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Abstract

In this study, we implemented resin flow front
monitoring by using fiber Bragg gratings (FBGs)
during vacuum assisted resin transfer molding
(VARTM). We employed wavelength division
multiplexing  (WDM)  technique and optical
frequency domain reflectometry (OFDR) to monitor
resin flow front. FBGs were embedded in the glass
fiber preform. During VARTM, the embedded FBGs
could measure how the preform affected the sensor
with vacuum pressure and resin was flowed into the
preform. In this study, we intended to detect the
gradient of compressive strain between impregnated
part and unimpregnated one within FBG. We could
get the wavelength shift due to the change of
compressive strain along gauge length of FBG.
Therefore, we could know the resin flow front with
the gradient of compressive strain of FBG.

1 Introduction

Vacuum assisted resin transfer molding
(VARTM) process is one of liquid composite
molding processes to manufacture light weight
composite structures with good quality and at a low
cost. VARTM is widely used in aerospace,
automobile, shipbuilding and various industry fields
for its advantages. VARTM can not only save
tooling cost but also manufacture large structures
[1,2] in comparison with traditional resin transfer
molding (RTM) or autoclave molding because
VARTM can produce the composite structure with
one-side tool and lower curing temperature and
pressure.

In VARMT, the preform is laid on a one-side
tool. The porous resin distribute medium is located
on the preform to enhance the flow of resin, and this
assembly is bagged with vacuum bag film. Vacuum
is applied to remove air bubbles including in resin,
induce high fiber volume content and draws resin
into the preform. After the resin filling is complete,
the resin is cured with keeping compaction of the
preform at room temperature.

Resin flow condition is important during the
resin infusion process. As the structures become
lager or thicker, or the preform with low
permeability is adapted, the possibility of dry spot
formation will be increased during resin infusion [3]
and resin may not saturate the preform perfectly.
During the curing process, the shrinkage of
thermosetting resin causes residual stress and lower
dimensional stability. Therefore resin flow condition
and cure monitoring are required to guarantee or
improve the quality of the composite structure
manufactured by VARTM.

Some researches have studied to monitor resin
flow front and/or resin cure for VARTM using
optical fiber sensors. For example, when the
uncoated optical fiber is surrounded by resin, the
resin will change its color according to cure. Resin
flow and cure condition can be monitored by the
change of the transmission spectrum or the optical
power output due to the refractive index changes of
the surrounding resin [4-7]. Direct current resistance
measurement using the SMARTweave system has
been employed to monitor resin position and cure
state as the sensing gap between two crossing
conductive filaments is filled with resin [8-11]. By
using ultrasonic transmission, the resin propagation
can be detected [12-13]. However the research about
structural health monitoring with the same sensor for
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process monitoring is not conducted yet. If different
types of sensor are used by the monitoring objects in
VARTM, the sensing system will be expensive and
complicated.

To monitor structural conditions, optical fiber
sensors have been adapted in recent years because
they can be embedded easily into composites
because of their flexibility and thin diameter and
they can apply to CFRP because of withstand
voltage and anti-electromagnetic induction. In this
study, fiber Bragg grating (FBG) was adopted as
optical fiber sensor to implement effectively process
and structural health monitoring of composite
structures manufactured by VARTM.

In the previous study [14], we found that when
the preform was still dry, FBG measured the strain
developments due to the movement of the glass fiber
tow of the preform under the vacuum pressure. We
also found that the strain was released after FBG had
been wetted during the resin infusion process. We
assumed that FBG can monitor the resin flow front
according to measure the strain changes and then
FBG can also evaluate resin cure and in-service
inspection of composite structures.

In the case of the resin flow front monitoring of
the large scale composite structure, the quasi-
distributed sensing is required to monitor the entire
resin flow front with the short gauge FBGs. At the
particular part, for example, the stress concentration
part and the part which has a large curvature or a
low permeability, the distributed sensing with the
high spatial resolution is required to acquire more
detail information at such parts.

