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Executive Summary 

The National Aeronautics and Space Administration (NASA) University Leadership 

Initiative selected a team led by the University of Delaware Center for Composite Materials (UD-

CCM) to address technology barriers and education/workforce training needs in composites 

manufacturing technologies 

providing aerospace performance 

at automotive production rates for 

the Urban Air Mobility (UAM) and 

commercial air platforms. Our 

program is a 4-year effort. This 

Annual Progress report covers the 

third year of the program from 

September 1, 2022, to August 31, 

2023. The annual report includes a 

summary of program highlights in 

the areas of research and education/workforce training.  

Our Team 

Our team consists of UD-CCM as the lead organization 

with core team members from the composite supply chain from 

material suppliers, part manufacturers (ATC, David Leach), and 

UAM and aerospace system integrators (Joby Aviation, John 

Geriguis & Spirit AeroSystems, Kerrick Dando). Our academic 

partner is Southern University (SU PI is Professor Patrick Mensah) 

who is actively involved in research and contributing to our 

education and outreach activities to underrepresented minorities 

from K-14 in aerospace applications of composites. Our outreach 

to other institutions is significant and include other academic and 

commercial entities.  
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Background on NASA Grand Challenge for UAM 

Urban Air Mobility (UAM), a safe and efficient air transportation system for on-demand 

mobility (ODM) from small package delivery to air taxis, has arrived as the next frontier in air 

transportation. With NASA leading UAM efforts in identifying technical, operational challenges 

and regulatory frameworks, a community of small to large companies are investing significant 

resources into establishing infrastructure, digital frameworks, platforms, and operational models. 

Market studies1 have established economic factors (estimated market size ~$500B, projected total 

number of air taxis exceed 850,000 in the US alone) with NASA setting forth a Grand Challenge. 

With higher production volumes and smaller size than commercial aircraft, studies have identified 

the need for next generation composite materials and manufacturing methods to meet ODM goals 

of affordability, safety, and lifecycle emissions. However, the maturity levels of todayôs 

manufacturing readiness2 to achieve aerospace performance at automotive rates is ranked low. A 

NASA Roadmap in manufacturing and integrated structures3 identified UAM technology for a 15-

year timeframe with operational prototypes by 2026, and technology scaling by 2031. Flexible 

automated composite manufacturing methods were identified, in combination with integrated 

structure/material concepts for anti-ice, health monitoring etc. Similarly, commercial air platforms 

have made the change to composites use for large structures (wings, fuselage etc.), but retain metal 

components for smaller, complex parts typical of the UAM vehicles. 

Our Approach 

Our project addresses these technology barriers in 

manufacturing of complex geometry composite parts for 

UAM and commercial air platforms by use our 

revolutionary highly aligned short fiber technology 

(called TuFF or Tailorable universal Feedstock for 

Forming) that can be formed into complex shapes like 

sheet metal at high rate, while retaining continuous fiber 

equivalent properties and aerospace quality. The novel 
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material and manufacturing approach create a paradigm shift for manufacturing of commercial air 

and UAM vehicle structures.  

Under a 4-year DARPA-funded program (2017-2021) and an Office of Naval Research 

Defense University Research Instrumentation 

Program (ONR DURIP) Equipment Grant, UD-

CCM has developed a pilot that aligns short fiber 

into preforms, creates prepreg by film infusion 

and includes a forming cell to produce formed 

parts at rate in one facility. This equipment is 

being used in our ULI program to make materials 

for all ULI research tasks as well as for forming 

trials on aerospace parts identified by our team 

members. The site will also be used for training 

of Historically black colleges and universities 

(HBCU) faculty and students from Southern University and to facilitate technology transition for 

the UAM and aerospace supply chain.        

 
 

Our TuFF pilot-scale facility allows part manufacturing from short fibers under one roof 

ULI Advisory Board and Meetings 

An External Advisory Board (EAC) has been established to evaluate our ULI program 

progress. The chair of the Board is Mr. Mick Maher with over 30 years of experience in composites 

as former Program Director at Defense Advanced Research Projects Agency (DARPA) who ran 

the Open Manufacturing and Tailored Feedstock for Forming composite aerospace initiatives, 

Branch Chief of the Composites Branch at Army Research Lab (ARL) and worked in the 

composites industry for decades. He has recruited board member from industry original equipment 

manufacturers (OEM) and the supply chain, academia, and the FAA. The board convenes during 

our annual program review (first year review was held on 10/20/21; second year review was held 
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on 10/13/22 and third year review is scheduled for 10/26/23).  Annual reports are also provided to 

EAC members prior to annual reviews.  We have created a public website for our ULI 

(https://www.ccm.udel.edu/research/program-highlights/nasa-university-leadership-initiative-uli/) where 

all past presentations, reports, publications and other activities are posted and can be accessed 

throughout the year. 

 

ULI External Advisory Board 

Board Chair: Michael Maher  

Industry OEMs 

¶ Spirit: Kim Caldwell 

¶ Joby: John Geriguis 

Academia 

¶ Prof. Shridhar Yarlagadda 

(UD-CCM) 

¶ Prof. Srikanth Pilla (Clemson) 

¶ Prof. Jim Sherwood (UMass) 

FAA: Curt Davies 

 

In terms of meetings, we have weekly internal meeting with task leads, monthly meetings 

with our external team members, monthly technical meetings with NASA (organized by Dawn 

Jegley and Kaushik Datta) and annual meetings with our external board. 

 

 

https://www.ccm.udel.edu/research/program-highlights/nasa-university-leadership-initiative-uli/
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Education, Workforce, Outreach and Diversity Highlights 

UD-CCM and Southern University were actively involved in education/workforce training 

and outreach during the past year.  More than 2,500 students were involved with approximately 

1700 underrepresented minorities from Baton Rouge LA.  The highlights include: 

 

1) Internship Recruitment for NASA Research Centers:  19 students applied to 7 NASA 

sites; 2 ULI internships at NASA Langley. 

