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Board of Directors continued...

The best advertising value in the Composites Industry

Sponsor the Newsletter
• Support your SPE Composites Division

• Reach 1,000 Composites Professionals 
   3 Times a year via the E-Newsletter

• Maximize your exposure to the 
   customers & the trade

Contact Teri Chouinard CBC, APR for more info Teri@IntuitGroup.com
See page 29 for more details
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Welcome New Board Memebers

Marcos Pantoja, Ph.D.
Marcos Pantoja is a Materials and Process-

es Engineer at Boeing currently support-

ing various urban air mobility platforms. 

Marcos received his B.S. in Chemical Engi-

neering from UCLA and a Ph.D. in Polymer 

Engineering from The University of Akron. 

As a graduate student, Marcos was an ac-

tive board member of the Akron SPE Sec-

tion. Marcos helped his student chapter win 

several SPE Outstanding Student Chapter 

Awards and received the 2018 Akron Sec-

tion Student Chapter Leadership Award due 

to his extensive involvement with the Akron 

SPE Section.

As a board member of the SPE Next Gen-

eration Advisory Board (NGAB), Marcos 

will be a liaison between the NGAB and the 

Composites Division. Marcos hopes to en-

hance overlap between both divisions and 

promote composites awareness within the 

next generation of plastics professionals.

SPE Board of Directors would like to welcome our new 
Directors Marcos Pantoja and Khaled Shahwan

Khaled W. Shahwan, Ph.D.
Dr. Khaled Shahwan is a Sr. Technology 

Leader – Composites, Methods & Strate-

gies, Global Innovation & Advanced De-

velopment Engineering, FCA (Fiat Chrysler 

Automobiles) since 1999. Earlier, Khaled 

worked at Ford’s Research Labs, and Ad-

vanced Vehicle Technology. 

Dr. Shahwan is Chairman of USDRIVE’s MTT 

(2014, 2017 & 2020), a member of USAMP’s 

Steering Committee, and served as Chair-

man of the BoD of USCAR’s Automotive 

Composites Consortium and a member its 

BoD (2008-2011). Khaled serves on: Tech-

nical Advisory Council-CAR; Industry Ad-

visory Boards at three universities; Edito-

rial Boards of three international journals; 

Technical Advisory Board-IACMI (17/18). He 

is an elected AIAA Associate Fellow, and an 

Adjunct Professor in Mechanical Engineer-

ing at Lawrence Technological University. 

Dr. Shahwan holds a PhD & MS-Aerospace 

Engineering and MS-Civil Engineering 

(University of Michigan), and BS-Civil Engi-

neering (SFSU). Khaled has over 45 journal 

& conference publications.
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Councilor Report
By:  Dale Brosius

The SPE Council meetings were held 

prior to ANTEC 2019 in Detroit, Michi-

gan. At the beginning of proceedings, 

President Brian Grady called for a moment 

of silence to honor the passing of several 

distinguished SPE members, including Dr. 

Vicki Flaris, Thoi Ho, Dennis Hvam, and 

Richard G. Johnson.

All presentations and data discussed dur-

ing Council meetings are available on The 

Chain in the Council Committee of the 

Whole (CCOW). We encourage everyone to 

take the time to review this information to 

get a full understanding of the Society.

Financial Review
For 2018, SPE had a net positive operational 

result, but showed an overall deficit due to 

lower than expected investment results. 

SPE management meets on a quarterly ba-

sis with investment advisors. January 2019 

results were better than budget. SPE is pro-

jecting a loss for 2019. Complete details on 

the 2019 budget are available on The Chain. 

A summary of the 2018 budget vs. actual re-

port is available below:

SPE Official Business
Councilor Bruce Mulholland presented sev-

eral proposed changes to bylaws and poli-

cies related to the budget review process and 

Fellows/HSM ratification procedures. Coun-

cil approved both motions. All changes can 

be found in the official minutes.

At the end of Council I, President Grady 

thanked the Executive Board for their ser-

vice. He also thanked Past President Al-Zu-

bi who is now leaving the Executive Board. 

President-Elect Landes president the cer-

emonial pin to Grady and delivered the tradi-

tional “Whereas” tribute to Grady.

Incoming President’s Remarks
Dr. Brian Landes of Dow Chemical begins his 

tenure as President of SPE (2019 – 2020). Dr. 

Landes delivered an inspiring talk that en-

couraged all SPE members to reflect upon 

why they joined the society and what they can 

do to ensure the society remains relevant and 

important in a changing world. His presenta-

tion included a summary of the SPE Strategic 

Plan that focuses on twin pillars of knowledge 

and networking. If SPE is to be vibrant for fu-

ture generations of plastics professionals, it 

must make difficult decisions about resource 

allocation and member engagement. In keep-

ing with the plastics zeitgeist, Landes ended 

his talk with a short video from The Alliance 

to End Plastic Waste, a global group that re-

cently dedicated $1.5bn to fight plastics pollu-

tion. SPE is uniquely positioned to contribute 

to this discussion because our strategic plan 

aligns with what is needed among the broader 

public audiences where scientific knowledge 

of polymer materials is lacking. This is the first 

step in a long journey, Landes concluded.

This Issue:

• BOD Listings

• Welcome New BOD

• Councilor Report

• Board Meeting Minutes

• Education Funding

• Membership Spotlight

• Award Winning Paper

continued on page 9...
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Councilor Report continued...
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SPE Foundation
Foundation Director, Eve Vitale, present-

ed a summary of her team’s work over the 

past year. 21,371 students experienced the 

PlastiVan in 2018. $88,250 was awarded in 

scholarships in 2018, with 33 recipients at 

21 universities. A scholarship marketing 

campaign was established in 2018 to in-

crease awareness of the available scholar-

ships in an effort to increase the number of 

applicants. $64,645 in grants were awarded 

in 2018, some at events that were not SPE-

centric, thereby increasing awareness. “Giv-

ing Tuesday” (Tuesday after Black Friday) 

was a success, raising $8,985 so that 1200 

new students can experience the PlastiVan.