In this study, we investigate the capability of
the resin flow front monitoring due to the strain
change detected by FBGs embedded in the preform.
The resin flow front monitoring according to the
quasi-distributed sensing and the distributed sensing
was implemented. Wavelength division multiplexing
(WDM) method was employed for the quasi-
distributed sensing. Optical frequency domain
reflectometry (OFDR) was chosen for the distributed
measurement with the high spatial resolution which
is less than 1 mm. We could detect the resin flow
front as well as the progress of the resin infusion
process, such as starting the vacuum pump, by
monitoring the strain data obtained from either the
quasi-distributed or distributed sensing system.

2 Sensing systems and Experimental method

2.1 Fiber Bragg Grating (FBG)
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Fiber Bragg Grating (FBG) [15] is a periodic
perturbation of the reflective index and consists of a
single mode fiber that has photo-inscribed gratings
into a silica core. When the broadband light
propagates through the fiber core, the narrowband
spectrum well defined peak is reflected back with
the Bragg wavelength. A notched spectrum is
transmitted through FBG. The Bragg wavelength is
defined as

Ap = 2ny5 A 1)

where the Bragg wavelength (13) is the center
wavelength of the reflected light, n.; is the effective
index of refraction of the fiber core and A is the
period of the grating. An applied strain to the FBG is
expressed by the Bragg wavelength shift, Alz, as
following [16]
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In this study, a long gauge FBG whose gauge
length is about 100 mm and an ordinary one whose
gauge length is 10 mm were employed for the resin
flow front monitoring based on OFDR and optical
spectrum meter, respectively.

2.2 Quasi-distributed sensing system with FBGs

WDM technique provides the quasi-distributed
sensing because tens of FBGs can be multiplexed
along a single fiber [16]. Fig. 1 shows the set up of
the sensing system based on WDM technique. This
system used in this study can measure strain or
temperature with high speed and high accuracy. It
consists of FBG sensor monitor (Yokogawa FB 200),
ASE light source, an optical circulator and FBGs.
Broadband lights from the ASE light source are
illuminated to FBG through the optical circulator.
The reflected FBG spectra are sent to the FBG
sensor monitor through the optical circulator. The
center wavelength for each FBG is outputted from
the reflected FBG spectra.

The data acquisition/processing program were
written in LabVIEW. The data acquisition and the
control of the sensing system were conducted
through USB by personal computer. Table 1
describes the details of this system.
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Fig. 1. The set up of quasi-distributed sensing
system with a FBG array based on WDM technique

Table 1. Specification of the quasi-distributed
sensing system

[tem Spec.

Number of FBG ~40

Measurement wavelength range 1527 ~ 1567 nm (40 nm)

Resolution 1pm
Measurement power range -4 dm ~ -65dm
Measurement cycle 10 ~ 990 ms

2.3 Distributed sensing system with long-gauge
FBG

Distributed sensing system based on OFDR is
consisted of wavelength tunable laser (ANDO
AQ4321), two photodiode detectors (D1, D2), three
broadband reflectors (R1, R2 and R3), three 3dB
couplers (C1, C2 and C3), a long gauge FBG,
personal computer and A/D converter (National
Instrument PCI 6115) as shown in Fig. 2. The layout
of this system is similar to the one reported by B.A.
Childers et al [17]. The wavelength tunable laser is
controlled with personal computer through GPIB,
and a measured data is acquired by A/D converter.
The light reflected between R3 and each grating is
acquired by D2. The signal at D2 is given by

D, = Z R, cos(k2nL,), 3)

where R; is the spectrum of the i th grating, L; is the
path difference of the corresponding i th
interferometer and % is the wavenumber of the light
and is related to the wavelength 1 and is given by the
following equation.

27
k= o 4

The spectra of reflected light along the long
gauge FBG can be determined by Fourier analysis
[18, 19]. The details of signal process were written
in Ref. 18 and 109.

Tunable Laser
ANDO AQ4321A|

GPIB II

Personal
computer

T

AID converter | |

NI PCI6115

Fig. 2. Measurement system based on OFDR

2.4 Resin flow front monitoring during VARTM

Prior to monitor the resin flow front
monitoring, the strain changes were measure at top,
middle and bottom layers on the preforms (2, 4, 6,
10 and 20 plies of glass fabric) by FBG under the
vacuum pressure.