 

2) NASA iMaginAviation Annual Conference: A gateway to Aviation Transformation 

a. 3,265 individual registrations 

b. ULI participation in Gathertown - a Virtual Tour and 

Poster session with attendees 

c. Hosted iMaginAviation Watch Party at UD-CCM with 50 

students attending. Organized by our local SAMPE 

Chapter 

3) ULI co-sponsored seminar series called CCM Connects: The Future 

is Composites attended by 700 people. 

4) Hosted Delaware Aerospace Education Foundation ï Space Beam Challenge engaging 32 

students (8th and 9th grade) in composite aerospace applications. 

5) Southern University hosted 7 events involving 8 middle schools in Baton Rouge, LA. Over 

1700 underrepresented minorities were involved in these activities. 
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With respect to Diversity, our ULI funded 14 

PI/Co-PIôs (14% Underrepresented Minorities (URM)) 

and 18 students/post-doctoral researcher. An additional 

61 students (unfunded) benefited from ULI activities. 

Within this student group 21% were URM and 17% 

female. Additional details are given in the Diversity 

section below. 

 

Technical Highlights 

Our ULI program is organized into eight technical tasks and our Education/Workforce 

Training and Outreach Activities. The technical highlights and publications are provided in this 

section. Educational/Workforce Training and Outreach highlights are presented in the next section. 

Details on diversity are provided in the appendix. 

The science base for microstructural design of TuFF composites during the alignment 

process and the influence of the microstructure on forming characteristics and mechanical 

properties of TuFF composites does not yet exist for this new technology. To establish the science 

base, we are developing a computational multi-scale framework for material selection of the 

constituents and micromechanics model for the 

prediction of anisotropic constitutive models for 

viscosity for forming simulations of complex 

geometry parts and micromechanics model for 

prediction of static and fatigue properties of the 

materials. Our overall vision is to leverage 

commercial software for CAD/CAM/CAE for 

composites and integrate the key results (material 

models and material databases) through custom 

development subroutines (UMATs) to enable design 

of materials, forming processes and part design using TuFF composites. 

 

These specific technical tasks are ongoing: 

1) Materials and Part Selection 

2) Micromechanics of Aligned Short Fiber Composites 

3) Physics of Fiber Alignment 

4) Micromechanics of Anisotropic Viscosity, Constitutive Model Development and 

Forming Limits 

5) Process Development 

6) Self-Healing Composites 
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Highlight: Part Demonstrations with Industry Partners 

In discussions with industry team members, various parts have been selected by Joby and 

Spirit Aerospace ranging from doors and instrument panels for the UAM platform to thrust reverser 

cascade for aircraft that are particularly difficult to manufacture with continuous fiber composites 

and are well suited to demonstrate the formability of TuFF composites. Details of our collaborative 

activities are included in this section. Technical meetings on TuFF forming process development, 

tool design and fabrication and technology transition planning was a major focus in Year 3. Parts 

of interest were finalized with both industry partners Spirit and Joby.  

Spirit identified the Thrust Reverser Cascade (documented in last Year report) and a 

Window Frame as the two components for process development and TuFF demonstrations. Both 

parts meet the volume requirements as well as geometric complexity that has posed challenges for 

continuous fiber systems. 

Joby identified three components: Ribs (family of geometries off a base triangular shape), 

Door frame, and a B-Pillar. All three components are based off the current aircraft that uses labor-

intensive, complex ply pattern and layup/debulking procedures to achieve the geometric 

complexity needed. 
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Final parts for TuFF forming demonstrations from Spirit (above) and Joby (below). 

Spirit Collaborative Activity and Transition Plan 

The cascade is an assembly of a number of vanes, of which there are two types as shown 

in the figure below. There are 1200 vanes per twin-engine aircraft with 600 of each type. A nominal 

production rate of 100 aircraft/year leads to a volume of 120,000 parts per year production. 

Forming assessments are initially focusing on the Forward Loading Vane (left image in Figure), 

to be followed by the Aft Loading Vane.   

  

Forward and Aft Loading Vanes from the reverser cascade assembly.  

Part sizes are approximately 4ò (height) x 3ò (wide) x 2.5ò (deep). 

Baseline Continuous Fiber process vs TuFF process 

Cascade assemblies are currently manufactured with a time-consuming hand layup process 

for each vane over rubber mandrels (both aft and forward), which are then combined with 



 

11 
 

strongbacks that are also laid-up on the cascade tool. The entire cascade is co-cured, followed by 

demolding, trim and inspection. The initial hand layup process is iterative and time-consuming, 

and our focus is on addressing this step through a high-volume stamp forming process, as shown 

below. Stamp forming individual vanes is followed by assembly and weld step (welding 

development by Spirit) for the final cascade. 

 

Comparison of baseline continuous fiber cascade manufacturing process (hand layup and co-

cure) with the proposed high-volume stamp forming process. 

Vane Forming Strategy 

Forming strategy development in Year 3 focused on several aspects: forming blank design, 

forming strategy for TuFF and strain limits, tool design and preliminary forming experiments to 

assess TuFF formability for this geometry. 

TuFF blank design for Vanes 

After discussions with Spirit, the critical requirement for the part was identified as the 

effective axial modulus to address air flow and acoustic requirements during operation. The design 

requirement was established as > 20 Msi along the ñUò axis of the vane, and a laminate design for 

the blank was finalized as follows: 

¶ Fiber: 3mm unsized IM7, 120gsm FAW per ply 

¶ Resin: LM-PAEK (Filmed and supplied by Victrex) 

¶ Nominal 55% fiber volume fraction 

¶ [45/-45/05/-45/45] ~ 45 mil thick part 

¶ At 55% FVF effective axial modulus of 20.5 Msi with above layup  

¶ Corner radius of vane: max 0.125ò and preference is 1/16th. 

