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Abstract

Curved composite parts have been widely used for a variety of industries. However, cure induced
residual deformation (i.e., spring-in) occurs in such components. Though lots of works have
investigated the deformation, fundamental mechanisms are still unclear because internal state
measurement methods have not been developed. Thus, the current research aims to establish an in-situ
strain measurement technique especially for the out-of-plane normal and shear strains. Two L-shaped
specimens with different thickness were fabricated and optical fiber sensors were diagonally
embedded into the specimens to monitor strains during cure. The normal and shear strains and
shear/normal strain ratio were calculated from the sensor responses, indicating larger shear strain in
the thick specimen. 3D scanning showed smaller spring-in in the thick specimen. In addition,
numerical analysis confirmed the validity of the measurements. This research experimentally and
numerically revealed that larger shear strain is generated in thicker specimens, suppressing the residual
deformation. The proposed technique will be utilized to explore other effect like cure conditions.

1. Introduction

Carbon fiber reinforced plastic (CFRP) is an attractive alternative to the conventional metal material
due to its advantages: high specific strength/stiffness and low density. As CFRP has been used for a
variety of industries including aerospace, cars and sport infrastructures, more complex shaped CFRP
has been required. Among them, L-shaped composites are one of the most fundamental components.
However, cure induced deformation (i.e., spring-in) occurs in L-shaped composites due to its
anisotropic nature, leading to strength reduction after assembly or troublesome shimming (Figure 1).

A lot of works have investigated spring-in deformation by experimental and analytical methods.
Numerous experiments were carried out by Albert and Fernlund [1] and Kappel [2]. These researches
found that larger spring-in is induced with thinner parts. Meanwhile, a simple theoretical model for
spring-in prediction was proposed based on material anisotropy [3]:

_ (oq —ap) - AT ¢ — &
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where 0 is the part angle, a is the coefficient of thermal expansion, T is the temperature, ¢ is the
chemical cure shrinkage, and subscripts | and t represent the longitudinal and transverse directions.
This equation, however, does not include the effect of part thickness as indicated in the experiments
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Figure 1. Schematic of spring-in induced during cure process, and accompanying through-thickness
tensile stress generated during assembly.

[1,2]. Wisnom et al. [4] developed an analytical model based on the shear-lag analysis. The model
showed that shear deformation occurs in a C-shaped composite when the part is in the rubbery state
and the shear stiffness is low, resulting in smaller spring-in than predicted by Eqg. 1. The analysis
successfully predicted the effect of thickness that was observed in experiments. Detailed finite element
simulations have been conducted to investigate several effects like resin states (i.e., viscous, rubbery
and glassy) [5,6] and fiber wrinkle [7]. Despite these considerable researches over the past decades,
the experiments contain several inconsistencies and fundamental mechanisms for spring-in are still
unclear. For example, the effects of the part thickness and cure condition on the residual deformation
are uncertain. It is partially because the previous researches mainly addressed the final cured shapes
and internal state development during cure has not been measured.

This research aims to propose an in-situ multi-axial strain measurement technique and to investigate
the effect of part thickness on the internal state and residual deformation. Optical fiber sensors are
embedded into the +45° diagonal directions to evaluate the normal and shear strains. In addition,
numerical analysis is conducted to assess the validity of the experiment. The effect of the tool-part
interaction was minimized by several techniques to focus on the effect of the cure induced chemical
and thermal shrinkages.

2. Materials and Methods
2.1. Experiment
2.1.1. Optical Fiber Sensors

Optical fiber sensors are widely utilized for strain and temperature monitoring of composite materials
due to their significant advantages: small diameter (less than 150 um), light weight, corrosion
resistance, immunity to electromagnetic interference and no need for electricity at sensing points [8].
Fiber Bragg grating (FBG) sensor is one of the optical fiber sensors and was chosen as the strain
monitoring device in this research. An FBG sensor has local modulation in the refractive index along
the length of an optical fiber. Figure 2 shows a schematic and principle of an FBG sensor. When
broadband light is launched into the FBG sensor, a narrow spectrum is reflected back (Figure 2, Right).
The center wavelength of the reflection spectrum is called Bragg wavelength, A, and changes
proportionally to axial strain and temperature at the grating area:

AXy = C.Ae+CAT, 2

where ¢ is the axial strain, T is the temperature, and C, and C+ are the coefficients. Strain change can
be calculated from the wavelength change by compensating the temperature effect.

