the chemical-cure shrinkage part and the ther-
mal-shrinkage part.

A strain distribution caused by different temperature histories was observed in the
chemical-cure shrinkage strain part. The cure-shrinkage initiation times differed in each
ply. The higher temperature parts of the specimen started to shrink sharply before the
lower temperature parts. The lower temperature parts had more shrinkage strain than
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the higher temperature parts. When the higher temperature parts started to shrink shar-
ply due to their own cure-shrinkage phenomena, the lower temperature parts had lower
viscosity. Accordingly, the shrinkage of the higher temperature parts could affect the
total shrinkage of the lower temperature parts. The visco-elastic model confirmed that
the lower viscosity part was influenced by the cure shrinkage of the other part.

The total shrinkage strain, the apparent CTE distribution, and the warpage of the
specimen were evaluated in the thermal strain part. FEM analyses with an elastic model
were conducted to determine the causes of the thermal-shrinkage strain distribution, the
apparent CTE, and the warping of the cured specimen. The model confirmed that both
the temperature and the V; distribution significantly affected the total shrinkage strain
and that the temperature distribution had a much smaller effect on the apparent CTE
compared with the V' distribution. Both the temperature and V distributions caused the
cured specimen to warp. These results indicate that temperature, strain, and apparent
CTE distributions (calculated from temperature and strain) identified by optical-fiber
sensors can predict thermal distortion in cured products.
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