¶ Thickness Tolerance: +/- 5% of nominal 
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¶ Geometry: 10ò x 14ò (0 direction along the 10ò direction) for two vanes per blank 

Forming process development and strain limits 

Initial forming process design focused on Forward Loading Vane, with results to be applied 

to the Aft Vane. Using geometry-based strain calculations, forming processes were evaluated to 

keep forming strains below 40%. Based on the Vane geometry (Figure 4), a combination process 

that includes deep draw (material translation to form the U shape) followed by forming the bottom 

curvature was identified as the initial approach based on the geometry and strain limits. Blank 

configuration and orientation were also established, with an angled orientation of the blank to 

reduce strains within forming limits.  

  

Blank configuration to meet geometry and material strain limits. 

Two process methods were identified as potential candidates for Vane forming. The first 

is a drape forming process that relies on initial drape of the bottom geometry under tension, 

followed by forming the vertical walls. The second is a runner-based process, where the bottom 

geometry is initially formed with matched metal tool set (bottom curvature without fold), followed 

by tensioned forming the vertical walls of the Vane. Both process methods are shown below. 

              

Forming strategies for Vane geometry. Matched tool set on left works with tensioned blank to 

address draping at the bottom curve, two-piece tool set on right is a sequential process with 

matched forming of the curve, followed by tensioned forming of the walls. 

Preliminary Forming Experiments with Representative Geometry 

Initial explorations of the geometric complexity during forming were conducted with the 

tool set described in Year 2 report. Isothermal forming experiments were performed with bladder 

and matched metal configurations with varying edge constraints. A collage of various results is 
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shown in Figure 6 with all trials performed at 380 C, at slow forming speeds and cooling under 

pressure.  

 

          

Preliminary forming experiments under isothermal conditions to evaluate blank boundary effects 

on formed geometry for the bottom section of Forward Vane. Left is for fully clamped, middle is 

for no clamping and right is for multi-axial blank in clamped conditions. 

Preliminary experiments showed that: 

¶ Pure stretch forming (fully constrained blank) results in excessive thinning even though it 

fully formed. While the part did not fail during forming, the significant reduction in 

thickness is not acceptable due to effect on performance. 

¶ Matched metal with no blank constraints allowed a unidirectional blank to draw in fully 

with material folding at front and back edges. A multi-axial blank reduced wrinkles but 

showed the need for tensioning to eliminate wrinkles. 

¶ Fixed edges on a multi-axial (actual blank layup) showed potential for transverse splitting 

of outer 45-degree ply which needs to be accounted for in blank boundary conditions. 

Vane Forming Tool Design 

Based on results from preliminary experiments, Spirit led the tooling design for prototype 

full -scale Vane forming at their facility. Team discussions between Spirit and CCM led to a tool 

design and process configuration which was then briefed to the NASA team on May 22, 2023. 

Features of the toolset and are shown below.  
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Tool configuration for Vane forming demonstrations at Spirit (left, middle) and Thermoplastic 

Composite Forming Cell at Spirit. 

The initial forming process methodology is given below. Toolset is currently on order with 

trials scheduled in Fall 2023. 

 

Proposed initial forming methodology for Vanes. Process will be optimized based on formed Vane 

quality and initial trials. 

CCM/Spirit Collaborations and Activities 

During Year 3, collaborative activity was centered around Vane forming process 

development and tool design. TuFF blanks (IM7/LM-PAEK) are being periodically shipped to 

Spirit for initial process trials on a standard angle-bracket tool (ILT geometry), to provide initial 

experience in handling and forming with TuFF blanks and material format. A schedule for Year 3 
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and Year 4 activity is shown with forming work for the Vane to start in Fall 2023. We expect a 

number of site visits to Spirit during Vane forming trials, during the course of Year 4. 

 

Proposed schedule of activity for Spirit Transition Plan. Vane forming trials are expected to start 

in Fall 23, along with preliminary work on the Window frame part. 

Joby Collaborative Activity and Transition Plan 

Year 3 activity with Joby focused on finalizing part selection, part forming demonstrations 

and transition planning. Part selection was expanded to focus on three (3) relevant parts for their 

Urban Air Mobility platform ï Triangular Rib (geometry family), Door Frame (identified in Year 

2) and the curved section of the B-Pillar. These represent the final part of interest in this effort with 

TuFF/thermoset systems to demonstrate manufacturability and gains in cycle time and cost. A 

common thread in all parts is complex geometry with both local feature changes as well as global 

double curvatures that is currently being fabricated by hand layup. Current production process 

involves complex ply patterns to account for geometry, full part debulking every two plies during 

the layup process, followed by autoclave cure. Program goals are to evaluate manufacturability 

using TuFFsô stretch capability and establish improvements in simplifying ply patterns, reducing 

debulking frequency and improving manufacturing throughput/cost. 

Part Selection and Goals 

As mentioned previously, three parts from the current Joby aircraft were chosen for 

forming demonstrations with TuFF (see figure below). The Triangular Rib represents a family of 

geometries of similar shape (both triangular and rectangular) with standard geometric features ï 

curved sides (with joggles) as well as surface features (become cutouts for systems integration). 

Forming the curved sides with joggle is the main challenge with the current process involving 

continuous fabric prepreg with hand layup and debulking sequences.  
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The Door frame features large curvatures in two dimensions (along length and width) as 

well as local features for sealing interfaces similar to automotive doors. This part represents two 

levels of geometric complexity with local (sealing interfaces) and global features.  The B-Pillar is 

a more recent addition with interest primarily in the curved sections at the bottom and top and as 

similar curvatures as the door both in both directions. Of particular note, is that all parts for Joby 

were thermoset demonstrations due to the current aircraft use of thermosets with planned switch 

to thermoplastics in the future. 

 

Final part selection for Joby representing multiple levels of geometric complexity and combined 

features. Ribs represent the starting geometry, followed by the Door Frame and the Pillar. 