Strategic Commentary
ANTEC

The 2018 event, at the time of writing, was 

projected to achieve ~$300k in profit for 

SPE. ANTEC 2020 will be in San Antonio, TX 

with Council starting on the 28th of March 

and the actual program lasting from March 

30-April 2. CSE Farrey announced that AN-

TEC 2021 will be held in Denver, CO from 

March 22-25. The public announcement in-

cluded discussion of the rationale for not 

co-locating with NPE. Both organizations, 

SPE and PLASTICS, have achieved a level of 

success with their respective events that co-

location is no longer the optimal arrange-

ment for either group.

SPE Services to Chapters

Sandra McClelland of the SPE Finance Com-

mittee presented findings from an in-depth 

review of SPE staff resource allocation and 

chapter support requirements. As summa-

rized by CSE Farrey, HQ provides a vast ar-

ray and quantity of services that consumes 

a significant portion of HQ staff time and re-

sources. The current fee model (under which 

some Chapters pay for services and others 

don’t) is inequitable and unsustainable. Ev-

eryone would be better served with a clearer 

understanding of the services provided and 

the cost structure. It was decided that a small 

task group would be assembled to review the 

issue and bring a recommended revised mod-

el forward for consideration. Complete details 

are available on Leadership Lane.

SPE Sales & Marketing

SPE Business Development Manager, Steph-

anie Clark, reported on the advertising rev-

enue generated in 2018. In 2019, 79 exhibitors 

on the floor and 37 are brand new to ANTEC. 

The total revenue generated from this is 

$249,000. There are also 6 sponsors gener-

ating $75,000. In total, $360,000 was raised 

against an aggressive budget of $331,990. 26 

chapters and organizations have supported 

student activities in 2018. In 2017, there were 

$270,087 of advertising sales but since that 

time, the total has increased to $556,600 in 

just 1.5 years.

Additional Reports
4 new student chapters have been chartered 

and approved by Council:

• National Textile University

• University of Oklahoma

• Ontario Institute of Technology

• UC Berkeley

The next Council meeting is tentatively 

scheduled for November 14-15. Further de-

tails will be made available on The Chain.

Respectfully submitted,

Conor P. Carlin

VP Marketing & Communications
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Board Meeting Minutes  Sept 3, 2019

By:  John P. Busel

continued on page 11..

SPE Composites Division 
Board of Directors Meeting
5:00 PM – 7:00 PM Eastern US

Diamond Center, Novi, MI

1. Welcome
• Ian Swentek called the meeting to order 

at 5:00 pm.

• The group made self-introductions.

• Ian Swentek shared his vision and goals 

for the Composites Division. Communi-

cating value to members is very impor-

tant to the Division to further the profes-

sional nature of the industry work.

2. Administrative
• Ian Swentek reviewed the last meeting min-

utes of March 18, 2019. Dale Brosius moved 

to accept the minutes as written. Enamul 

Haque seconded. Motion passed.

• Ian Swentek reviewed the actions from the 

last meeting:

	 a. Ray Boeman to reach out to those volun-

teers from the Composites Division Ballot 

for interest and service on the Board – Not 

Done. Ray Boeman to follow-up.

http://www.byk.com
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Board Meeting Minutes  continued...
	 b. SPE Board members to provide addi-

tional names for the distribution list to 

solicit presentations for future ANTEC 

sessions. In-progress

		  i. Need to send Shankar/Caruso 

		  the list used to solicit ideas for topics.

		  ii. Need to check with Dale Grove 

		  for the list.

		  iii. Uday Vaidya has a list that he 

		  uses for education.

		  iv. Ray Boeman to provide a current 

		  list of the Division members.

	 c. Finance committee to develop a plan 

for investment strategy – Not Done.

	 d. Finance committee to provide budget 

for review. Done.

	 e. The Awards Committee to evaluate op-

tions for new scholarship award and pre-

pare proposal for Board. – Not done, as-

signed to Hicham Ghossein.

	 f. Membership Committee to provide Divi-

sion update at next Board meeting – Done

	 g. Board members to provide update to 

Andy Rich for website updates – Done

	 h. Committee chairs to provide reports for 

newsletter – Done.

	 i. Fred Deans to provide scope of new rev-

enue activity – Not Done.

3. Treasurers Report
• Tim Johnson reviewed the report that was 

distributed to the Board members. He re-

ported that the Division spent more mon-

ey than was taken in. This action was de-

cided at previous meetings to spend more 

money for Division activities. He reviewed 

the proposed budget line items. The start-

continued on page 12...
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Board Meeting Minutes  continued...
ing balance is $167,683. For the proposed 

FY 19/20 budget, total revenues expected 

is almost $50K. Ongoing expenses in-

clude scholarships, education grants. He 

suggested the awards committee review 

the proposed amounts and report to the 

finance committee of any changes. There 

was also support for the PlastiVan and 

student travel awards. At the last meet-

ing, NGAB was identified as being a new 

expense. Other expenses include for 

website, newsletter, meeting expenses, 

ANTEC expenses, ACCE expenses, and 

Councilor travel. Total expenses are al-

most $61K with about $43K for awards. It 

was noted that there was a late fee paid to 

the IRS of $2500 for submitting the yearly 

tax forms late. The group discussed costs 

for D&O insurance for the Division. The 

cost does not show up because since the 

Division did not receive the rebate from 

HQ, this amount was used to pay for this 

insurance. Tim Johnson has inquired 

with HQ regarding the annual rebate that 

would be provided by HQ so that it could 

be acknowledged that this contribution 

by the Division.