FBG sensors were embedded in the £45° diagonal directions to monitor the out-of-plane normal and
shear strain developments during cure process of L-shaped CFRPs. The FBGs were cut near the
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grating area to be embedded in the diagonal directions. The distance between the grating area and the
end of the optical fiber is called tail length [9]. It should be noted that the strain measured by the
diagonal sensors with short tail length would be smaller than the strain induced in the CFRP parts due
to the shear-lag effect near the end of the optical fiber especially when the resin has low stiffness [10].
The measured strain increment can be written as:

AgS = a(C(t), 1) - AsS, 3)

where Ag’® are the strain increment measured in an FBG sensor, Ac® is the strain increment induced in a
composite part in the sensor direction, t is the time, and o is the shear-lag coefficient which depends
on the stiffness of the composite C and the sensor tail length I. The shear-lag coefficient, o, increases
from 0 to 1 with increasing stiffness C during cure. Meanwhile, the composite strains induced in the
+45° diagonal directions, €45 and €° 4s, is calculated by the in-plane strain, £%, the out-of-plane
normal strain, &%, and the out-of-plane shear strain, £, as:

€S4s = (£ + &5 +£5)/2 = (5, +£5)/2 @

€5 = (6] — €5, +€5)/2 = (—&f, + €5)/2.
The in-plane strain is assumed to be negligible since a cross-ply layup was used in this research. Egs. 3
and 4 lead to strain increments measured in the +45° diagonal sensors A&®.45 and Ac® 4s:
A& 45 = a(C(D), D) - (A5, + AeS)/2 )
A€S 4o = a(C(t), D) - (—AeS, + Ag5) /2.

Summing the addition and subtraction of the measured strains (Eq. 5) gives values as:

Z[Asi4s(r) + A8, (D] = Z[a(‘r) ASS(D] = £, (0)

T T

D 185450 = 862 15 (D] = ) (D) - Ae5, (D] £ £, (o),

T T

(6)

where 7 is the dummy variable, t is the time and the tail length | is assumed to be the same for both the
+45° sensors. These values are defied as €, and €, as shown in Eq. 6, and they show the out-of-plane
normal and shear strains reduced by the shear-lag coefficient of a.. Though the reduced strains, €, and
€,,, are not identical to the composite strains due to the shear-lag coefficient, they indicate qualitative
trend for the composite strains. Moreover, Eg. 5 leads to the shear/normal composite strain ratio as:

Aef,(t) - Aef 45 (t) — Aed 45(b)
AS(t) — Aed 4o (t) + Aed 4 (t)

()

Note that this ratio is not affected by the shear-lag coefficient o, indicating that the composite internal
state can be directly captured by the sensor responses. Furthermore, this ratio is a good indicator for
the residual deformation because shear strain development would result in suppression of spring-in [4].
In the following experiment, the reduced out-of-plane normal and shear strains and the shear/normal
strain ratio are calculated from the strains measured by diagonally embedded optical fibers.
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Figure 2. Structure and measurement principle of fiber Bragg grating (FBG) sensor.
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2.1.2. Test Setup

Two L-shaped CFRP specimens were fabricated to investigate the effect of thickness on the internal
strain induced during cure process. The stacking sequences of the specimens were [02/904/0,]s (20-ply,
thin; thickness: 2.5 mm) and [904/04]4s (64-ply, thick; thickness: 9 mm). The specimens had flange
length of 45 mm and width of 70 mm. The material used was a CFRP prepreg: T700SC/2592 (Toray
Industries, Inc.). Prepreg sheets were laid up onto an aluminum tool with corner radius of 6.4 mm.
Two PTFE release films were placed between the tool and prepregs to minimize the tool-part
interaction. After laying all the plies, holes were made in the £45° directions using a needle with
diameter of 1mm to embed FBG sensors. The hole depths were determined so that grating areas of
FBG sensors were placed at the through-thickness center of the specimens. The holes were made at 25
mm from the corner and 30 mm from one another. Figure 3 shows a photograph and schematic of
sensor embedment. The whole specimens were covered with glass fabric and bagging films and holes
were made on the films as in the specimens. Two types of FBG sensors were used: one for the thin
specimen had the tail length of 1.5 mm and grating length of 0.4 mm, and the other for the thick
specimen had the tail length of 3 mm and grating length of 1 mm. These sensors were utilized to
calculate the reduced strains and shear/normal strain ratio as shown in Egs. 6 and 7. Though the
difference in the tail length would affect the reduced strains given in Eq. 6, the shear/normal strain
ratio in Eq. 7 is immune to the difference. The sensors were embedded into the specimens through the
holes made on the bagging films. K-type thermocouples were embedded at the through-thickness
center to measure temperature. The specimen was vacuumed and cured in an autoclave under a gage
pressure of 0.3 MPa. The cure cycle includes 2 °C/min heating, 90 °C holding for 7 hours and 2 °C
/min cooling. During heating only 0.01 MPa vacuum and no autoclave pressures were applied to
suppress the tool-part interaction. After reaching the curing temperature, full vacuum and autoclave
pressures were applied. Moreover, both vacuum and autoclave pressures were released and re-applied
immediately before the cooling phase. The FBG response and temperature were recorded at 2 min
intervals throughout curing. After removing from the tool, 3D scanning using an instrument (ATOS;
GOM mbH, Germany) was also carried out to measure the cured shape of the laminates.

