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CFRP pipes are used in spacecraft to support heavy optical instruments. CFRPs’ low
coefficients of thermal expansion and high stiffness improve the instrument perfor-
mance. However, significant through-thickness strain arises in thick CFRP pipes in
curing and operation at low temperature, resulting in delamination failure. In this
study, we developed a fiber-optic-based life-cycle monitoring system to measure
through-thickness strain development. First, we addressed the mechanism of strain
development using a theoretical approach and finite element analysis (FEA). We
confirmed that geometrical constraint arising from the cylindrical shapes causes sig-
nificant out-of-plane stress in the through-thickness center, and the stress increases
with increased thickness and stiffness. A fiber Bragg grating (FBG) sensor was then
embedded at the through-thickness center of a pipe during lay-up. Non-axisymmetric
strain change in the FBG sensor was continuously measured using the birefringence
effect throughout the life cycle, including curing and simulated operation in a low
temperature environment. Through comparison between pipe and plate specimens, it
was clearly demonstrated that the system could sensitively capture through-thickness
strain development and detect delamination failure in the pipe. In addition, FEA was
conducted and the result agreed well with the experiment data, confirming the valid-
ity of the experiment results.

Keywords: CFRP pipe; through-thickness strain; FBG sensor; life-cycle monitoring

1. Introduction

Truss structures supporting heavy optical telescopes in spacecraft are required to have a
low coefficient of thermal expansion (CTE) below 10 *K ™" in order to achieve high
observation accuracy. For this reason, CFRP pipes made of pitch-based graphite fibers
are utilized for those components.[1,2] Figure 1 depicts a schematic of a support struc-
ture of the SOLAR-B (high-precision solar physics satellite) with an optical telescope.
[3] Recently, the thickness and modulus of CFRP pipes have been increased due to the
increased size of optical instruments. In thick, high-modulus CFRP pipes, however, sig-
nificant through-thickness tensile stress arises during curing or operation in a low
temperature environment, resulting in delamination failure.[4—6] Figure 2 depicts the
distribution of through-thickness stress that developed during cooling in the curing pro-
cess, calculated by finite-element analysis (FEA). Maximum through-thickness stress
arises near the center of the thickness, causing delamination after curing (Figure 3).
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Figure 1. Images of (a) support structure and (b) CFRP pipe.
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Figure 2. Stress distribution after cooling (carbon/epoxy [0,/90,]ss; thickness 3.45mm, inner
radius 15 mm, AT —105°C, and 0° longitudinal direction).

Delamination

Figure 3. Cross-sectional micrograph of delamination in CFRP pipe after curing.

Although many previous studies focused on strain development in composite pipes,[4—
14] no technique for directly measuring the out-of-plane strain resulting in delamination
has been developed, and the underlying mechanism of stress/strain development leading
to delamination failure has not been sufficiently clarified.

In this study, we develop a fiber-optic-based life-cycle monitoring system [15,16] in
order to obtain new insight into the through-thickness strain development and improve
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reliability of CFRP pipes. We begin by analyzing through-thickness stress development
using FEA and the classical lamination theory. Consequent strain development in CFRP
pipes is then continuously measured, using responses of optical fiber sensors embedded
during lay-up, throughout the life cycle including the curing process and a
low-temperature test. Finally, delamination detection is demonstrated.

2. Through-thickness stress development in thick pipes
2.1. FEA

FEA was conducted using Abaqus 6.11 to calculate thermal stress development in a
CFRP pipe. Figure 4(a) illustrates the 2D FEA model, assuming a plane strain state.
One-fourth of a pipe was modeled for simplification, and the inner radius was set at
15 mm. In order to simulate a cooling phase, a 105 °C temperature decrease was applied
along with constraint on both edges (Figure 4(a)). This model was labeled the ‘whole
model.” In order to evaluate the effect of geometrical constraint arising from the
cylindrical shape, a model with constraint on only one edge was also developed
(Figure 4(b)). This model was labeled the ‘no-constraint model,” since this is the same
as a 1/2 C-shaped open section that has no constraint on the both edges. The ply
thickness was set to 0.11 mm based on experiment data; the material properties used in
the analysis were taken from published work [17] and are summarized in Table 1.

: Optical fiber
L
D

(a) (b)

Figure 4. Schematic of the FEA model: (a) whole model and (b) no-constraint model
(magnification factor is 25).

Table 1. Material properties used in analysis.