 

Rib Forming Demonstrations 

Early focus in Year 3 was on Rib forming demonstrations both at CCM and at Joby. The 

general approach was to fabricate a full thickness blank, followed by forming the blank into the 

Rib geometry. A triangular Rib tool was shipped to CCM by Joby for forming experiments as 

shown in the figure below1. The tool is a two-piece design with a nominal rib depth of 1ò and was 

selected as a representative geometry. Note that a full stretch forming process would require 

greater than 100% stretch to form the geometry, hence a combination of draw and stretch was 

evaluated for this part. 
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Triangular Rib part detail and Tool. The Rib is a 4-ply design which is duplicated in TuFF prepreg 

blanks. A silicone male plug (in red) was cast to provide a male tool during forming and cure. 

Process trials were conducted with TuFF/thermoset prepreg, based on 3mm IM7 fibers and 

Axiom 5201 epoxy resin as these trials can be performed at room temperature to demonstrate 

formability. A number of initial trials were conducted ranging from drape forming on the male 

plug and direct forming into female plug, under vacuum pressure. The figure below shows a 

vacuum drape forming example. 

 

Vacuum drape forming of Triangular Rib with flat debulked TuFF prepreg blank. TuFF stretch-

forms the dimple, however wrinkles (right side photo) are seen on the curved flanges. 

Wrinkles during forming are the result of compression strain induced due to the geometry 

and can be overcome with tensioning the blank appropriately. A tensioning frame with spring/tab 

boundary conditions was designed and implemented as shown below. The blank is fabricated with 

hand layup and debulk in its flat configuration, compared to in-tool debulking which is 

significantly more complicated. The flag prepreg blank is tensioned in the frame and the male plug 
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used to form the shape (vertical downward pressure on male plug so the blank is formed into the 

cavity), followed removal of the male plug, bag, and cure. The cured part shows good geometric 

conformity in the dimple (stretch-formed) as well as around the curved flanges of the Rib, 

including the joggled edge. 

   

Tensioned forming of Rib with TuFF prepreg blank. Tensioning frame/springs with prepreg 

schematic (left), Cured Rib showing surface dimple and joggled curved flange. 

Following the forming demonstration for the Rib, a Thermoset Forming Cell has been 

designed and implemented at CCM, with the Rib toolset so that calibrated experiments can be 

performed to understand and establish forming process guidelines for TuFF thermoset blanks. The 

Cell is designed to conduct mechanism-based experiments to understand influence of blank 

boundary conditions (tensioning parameters, tab design), forming rate (press closure rates), 

temperature and R/t for thicker prepreg blanks on formed part quality with the Rib as the candidate 

geometry. The goal is to establish a process guidebook that provides Joby with all the necessary 

information for forming TuFF parts at their facility. 

   

TuFF Thermoset Forming Cell established at CCM. The Cell enables various blank boundary 

conditions, forming temperatures and process variants to establish TuFF Forming guidelines. 

UD-CCM/Joby Collaborations and Activities 

Year 3 saw significant collaborative activities with Joby engineers including multiple visits 

to CCM (Year 2 Annual Review in Oct 2022, Nov 2022 site visit for forming trials, Mar 2023 site 

visit for forming trials and transition plan discussions), as well as UD-CCM visits to Joby (Oct 

2022 after CAMX, Jan 2023 for forming trials at Joby). In addition, Jobyôs Fiber Placement visited 

UD-CCM for a tape steering demonstration of TuFF and its capabilities. 
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Joby is also establishing a new R&D center in 2023 at Santa Cruz with infrastructure for 

forming research and development including a large-scale press (nominal 2ô x 6ô) for both scale-

model and full-scale prototype development. Transition of results from joint UD-CCM/Joby work 

is expected to occur at this facility in Year 4. 

 

Proposed schedule of activity for Joby Transition Plan in 2023 (columns are months).  

CCM will focus on forming process development and prototype demonstrations, Joby will 

establish forming infrastructure and initiate forming trials. 

 

In Year 4, full-scale door frame demonstration is proposed with the tool system already 

shipped to CCM from Joby. This will include forming demonstrations of critical sections followed 

by a full-scale door article demonstrator. Joby will conduct a metal part replacement study with an 

assessment of existing Aluminum parts on Joby aircraft and potential for TuFF composite 

replacement. A key aspect of Year 4 is a part repeatability assessment and one of the ribs will be 

selected for evaluation. Repeat manufacturing up to ten (10) parts will be performed at Jobyôs 

facility followed by a cost assessment ï TuFF approach vs continuous fiber. An at rate production 

demonstration is planned to demonstrate forming at rate and fast cycle times, as well as a 

thermoplastic  forming demonstration and cycle time. 
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Highlights: Constitutive Behavior and Micromechanics of Anisotropic Viscosity 

A set of constitutive laws for the material behavior during forming are be constructed for 

the purpose of developing process models and a forming simulation capability. The fiber direction 

is the primary load carrying material orientation in forming, so a set of experimental methods were 

developed measure local material deformation during longitudinal extension. The approach is to 

develop macroscale constitutive behavior with respect to temperature and strain rate, while 

simultaneously investigating the micromechanics problem. In the previous year, it was 

demonstrated that the micromechanics will underpredict both the extensional viscosity and the 

shear magnification. Here, we are focusing on investigating the viscoelastic behavior of the 

materialðto understand the shear magnificationðwhile developing a revised micromechanics 

model to better predict the shear magnification. 

Like the thermoplastic polymer matrix, the 

composite material can be described as a viscoelastic 

fluid. When loading at constant strain rate, the material 

will deform elastically and then transition to viscous after 

passing the relaxation timeðas predicted by the Maxwell 

fluid model. After reaching the peak stress, the viscous 

deformation is strain softening (due to microstructure 

effects). When the displacement is held constant, the 

material stress relaxes to zero. 