In the case of the monitoring experiments by
the quasi-distributed sensing system based on WDM
technique, three FBGs on a single fiber were
embedded on bottom, middle and top side layers on
each preform with 10 mm interval each other as
described in Table 2 and Fig 3 (a).

In the case of the monitoring experiments by
the distributed sensing system based on OFDR, the
long gauge FBG was located on the middle layer of
the preform of 20 ply as shown in Fig. 3 (b).

The preform size was 400 mm X 100 mm. To
prevent optical fiber from breaking by vacuum
pressure, two acryl plates were installed at both
edges of the preform. Tubes passed through the acryl
plates, and each optical fiber was carried through
each tube. The tool was enveloped by a vacuum
bagging film, and then vacuum was applied to draw
resin into the mold cavity. In this study, we used
silicon oil which has similar viscosity with resin in
order to reuse FBGs. The data was acquired at the
intervals of 0.5 s and 1.4 s for the quasi-distributed
sensing based on WDM technique and the
distributed sensing based on OFDR, respectively.
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- Preform Acryl plate

(a) FBG locations on the preform for optical
spectrum meter measurement (unit: mm)

(b) Long gauge FBG location on the preform for
OFDR measurement (unit: mm)
Fig. 3. Specimen for resin flow monitoring

Table 2. Experimental conditions

Sensi FBG location / Center wavelength [nm] FBG
ensing
system Preform gauge
y 1550 1552 1557.5 15635 length
2 Ply middle
4 Ply 1st layer T;?/glre 3rd layer
WDM 6 Ply 1st layer T;?/glre 5th layer 10 mm
middle
10 Ply - 1st layer layer 9th layer
middle
20 Ply - 1st layer layer 19th layer
OFDR | 20Ply ”I";‘;'/g're 100 mm

3 Results and discussions

3.1 The strain changes on the preform
Fig. 4 shows the responses of FBG embedded

in the glass fiber preform under the vacuum pressure.

The glass fiber tow of the 1st layer on the preform is
difficult to move due to restriction of the tool surface
under the vacuum pressure. In the cases of 2 ply and
the 1st layer of the preform of 4 ply, the tensile
strains were shown from the 2nd and 3rd layers of
the preform of 4 ply, the compressive strains were
developed by the movement of the glass fiber tow.
As the preforms were thicker, the compressive
strains on FBG were higher according to the
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movement of the glass fiber tow. In the same ply of
the preform, the compressive strain on the middle
layer was higher than the one on the both other
layers. However, as the preform was thicker, the
compressive strains between on middle and on top
layer showed similar values.

500

N .
|l |3 uul =T

-500

Strain, pe

W2 Ply
04 Ply
-1000 f1ge Ply
H10 Ply
020 Ply

-1500

Bottom Middle Top

Fig. 4. The strain changes on each preform under the
vacuum pressure

3.2 Resin flow front monitoring by the quasi-
distributed sensing with FBGs

Fig. 5 shows the result of resin flow front
monitoring on 2 ply of the preform. This plot well
maps the strain changes during resin infusion
process. When the vacuum pump was driven, the
tensile strain was developed. Then, the tensile strain
was decreased by the movement of the glass fiber
tow of the preform. As the silicon oil toward FBG,
the strain was rapidly decreased. When the silicon
oil reached FBG, the gradient of compressive strain
was decreased due to the release by the silicon oil.
When the vacuum and resin ports were closed, the
compressive strain was released by the redistribution
of the pressure in vacuum bag. Approximately -40
e was kept after close both ports. In this figure, we
could know that the resin flow front was the
inflexion point (245 s) of the compressive strain.

The strain changes on the top, middle and
bottom layers of the preform of 4 ply during resin
infusion process were plotted in Fig. 6. The
compressive strains were developed on the 2nd and
3rd plies, while the tensile strain was developed on
1st layer under the vacuum pressure. When the resin
port was opened, the strain was decreasing gradually
until resin reached at FBG. When FBG was
immerged by the silicon oil (458 s), the gradient of
compressive strain on each layer was decreased by
release of the vacuum pressure due to the silicon oil.
The highest release of compressive strain was shown
on the middle layer.
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Fig. 5. Resin flow monitoring on 2 ply of the

preform
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Fig. 6. Resin flow monitoring on 4 ply of the

preform
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Fig. 7. Resin flow monitoring on 6 ply of the
preform

Fig. 8 shows the strain changes on the preform
of 10 ply. The similar rate of strain changes on each
layer was also shown on this preform until resin
reached at FBG. When the resin reached at FBG
(450 s), the compressive strains on 1st and 9th layers
were kept constantly and the reduction of
compressive strain showed at the 5th layer
noticeably by the release of the vacuum pressure.

