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Board Meeting Minutes July 31, 2018
By: John P. Busel

Conference Call
Tuesday, July 31, 2018
1. Administrative
• Ray Boeman called the meeting to order
at 12:05 pm.
• Ray Boeman reviewed the action items
from the last meeting.
o Fred Deans reported that at the last
Auto Division board meeting they made
plans to reach out to local schools.
o Ray Boeman reviewed the last meeting minutes of May 7, 2018. Fred Deans
moved to approve the May 7, 2018
meeting minutes as written. Motion
seconded. Motion passed.
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• Ray Boeman provided the Councilor Report for Dale Brosius. He reported the
new SPE President shared his priorities for
the society which are technology, ANTEC,
staffing, and profitability. There is a focus
on membership retention, and update of
Society’s bylaws and policies is needed.
SPE is projecting a small loss for the year
but ANTEC was successful. SPE views support for small events as unsustainable, expenses for services are about $600k, with
continued on page 9...
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Board Meeting Minutes continued...
a return of only $300k. There was discussion about implementing a new membership dues model with varying dues, but
no changes were made. A report was distributed to the Board.

2. Communications
• Andy Rich reported that data has migrated
from the old division website, which was
only a few months old, to the new website.
In the Communications Report there are
links to both sites for review by the Directors. In the transfer of information, many
eye catching graphics were lost. The new
site is very heavy on text with little graphics. So far, changes have been made to the
awards section for current information.
• Christoph Kuhn reviewed the changes and
updates with the Divisions social media
accounts that includes Twitter, Linked-in,
Facebook, and Instagram. These accounts
are all established and operating. The
changes to these accounts were discussed
with SPE HQ on the approach for the

changes and to get advice and suggestions.
Christoph Kuhn asked the Board to refer to
the report distributed prior to the meeting.
All changes now comply with SPE guidelines. Next steps include what information
needs to be reported along with frequency
of outgoing messages and practice for posting, e.g., who posts versus tagging.
• Christoph Kuhn suggested coordination
social media activities with other divisions, sections and the NGAB.
• Christoph Kuhn anticipates the next set of
messages will be aligned with ACCE. The
main focus is to identify opportunities for
creating messages on the social media as
well as Board members responsible for
initiating messages and sustaining the accounts. It was suggested to include the links
to social media in the Division newsletter.
The Board suggested a strategy should be
developed to sustain the accounts.
continued on page 10...
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Board Meeting Minutes continued...
3. Treasury Report

4. Projects

• Tim Johnson reported the Division has
cash on the order of $94K and $74K in investment. He noted that this is first deficit spending year in recent years but this
was approved by the Board. He reviewed
various expenses to awards. The next
step is predicting revenues for upcoming
events and activities starting with ACCE
and the newsletter. There is still a need
for sponsors for Travel Awards and Educator of the Year Awards given at ANTEC.

• Ian Swentek reported that there is new
process for the Pinnacle Award with split
application instead of only having one application as there was before. This new process has not been tested yet by SPE. SPE
HQ is waiting for the first Division to apply
and start the process. Ian Swentek developed templates around these new awards
and suggested the the ComDiv apply for
the various awards. The group agreed.

• Tim Johnson informed the group that
based on information provided by the
Secretary, his term for treasurer expired.
Ray Boeman nominated Tim Johnson for
Treasurer. Motion seconded. There was no
discussion. Motion passed unanimously.
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• Ian Swentek reported that he is helping
with the awards for ACCE.
ACTION: Ian Swentek will distribute the
SOP regarding the awards to the Directors for review.
continued on page 13...
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Board Meeting Minutes continued...
5. Committee Reports

• Awards
o Ray Boeman covered Awards Report that
was prepared by Dale Grove and distributed to the Directors. He reviewed the content of the report which included winners
for the various awards. Ray Boeman stated
the winners have been announced and the
list will be provided in the next newsletter.
• Education
o Ray Boeman covered the Education Report provided by Uday Vaidya that was sent
in the pre-read meeting materials. The expected number of student posters for ACCE
is approximately 45-50 participants.
o Ray Boeman reported that the proposals for recommended education funding
for equipment goes to 4 schools.