Viscoelastic Behavior 

The maxwell model is fit to the initial loading 

portion of the material tested at constant strain rate. This 

allows the relaxation time to be measured. The elastic 

modulus is computed as the ratio Ὁ –Ⱦ‗. TuFF/PEI 

samples were tested at tempeartures 250-350C, at strain 

rates 1e-4 ï 1e-1 s-1. Previously it was shown that 

viscosity and strain rate can be shift to a common 

reference temperature using the polymer TTS shift factor 

aT. The viscosity was shown to follow a power law 

behavior with strain rate. The single model Maxwell model provides a good fit to the material 

behavior for loading under constant strain rate. The measured relaxation times also follow a power 

law behavior with strain rate, which suggests that an underlying micromechanics mechanism is 

influencing the results (e.g. onset of strain softening). The correlation of loading relaxation time 

and viscosity has a power law relationship. The strong correlation of this relationship means that 

the loading behavior of the material can be directly predicted. The relaxation time determined by 

this loading regime is smaller than the relaxation time observed in stress relaxation (shown above). 
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Micromechanics for Prediction of Extensional Viscosity 

A set of modifications were developed for the unit cell micromechanics model to correct 

for (i) high viscosity, (ii) high shear magnification, (iii) material porosity, and (iv) changes in fiber 

overlaps with strain.  

–

ụ
Ụ
Ụ
ợ ‍ὠ

ςÌÎ‒‍ὠ
Ứ
ủ
ủ
Ủ
ὒ

Ὠ
ὒ – ρ ‰  

The derived model groups porosity into the resin 

phase ρ ‰  to affect the polymer viscosity and 

includes a dimensionless shear length which is a 

function of strain. If all fibers translate uniformly, 

fiber overlaps will decrease linearly with the 

applied longitudinal stretch, ὒ ὒȾὒȟ

ςÅØÐ‐ ρ. 

Another major contribution of the model is a 

modification parameter to increase the shear magnification. The 

existing micromechanics model compute the fiber spacing based 

on the fiber diameter and fiber volume fraction, thus assuming 

that fibers are uniformly spaced. In reality, fiber spacing will 

vary radially and along the fiber length according to a 

distribution. In areas where spacing approaches zero, strain rate 

approaches infinity. To correct for this statistical distribution, the 

cell model is allowed to have a characteristic outer radius Ὑȟ

Ὑ  which is less than the volume 

averaged radius Ὑ , by a distribution 

parameter referred to as ‒. The parameter is 

bounded, ρ ‒ . ‒ equals 1 when all 

fibers are uniformly spaced (minimum 

shear magnification) or can increase until 

fibers are touching (‒  when Ὑȟ

Ὑ and – Њ). 
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The experimental data shows that the local fiber volume fraction (and fiber spacing) will 

vary and change as the material stretches. Material porosity will also be present during deformation 

and slightly increase with strain (‰‐ πȢςφ‐ πȢρψ). Likewise, fiber volume fraction 

decreases with porosity ὠ ὠ ρ ‰ ). 

The spacing distribution parameter is used to fit to the micromechanics model to the 

material data at the point of peak stress (before strain softening begins). In this deconsolidated 

state, the fiber volume fraction is 47%. The volume averaged fiber spacing is approximately 2 ‘ά, 

however, based on ‒ ρȢχχ, the characteristic fiber spacing is 0.2 ‘ά. The increase in porosity 

has a contribution to strain softening. The change in fiber spacing cannot be determined as 

deformation progresses. If  ‒ remains constant at 1.77, the model will under predict the material 

response.  
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If fiber spacing remains constant, Ὑȟ πȢς ‘ά 

(corresponding to ‒ ‒ ὠ ‐ πȾὠ ‐ ὼ ), then the model 

over predicts the material response. The shear length term (ὒ) for 

estimating the loss of fiber overlaps can be used as an additional strain 

softening mechanism. This term is evaluated for the case when 

characteristic fiber spacing remains constant at Ὑȟ πȢς ‘ά. By 

normalizing the data and comparing to the model ὒ ὒȾὒȟ

ςÅØÐ‐ ρ, it can be seen that the dimensionless shear length 

exceeds the model for strains above 0.15.  

The conclusions from this micromechanics model are that fiber spacing distribution will 

contribute to an order of magnitude increase in the measured extensional viscosity, the fiber 

spacing will not relax during deformation, and that fiber overlaps in the microstructure will recover 

during extension. This recovery of fiber overlaps is the primary mechanism for ply thinning during 

stretch forming (reported in the previous year). 

Suumer Undergraduate Research Profiles 

 

Charles Whealton is an Honors Junior Mechanical Engineer at the 

University of Delaware. He is the Secretary of ASME at UD and works as a 

TA. He plans to pursue a doctoral degree in Mechanical Engineering and 

work in higher education.  

 

ñThe NASA-ULI has helped me get first-hand experience.  

with multi-faceted research and gather an understanding of  

what I want to do in my career.ò 

 Project: Characterization of Viscoelastic Material Response of Highly Aligned 

 Discontinuous Fiber Composites 

 

Charlie is working to understand the viscoelastic material behavior by experimentally 

characterizing TuFF samples with new test protocols and implementing viscoelastic models. He is 

planning to extend his results (mentioned above) to measure the stress relaxation behavior of TuFF, 

implement a multimode Maxwell model, and understand how the relaxation behavior can bring 

new insights to the material microstructure. 
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Owen Ferrone is an Honors Junior Mechanical Engineering student 

at the University of Delaware who is extremely passionate about all thingôs 

math and science. He participates in programs as a member of both the UD 

Honors College and the UD Blue Hen Leadership Program.  

 

Project: Stretch Forming of IM7 Thermoplastic TuFF Composites: Effects 

of Environmental Conditions on Forming Optimization 

 

Owen is investigating the effect of process conditions on the formed material quality. His 

work (above) has shown that forming of thermoplastic matrix TuFF is highly sensitive to 

temperature. He plans to continue this work to investigate the effect of strain rate on forming 

quality. Once understanding the effect of process conditions on formed material quality, he will 

conduct tests to determine the mechanical properties of TuFF after stretch forming. 

 

Controlling Deconsolidation 

As reported in our Year 2 Annual 

Report, the pressure required to consolidate  

composites is a function of the microstructure. 