• Andy Rich moved to accept the budget as 

proposed, seconded Michael Connolly. 

The group discussed the objective of hav-

ing a balanced budget versus many years 

ago when budgets were underspent. It was 

noted that some of the line item budgets 

can be changed to not spend as much as 

proposed. Motion passed unanimously.

• Going forward, the items to be deter-

mined for the budget are the number of 

educational grants.

4. Committee Updates
• Membership: Ray Boeman reported that 

the Division has 637 members. In May 

2019 there was 667, and in January 2019 

there was 691. The change is cyclic. The 

breakdown is as follows: 76% is US, 6% 

Canada, 6% India, Asian countries out-

numbered those from Germany. Ian Swen-

tek pointed out that the membership has 

changed with SPE with a set fee and costs 

for divisions are added for each one se-

lected. It was pointed out that the fee that 

is charged can be set by the division, cur-

rently at $10.

• Awards: Ian Swentek reported the recent 

activity. He reference the report distrib-

uted to the Board. He reported on the re-

cipients of the Jackie Rehkoph Scholarship. 

Both Automotive and Composites Division 

fund this scholarship. There is quite a sum 

of monies, but the fund is not fully funded.

• Education: Uday Vaidya referenced the 

report that was distributed to the Board. 

Several proposals were submitted for ed-

ucational funding. He reviewed the basic 

elements of each of the proposals. It was 

noted that the approved budget allows for 

funding 2 proposals. The group discussed 

merits of the proposals as submitted. The 

proposals were scored by the committee 

and the top 3 were considered for fund-

ing even though the funding would exceed 

the approved budget. Michael Connolly 

moved to support the proposals from 

Clemson University and Western Wash-

ington University. Antoine Rios seconded. 

Enamul Haque amended to motion to add 

a 3rd proposal for consideration from Old 

Dominion. Mingfu Zhang seconded the 

amended motion. The group discussed 

the merits of the 3rd proposal as com-

pared to the other two. The amended mo-

tion passed. The group voted on the top 

3 proposals. The motion passed to fund 

the 3 proposals. Uday Vaidya asked for help 

from the Board to complete the judging of 

the posters sessions at ACCE. He thank the 

Board members for their help.

continued on page 13...
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continued on page 14...

Board Meeting Minutes  continued...
• Newsletter: Pritam Das reported that the 

revenue for the newsletter has been de-

clining. He is working with the designer 

to better market the newsletter. SPE HQ 

should have distributed the newsletter 

and all board members. He noted the old 

logo is on Linked-in and will need to be 

updated.

• Communications: Christoph Kuhn report-

ed that Twitter has been a very good plat-

form to update the followers on Division 

activities. This number of followers needs 

to grow. The general problem for social 

media is to get content, especially be-

tween events like ANTEC and ACCE. Andy 

Rich reported the website is still in tran-

sition with SPE taking more control. Andy 

Rich has been working with SPE staff or 

appointed personnel to make updates to 

the website. It was noted that the award re-

cipients would be good content for Twitter.

• Councilor: Dale Brosius asked for a proxy 

to attend the Council meeting and looking 

for volunteers. Enamul Haque volunteered 

to be the proxy for the Division.

http://www.elium-composites.com
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Board Meeting Minutes  continued...
5. New Business
• Ian Swentek asked for volunteers for chair-

elect. Two names were submitted, Fred 

Deans and John Busel. Fred Deans re-

moved himself from consideration. The 

Board elected John Busel to be the Chair-

Elect of the Composites Division. The 

term would be 2 years and taking over as 

chair at that time.

• Ian Swentek brought up the budget for the 

NGAB has not been finalized and needs 

to be addressed.

6. Wrap Up
a) Ian Swentek reviewed the meeting ac-

tion items.

	 b) Ian Swentek reported there needs to be 

a chair and co-chair for ACCE. It was noted 

that this does not need to be a board mem-

ber. Alex Kravchenko volunteered to be a 

co-chair representing the Composites Divi-

sion as will serve as co-chair for ACCE 2020.

	 c) Ian Swentek reported the next meeting 

will be a conference call to be scheduled 

on December 3rd. It was also proposed for 

March 17, 2020, and June 16, 2020.

	 d) Ian Swentek acknowledged John Busel 

for being inducted into the ACMA’s Com-

posites Industry Hall of Fame. The Board 

voiced their approval and congratulations.

7. Adjourn
• There was no further business to discuss. Ian 

Swentek adjourned the meeting at 6:53 pm.

Respectfully Submitted,

John P. Busel, Secretary

Attendees
OFFICERS:

Ian Swentek, Chair

Tim Johnson, Treasurer

John P. Busel, Secretary

Dale Brosius, Councilor

Ray Boeman, Past Chair

DIRECTORS:

Rich Caruso (phone)

Michael Connolly

Pritam Das (phone)

Fred Deans (phone)

John Gillespie (phone)

Dale Grove (phone)

Enamul Haque

Alex Kravchenko

Christoph Kuhn

Andy Rich

Uday Vaidya (phone)

Mingfu Zhang

Action item 
details available 

upon request

http://www.carbonconversions.com


15C o m p o s i t e s  C o n n e c t i o n

http://www.e-xstream.com/additive-manufacturing


16C o m p o s i t e s  C o n n e c t i o n

Education Funding Opportunity
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The SPE Composites Division’s SPE 

Education Grant supports student 

training and exposure to state of the 

art Advanced Composite Materials, Design, 

Testing, Modeling and Manufacturing. One 

such example supported by SPE Compos-

ites Division is the purchase of a high tem-

perature extruder (450 ˚C) at the laboratory 

in Advanced Composite Materials Labora-

tory (ACML), University of Alabama (UA). 