HYEJ15M65PD-25 Cladding and ~ Polyimide

unidirectional core coating
Elastic moduli (GPa) Ey 350 73.1 1.5
E» 5
G 4.2
Go;3 2.0
Poisson’s ratios Vi 0.33 0.16 0.25
Va3 0.445
Thermal expansion coefficients o —-0.3 0.5 15

(x1076/°C) 02 40.0
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Figure 5 plots the circumferential (0 direction) and through-thickness (r direction)
stress in a [90,/0,]45 pipe. In this figure, 0° is the longitudinal direction, and 90° is the
circumferential direction. Figure 6 plots the maximum through-thickness stresses in
[90,/0,],s pipes, where n is set to 1, 2, 4, and 8. In Figure 5, the horizontal axis, R, is
the normalized distance in the radial direction:

r—r

R=
t

(0<R<1), (1)

where 7 is the distance from the center of the pipe, 7 is the internal radius, and ¢ is the
thickness. In Figure 6, the horizontal axis, r¢/t, is the ratio of internal radius to
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Figure 5. Stress distribution in [90,/0,]4s pipe (FEA): (a) circumferential stress and (b)
through-thickness stress.
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Figure 6. Relationship between r¢/t and maximum through-thickness stress in pipe (FEA).
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thickness. Figure 5 indicates that stress development in the pipe is attributed mainly to
its geometrical constraint arising from the cylindrical shape because both the
circumferential and through-thickness stresses of the whole model with constraint at
both edges are much higher than those of the no-constraint model. Additionally, the
maximum radial stress increases with increased thickness (Figure 6).

2.2. Theoretical approach

Theoretical calculation was conducted to clarify the underlying mechanism of the
through-thickness stress development presented above. The thermal stress in composite
pipes has been strictly formulated in previous research,[7] but a simpler approach was
used here, in an effort to focus on the main cause of stress development. The equation
of equilibrium in the radial direction in a cylindrical coordinate system is given by

do, Oty 0,— 0y O

o T T oz

where o is the normal stress, 7 is the shear stress, 7 is the radial (e.g. through-thickness)
direction, 0 is the circumferential direction, and z is the longitudinal direction.[18]
Assuming plane strain and axisymmetry, Equation (2) is simplified to

do, o,— 0y

or r

0. (3a)

Integrating Equation (3) gives the radial stress at distance 7 as

1 [/ 1 R N
o, = —/ opdr = 7/ oydR, (3b)
rJr Vo/t +R 0

where 7y is the internal radius, ¢ is the thickness, and R is the normalized distance
defined by Equation (1). Consequently, the radial stress at normalized distance R is
determined by the ratio of the internal radius to the thickness, r¢/¢, and the circumferen-
tial stress distribution o).

Next, the circumferential stress gy in the pipe was separated into ‘stress developed
during cooling without constraint on both edges’ (developed in the no-constraint model)
and ‘stress developed by geometrical constraint after cooling’ (the difference between
stresses developed in the whole model and the no-constraint model). The stress during
cooling without constraint is almost identical to the stress developed in a plate with the
same stacking sequence. The stress in the 0° direction is given as

E\Ey(oy — o) -
oy = 1L AT ~ 21 [MPa], (4)
where E is the Young’s modulus, o is the CTE, AT is the temperature change, subscript
1 denotes composite fiber direction, and subscript 2 denotes transverse direction. The
calculated value agreed well with the FEA result (21 MPa; Figure 5). Equation (4)
indicates that the stress without constraint is determined only by material properties
(i.e. Young’s modulus and CTE) and temperature change. In contrast, the stress
development due to the geometrical constraint arises by correcting the thermally
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After cooling ﬁ Initial (Dot)
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Figure 7. Schematic of spring-in.

distorted part (i.e. spring-in deformation [19,20]) to a cylindrical shape. Figure 7
illustrates a schematic of one part of a pipe, where the dotted line is the shape before
cooling, and the solid line is that after cooling. Here, 7y is the internal radius, ¢ is the
thickness, and / is the length of the external layer. In a [90,/0,]45 cross-ply laminate,
in-plane reinforcing fibers constrain both longitudinal and circumferential deformations,
so uniform through-thickness thermal strain,

& = OCr(l + V23)AT, (5)

was assumed to be induced. Here, a,. is the CTE in the radial direction (a,, in Table 1),
and v,3 is the Poisson ratio. The radial displacement Ar, the circumferential strain
change induced by shape correction at the outermost layer ¢y, and the consequent cir-
cumferential stress g, are expressed as follows.