To achieve aerospace performance fiber 

volume fraction of 57% requires a high degree 

of fiber alignment and blank consolidation 

pressure of 300 psi. During forming, the blanks 

are reheated to process temperature without 

pressure (our robotic forming cell uses an IR 

oven).  Both continuous fiber and our aligned 

short fiber thermoplastic  TuFF composites will 

deconsolidate in this case (up to 50% increase in thickness is measured). 

  

Research in this area is studying the deconsolidation characteristics of TuFF, the effect 

deconsolidation has on forming, as well as processing to control deconsolidation during forming. 

Initial work looked at the dry compaction behavior of the fiber bed to understand the material 

compliance, as well as the deconsolidation in the prepreg level for heat cycles in a TMA. The 

thickness change and microscopy agreed with the dry compaction data, that TuFF will 

deconsolidation from 57% to 39% FVF upon heating without pressure, resulting in a 50% increase 

in thickness.  

Full blanks were analyzed in a Keyence 3D scanner to determine thickness profiles before 

and after deconsolidation, as well as for samples after forming. The 3D scanner has a resolution of 

10 µm, which results in an accuracy to within 20 µm when computing thickness. Consolidated 

blanks showed thickness variability on the order of the scanner accuracy. After deconsolidation, 

the blank thickness grew uniformly with the exception of select location which showed higher 
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deconsolidation. This phenomenon is linked to misaligned fiber cluster defects which have a 

known frequency in the material. After forming, the thickness variability is shown to be variable. 

It is not yet clear how the deconsolidation effects the strain variability and thickness after forming. 

 
 

One method to control 

deconsolidation is to confine the 

blank during form. This is 

accomplished with a double vacuum 

bag. The blank is enveloped between 

two layers of Upilex 050RN film and 

the gas pressure on both sides of the 

blank is controlled. The blanks are placed in a tool cavity, 

pressurized to 0, 15, 50, 100, 200, and 300 psi from one side 

and the material is compacted against a flat tool surface. The 

temperature of the press is cycled up to 380C and down to room 

temperature. After deconsolidation under controlled pressure, 

the samples were measured to determine thickness growth and 

thermal diffusivity. The sharpest decrease in deconsolidated thickness is achieved for the first 15 

psi of pressure, which indicates that vacuum bag confinement of the blank may have a substantial 

impact/improvement in formed material quality. These results also indicate that blank processing 

under vacuum only would provide a more stable blank during forming (with the final consolidation 

pressure after forming remaining 300 psi). 

To investigate the effect of 

confinement pressure controlling 

deconsolidation on formed material 

quality, LM-PAEK/TuFF blanks 

were processed in a bladder 

molding cell with a constant 

pressure from the tool side of 0 or 15 

psi gage pressure. The 

recommended processing 

temperature for LM-PAEK is 380C; 

however, based on the results above 

(strain softening) indicating that 

Consolidated Blank Thickness Deconsolidated Blank Thickness Formed Blank Thickness 
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high temperature may be detrimental to forming. Samples were formed at temperatures of 344 and 

380C. The results of the study show that the sample formed at 344C with a tool side pressure of 

15 psi measured the highest uniformity in the strain pattern by photogrammetry. 

 

New Thermoplastic Composite Forming Capabilities at UD-CCM 

Composite material forming characterization was acquired under DURIP-ONR FY22 - 

N00014-22-1-2124 ñMaterial 

Characterization for Highly 

Formable TuFF Compositesò. The 

new system was installed in July 

2023. It includes a GOM optical 

measurement capability to 

measure surface strain in-situ 

(with DIC) during forming, or ex-

situ (with photogrammetry) in 

closed mold processes. The system 

also includes a servo-hydraulic press from Interlaken which was adapted for hot metal forming 

material characterization. 

The Interlaken forming press was customized with a C-axis Sapphire sight glass, gas pre-

heat system, and heated tool sets in order to conduct isothermal forming experiments with direct 

in-situ visualization.  

  

The press action 

consists of a heated hydraulic 

frame, which clamps blanks 

with a binder ring, and central 

punch. The punch can close at a 

rate 3 in/s, which is consistent 

composite stamping processes 

used to achieve 3-minute cycle 

times. 

 

The hemispherical tool sets are designed to investigate deep drawing and tool ply 

interaction. The flat tool sets are design for imposing defined strain modes 

(plane strain or biaxial strain) 

which can be used to extract 

flat mechanical test coupons. 

The hot gas bulge system will 

be used to obtain material 

constitutive laws (in place of 
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the current Instron extension testing) to determine the effect of strain mode on the constitutive 

behavior of the material. 

 

To achieve aerospace level of mechanical properties with aligned short fibers, it is essential 

to achieve excellent fiber alignment within the preform (i.e., 95% of the fibers within the preform 

are aligned within +-5o). This is required to enable high fiber volume fraction (57%) during prepreg 

manufacturing to be achieved. Fiber breakage during the alignment process must also be 

minimized to retain unimodal fiber length distribution (see project on Physics of Fiber Alignment 

below). In addition, high levels of interfacial bonding between the unsized carbon fiber and the 

LM-PAEK is required. In our past work with IM7/polyetherimide an interfacial shear strength 

exceeding 60 MPA is required to achieve properties equivalent to continuous fiber composites. 

Last year, single fiber pull-out experiments with an embedded length of 50 microns provided and 

outstanding level of bonding between IM7 and LM-PAEK with an Interfacial Shear Strength 

(IFSS) of 128.7 +- 20 MPa. 

Forming Software: Aniform 

This task aims at identifying commercial software platform to simulate the forming process 

of the TuFF material. In Year 2 of the ULI, a collaborative project with Altair was undertaken to 

assess the capability of Hyperformôs existing material models to model the stretchability of TuFF. 

The conclusion of this study was that Hyperform was not able to model the highly anisotropic 

viscoelastic behavior of TuFF and the numerical simulations were not stable.  In parallel, during 

Year 2 and ongoing in Year 3, our team initiated discussions with the developers of Aniform using 

Air Force funding (Low Cot Thermoforming).  Aniform has worked closely with our team in 

implementing TuFF constitutive behavior and providing technical support.  In Year 3, our ULI has 

leveraged the findings of the Air Force Program.  Our plans are to use Aniform for simulating the 

Spirit and Joby demonstration parts mentioned above.  The Aniform results generated on our ULI 

bead molds are promising. 