The following excerpt from Dr. Anwarul 

Haque, Associate Professor of the Depart-

ment of Aerospace Engineering and Me-

chanics shares more information about the 

equipment purchased with SPE Composites 

Division’s support.

 

“A high-temperature extruder (450 ˚C) has 

been purchased using SPE education grant 

to make composite filament to be used in 

printing high temperature composite ma-

terials in Advanced Composite Materials 

Laboratory (ACML), University of Alabama 

(UA). The laboratory is supervised by Dr. 

Anwarul Haque, Associate Professor of the 

Department of Aerospace Engineering and 

Mechanics. The equipment Composer 450, 

a high-temperature filament extruder is 

procured from 3devo, a Netherlands based 

company. The equipment is installed at 

ACML, North Engineering Research Center 

which is a newly established research facility 

at UA. At present four seniorundergraduate 

students are working with the procured ex-

truder to get hands-on training on manufac-

turing high-temperature composite filaments 

with Ultem, Ultem/Carbon Fiber, PEEK, and 

PEEK/Carbon Fiber system. Eventually, their 

goal is to get trained in manufacturing defect 

free reliable structural components using ad-

ditive/digital manufacturing for aerospace ap-

plications. Previously, a group of four summer 

interns from Germany attended the training 

program at the ACML and processed PLA/

Carbon Fiber filaments and eventually stud-

ied the tensile and fracture properties of the 

processed composites. A recent Ph.D. gradu-

ate has also used the equipment extensively 

in his final year of dissertation as a part of his 

research and the outcome of the related work 

is pending journal publication. Apart from 

the regular research group of ACML, differ-

ent student bodies from the undergraduate-

level Aircraft Design and Testing (AEM 451) 

and graduatelevel Composite Materials (AEM 

552) courses visit the lab and get hands on 

experience on additive manufacturing (AM) 

using the Composer 450. An abstract has 

been accepted to a National conference fo-

cusing additively manufactured high temper-

ature polymer matrix composites.”

By:  Uday Vaidya
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Membership Spotlight
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Award Winning Paper 

Particle level simulations have been used 

in the past to aid in the understanding of 

these type of systems [1, 2]. In these simula-

tions, each fiber is modeled individually as a 

chain of rigid elements. Fibers are placed in 

a predetermined flow field and hydrodynamic 

forces, as well as fiber-fiber interactions, are 

computed to predict fiber motion [3, 4].

Obtaining parameters numerically has ad-

vantages over obtaining them experimentally. 

In a numerical setup, all parameters can be 

accurately controlled, detailed information is 

always available and the simulations are rela-

tively inexpensive to perform. An additional 

advantage of these models is the high accu-

racy that is reached by modeling the actual 

motion of individual fibers [5].

The objective of this paper is to provide re-

liable fiber orientation evolution data in a 

well-defined simple shear flow to aid in the 

validation and development of a multi-parti-

cle model for reinforcing fibers. Simple shear 

was chosen since it is one of the fundamen-

tal flow conditions present in most polymer 

processes. Selecting it allows us to directly 

correlate the rate of deformation with the 

filler’s behavior. Compression molded glass 

fiber-reinforced polypropylene samples were 

sheared in a Sliding Plate Rheometer follow-

ing Cieslinski et al. [6]. As has been shown by 

the same author, compression molding is not 

a suitable sample preparation method since it 

has no control over the planar orientation of 

the fibers. In this work, we will therefore pres-

ent a compression molding technique which 

Abstract

Direct particle models are a promising 

tool for predicting microstructural 

properties of fiber reinforced compos-

ites. In order to validate our modeling ap-

proach for fiber orientation prediction, com-

pression molded reinforced Polypropylene 

samples were subjected to a simple shear 

flow in a Sliding Plate Rheometer. Micro 

computed tomography was used to measure 

the orientation tensor for deformations up to 

60 shear strain units. The fully characterized 

microstructure at zero shear strain was used 

to reproduce the initial conditions in the par-

ticle simulation. Fibers were placed in a peri-

odic boundary cell and a flow field matching 

the experiment was applied. Samples creat-

ed with the proposed compression molding 

technique showed repeatable and controlled 

initial orientation. The model showed good 

agreement with the steady state orientation; 

however, it showed a faster orientation evolu-

tion at the start of the shearing process.

Introduction
Computational tools to simulate the pro-

cessing of fiber reinforced composites have 

become indispensable for the automotive 

industry. The ability to accurately predict 

the microstructure of molded components 

is a key factor not only for design calcula-

tions but also for addressing issues such as 

shrinkage and warpage before mold fabrica-

tion. Almost all commercially implemented 

models (Folgar-Tucker, Anisotropy Rotary 

Diffusion (ARD) Reduced Strain Closure 

(RSC)) use experimentally determined fit-

ting parameters. However, these experi-

ments are costly, lengthy and limited in the 

amount of information they can provide.
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Direct Fiber Model Validation:
Orientation Evolution in Simple Shear Flow
Sara Andrea Simon, Abrahán Bechara Senior, Tim A. Osswald
Polymer Engineering Center, University of Wisconsin-Madison
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ensures a controlled and repeatable initial 

fiber orientation for shear experiments. Re-

sults from both simulation and experiment 

are compared.

Experimental
Sample preparation

The material used in this work was a com-

mercially available glass fiber-reinforced 

polypropylene with 20 %wt. fiber content 

(SABIC®, STAMAX 20YM240). The material 

properties are listed in Table 1.

Samples for the sliding plate rheometer 

(SPR) were prepared by compression mold-

ing extruded strands. Compression mold-

ing was chosen as the sample preparation 

method to obtain a simple, repeatable and 

controlled initial fiber orientation (FO). 