o Ray Boeman reviewed the list of universities most engaged with the ComDiv over the
past 10 years. The list serves as the mailing
list for the educational grant application.
He asked the Board members for opinion
regarding outreach to community colleges.
o Fred Deans reported that the SPE Automotive Division is planning video feeds
from ACCE to schools that could include
keynote speakers and awards. This is a trial
to see how this activity works.
o Ray Boeman reported that there was a
successful showing of the PlastiVan at selected universities with engagement with
students. This activity is a result in part by
funding from the ComDiv.
• Technical Conference Report
o ACCE 2018 (Sept. 5-7, 2018, Novi, MI).
Ray Boeman reported that sponsorships
for ACCE is ahead of last year’s conference.
75 sponsorships sold, 61 exhibitors, make
up the ACCE event. There is open exhibit
space and one sponsorship available.
o ANTEC 2019 - Ray Boeman reported from
a report prepared by Rich Caruso. Not much
happening right now and will definitely
start to get busier once abstracts and papers start to come in. Deadline dates are as
follows: Paper submission 19 October 2018;
Review deadline 14 November 2018; Deadline for Revisions: 1 December 2018. They
are in the process of coordinating mailing lists with both SPE HQ and Ian Swentek. They will be monitoring, very closely,
the number of speakers, presentations
etc. against room availability so we don’t
run into same situation as experienced in
2018. The ANTEC Committee will also be
requesting Reviewers and Moderators over
the next few months. Anyone desiring to offer their assistance now can contact either
continued on page 12...
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Board Meeting Minutes continued...
Rich Caruso or Shankar Srinivasan. Lastly,
a conference call is scheduled for 21 August 2018 with SPE President (Town meeting). Either Shankar Srinivasan or Rich Caruso will be on the call.

committee participation. Once this update is finished, the document will be distributed to the Directors.

• Newsletter
o Pritam Das reported that sponsorship
for the newsletter is steady along with
the production costs. Hard copies of the
newsletter will be printed and distributed
at ACCE. The next newsletter is planned
for November / December timeframe. He
asked the Directors to identify content for
the next newsletter.

• Ray Boeman reported on updates on the
ComDiv policy manual. He stated that
there are many things that need to get updated but most important are the requirements listed in the manual for the various
committees. He alerted the chairs of the
Board committees that he will be reaching out to make sure the information in
the Manual is consistent to current operations. This subject will be discussed at the
next meeting.

6. New Business

7. Wrap Up

• Ray Boeman reported that John Busel
has compiled a comprehensive update
on the Board of Directors that includes
contact information, board terms, and

• Ray Boeman reported the next planned
meetings are as follows:
o Tuesday, September 4, 2018, 5-7 PM Eastern (ACCE 2018, Novi, MI)
o Tuesday, November 6, 2018, Noon – 1:30
PM Eastern US (teleconference)

8. Adjourn
• There was no further business to discuss. Ray
Boeman adjourned the meeting at 1:10 pm.
Respectfully Submitted, John P. Busel

Attendees
Officers:
Ray Boeman, Chair
Ian Swentek, Chair-Elect
Tim Johnson, Treasurer
John P. Busel, Secretary
Members:
Creig Bowland
Pritam Das
Fred Deans
Jim Griffing
Enamul Haque
Alex Kravchenko
Christoph Kuhn
Nipanni Rao
Andy Rich
Mingfu Zhang
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Award Committee Report
By: Dr. Dale Grove
July 31, 2018

W

ith the passage of NPE/ANTEC
and the Harold Giles’ Scholarship
awards, some of the award’s committee work has been completed in 2018.
The results of our awards for the first half of
2018 are listed below:

* Note that the travel award is now only
awarded annually, and if the winners don’t
show they don’t get awarded.

ANTEC/EARLIER AWARDS

• Harold Giles’ Undergraduate Student Winner: Mathew Swift (Iowa State University)

• Travel Award Winner 1: Connor Armstrong (University of Maryland)
• Travel Award Winner 2: Zhaogui Wang
(Baylor University)

• Educator of the Year Award: Dr. Luyi Sun
(University of Connecticut)

• Harold Giles’ Graduate Student Winner:
Yourri-Samuel Dessureault (Florida State
University)
These winners have been announced and a
write up has been completed by Tim Johnson
and myself, which should appear in a future
newsletter and on our website.
Several upcoming awards are also in the
works for the ACCE Conference. It should be
noted that the awards committee met, and
once again we decided to share the wealth
amongst many fine candidates:

ACCE BASED AWARDS
• Jackie Rehkopf Scholarship: Barbara DeButts (Virginia Tech)
* Note this is the first time that a woman has
won this award.
• ACCE Award (Michigan): We recommended
Preetam Giri (Michigan State University)
• ACCE Award (Non-Michigan): We recommended the following candidates:
Eric Schmid (South Dakota School
of Mines and Technology)
Zhaogui Wang (Baylor University)
Daniel Pulipati (Baylor University)
continued on page 14...
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Award Committee Report continued...
* Note we only make recommendations for
the ACCE award.
• Person of the Year Award (candidate identified, plaque & background information
are forthcoming.)
Ian Swentek will handle what’s left of the
Rehkopf and ACCE awards. Dale Grove
will handle what’s left of the Person of
the Year Award including the write-up and
plaque. When complete, Dale will hand
these items off to Ian.
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HSM/FELLOW AWARDS
As sponsors, Jim Griffing and Dale Brosius
need to get Jan-Anders Manson’s Fellow application moving. Please provide an update
of the present status.
I’m not aware of anyone else applying for
HSM/Fellow. If there is an interest, please let
the awards committee members know during
the meeting.
Respectfully submitted,
Dr. Dale A. Grove
Awards Committee Chair
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Call for Nominations
SPE Composites Division