The aim of this task is to obtain numerical tools to map the original configuration of Tuff 

material sheets to the final one after part forming. This should include fiber orientation and ply 

thinning or thickening. In addition, Aniform added temperature solution and the company was 

willing to work with us to develop user material for linearized Tuff constitutive relation (Beaussart 

fluid) as applied to thermosetting resins and Tuff prepregs. As a result, software system capable of 

ñvirtually formingò Tuff parts. The Aniform, as it is now (version 5), provides: 

¶ Modeling for a variety of composite forming processes. 

¶ Reasonable selection of ply-to-tool and ply-to-ply interaction models 

¶ Constitutive equation for Tuff Material sheets 

¶ Tracking of important parameters (thickness, fiber orientation) throughout the forming 

process 
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Aniform forming capabilities are highlighted below. Generally, Aniform is suitable for forming 

any Tuff material ï thermoplastic or thermoset. The application to ULI TuFF materials and parts 

is planned for Year 4 but it requires establishing of different model parameters, both for the material 

(being developed) and material/tool interactions.  The new forming capabilities mentioned above 

(ONR DURIP) is highly instrumented for real time temperature and deformation measurements 

will be essential for determining material/model parameter for Aniform simulations. 

 

Formed Thermoplastic bead and the mold geometry. 

 

Aniform model for +-45 degree bead during virtual forming 
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Aniform model for +-45 degree bead during: Predicted deformation for each ply. 

Highlights: Steering of TuFF Carbon Fiber Thermoplastic Tape with Automated Fiber Placement 

 Topology optimization of continuous fiber-

reinforced polymer composites can be constrained by 

material and processing limitations. For example, 

Automated Fiber Placement (AFP) can locally steer the 

fiber orientation within each composite layer enabling the 

stiffness and strength of laminated structures to be 

optimized to reduce stress concentrations suppress 

buckling modes or passively control deformation for 

increased weight savings. Advanced tow placement 

equipment uses a robotic head to steer the tape along 

programmed paths. The primary manufacturing constraint 

is the Minimum Steering Radius (MSR) achievable without 

defects. Our ULI has two projected in Year 3.  One is 

related to stretch-steering of TuFF tape to reduce the MSR 

and the second is a project to develop a computational 

method to predict buckling loads of panels with steered 

tape paths. 
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Stretch-Steering of TuFF Tapes 

This study utilizes 57% fiber volume 

fraction TuFF tape comprised of 

thermoplastic Polyetherimide (PEI) matrix 

with 3 mm long IM7 carbon fibers. The 

Laser-Assisted Automated Fiber Placement 

(LA-AFP) process is used to study the 

limits of stretch-steering of TuFF tape at 

small radii.  

An experimental technique based 

on photogrammetry was developed to 

quantify the effect of stretch parameters on 

the  tape strain fields and path placement 

accuracy. The measurements captured the 

local in-plane strain tensor (longitudinal, 

transverse, and shear) across the width and 

along the length of steered tapes. The 

results demonstrate that placement path 

accuracy can be achieved when the tool 

center point (center of rotation) of the AFP 

head is located at the nip-point versus the 

roller centerline typically used for steering 

continuous fiber tapes at large steering 

radii.  

Accuracy of the in-situ tape stretching was demonstrated up to 60% applied strain where 

excellent agreement between DIC and photogrammetry was achieved. 
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 The measurements also confirm that when stretch-steering Tuff tape, the resulting strain 

across the tape width is the superposition of the in-situ applied tensile strain and in-plane bending 

computed from the tape width and steering radius.  

A statistical-based methodology is presented to select the average tensile stretch levels with 

a suitable safety factor to minimize probability of defects forming during steering. Our 

experiments show that a 12.5 mm wide TuFF tape can be accurately placed on a 50 mm radius of 

curvature without defects. This represents an order of magnitude improvement in steerability over 

continuous fiber tapes of the same width.  

 

Analytical Buckling Analysis for Tow-Steered Laminates 

Automated fiber placement techniques have allowed the manufacturing of tow-steered 

composites which have demonstrated higher buckling strength and greater weight saving potential 

compared to traditional straight fiber composites.  This is due to curving the fibers within a ply, 

tailoring the elastic stiffness of the composite.  In previous work done by 

Tatting and Gurdal, the effect of tow-steering around a hole has been studied 

and a procedure for designing and analyzing finite element models for tow-

steered composites has been developed.  Now, an analytical procedure for the 

buckling analysis of tow-steered composites is desired since analytical models 

are computationally cheaper than finite element models.  Through NASAôs 

University Leadership Initiative (ULI) program, the University of Delaware 

Center for Composite Materials (UD-CCM) has been able to send a University 

of Delaware graduate student (Eli Bogetti) to NASA to help develop an 

analytical mode to predict buckling of tow-steered composites. 
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The Rayleigh-Ritz formulation of the buckling problem was initially programmed in 

Mathematica to predict a plateôs buckling loads and corresponding modes.  While the results 

matched those found in literature for isotropic plates, a shorter computation time was sought before 

testing anisotropic plates and implementing tow-steering.  The program was therefore translated 

into python which showed to be match the initial program and the literature results with a much 

quicker computation time.   

 
Comparison of non-dimensional buckling factor between Mathematica and python program 

for a plate under constant uniaxial loading, ὔ ‌ π ὔ ρ ‌ , with different 

aspect ratios. 

With the computation time reduced, testing of the anisotropic case has begun as well as an 

initial implementation of tow-steering.  It is anticipated that the tow-steered plates may exhibit 

both local coupled and uncoupled regions within the plate.  For the anisotropic case, the selection 

of the assumed in-plane and out-of-plane displacement functions is of more importance, and the 

effects of these assumptions on the predicted buckling behavior are also being studied.  The 

displacement functions, ό, ὺ, and ύ, need to be able to capture the full effect of any elastic coupling 

present.  The out-of-plane deflection function, ύ, unlike the in-plane displacement functions, also 

needs to satisfy the boundary conditions of the plate. 