Starting with identic initial FO is important 

to accurately validate the proposed direct 

fiber model. Previous work [6, 7] has shown 

that samples created with injection molding 

also provide a repeatable initial FO, howev-

er, injection molded specimen show a more 

complex core shell structure [8], which is it 

difficult to reproduce computationally.

The material was received as 15 mm long 

pellets created through a pultrusion pro-

cess where the length of the fibers is iden-

tical to the pellet length. This means that 

fibers are not dispersed within the matrix. 

In order to disperse the fibers, the material 

was first processed in an Extrudex Kunstst-

offmaschinen single screw extruder with a 

smooth barrel (EDN 45X30D). The 45 mm 30 

L/D extruder was equipped with a gradually 

tapering screw and a 3 mm die. The process-

ing settings were based on the processing 

guidelines provided by SABIC®. The seven 

temperature zones of the extruder were set 

to 210, 210, 220, 220, 230, 230 and 230 °C, 

respectively. The composite was extruded 

at 5 rpm. The extrudates were pulled by a 

Conair precision puller to ensure homog-

enous strands.

Due to the low extrusion speed, most of the 

initial fiber length (FL) was maintained after 

processing, giving a number average fiber 

length (L
N
) of 6.7 mm and a weight average 

fiber length (L
W
) of 11.4 mm. The maximum 

detected FL showed the initial pellet length 

of 15 mm. The FL measurements follow the 

method developed at the Polymer Engi-

neering Center and will be described in the 

following chapter.

Award Winning Paper  continued...

Table 1: SABIC® STAMAX 20YM240 

material properties

(a)

continued on page 21...
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Figure 1: Sample preparation steps. (a) align-
ment of strands, (b) partial melting of strands, 
(c) compression molding.

Computational time for the mechanistic mod-

el simulation is geometrically proportional to 

the maximum detected FL. In order to reduce 

computation, the strands were pelletized to 

3.2 mm. Initial trials showed that alignment 

of pellets in the mold did not yield a repeat-

able initial FO as, during compression, pellets 

could move easily and rotate. Therefore, pel-

lets were re-extruded and strands were cut to 

the mold dimensions. Analysis of the strands 

showed a LN of 0.83 mm and L
W
 of 1.53 mm 

and a maximum detected FL of 4 mm. The 

mold geometry used in this study was a rect-

angular prism (14 mm x 14 mm x 2.1 mm).

The top and the bottom of the mold were 

coated with aluminum foil to facilitate sam-

ple extraction. The bottom half of the mold 

was placed on a heating plate to cause par-

tial melting of the aligned strands (Figure 

1a, 1b). The resulting plate was flipped and 

re-molten; this second step was needed to 

remove air bubbles caught between strands.

continued on page 22...
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Table 2: Average fiber properties of compression 
molded plates, with a

11
 (extrusion direction), a

22
 

and a
33

 as the orientation tensors.

The plates were then compression molded 

with a Carver compression molding machine 

(Model 3889.1NE1000) (Figure 1c). The two 

platens were heated to 210 °C and a load 

of 1000 lbs was applied for 2 minutes. After 

compression, the plates were sandwiched 

between two cold steel plates to prevent 

warpage. The fiber properties (FO, FL and 

fiber density distribution) of the final plates 

were analyzed and the results are summa-

rized in Table 2. Multiple samples were taken 

within a compression molded plate to ensure 

homogeneity.

http://www.williamswhite.com
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The SPR has an effective surface of 100 x 300 

mm2, a maximum stroke of 120 mm and a 

gap size of 2 mm. The maximum displace-

ment and the fixed gap size limit the defor-

mation that can be imposed on the sample 

to a maximum shear strain of 60. The SPR 

rests inside a forced convection oven and the 

sliding plate is moved by an Interlaken 3300 

test frame.

The experimental procedure is based on 

Cieslinski et al. [6]. The rheometer was 

heated to 260 °C for 2 hours prior to sample 

loading. Upon loading, the test specimen 

was rotated 90° with respect to the extru-

sion direction, effectively swapping the a
11 

with the a
22

 tensor. This was done to have 

the experiment start with a low alignment 

in the shearing direction so a larger change 

in orientation could be observed. The sam-

ples were secured between the rheometer 

plates and allowed to melt evenly before 

tightening the screws to a final gap of 2 mm 

(Figure 3a). Since the initial thickness of the 

compression molded plates was 2.1 mm, 

the sample was slightly compressed when 

tightening the plates to guarantee full con-

tact. After an additional 10 minutes of heat-

ing the sample was sheared at a rate of 1 

s-1 (Figure 3b). Forced convection was used 

to accelerate the cooling of the sample in 

the rheometer to preserve its shape and FO. 

Once room temperature was reached, the 

sample was extracted and cut for analysis 

(Figure 3c). Six repetitions per testing con-

dition were used to ensure accuracy and re-

peatability of results.

continued on page 24...
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Figure 2: Sliding Plate Rheometer assembly.

Sliding Plate experiment
FO evolution as a function of shear strain 

was determined by shearing compression 

molded samples in a SPR under a controlled 

simple shear flow. The SPR was based on 

the design of Giacomin et al. [9]. This rhe-

ometer was chosen over a rotational rheom-

eter to overcome curvature effects observed 

in previous work [6]. The SPR rheometer 

used in this study is shown in Figure 2.
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Measurement of fiber 
microstructure
A fully characterized microstructure is re-

quired to accurately reproduce the initial 

conditions in the mechanistic model simu-

lation. The in-plane microstructure analy-

sis involved determining the fiber concen-

tration as well as the fiber length. Analysis 

of the thickness-wise microstructure in-

cluded determining the fiber volume frac-

tion and the fiber orientation. A detailed 

description of the employed analysis tech-

niques is given in the following paragraphs.

continued on page 25...
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Figure 3: Sliding Plate Rheometer procedure, (a) 
Compression of molten sample during loading, 
(b) shearing of sample, (c) sample extraction for 
fiber orientation analysis; dark region represents 
area of pure shear.