2.2. Numerical Analysis

Finite element analysis (FEA) was conducted to further examine the process monitoring results using
FEA software Abaqus 6.14. 1/4 thin (20-ply; thickness: 2.5 mm) and thick (64-ply; thickness: 9 mm)
models were developed due to the symmetry of the L-shaped specimens and boundary conditions were
applied to represent the whole L-shaped components (Figure 4 (a)). The stacking sequences were
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Figure 3. photograph (side view) and schematic (top view) of FBG sensor embedment.
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the same as the experiment. The tool was modeled as a rigid shell and physical contact without friction
was introduced between the tool and part because two PTFE films were used and quite low pressure
was applied during heating in the experiment to minimize the tool-part interaction. Two step analysis
was carried out assuming that material properties change from the rubbery to glassy state as a step
transition [5]. In the first step, the resin was in the rubbery state and the composite properties were
calculated using the self-consistent field model as a function of the Young’s modulus of the resin, E,
[10]. The autoclave pressure was applied and shrinkage of 1000 pe took place in the transverse
directions. The stress/strain conditions induced in this step were frozen in using a user subroutine
UMAT. In the second step, the resin vitrified and the properties of the glass state were used. The
autoclave pressure was released and the part was allowed to deform freely. Additional shrinkage was
not applied in this step. Five values of Young’s modulus E,, were chosen for the first step: 5, 25, 50,
100, 3000 MPa. The last one was the same value as the fully cured one (glassy state), simulating
cooling process. The effect of the Young’s modulus on strains and cure induced deformation was
evaluated (Figure 4 (b)).

Part

(1/4 model) L 25mm

.«L.X symmetric _ I

Displacement  Strain measurement

Tool(rigid shell)
Z symmetric

Figure 4. Finite element model: (a) Schematic of model and boundary conditions, (b) Strain
measurement position and definition of displacement at edge.

3. Results and Discussion

Figure 5 (a) shows strain development in the thin specimen during the cure process. The strain at the
gel point (200 min) was set to zero. Before gelation, strain changes due to resin movement and has
insignificant effect on residual stress and deformation since the resin was in the liquid state with low
stiffness. After gelation, compressive strain increased in both +45° directions due to the chemical cure
shrinkage. Although the two sensor responses changed differently in the beginning, similar trend was
captured from the middle. Slight increase was observed in the +45° sensor upon the vacuum release
before cooling. During cooling, compressive strains similarly increased in both of the directions due to
the thermal shrinkage. Figure 6 gives the reduced out-of-plane normal and shear strains calculated from
the £45° sensor responses (Figure 5 (a)) using Eq. 6. Shear strain decreasing the +45° sensor strain was
defined as negative value. Both the normal and shear strains significantly decreased from gelation to
about 300 min. After 300 min, however, shear strain did not change though the normal strain
continued to decrease gradually. As shear deformation is suppressed during curing, bending stress
increases, resulting in larger spring-in deformation after demolding [4]. Therefore, this measurement
result implies that the chemical cure shrinkage after 300 min caused significant residual deformation.
During cooling, the compressive normal strain considerably increased compared with the shear strain.
The measured spring-in angle was 0.51° for the thin specimen.

The monitored strain in thick specimen is shown in Figure 6 (a). Similarly to the thin specimen, the
compressive strain increased after gelation. However, the difference between the two sensors during
the 90 °C dwell was larger than in the thin specimen. The compressive strain increased almost
identically during cooling. Figure 6 (b) shows the reduced out-of-plane normal and shear strains in the
thick specimen. Both the normal and shear strains considerably increased just after gelation and
continued to change gradually until the end of the dwell. This trend is different from the thin specimen
and indicates that the chemical cure shrinkage induced significant shear deformation that would result
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in suppressed residual deformation. During cooling, the normal strain was significantly larger than
shear strain as in the thin specimen. The spring-in angle was 0.36° for the thick specimen that is
smaller than the thin one.