Composites Educator of the Year 2019
Submission Deadline: January 15, 2019

COMPOSITES

The Composites Division of the Society of
Plastics Engineers is pleased to announce
that it has begun accepting nominations
for the COMPOSITES EDUCATOR OF THE
YEAR 2019. The winner receives a plaque
and a cheque for $2500 at ANTEC.
The COMPOSITES EDUCATOR OF THE
YEAR is someone in the educational field
(high school, university, or college-level) who
has made a significant contribution to the
training of students in the composites area.
Examples of contributions would include the

creation of new educational programs, the development of new pedagogical tools, and motivating students to enter the composite sector. It will be primarily based on contributions
made during the 2018 calendar year.
To participate please submit: (1) the attached
nomination form, (2) two letters of support
for the nominee. Send the completed application to Dr. Dale A. Grove (grove.dale@hotmail.com) before January 15, 2019. Judging
will be done by industry members of the SPE
Composite Division’s Board of Directors.

SPE Composite Division Educator of the Year 2019 Application Form
Nominated educator (name, position, institution, telephone number, email address)
Reason for nomination (250-500 words)

This Issue:

Reference #1* (name, position, institution, telephone number, email address)
Each reference must write a one-page letter of support explaining how the nominee has made a
significant contribution to the training of students in the composites area in 2018.

• BOD Listings
• Board Meeting Minutes
• Award Committee Report
• Call for Nominations
• ACCE Winners

Reference #2 (name, position, institution, telephone number, email address)
Each reference must write a one-page letter of support explaining how the nominee has made a
significant contribution to the training of students in the composites area in 2018.

• Award Winning Paper

* This person can also be the nominating person.

Submission Deadline: January 15, 2019
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Harold Giles Scholarship

T

COMPOSITES

he Composite Division continues to
offer a scholastic scholarship in honor of the late Dr. Harold Giles, a past
Composite Division Awards Chair. As a former University Professor at the University of
North Carolina, Azdel employee, and GE employee, Harold Giles knew full well the value
of student scholarships. He was always a
proponent of awarding worthy students and
served the society well in this capacity.
Two $3500 scholarships will be offered—
one for an undergraduate student and a
second for a graduate student. These scholarship awards are open to outstanding students who not only maintain a good grade
point average but also serve their community, had some experience in the composite area, and are backed by solid reference

Composites
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letters from former professors and employers. If you are or know of worthy candidates
for this scholarship, please consult the SPE
foundation at the following website:
http://www.4spe.org/
Foundation/?navItemNumber=639
If you have any questions, please contact
Tim Johnson or Dale Grove.
The Foundation due date is April 1st, 2019.
Tim Johnson
Composite Division Treasurer
TJohnsonLLC@gmail.com
Dr. Dale Grove
Composite Division Awards Chair
grove.dale@hotmail.com

16

Call for Nominations
SPE Composites Division

Student Travel Award 2019

T

Submission Deadline: January 15, 2019

COMPOSITES

he STUDENT TRAVEL AWARD provides travel and award funding for two
composite students who are either
presenting papers or posters at the upcoming 2019 ANTEC in Detroit Michigan. The
award is open to both undergraduate and
graduate students.
The two winners will be selected based
on a 250-word abstract describing their
composite research. A panel of industry
representatives serving on the Composite
Division board will judge the submitted

abstracts and select the two winners. Each
winner will receive $1500 dollars for travel
and award funding.
Note that the travel award will be forfeited
if the student does not appear at ANTEC;
checks will only be issued after the student presents their work. To be considered,
candidates must write a 250-word abstract on
their research and complete the form below.
The abstracts and form must be emailed before January 15, 2019 to grove.dale@hotmail.
com (Awards Chair).