Figure 4: Schematic of the micro computed to-
mography system used in this study. Image was 
adapted from [8].
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Fiber Orientation Characterization

FO was measured by using the micro com-

puted tomography (μCT) technology ap-

proach (Figure 4). For the measurement an 

X-ray source illuminated the specimen which 

was fixed on a rotating platform. The X-rays 

passed through the sample and were attenu-

ated by the material. Depending on the con-

figuration of the constituents of the sample, 

the energy of the X-rays was absorbed differ-

ently. A detector recorded the attenuated X-

rays as radiographs at each predetermined 

angle. A full 3D representation of the sample 

was generated by all radiographs [8, 10]. The 

μCT data set was then further processed by 

using the VG StudioMAX (Volume Graphics) 

software. This software has an implemented 

tool for FO analysis and quantifies the FO 

using the structure tensor approach [11].
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was cured with a LED Flashlight. A second 

burn-off for a period of 1.5 hours at 500 °C 

was performed to remove the resin [12, 13].

As a next step the fibers were dispersed 

through an air dispersion chamber using 

bursts of compressed air at 1.5 bar. Due to 

the turbulences in the enclosed system a 

disentanglement and a uniform dispersion 

of the fibers on glass plates can be achieved. 

The fibers were then scanned at 2400 dpi. The 

scanned image was processed and enhanced 

in Photoshop. A binary image was created by 

using a thresholding technique.

The Marching Ball image processing algo-

rithm was employed in this work as it auto-

matically detects single fibers and quantifies 

the fiber length distribution (FLD). The algo-

rithm can identify bent as well as intersect-

ing fibers, which is particularly important for 

long fiber reinforced composites. At least 

30,000 fibers were analyzed for each sample.

It is known that down-sampling methods re-

sult in skewing the FLD. Thus, the Kunc cor-

rection function was used for all FL values to 

provide an unbiased FLD (Equation 1).

Equation 1: Corrected number of fibers of a 

certain length N(L), where F(L) is the num-

ber of fibers of length L and d the diameter of 

the glue column, respectively [12].

The output of the analysis is a data set con-

sisting of the individual lengths of all fibers. 

This raw data set needs to be statistically 

processed in order to obtain comparable re-

sults, such as the FLD, L
N
 and L

W
. The FLD 

and the average values can be calculated ac-

cording to equation 2-4.

Samples were scanned with a Metrotom 800 

μCT system (Carl Zeiss AG). The used scan 

parameters are summarized in Table 3.

Fiber Length Characterization

The FL was determined by using the FL mea-

surement concept developed at the Polymer 

Engineering Center, UW-Madison. This tech-

nique consists of a time-efficient dispersion 

system and a fully automated image-pro-

cessing algorithm to measure a large amount 

of fibers.

As even small samples might contain several 

million fibers this measurement technique 

applies a downsampling step based on the 

method proposed by Kunc et al. [12]. Cou-

pons were cut out, transferred into specially 

designed perforated brass sample holders 

and a weight was put on top. The container 

and the added weight act as a constraint to 

help to maintain the original sample size 

and prevent the fiber network from expand-

ing during pyrolysis. The polymer matrix was 

burned off for a period of 2 hours at 500 °C. 

To obtain a sub-sample of the ashed fibers a 

hypodermic needle was centrically inserted 

through a needle guide into the fiber network 

and a column of resin was injected. The resin 

Table 3: Micro computed tomography settings
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Equation 2: Cumulative FLD W, which gives 

the probability that fibers of length l are 

shorter than a certain value L
i
. W is calculated 

by summating the relative frequency of each 

length interval (quotient of the number of fi-

bers of a certain length N
i
 divided by the total 

number of fibers n) [10].

Equation 3: Number average FL, L
N
. The 

lengths li span the range of the data. N
i
 is 

the number of fibers with lengths between l
i
-

Dl/2 and l
i
+Dl/2 (Dl is the experimental bin 

width and a set of length values l
i
 such that 

l
i
+1=l

i
+Dl) [10, 14, 15, 16].

Equation 4: Weight average FL, L
W
. The lengths 

li span the range of the data. N
i
 is the num-

ber of fibers with lengths between l
i
-Dl/2 and 

l
i
+Dl/2 (Dl is the experimental bin width and 

a set of length values l
i
 such that l

i
+1=l

i
+Dl) 

[10, 14, 15, 16].

continued on page 27...

Fiber Concentration Characterization

The local fiber density was obtained by deter-

mining the fiber weight fraction through py-

rolysis at a temperature of 500 °C for 2 hours. 

The specimen was weighed before and after 

pyrolysis and the fiber volume fraction was 

determined according to Equation 5:

Equation 5: Fiber volume fraction V
f
 in %vol, 

with v
f
 as the volume of the fiber in g/cm3 and 

v
c
 as the volume of the composite material in 

g/cm3, respectively.

This method is a quick and effective way to 

determine the average fiber volume fraction, 

but it does not give any information on the 

fiber concentration (FC) in each layer of the 

sample. Pyrolysis can also be used to study 

the FC in the thickness direction. However, 

this approach requires the collection of ma-

terial of several sample layers through the 

thickness. For each data point the sample 

would need to be prepared by grinding. As 

has been reported in literature, this approach 

is not only cumbersome and time consum-

ing, but also leads to errors in analysis [8].