\ — Oth layer — 1st layer |

Silicon oil reached at FBG (450 s)
Silicon oil start (400 s)

— 5th layer

'
N
o
o

Strain, pe

-400 [

-600 - Vacuum pump ‘ 3 ;
on (10 s) 1

Vacuum & silicon oil stop (570 s)

-800

0 200 400 600
Time, s

Fig. 8. Resin flow monitoring on 10 ply of the

preform
200
\ — 19th layer — 10th layer — 1st layer |
0 Silicon oil reached at FBG (493 s)
Silicon oil start (400
W -200 ilicon oil sta f s)
£ -400
o |
600
-800 " vacuum pump on (10 s) t
Vacuum & silicon oil stop (720 s)
-1000 : : :
0 200 400 600 800 1000
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Fig. 9. Resin flow monitoring on 20 ply of the
preform

Fig. 7 demonstrates the strain changes on each
layer on the preform of 6 ply. On this preform, the
compressive strain was developed on each layer
under the vacuum pressure. From the preform of 6
ply, the strains changed steady on every layers
during resin infusion process. Although the
compressive strain values were different at an initial
step, the later rates of strain change were similar
each other. When the resin reached at FBG (439 s),
the reduction of compressive strain was shown on
the 3rd layer by the release of the vacuum pressure.

Fig. 9 shows the results of resin flow front
monitoring. When the resin reached at FBG (493 s),
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the reduction of compressive strain was shown on
each layer by the release of the vacuum pressure. As
the preform was thicker, the reduction of
compressive strain was evident. After the both ports
were closed, the compressive strain  of
approximately 100 ue was kept from approximately
15000 s.

From these results, we could monitor the whole
progresses during the resin infusion process by the
detected strain changes when the vacuum pump was
driven and the resin port was opened and the both
ports were closed as well as resin flow front. At the
middle layers on each preform, the highest release of
the compressive strain was shown. We could
monitor the resin flow front at various layers on each
preform by the release of the compressive strain.

3.3 Resin flow front monitoring by the
distributed sensing with long guage FBG

The resin flow front monitoring was also
conducted by using OFDR. In order to derive the
wavelength shifts due to strain changes which were
developed during VARTM process, the former
wavelength distribution data has to be subtracted
because the wavelength distribution is changed at all
times during resin infusion process. Fig. 10 explains
why the wavelength distribution data before 7
seconds has to be subtracted to derive the resin flow
front. The plots show the distributed compressive
strain during resin infusion process. The resin flow

front is the gradient section of the compressive strain.

The dashed line in this figure will be 0 as subtracting
i-n th (n = 1, 2, 3,---) wavelength distribution data
from i th one. Therefore, 0 point will be the resin
flow front. The change of wavelength distribution
due to subtracting i-5 th from i th is most optimal to
recognize the resin flow front. In this study, the
temperatures between the silicon oil and preform
were same. Therefore, the change of temperature
was zero (C/AT;=0). The wavelength changes were
affected by the changes of mechanical strain:

AL =4 - . =C.As, +C,AT,. (5)
The photoelastic coefficient of strain of the

long gauge FBG, C,, was 0.0012 nm/ue (/3. 1550
nm) [16].
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1551.8
-~ 549 sec. — 556 sec.
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1551.6

Wavelength, nm
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1551.4
4.29 4.31 4.33 4.35 4.37 4.39
Distance, m

Fig. 10. Principle to derive the resin flow front

Fig. 11 shows the results of resin flow front
monitoring acquired by OFDR and long gauge FBG
at 1.4 s intervals during VARTM. The results
demonstrate the movement of the resin from the
resin inlet port to the vacuum port resulting in the
strain distribution changes derived by subtracting the
strain distribution before 7 seconds. The results were
compared to the captured photos by the video
camera. The video camera recording and the
acquisition of OFDR signal were synchronized. The
long gauge FBG of 100 mm was located at 4.29 m
from R3 along the optical fiber.