Name: ___________________________________________________________________________
Program (Undergraduate/Master/Doctoral):_____________________________________________
Date graduate program started:_______________________________________________________
College or University: _______________________________________________________________
University Supervisor: ______________________________________________________________
Address: __________________________________________________________________________
Phone Number: ____________________________________________________________________
Email: ____________________________________________________________________________
Please insert below your abstract of 250 words or less that describes the research

Title:_____________________________________________________________________________

This Issue:
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Abstract:__________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________
_________________________________________________________________________________

Submission Deadline: January 15, 2019
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Award Winning Paper
Integrated Strucutural Monitoring of
Composite Materials Via Distributed
Optical Sensor
Jung-Ting Tsai1,3
Joshua S. Dustin3
and Jan-Anders Mansson2,3

School of Materials Engineering, Purdue University
School of Materials Engineering and School of Chemical Engineering, Purdue University
3
Composites Manufacturing & Simulation Center (CMSC)
1
2

Abstract
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Measuring the strain history in pre-impregnated thermoset composites during
the curing process provides valuable data
for manufacturing specification development, quality control, diagnostics of dimensional stability, and validation of cure
models. Unlike traditional fiber-brag grating
based methods, Distributed Optical Sensors (DOS) provide information along the
entire optical distance (optical path length)
of the sensor embedded in the laminate for
strain measurement. This study’s unique
contribution to the field is the coupling of
the optical sensor monitoring of composite
cure strain with models of the cure kinetics,
viscosity, and glass transition temperature
of the thermoset matrix. Coupling the strain
measurements to the material models facilitates coherent comparisons between strain
sensor output and thermoset material behavior during the cure process rather than
making suppositions of material behavior
based on the strain measurement alone.
In this research, two laminate types were
manufactured with an embedded optical
sensor from IM7/5320-1 prepreg tape; a [0]20
unidirectional (UD) laminate and a 50/40/10
(%0°/%±45°/%90°) structural laminate (SL)
with the optical sensor routed along three
different ply interfaces including [0°/0°],
[45°/90°], and [0°/45°]. The internal residual
strain developed during each stage of the
thermal cure cycle is examined, includComposites
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ing after cooling. Results show that the local strain has variable magnitude which depends on the ply configuration. The laminate
micro-structure was also investigated by optical microscopy for selected cross-sections
to provide the resin pocket geometry created
by different optical sensor placement in the
laminates. Lastly, a Micromechanics-Base
approach was used to calculate the chemical
shrinkage and the residual strain in the UD
laminate during curing and compared with
the measured results from the DOS to further validate the strain measurements.
Keywords: optical sensors, embedded sensor, distributed strain, out-of-autoclave prepreg, cure behavior, residual/ internal strain,
and composite material

Background
Optical fiber sensors for structural monitoring are found in the aerospace, automotive,
infrastructure, pressure vessels, sports and
wind turbine industries [1, 2]. A natural use
of these sensors in laminated composite
structures involves embedding optical fibers in structural composite materials during processing and cure, which provides a
straightforward method to monitor the curing process and quantify effects such as cure
shrinkage and thermal residual deformation.
Several review papers have previously discussed the application of optical sensors in
continued on page 22...
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Paper continued...
structural materials monitoring [3-5] where most studies
have focused on Fiber Brag Grating (FBG) to monitor the
curing shrinkage and stiffness change in the composite
plies [6, 7]. In FBG, strain measurement is limited to only
the grating location in the optical sensor, so the spatial
resolution of these sensors is quite restricted. There can
be multiple gratings in an optical sensor, but the process
for adding these gratings is expensive, thus limiting the
use in most industrial applications. Furthermore, most of
the studies of process monitoring involving FBG sensors
lack the theoretical analysis of cure history dependent
strains to validate strain measurements during cure so
it is difficult to isolate measurement artifacts from actual
experimentally observed phenomena. The detailed highresolution data obtained experimentally from a Distributed Optical Sensor (DOS) requires the complementary
theoretical analysis to interpret/understand the local variability of sensor readings, as the coherent interpretation of
sensor readings is imperative to improve the strain measurements. Without recognizing the epoxy curing mechanism producing the strain, many experimental factors may
be neglect without recognition of the end user.
Previously, Montanini and D’Acquisto [8] used an FBG system to observe the temperature and strain changes in a
glass fiber/epoxy system. They showed by using an optical
sensor that the reflection of a wave varies under different
temperatures and the temperature can be different between the layers. Sanchez et. al [9] used a DOS to monitor
resin infusion, the in-situ strain development, and changes
in resin viscosity, but the curing mechanisms were not explained extensively from the DOS readings. In discussing
the residual strain, the authors have not explained the
fluctuation of the local strain reported by the optical sensor. Arhant et. al [10] monitored the curing mechanism
during a hot press cycle. Meadows et. al [11] monitored the
strains in an adhesive layer in composite joint specimens
with DOS. Notwithstanding, the use of DOS to monitor
the curing mechanisms has not been thoroughly studied.
Therefore, the objective of this research is to interpret the
results of curing behaviors from the DOS.
DOS sensors are classified by the techniques used to analyze and reduce the optical data, including Rayleigh scattering, Raman scattering, and Brillouin scattering. Rayleigh
continued on page 23...
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Award Winning Paper continued...