We will therefore use the μCT approach to 

determine the fiber density through sample 

thickness. The layer wise FC was quantified 

with VG StudioMAX (Volume Graphics) soft-

ware. In this approach the μCT data set is 

converted into a stack of 2D cross-sectional 

images aligned normal to the thickness di-

rection. These grayscale images are trans-

formed into binary images by thresholding, 

which separates the image into black (ma-

trix) and white (fibers) pixels. Subsequently, 

the fiber volume fraction through the thick-

ness is calculated [8].
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Single Particle Model

The computational model, subject of this 

study, is based on the work done by Schmid 

et al. [17]. Each fiber is represented by a chain 

of rigid segments connected with spherical 

joints. Particle inertia is neglected in antici-

pation of the low Reynolds numbers charac-

teristic of viscous suspensions. Extensional 

and torsional deformations are neglected as 

well. There is no Brownian motion and no 

buoyant effects.
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As shown in Figure 5a, a segment is hydro-

dynamically represented as a chain of beads. 

The force (Fi) and torque (Ti) exerted by the 

fluid on an individual segment are comput-

ed through the hydrodynamic force (Fk) and 

torque (Tk) acting on spheres located along 

the segment’s axis (r
k
).

continued on page 28...

Figure 5: (a) Hydrodynamic representation of segments, (b) Fiber interaction is depicted. The contact 
force is different than zero when d

ij
 < D [3].
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Figure 6: Unit cell with periodic boundary 
conditions. Image adapted from [3].

Figure 7: Discretization of fiber concentration 
through thickness.

continued on page 29...
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The contact force between fibers is treated 

with a discrete penalty method. Penalty 

methods work by detecting proximity be-

tween colliding objects and applying a repul-

sive “penalty” fo rce when the distance (d
ij
) 

to the collision target is small, increasing the 

strength of repulsion force as distance de-

creases (Figure 5b).

After defining the rules of motion for a single 

fiber, a simulation can be set up by placing a 

representative number of fibers in a unit cell 

and imposing a flow field (Figure 6). Periodic 

conditions are defined in the boundaries per-

pendicular to the flow direction in order to 

guarantee a constant fiber volume fraction. 

Fibers exiting through these boundaries are 

cloned as reent ering fibers. “Ghost” cells are 

placed adjacent to the periodic boundaries 

to maintain continuity in the force calcula-

tion (Figure 6).

Reproducing Initial Conditions
As noted by Cieslinski et al. [6] accurate and 

repeatable initial conditions are needed for 

obtaining reliable rheological data. For this 

purpose, the microstructure of the experi-

mental samples was carefully characterized 

and used to generate a matching cluster of 

fibers for the simulation. In the pre-process-

ing stage of the simulation, global values of 

orientation (a
ij
), fiber density (%vol) and av-

erage fiber length (L
N
, L

W
) can be assigned 

to a cluster of fibers. Since the experimental 

samples do not show homogeneous micro-

structure through the thickness, a discrete 

approach must be taken in order to repro-

duce these characteristics.

Discretization of Fiber Density 

and Fiber Orientation

μCT analysis generates a continuous set of 

fiber volume fraction and orientation ten-

sors across the thickness of the sample; this 

thickness was discretized into 10 segments 

(Dt=0.2 mm) and the continuous values were 

averaged per each segment as shown in Fig-

ure 7 and Figure 8.
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Figure 8: Discretization of fiber orientation 
through thickness.

It is worth noticing that the maximum num-

ber of segments that can be used is limited 

by the a
33

 component of orientation. As the 

thickness of the individual clusters reduces, 

achieving a desired value of orientation in 

that direction becomes unattainable.

Average Fiber Length Reproduction

The experimental FL is given in the form of 

number and weight averages (L
N
 0.83 mm, L

W
 

1.53 mm). The cell’s volume and the global 

fiber volume fraction are used to calculate 

the cumulative length of the fibers. This cu-

mulative length is then broken down into in-

dividual length bins until the length distribu-

tion averages match the experimental values 

(Figure 9a).
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Figure 9: (a) Length distribution function and experimental averages (red). (b) Length assignment to 
orientation distribution.

Figure 10: Computational cluster, with x as the shearing direction.

When placing the fibers inside the unit cell, 

fibers of same length are distributed equally 

among the individual angle bins, thus guar-

anteeing equal length representation for ev-

ery orientation (Figure 9b). Longer fibers start 

populating the cell first, then progressively 

shorter fibers fill in the remaining volume un-

til the desired volume fraction is achieved.

Finally, all individual clusters are stacked in 

the same sequence as the discretized data 

to create the complete microstructure as 

shown in Figure 10.

continued on page 31...
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Simulation
To match the experimental conditions, a 

simple shear flow field was imposed on the 

unit cell with a rate of deformation of 1 s-1. 

The viscosity was calculated using the ex-

perimental temperature, rate of deforma-

tion and properties of the neat polypropyl-

ene. The dimensions of the cell are dictated 

by the sliding plate gap in Z direction of 2 

mm and the maximum FL of 4 mm. In order 

to allow free rotation, the dimension in X 

and Y were set to 1.1 x the maximum FL. 

The simulation time was set to 60 seconds 

to reach the total deformation of 60. Cell 

walls parallel to planes XZ and YZ have a 

periodic boundary condition. A tight array 

of static fibers was placed on the upper and 

lower boundaries to emulate the SPR walls. 

The simulation outputs the nodal coordi-

nates of each fiber at every time step. With 

this information both global and thickness 

wise orientation tensors can be calculated.

After the sliding plate was tightened to the 

final gap thickness of 2 mm the orientation 

tensors changed from the values reported in 

Table 2. The actual values corresponding to 

the initial conditions are listed in Table 4.