Ar:lt'sr:lt~a,.(l+v23)AT (6a)
2 2
A Ar)0 — A
80:_1:(r0+t+ )0 (r0+t)9: r (6b)
/ (FQ—FI)H ro+t
09 ~ Egey = EoAr 1 Ep(1+V)AT ~ —199[MPa] (6¢)

l”0+t72 1+l”()/l

The calculated value is slightly higher than the FEA result (—180 MPa) mainly due
to the assumption of uniform thermal strain. However, Equation (6¢) implies that rq/t
representing the geometry of the pipe affects the stress generated by geometrical con-
straint, in addition to material properties and temperature change.

In summary, Equations (4) and (6¢) indicate that the geometrical constraint stress is
dominant in thick pipes. Furthermore, the circumferential stress induced by the
geometrical constraint increases with increased in-plane Young’s modulus £, and
thickness ¢ (Equation (6¢)), resulting in the development of significant radial stress o,
(Equation (3)). Thus, the theoretical approach clearly demonstrated that the geometrical
constraint arising from the cylindrical shape is the main cause of stress development in
high-modulus, thick CFRP pipes.
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3. Life-cycle monitoring
3.1. Measurement using the birefringence effect of the FBG sensor

Figure 8 presents a schematic for life-cycle monitoring of a composite pipe for space-
craft structures. This study evaluates the through-thickness strain in pipes using
responses of fiber Bragg grating (FBG) sensors embedded during lay-up. An FBG sen-
sor has periodic variation in the refractive index along the length of a single-mode opti-
cal fiber. When broadband light is launched into the FBG sensor, a narrow spectral
component is reflected back, and the reflection spectrum gives the measurement of
strain and/or temperature. When non-axisymmetric strain arises at the center of the
cross-section of the FBG sensor, the reflection spectrum splits into two peaks, due to
the birefringence effect (Figure 9) [21,22]. The difference between the central wave-
lengths AZ of two peaks, 4, and 4,, is expressed as

le1 — &

AL =iy = 2| = (P12 — p11) Ao R (7)

where ng is the initial refractive index of the optical fiber core, 1y is the center wave-
length of the initial reflection spectrum, p; and p;, are the photo-elastic constants, and
e and &, are the principal strains at the core in the cross-sectional direction of the FBG

sensor. Equation (7) indicates that A4 is proportional to the non-axisymmetric strain
defined as

_ &1 — &

&4 T, (8)

Lay-up Curing

Optical fiber Sensor__

Mandrel  Through-thickness
tensile failure

> &

Operation = .Demgldihg'&Assembly

Figure 8. Schematic of life-cycle monitoring of CFRP pipe.
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Figure 9. Spectrum change induced by birefringence.
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Figure 10. Comparison of measured spectrum and superposition of two initial spectra.

which represents the flattening of the sensor’s cross-sectional shape. The response of
the FBG sensor can be reproduced by superposing the two initial spectra A1 away from
one another (Figure 10), so the difference between the circumferential strain and
through-thickness strain, |¢y — ¢,|, can be obtained by calculating A1 from the measured
FBG spectrum. A Fortran program was used to calculate the difference between the
central wavelengths, A4, where the sum of squares of the difference between the mea-
sured and superposed spectra was minimum. Additionally, the constant in Equation (7)

"3(]912 —pu) =k )

was determined to be 0.42 from preliminary monitoring tests using several materials
whose properties were known.

It is important to note that strain transfer between the host material and an embed-
ded optical fiber sensor is not perfect (i.e. strains in material and an optical fiber are dif-
ferent) in the cross-sectional direction, because the optical fiber sensor is thin (diameter:
150 um) and its material (i.e. fused silica glass) is stiff. The internal strain state of the
host material, however, can be directly evaluated using the optical fiber sensor, since
the strain at the center of the sensor is proportional to the strain of the host material in
the vicinity of the sensor.[23] Furthermore, the radial strain e, is dominant near the
through-thickness center where the circumferential strain change is small (Figure 5), so
the non-axisymmetric strain ¢; is a good indicator of radial strain change near the
through-thickness center. Thus, this study embeds FBG sensors near the through-thick-
ness center and measures the non-axisymmetric strain &

3.2.  Process monitoring
3.2.1. Materials and methods

Two experiments were conducted in order to validate the proposed monitoring
technique during curing. Figure 11 presents a schematic of the specimen. The material
is pitch-based carbon/epoxy prepreg HYEJISM65PD-25 (Mitsubishi Plastics, Inc.). Two
stacking sequences were used: [0,/90,]45 (32 plies and 3.5 mm-thick after curing;
32-ply specimen’) and [0,/90,]¢s (48 plies and 5.2 mm-thick after curing; ‘48-ply
specimen’). During lay-up, FBG sensors (Fujikura Ltd., polyimide-coating diameter:
150 um, and grating length: 10 mm) were embedded between the 19th and 20th plies
(32-ply specimen), and the 27th and 28th plies (48-ply specimen) parallel to the local
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200 mm

FBG sensor

r=15mm

Figure 11.  Schematic of specimen.

carbon fiber direction near the through-thickness center. The optical fibers were
illuminated by an amplified spontancous emission (ASE) light source (AQ2141, Ando
Electric Co., Ltd.), and the reflection spectra from the FBGs were measured using an
optical spectrum analyzer (AQ6317, Ando Electric Co., Ltd.). Additionally, temperature
was measured using thermocouples embedded near the sensors.