(b)

Figure 1 (a) The DOS cross-section;
(b) The DOS stretched mechanism

(a)
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scattering corresponds to the strongest intensity range among all three and unlike the
inelastic Raman and Brillouin scattering, is
an elastic scattering that statically fluctuates
along the distance. Elastic scattering produces a linear output from a proportional input
power, giving the advantage of detecting the
deformation of heterogeneous materials since
the proportional response is easier to interpret [5]. Traditionally, Optical Time Domain
Reflectometry (OTDR) has been employed to
acquire and analyze the data from the scattering mechanisms in the telecom field. OTDR
technology is limited by a spatial resolution of
0.1 to 1 m, which produces the corresponding
attenuation of the output wavelengths. The uncertainty of measurements and low resolution
inherent to OTDR does not make it a suitable
choice for the health monitoring of composite
structures. Optical Frequency Domain Reflectometry (OFDR) was developed to overcome
this spatial resolution limitations of OTDR.
OFDR’s high spatial resolution of 1 micrometer
allows the sensor to be more accurate during
monitoring. Distributed optical sensing relies
on the detection of the Rayleigh scattering using OFDR, which allows a more efficient and
accurate measurement for strain and temperature. Through the use of Rayleigh scattering
and OFDR, DOS provides exciting advantages
in the area of stain measurement for composite structures including high spatial resolution,
Composites
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easy integration into composite structure, lowcost sensors made of commercially available
glass fiber, high measurement sensitivity, and
simultaneous strain measurement along the
entire sensor length [12-16].
The DOS fiber sensors are small, lightweight, resistant to electromagnetic interference, and can
be embedded inside or attached to the surface
of any material. Figure 1 (a) shows a cross section of an optical fiber sensor, which consists
of an inner-core, cladding, and protective coating. The inner-core and cladding have different
optical reflection coefficients to prevent wave
refraction which causes signal attenuation. The
coating increases the flexibility of the sensor, allowing it to conform to complex curvatures. Distributed Optical Sensors (DOS) have no grating,
instead they use the internal flaws in the sensor material formed during production to create
measuring reference points along the continuous distance of the fiber. Figure 1 (b) schematically shows the distribution of defects along the
length of the optical fiber in undeformed and
deformed configurations [12]. The defects act as
distributed strain gauges which can experience
different local deformations, such as (L1−L0)
shown in Figure 1 (b). A local deformation leads
to a shift in an optical frequency spectrum registered by OFDR.

continued on page 24...
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Award Winning Paper continued...
Modeling of a Cure-Induced
Deformation in a Unidirectional
(UD) Laminate
During the manufacturing thermal cycle, a
laminate undergoes deformations caused by
the cure and thermal shrinkage of the resin.
To observe the cure-induced strains, the e22
strain within a UD laminate is tracked and the
cure shrinkage and thermal expansion components are isolated through analysis. The
analysis of the transverse strain due to cure
shrinkage, De22(Dx), and thermal expansion,
De22(DT), resulting from the advancement of
the degree of cure, Dx, and the temperature
change, DT, is outlined in the following.

with e23 =e13 =e12=0 and where a11, a22, a33 are
the lamina effective coefficients of thermal
expansion (CTE) and b11, b22, b33 are the lamina effective coefficients of chemical (cure)
shrinkage.
Schapery’s theory [17] was used to obtain
the homogenized (effective) CTE and chemical shrinkage coefficients of a lamina from
the fiber and resin properties. The expression for the CTE in the longitudinal direction,
a11 and the transverse direction a22, and a33
are shown in equations (2) and (3).

Unconstrained cure and thermal shrinkage
strain changes in a UD laminate is calculated
using equation (1)

(2)

(1)

(3)
where the subscript f and m denote fiber and
matrix; ƒƒ and the ƒm are the fiber and the
matrix volume fractions; E1ƒ and Em are the
longitudinal direction of fiber’s modulus and
the modulus of the epoxy; and v12 is the fiber
Poisson’s ratio.
Here, it is assumed that the epoxy modulus
Em(T) changes as a function of temperature T
[18], as given by equation (4):
(4)

The chemical shrinkage equations are derived using the same methods from equation
(2) and equation (6) which is expressed as
(5) in the longitudinal direction to fiber and
(6) as the transverse direction:

continued on page 25...
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Award Winning Paper continued...
(5)