When the silicon oil was not reached at FBG,
the compressive strain of approximately 10 ue
developed along whole gauge length of FBG
compare to the 7 seconds former data as shown in
Fig. 11 (a). As the silicon oil surrounded FBG, the
compressive strain was released as shown in Fig. 11
(b). Therefore, the strain gradient was developed
between the impregnated and unimpregnated
preform. The threshold is 0 ue. According to the
silicon oil progress, the strain gradient also
progressed as shown in Fig. 11 (b) ~ (d). The
location of impregnated preform in the photos and
the strain gradients shows good agreement.
Approximately 10 ue of the compressive strain was
released within the gauge length of FBG embedded
in the impregnated preform and was developed
within the gauge length of FBG embedded in the
unimpregnated preform. It can be seen that the strain
of 5 ue was released when the silicon oil surrounded
whole gauge length of FBG compare to the 7
seconds former data as shown in Fig. 11 (d). These
graphs show a filing time of approximately 54.6 s
within 100 mm at the middle of the preform.



RESIN FLOW FRONT MONITORING FOR VARTM USING FIBER BRAGG GRATINGS

40
w20 F Long gauge FBG
a3
£ ol
o
? 20
-40
4.29 4.31 4.33 4.35 4.37 4.39
Distance, m
(@) Sampling No. 371 (519.4 s)
40 e
w20 .
=1 Resin flow front
£ ot
o
&
_20 L
40
4.29 4.31 4.33 4.35 4.37 4.39
Distance, m
(b) Sampling No. 385 (539 s)
40
w 20
3
£ 0
o
)
_20 L
-40
4.29 4.31 4.33 4.35 4.37 4.39

Distance, m

(c) Sampling No. 401 (561.4 s)

N
o

N
o
T

o

,Strain, pe

N
o
T

-40
4.29 4.31 4.33 4.35 4.37 4.39
Distance, m

(d) Sampling No. 410 (574 s)
Fig. 11. Results of resin flow front monitoring
acquired by OFDR and long gauge FBG

Fig. 12 shows the strain changes at 4.29 m, and
4.38 m during the silicon oil infusion process. The
strain distribution under vacuum pressure when 504
s (Sampling No. 360 X 1.4 s) elapsed was
subtracted from each acquired strain distribution
from the inlet port was opened. The compressive
strains were more developed until resin reached
FBG. When resin reached FBG, the compressive
strains were released by the impregnated resin on
preform. In this figure, we could know that the times
which resin reached at 4.29 m and 4.38 m were 521 s
and 567 s approximately. It can be seen that the
compressive strain was released by the silicon oil
certainly in this figure.
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a AAAAAAAAAA
andB, a7 N 0l
-100 =2
505 515 525 535 545 555 565 575
Time, s
Fig. 12. Strain change at each position during resin
infusion

4 Conclusions

In this study, the ability of resin flow front
monitoring VARTM was investigated by using
FBGs based on WDM technique and OFDR. We
could monitor resin flow front by measuring the
strain change during resin infusion process by using
both sensing systems. In the case of WDM technique,
we could monitor resin flow front on various layers
on the preforms which had different ply. On the
thicker preform, we could know the evident resin
flow front monitoring as well as the whole progress
during resin infusion process using the strain change.
We could monitor the distributed resin flow front
along the gauge length of FBG by using OFDR. We
suggest the quasi-distributed sensing and the
distributed sensing based on FBG to monitor the
resin flow front. In the case of the entire resin flow
front monitoring, the quasi-distributed sensing is
acceptable while the distributed sensing is suitable
for the particular part which has to a stress
concentration, a large curvature or a low
permeability. Accordingly, it is expected that the
quality of the composite structures manufactured by
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VARTM can be assured and controlled by the
suggested systems in this study.

In future, we will try to clarify the mechanism
of the strain change detected by FBG on the preform.
Then, we will conduct the resin flow front
monitoring with either the quasi-distributed or
distributed sensing system on the large scale
composite structure.
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