Results and Discussion 
Global diagonal components of the orienta-

tion tensor as a function of shear strain are 

shown in Figure 11. The a11 component starts 

at 0.36 and transitions to a steady state value 

of around 0.7 for both the experiment and the 

simulation. The steady state is reached at a 

total strain of 50, again, for both cases. Since 

this material falls in the category of long fi-

ber composites, values of a33 component 

are expected to be low since long fibers will 

orient mostly on the XY plane. Experimen-

tal values at zero strain show a low standard 

deviation which demonstrates a repeatable 

initial FO, validating the sample prepara-

tion method. From the start, the simulation 

shows faster orientation evolution than the 

experiment. This phenomenon has also been 

reported in literature [18] for other diffusion 

models. Jeffrey’s Hydrodynamic model is 

based on Jeffrey’s equation for the motion 

of a single fiber which was later modified 

with an isotropic rotary diffusion term to ac-

count for fiber-fiber interactions. It has been 

proven that this model always predicts faster 

orientation kinetics in a transient state when 

compared to related experiments. This is-

sue was addressed by combining the Hydro-

dynamic model with the ARD model. How-

ever, results still showed the initial quicker 

rate of orientation [18]. To treat this fast re-

sponse problem of orientation, Wang et al. 

[19] developed a new evolution equation of 

the second orientation tensor and named 

his model the RSC model. This model still 

shows a slightly quicker initial rise of flow-di-

rection orientation (a11) but achieves nearly 

the same steady orientation states as ob-

tained with experiments [18]. A recent study 

by Mezi et al. [20] addresses a current issue 

with direct particle approaches, namely, the 

missing coupling between particle and fluid 

i.e. the models only consider hydrodynamic 

forces acting on the particles but not the ef-

Table 4: Experimental and computational 
orientation tensors used to reproduce 
initial conditions.

continued on page 32...
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fect of particles on the surrounding fluid. 

When the effect of particle motion on the 

flow field is accounted for, the effective 

shear rate decreases in value leading to 

a slower orientation evolution. However, 

implementing this coupling is extremely 

costly computationally, therefore it was not 

implemented in this work.

The experimental core-shell structure is 

largely unchanged at 12.5 strain units when 

compared to the initial orientation (Figure 

12). At the same applied strain, the simu-

lation already shows a large transition to 

a rather homogenous structure. This once 

again shows that the direct particle mod-

el exhibits a faster orientation evolution. 

Once 60 strain units are reached, the core-

shell profile disappears and a good match 

between experiment and simulation can be 

observed. It is assumed that shearing be-

yond 60 strain units would lead to fiber ori-

entations which would be constant through-

out the thickness demonstrating a steady 

state FO [6].

The simulation results for a11 through thick-

ness were smoothed and plotted for different 

strains in Figure 13. Under a constant shear 

the heterogeneous orientation profile transi-

tions into a homogeneous steady state. The 

most significant change in orientation oc-

curs in the core of the sample. The rate of 

change slows down as orientation approach-

es steady state. This aligns with results pub-

lished in literature [6] as well as previous 

work with injection molded plaques [7].

Figure 11: Experimental (black) and predicted (red) fiber orientation evolution.

continued on page 33...
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Figure 12: Experimental (black) and predicted (red) a11 values through sample thickness at varying 
shear strains.

continued on page 34...



34C o m p o s i t e s  C o n n e c t i o n

Award Winning Paper  continued...

This Issue:

• BOD Listings

• Welcome New BOD

• Councilor Report

• Board Meeting Minutes

• Education Funding

• Membership Spotlight

• Award Winning Paper

continued on page 35...

Figure 13: Smoothed computational a11 evolution.

Figure 14: μCT FO through thickness from VG StudioMax analysis, top: 0 shear strain, 
bottom: 60 shear strain.

μ-CT data (Figure 14) also shows fiber align-

ment in the flow direction and underlines the 

trend seen in Figure 13. The green/blue re-

gions demonstrate fibers which are aligned 

with the flow direction, characterized by large 

values of a
11

 and low values of a
22

, whereas 

red regions represent a crossflow orientation 

state, with low values of a
11

 and high values of 

a
22

. Yellow indicates fibers which are oriented 

in the thickness direction (a
33

). This color is 

almost absent in Figure 14 which indicates a 

nearly planar orientation state [18]. The clear-

ly define core-shell structure becomes homo-

geneous after shearing.
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continued on page 36...

Conclusions and Outlook
A particle-level simulation for reinforcing fi-

bers was successfully used to determine the 

FO evolution. Results showed good agree-

ment with the steady state orientation ten-

sor. In its current state the model can be 

employed for two main tasks: firstly, the peri-

odic boundary cell can be used as a numeri-

cal rheometer, where correlations between 

process parameters and fiber properties are 

established. This is especially useful for de-

termining fitting parameters for commercial-

ly implemented continuum models [1]. Sec-

ondly, the model can be coupled with mold 

filling simulations in order to study fiber mo-

tion and fiber-mold interaction in small scale 

geometries; for example, fiber matrix sepa-

ration during rib filling [2] or FO in the flow 

front [21].

A reliable method for preparation of samples 

for suspension rheology was developed. Re-

peatable and controlled initial orientation 

can be achieved through the presented com-

pression molding technique.

Next steps of this project include:

1. Reproducing further experiments con-

ducted by Cieslinski et al. [6] with differ-

ent FC to evaluate the impact of coupling 

in the direct fiber model.

2. Repeating the study with an extensional 

flow to gain insight on this fundamental 

type of flow.

3. Predicting the FO evolution with currently 

employed diffusion models which are based 

on the orientation tensor scale to evaluate 

how the mechanistic model performs.

This future work will be used to evaluate the 

model and aid in its development. Addition-

ally, a better understanding of the underlying 

physics of the motion of fibers and their inter-

action in concentrated regimes can be gained.
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