(6)
The cure kinetics model for the resin was
adopted from Cole, Hechler [19] and Kamal
and Sourour [20], and given in equation (7):
(7)
where x the degree of cure, t is the time, m1,
m2, n1, and n2 are the first and second exponential constants, xc0 the critical degree of
cure at absolute zero, and xcT degree of cure
with increase temperature, and D is the diffusion constant. K1 and K2 are the material
dependent.
The DiBenedetto [21] Glass transition
model for the resin was used, as given in
equation (8):

sensor was embedded between [90°/45°],
[0°/0], and [45°/0°] plies all along the 0 degree direction. A small opening was slit in
each ply parallel to the fibers so that that the
DOS can route to the next layer. The dimensions of the structural laminate [45°/0°/0°/45°/90°/45°/0°/0°/-45°/0°]s were 12’’ x 2’’ and
the dimensions of unidirectional laminate
[0]20 were 5’’ x 5’’. After layup and insertion
of the DOS sensor, the laminates were debulked for 30 minutes to ensure that no air was
trapped within the laminate. Also, two k-type
thermocouples were installed: one attached
close with the DOS in the oven chamber and
the other is embedded within the laminate.
Strain data was recorded using the OFDR via
an interrogator. The acquisition rate was set at
23.8 Hz with gage length at 1.3mm. This system can monitor the strain with the range of
+/- 10,000 micro-strains with the accuracy of
+/- 25 micro-strains.

(8)

where Tg0 is the glass transition temperature
of the uncured resin, Tg∞ the glass transition
temperature of cured resin, l is constant.
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Values for the constants used in all models
are provided in the appendix.

Manufacturing of Composite
Material Specimens with
Distributed Optical Sensor
Figure 2 (a) and (b) shows the placement of
the DOS sensor in the unidirectional and
structural laminates. In the unidirectional
laminate, the sections of the sensor were
aligned with both the 0 and 90 degree directions, while in the structural laminate the

(a) Unidirectional
Laminate (UD)

(b) Structural
Laminate (SL)

Figure 2 Schematics of embedment of the DOS
into the laminates

continued on page 27...
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Award Winning Paper continued...
Consider point A and point B shown in Figure 3. Both the laminate and the DOS expand
or contract during temperature changes. Accurate measurement of the laminate strain
requires accounting for the DOS sensor thermal expansion. Because the CTE of the DOS
and the laminate are in general different, the
total strain reported by the DOS has both
thermal and mechanical components. Thermal effects can be separated from the total
strain acquired by the DOS using the following equation:
(9)
where eLaminate is the laminate strain, eDOS is
the reading from the DOS, aDOS is the thermal
expansion of the DOS, and DT is the temperature change from room temperature.
The DOS comes with a polyimide coating. The
polyimide CTE is temperature dependent,
therefore the CTE of the DOS is measured as
aDOS ~(7.27…9.93)me/ ˚C over the temperature
range of the cure cycle. In the local regions of
the laminate, DT various from ply to ply. The
variability of heat conduction between the
tool and the laminate results in the heat lag,
which causes strain drops/spikes during the
temperature ramping.

This Issue:

Figure 3 The schematic of DOS inside and
outside the laminate

Sensor Location Compared to the
Laminate Microstructure
A cross sectional view in Figure 4 shows
the embedded sensor positioned along the
[0°/45°], [0°/0°], and [90°/45°] interfaces of
a structural laminate. Resin pockets are developed around the sensor, and the shape of
a pocket and position of a sensor relative to
the interface depend on the local stacking sequence of the laminate. The DOS sinks into
the 0-degree ply in the [0°/45°]-interface but
stays in-between the 0-degree plies in the
[0°/0°]-interface. A large elliptical shaped
resin pocket is developed around the DOS in
the [45°/90°] interface while the sensor itself
remains in-between the adjacent plies. In the
[0°/0°]-interface, the DOS experiences the
most contact with the fibers, thus it is expected that the DOS provides a more constant
strain signal from the carbon fiber expansion
and contraction.
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Figure 4 The microscopy of
the laminate interface (From
the top to the bottom: sensor
embedded between [0°/45°],
[0°/0°], and [90°/45°])
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Award Winning Paper continued...
Distributed Sensing of
Cure-Induced Strains in a
Composite Laminate