Tightly laid-up prepreg became loose during vacuuming and compaction when all
the plies were cured at one time; consequently, large wrinkles accompanying carbon
fiber failure arose after curing. Hence, curing was conducted separately: 13, 10, and 9
plies for the 32-ply specimen; and 13, 8, 10, 8, and 9 plies for the 48-ply specimen. A
15 mm-outer-radius aluminum mandrel coated with a release agent (Chemlease AF-7,
Chemlease Japan Co., Ltd.) was utilized for the first cure (13 plies). After the second
curing, however, prepreg was directly laminated onto the cured specimen without a
mandrel. Thus, contact between the specimen and the mandrel did not affect the FBG
response. After lay-up, the specimen was pressured by a thermal shrinkage tube, vac-
uum-bagged, and then cured in an autoclave under a gage pressure of 0.5 MPa. The
cure cycle was 2 °C/min heating, 125 °C holding for 2h, and 2 °C/min cooling. Since
each layer was made of one sheet of the prepreg, carbon fibers were discontinuous at
the joints of the 90° fiber layers. However, preliminary FEA confirmed that the effect
of the discontinuities on the FBG response is small; and the effect was further reduced
by embedding FBG sensors away from the equally distributed discontinuities.

A test using a 32-ply ‘plate’ specimen ([0,/90,]45, 200 mm x 200 mm) was also con-
ducted. The response of an FBG embedded between the 19th and 20th plies (i.e. the
same position as in the pipe specimen) was measured in order to evaluate the effect of
geometrical constraint, which is considered the main cause of through-thickness stress
development in thick CFRP pipes.

3.2.2.  Experiment results

Figure 12 indicates the non-axisymmetric strain and temperature change of the second
and third cures of the 32-ply pipe specimen. Figure 13 compares the non-axisymmetric
strain responses of the 32-ply pipe and plate specimens. In both tests of the pipe speci-
men (Figure 12), the non-axisymmetric strain significantly increased during the cooling
phase after 200 min, due mainly to the difference between the radial and circumferential
CTEs of CFRP.[16,21] It is interesting to note that the strain also increased before
200 min in the second cure (Figure 12(a)). The strain variation during 0—-100 min was
due to measurement and Fortran program calculation error. However, the strain became
stable at 30 pe during retention temperature for curing (100-200 min). The non-axisym-
metric strain increase indicates that the FBG sensor measured strain development by
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Figure 12. Non-axisymmetric strain change during curing (32-ply specimen): (a) second cure,
23 ply and (b) third cure, 32 ply.
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Figure 13. Non-axisymmetric strain change during cure (32-ply pipe and plate).

resin chemical cure shrinkage. The strain increase and its magnitude were consistent in
several similar tests, affirming the above speculation. In the subsequent third cure
(Figure 12(b)), the non-axisymmetric strain decreased up to the irreversible cure strain
of 30 pe with relaxation of the thermal residual strain during heating, and then increased
again during cooling. Figure 13 indicates the non-axisymmetric strain change in the
pipe and plate specimens during cooling. The difference between the pipe and plate is
attributed to the radial strain difference since the circumferential strain is negligible near
the through-thickness center, confirming that the FBG sensor embedded in the pipe
specimen could sensitively capture the radial strain development induced by the
geometrical constraint.
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Figure 14 presents the results of the third and fourth cures of the 48-ply specimen.
As with the 32-ply specimen, the FBG sensor measured the non-axisymmetric strain
increase induced by cure and thermal shrinkage. In Figure 14(b), however, the non-axi-
symmetric strain change was discontinuous near 300 min. This discontinuous strain
change was attributed to through-thickness failure because delamination was observed
in the cross-section after the fourth cure of the 48 ply specimen (Figure 15). Thus, the
FBG sensor detected delamination in the pipe in real time, in addition to the radial
strain measurement. The fifth cure process was not conducted, due to the delamination
failure in the fourth cure.