Next, the ratio of the shear to normal strain increments was calculated based on Eq. 7 and the result is
shown in Figure 7. Assuming shear stiffness is quite low as in the liquid state, the through-thickness
shrinkage in a corner part of an L-shaped part causes shear deformation to maintain the in-plane arc
length. The shear strain for an L-shaped part with corner angle of ¢ can be geometrically calculated,
and the shear/normal strain ratio in the flange is ¢/2. In Figure 7, the shear/normal ratio was about n/4
(~ 0.8) just after gelation at 200 min, which corresponds to a half angle of the curved area (i.e., ©/2).
The ratio significantly decreased down to almost O in the thin specimen, indicating that the shear
stiffness greatly increased and shear deformation was suppressed. In contrast, the ratio was above 0.5
in the thick specimen throughout the 90 °C holding. It means large shear deformation occurred in the
thick specimen, resulting in smaller cure induced deformation. This result is consistent with the
analysis conducted by Wisnom et al. [4] that showed larger shear strain and smaller residual
deformation in thicker specimens. Although the analysis did not consider the effect of the flange,
similar trend was captured in this study. The scatter after 300 min is caused by small increment in the
normal and shear strains. During cooling, the shear/normal strain ratio was smaller than 0.2 in both

Chemical Cooling | Chemical Cooling
———1_ 100 _ 1000 ———1_ 100
g
0 - {80 4 ¢ O {8 o
T 3 £ -1000 3
%-1000 - 60 § 60 &
® g o -2000 Normal g
il 4 40 3 7] 3000 4 40 3
® 2000 [ 2 3 3
1 20 &2 g -4000 1 20 &2
-3000 : : : 0 Z 5000 : : : 0
0 200 400 600 0 200 400 600
Time [min] Time [min]
(a) (b)
Figure 5. Cure process monitoring result of thin (20-ply) L-shaped specimen
: (a) Measured strain and (b) Calculated normal and shear strains.
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Figure 6. Cure process monitoring result of thick (64-ply) L-shaped specimen
. (@) Measured strain and (b) Calculated normal and shear strains.
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Figure 7. Shear/Normal strain ratio in thin and thick specimens.

thin and thick specimens. This was caused by high shear stiffness due to the glassy resin and the
amount of the spring-in deformation during cooling would be the same in both of the specimens. The
results shows that difference occurs only during curing in thin and thick specimens, implying that the
chemical cure shrinkage significantly affected the difference in the spring-in angles.

Figure 8 (a) illustrates the numerically calculated shear/normal strain ratio as a function of the
Young’s modulus of the resin En. In our previous research, it was confirmed that the modulus
increases up to a few hundred MPa during the 90 °C holding. Thus, a gray vertical line is plotted at
200 MPa in the figure as the end of the 90 °C dwell. In both thin and thick cases, the strain ratios
decrease as cure proceeds from w/4 that is predicted with negligible shear stiffness. It reaches 0.2 in
the thin case during cure process, whereas it decreases only down to 0.5 in the thick case. This
numerical result is consistent well with the experiment data (Figure 7), confirming the validity of the
experiment and showing larger shear deformation occurs in thick parts. In addition, Figure 8 (b) shows
cure induced displacement at the flange end (Figure 4 (b)) when the out-of-plane normal strain of 1000
ue is applied. The displacement increases as cure proceeds and the Young’s modulus increases.
Smaller displacement is generated in the thick part than the thin one because larger shear deformation
occurs in the thick specimen as shown in the experiment and numerical results. This result explains the
measured spring-in in the experiment, which was smaller in the thick specimen than the thin one.

4. Conclusion

Cure induced residual deformation is a serious problem for complex shaped composites. The
fundamental mechanisms of the deformation are not clear due to the lack of internal state measurement
methods. This research developed a fiber-optic-based multi-axial strain monitoring and investigated
the effect of the part thickness on the strain development and residual deformation. First, thin and
thick L-shaped specimens were fabricated and FBG sensors were diagonally embedded into the
specimens. The sensor responses were monitored and the out-of-plane normal and shear strains were
calculated. The result revealed that larger shear deformation was generated in the thick part than the
thin one. 3D shape measurement after cure showed smaller spring-in in the thick part. It was because
the larger shear deformation in the thick specimen suppressed the bending stress development that
results in residual deformation. Then, FEA was carried out to further study the experiment results. The
numerical result indicated that larger shear strain and smaller residual deformation in the thick part,
showing the validity of the measurement. This research experimentally and numerically revealed that
larger shear deformation is induced in thick specimens, reducing the residual deformations compared
with thinner ones. Future work quantitatively investigates the relationship between the cure induced
strain and residual deformation. Moreover, the effect of cure process will be studied using the
proposed measurement method and optimal cure process will be proposed.
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