Cure monitoring in a UD Laminate
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Figure 5 (a) reports the distribution of the
DOS measured axial strain along the segment A-B, shown in Figure 2(a), over the
entire time-temperature history. The DOS
measured axial strain, e, along the segment
A-B corresponds to the axial strain, e11, of the
UD laminate, as this segment of the sensor
is aligned with the laminate fiber direction.
It can be observed that strain does not vary
substantially along the sensor length, providing a fairly consistent measurement at all
times. Figure 5 (b) shows the correlation between the strain and the degree of cure, glass
transition temperature, and temperaturetime history at a single point (location of the
point shown in Figure 2(a)). The temperature
profile was input into the cure kinetic equation (7) and glass transition temperature
equation (8) to obtain the corresponding
curves. The UD laminate has a near zero CTE
and high modulus in the axial direction, as
these properties are governed by the carbon
fiber. Therefore, when the DOS is laid in parallel to the fiber direction of unidirectional
plies, the axial strain reading shows very little strain variation. Although there are some
drops of strain at the three regions of heat
ramp, this is because of the heat lag between
the material and the DOS which causes the
heat insulation. After passing the gelation
and vitrification points, the strain readings
remain consistent. During the cool down
stage, an increase in strain occurs which is
attributed to the slightly-negative axial CTE
of the carbon fiber.

(a)

(b)
Figure 5 (a) Strain mapping at section A-B (b)
Comparison of Tg, e11, DoC, and thermal history at UD Laminate
Figure 6 (a) represents the DOS axial strain
along the segment C-D, shown in Figure 2(a),
over the entire time-temperature history.
The DOS measured axial strain, e, along the
segment C-D corresponds to the transverse
strain, e22, of the UD laminate, as this segment
of the sensor is perpendicular to the laminate
fiber direction. It can be observed that the
strain varies substantially during the thermal
history. Figure 6 (b) shows the correlation between the UD laminate transverse strain (e22)
and the degree of cure, glass transition temperature, and temperature-time history.

(a)
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(b)
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Figure 6 (a) Strain mapping at section C-D (b)
Comparison of Tg, e22, DoC, and thermal
history at UD Laminate
continued on page 29...
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The thermal history consists of seven stages
and the strain evolution is analyzed in every
stage (Figure 6 (b)). During the first and second stages (first ramp and hold stages), the
sensor reports effectively no strain, because
of the low viscosity of epoxy when the DOS is
not attached to the laminate material. At the
third stage (second ramp), small increase in
strain was observed because of the thermal
expansion of the laminate in the transverse
direction. There are two strain spikes at stage
one and stage three. As mentioned above,
this is due to the heat lag between the laminate and the DOS. At the fourth stage (second hold), the gel point is achieved when the
degree of cure reaches approximately 0.55, after that point, the epoxy begins to cross-link.
However, the DOS at this stage may not be
fully attached to the laminate. Therefore, the
strain reading does not change. At the fifth
stage (final ramp), the thermal expansion of
epoxy and carbon fiber produce the increased
strain which dominates the chemical shrinkage (compression) reported by the sensor.
Moving on to the sixth stage (the final hold
stage); the temperature at this stage passes the vitrification point, and the ongoing
chemical shrinkage is captured by the DOS
(DoC:0.78). Hence, at the peak temperature,
the strain decreases asymptotically, decreasing approximately -2500 me from the peak
value. At the final stage, the stain fluctuates
at the beginning of cooling. Some researchers
have observed similar results during cooling
[9, 22]. Some mechanisms which may contribute to the observed strain oscillation during
cooling could be related to the increase in
epoxy modulus with reduced temperature or
tool-part interactions during cooling due to
CTE mismatch. The exact cause of the oscillation is still unknown and will be the subject of
future study. However, after cooling to room
temperature, the residual strain is consistent
(approximately -5000 me).
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Cure monitoring in a 50/40/10
(%0°/%±45°/%90°) SL
Figure 7 shows the DOS axial strain along
the three selected paths (l,ll, and lll), shown
in Figure 2(b), over the entire time-temperature history. The DOS axial strain, e, along
the three selected paths corresponds to the
axial strain, exx, of the SL, as this segment of
the sensor is parallel to the laminate global
x-direction. The strain fluctuations along the
sensor length are caused by the locally variable laminate microstructure, such as fiber
volume fraction variation, voids, and resin
pockets (see Figure 4). Overall, the strain
level in the SL is in the range of ~ (-300…
200) me and is low as compared to the transverse strains in a UD. This is because the high
percentage of plies with the fiber direction
aligned with the sensor, and the individual
plies with different orientations constrain
each other’s deformation, from both chemical
and thermal shrinkage during the cure cycle.