Figures 12—14 plot the non-axisymmetric strain changes calculated by FEA simulat-
ing cooling phase. In the FEA, temperature decrease was applied on a plane strain
model having pipe shape. The inner radius was set at 15 mm and thickness was deter-
mined based on experiment data. The results plotted in Figures 12—14 are summations
of the strain measured before cooling and the strains obtained by FEA. The strain
induced by resin curing was not calculated here since a preliminary study indicated that
non-axisymmetric strain induced by cure shrinkage cannot be accurately calculated
without considering the viscoelastic behavior in a rubbery state that could not be
obtained in this study. The FEA results agreed well with the experiment results, except
after the delamination failure (Figure 14(b)), confirming the validity of the measure-
ment. One cause of the mismatch between the experiment and the FEA results in
Figure 14(b) is that the delamination failure in the FEA was modeled based on cross-
sectional observation after cooling. Hence, the developed model might differ from the
actual specimen during cooling, underestimating the strain increase by delamination.

150 . — 400
- . - Experiment g
e [ - FEA 1 300 &
@ 100 | \ - X
3
g | \ 1 200 3
2 50 / X
: N | a0
= r‘—"““‘“—uq.h__‘_ —
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Figure 14. Non-axisymmetric strain change during cure (48-ply specimen): (a) third cure, 31 ply
and (b) fourth cure, 39 ply.
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Figure 15.
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Figure 16. Schematic of low-temperature test setup.

Nonetheless, the experiment trend that the non-axisymmetric strain increased after
delamination agreed with the FEA result, successfully demonstrating fiber-optic-based
radial strain monitoring and damage detection throughout curing.

3.3. Strain and damage monitoring in the low-temperature test
3.3.1. Materials and methods

Next, a low-temperature test simulating the temperature environment in space was
conducted with the 32-ply pipe ([0,/90,]45) made in the previous section. As illustrated
in Figure 16, an aluminum vessel was installed in an insulation vessel, and the
specimen was cooled from room temperature to —100 °C using liquid nitrogen (LN»),
while continuously measuring the FBG response. LN, was placed in a holder attached
to the upper part of the aluminum vessel in order to reduce temperature distribution in
the longitudinal direction. In addition, four thermocouples were attached at the front
and back surfaces of the point where the FBG sensor was embedded and at the front
surface of 35 mm upper and lower sides from the FBG point. Cooling was performed
by adjusting the amount of LN, in order to keep the measured temperature difference
within 2 °C.
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Figure 17. Non-axisymmetric strain change: (a) life-cycle change and (b) from —50°C to
—100°C.

Figure 18. Cross-section of 32-ply specimen after low-temperature test.

3.3.2.  Experiment results

Figure 17(a) plots the non-axisymmetric strain change during the simulated life cycle
(i.e. cure and operation in low temperature), and Figure 17(b) depicts a magnified plot
from —50°C to —100°C. From room temperature to —70°C, the FBG sensor moni-
tored the radial strain development, as during the curing process. However, there was a
discontinuous change of the non-axisymmetric strain near —70 °C. Since delamination
was observed in the cross-section after the low-temperature test (Figure 18), this
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discontinuous change was attributed to delamination failure, as in the cure test of the
48-ply specimen. Thus, radial strain/damage monitoring was successfully demonstrated
in a low temperature environment.

4. Conclusions

This study began with an analysis of the through-thickness stress development in com-
posite pipes, clarifying the effects of pipe geometry and material properties. A life-cycle
monitoring system for thick CFRP pipes was then developed using FBG sensors. It was
confirmed that the out-of-plane strain in pipes that causes delamination could be contin-
uously measured using embedded FBG sensors throughout the life cycle from curing to
a low-temperature test simulating the space temperature environment, and that delami-
nation failure could be detected in real time. Comparison between pipe and plate speci-
mens demonstrated high sensitivity of the system to through-thickness strain induced by
geometrical constraint arising from cylindrical shape. In addition, FEA results agreed
well with experiment data, confirming the validity of the experiment results.

However, it should be noted that the failure stress of CFRP pipes was significantly
less than the transverse strength of CFRP laminates (FEA calculated 6.7 MPa in the
fourth cure of the 48-ply specimen and 8.5 MPa in the low-temperature test) and that
the effects of multi-axial stress state and resin cure shrinkage [5,6] should be investi-
gated further. An FBG sensor might be an effective tool for investigating chemical cure
shrinkage strain, as it measured the strain change during cure (Figures 12 and 14). Fur-
thermore, the result obtained indicated that reduction of through-thickness stress is a
key issue in manufacturing much thicker high-modulus CFRP pipes. In future work, we
will establish a new methodology for manufacturing delamination-free thick CFRP
pipes by combining optimization of the curing process and design with stress/strain
evaluation using the FBG sensor measurement developed in this study.
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