Figure 7 Mapping three selected path at
[0°/45°], [0°/0°], and [90°/45°] at SL

continued on page 31...
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Award Winning Paper continued...
Distributed Sensing of Residual
Strain in a Composite Laminate

Residual strain monitoring UD Laminate

Figure 8 (a) shows the DOS measured axial
strain along the segment C-D in the UD laminate, which is perpendicular to the fiber direction as shown in Figure 2(a), during the
cool-down stage. The DOS strain readings
correspond to the laminate transverse thermal-residual strain, e22. The strain fluctuates
substantially along the segment C-D length at
a given time instance, being in the range ~(5200…-4700) me as shown in Figure 8 (a). One
of the sources of local strain variability along
the sensor length is the inevitable inaccuracy
of sensor alignment with the lamina principal
directions. To highlight this effect, an XRD
probe was used to scan the DOS embed-

ded in the laminate and determine the DOS
orientation in relation to the principal fiber
direction. As Figure 8 (b) shows, the DOS is
not exactly parallel to the fiber direction after
processing. More investigation is needed to
proceed on calculating the strain at different
DOS local orientations from the experimental measurements.

Residual strain monitoring
50/40/10 (%0°/% ±45°/%90°) SL
Figure 9 (a) shows the DOS axial strain along regions l, ll, and lll, which are parallel to the global
laminate direction as shown in Figure 2(b) in a
SL during the cool-down stage. The level of residual strain is in the range ~(10…-200) me.
continued on page 32...
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Figure 8 (a) Mapping residual strain at section C-D
in UD; (b) Image of XRD scanning at UD Laminate
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(a)

(b)

Figure 9 Mapping residual strain along the path [0°/45°], [0°/0°], and [90°/45°] at SL
Three inspection lines show the distributed
strain sensing at a chosen time instance in
three interfaces, [0°/45°], [0°/0°], and [90°/45°]
(Figure 9 (b)). A symmetric and balanced laminate should theoretically have no thermal residual bending deformation, i.e. the in-plane
laminate strain is expected to be uniform
through the laminate thickness. The DOS in
different interfaces reports somewhat different strain readings, which are caused by locally variable microstructure of the laminate
itself and the resin pockets around the sensor.
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Analysis of Transverse Strains
from Cure and Thermal Shrinkage
in a Unidirectional Laminate (UD)
Figure 10 shows the theoretical transverse
strain, e22, of the UD laminate, with the cure
kinetic model, and glass transition model
plotted along with the temperature history.
The theoretical value was calculated from

• ACCE Winners

equation (1) with the input values from equation (3) and (6). The theoretical strain value
was calculated when the DoC is above 0.78.
As mentioned previously, the DOS reading
was overshadowed by the thermal expansion
in the transverse direction of the laminate.
The calculated chemical shrinkage is approximate 2700 me which agrees closely with the
experimental result of approximately 2500
me. During cooling, the epoxy modulus was
considered as a function of temperature, as
given by equation (4), for calculating the residual strain in equation (1). The theoretical
value of the residual strain follows the trend
of the experimental value. The final theoretical value for the residual strain is -6200 me
and the experimental value is in the range of
-4800 to -5200 me (Figure 8 (a)). This theoretical validation provides confidence that the
DOS sensor measurements are in-line with
expected results.
continued on page 33...
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Figure 10 Comparison of Tg, e22 (theoretical), DoC, and with thermal history

Conclusions
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The present research utilized the DOS to measure the chemical shrinkage and thermal residual strain in a unidirectional laminate and a
structural laminate. The strain measurements
provided insight into strain evolution within
the laminate behavior at local regions. The
cure induced strain was measured in a unidirectional laminate with the DOS, while the
analysis of cure kinetics and glass transition
temperature evolution allowed for a more accurate interpretation of the experimental measurements. As expected, the axial strain in the
UD laminate were small while the transverse
strains were much larger due to the low fiberdirection CTE. The cure-induced strains in the
structural laminate (SL) were small in all directions as they were constrained by the plies
with 0° orientation parallel to the sensor orientation. Due to the small strain and the sensitivity of the measurement system, it is concluded
that cure shrinkage cannot accurately be measured by the DOS in a laminate where the ply
0° direction is aligned with the sensor. Also,
it is found that the DOS does not adequately

capture the cure shrinkage in a UD laminate,
because the sensor bonds to the epoxy only
when a certain degree of cure is achieved (the
sensor cannot measure the material strain
before it adheres to the epoxy). In this study,
once passing the gelation point (DoC: 0.55),
the strain measurements from the DOS were
dominated by the thermal expansion of the
laminate in the transverse direction. After
passing the degree of cure 0.78, the DOS gives
a drastic decrease of strain (approximately
-2500 me) signifying the cure shrinkage is partially measured. Lastly, the thermal residual
strain was measured by the DOS system. A
basic micromechanics approach was applied
to simulate the experimental measurement
of the UD laminate and validate the measurement technique. The chemical shrinkage and
the residual strain from the theoretical calculations showed good agreement with the
experimental results providing confidence
in using the DOS system for future studies
involving strain measurement in composite
laminates, with the understanding of the limitations described in this study.
continued on page 34...
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