   
Predicted first three modes of a simply supported graphite/epoxy π σπτυϳϳ  laminate 

under constant uniaxial loading. 
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During Eliôs time at NASA, he worked under his mentor Brian Mason and with Erin 

Anderson, Andrew Lovejoy, and the rest of the ISAAC team.  He got to observe the ISAAC robot 

and see how his project fits into the larger project.  With help from his mentor, he got a better 

understanding of how the ISAAC team was looking to implement tow-steering and a description 

of the paths used.  Currently, the tow-steering formulation has been programmed and implemented 

in the determination of the ABD matrices but has not been incorporated into the buckling problem 

yet. 

 
Example of the implemented linear tow-steering path for a ὝȟὝ  πȟτυ   ply, where 

Ὕ is the fiber angle at the center of the ply and Ὕ is the fiber angle at the ply edges. 

 

Highlights: Micromechanics of Aligned Short Fiber Composites 

To study the dynamics of a single fiber tensile 

break within a composite and the associated effects of 

stress wave propagation in the fibers, interface and 

matrix, a 3D micromechanical Finite Element (FE) 

model with a hexagonal packing of parallel fibers is 

developed.  The effects of a dynamic fiber break on 

energy dissipation associated with resin plasticity and 

interface debonding using cohesive traction laws are 

included. The 3D FE model also incorporates process-

induced residual stresses that induces radial compression 

at the fiber-matrix interface due the mismatch in CTE 

and Poissonôs ratios between the fiber and matrix. During 

dynamic fiber failure where interface debonding occurs, 

radial compressive residual stresses lead to additional 

frictional energy dissipation in the debond region of the interface. A map of the dynamic stress 

concentration factor (SCF) values on the surface (along the axial as well as circumferential 

directions) of the fibers which are neighboring the fiber break is generated. A stability criterion 

based on an energy balance between elastic strain energy released by the fiber and energy 
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dissipation (resin plasticity, interphase debonding and frictional sliding) is established to predict 

maximum fiber strength that initiates unstable debonding of the interface characteristic of axial 

splitting of the unidirectional composite loaded in tension. The FE modeling results also indicate 

that the dynamic fiber break introduces strain rates on the order of 106/s in the fiber and matrix, 

and up to 1012/s in the interphase.  This model will be combined with the defect map (reported in 

Year 2 Annual Report and included in the list of publications) for surface defects to predict tensile 

strength of unidirectional composites in the coming year. 

 

The 3D model has unique features 

compared to 2D dynamic fiber break models in the 

literature: 

1. There are six nearest neighbor fibers 

adjacent to a broken fiber which take up the 

majority of the stress concentrations, as 

opposed to the 2D model which had only two 

nearest neighbor fibers accompanying a 

broken fiber. 

2. The actual cylindrical geometry of the 

fibers is captured in the 3D model, whereas in 

the 2D models, the fiber and matrix regions 

were modeled as rectangular slabs of unit 

thickness. 

3. The 3D model captures the residual stresses in the composite microstructure caused during 

the cooling down of the composite post-cure due to the mismatch in coefficient of thermal 

expansion (CTE) between the fiber and the matrix. The 2D models could not capture these 

residual stresses owing to the simplified geometry used. 

4. The 3D model also captures the additional 

stresses created within the microstructure due to 

the mismatch in Poissonôs ratio of the fiber and the 

matrix. In the 2D models, these effects were not 

accounted for. The 3D model also captures 

circumferential gradients in the stress 

concentrations in the fibers neighboring a break.  

5. The 3D model captures frictional energy 

dissipation associated with interfacial debonding. 

6. The 3D model enables a more realistic stability 

criterion for interface debonding including energy 

dissipation mechanisms from friction, interface 

debonding and matrix plasticity. This criterion provides an upper bound on fiber tensile 

strength that can be achieved in the composite. 
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Highlights: Micro-Mechanics: Fiber Waviness Development 

The motivation for this yearsô study was to understand thin ply effects of transverse 

cracking in cross-ply LM-PAEK laminates.  In last yearsô annual report, it was shown that the S-

N curve for unidirectional 3mm IM7/LM-PAEK laminates was equivalent to continuous fiber 

composites due to the excellent fiber-matrix adhesion high toughness of the matrix.  In Year 3, 

3mm [0/90/0] IM7/LM-PAEK TuFF cross-ply composite specimens were prepared. The TuFF 

panels were prepared using an autoclave under a vacuum bag with an applied pressure of ~2 MPa 

and then cooled down from 380ęC to room temperature. Panels were C-scanned to confirm quality 

was achieved. Cut samples were then carefully polished and cross-sections were viewed using 

Keyence VHX 6000 optical microscope. Using the microscopic images along the length of the 

specimen, the max angle of the most severe waves of fiber (see Table below), significant layer 

waviness was observed. Fatigue studies as reported later were conducted on the laminate with the 

thickest 90 layer (240 gsm) to study transverse crack evolution for the first time.  However, our 

past work on the origin of fiber waviness in single fiber model composites was extended to identify 

the mechanism and solution for reducing layer waviness. 

 

 

 

Most severe waves of fiber near the 90ę layer with 

thicknesses ranging from 60 gsm to 240 gsm 

 

 

 

 

Waviness Parameters 
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 Fiber waviness in fiber reinforced composites leads to higher variability and a reduction 

in the materialôs strength and stiffness. The key 

parameter is the maximum out of plane angle where 

higher angles can trigger interlaminar shear related 

failures.  Last yearôs novel micro-mechanical 

visualization studies conducted on polypropylene 

highlighted fiber waviness develops during the 

amorphous melt phase and not during crystallization 

(if applicable for the resin). Also, the results indicate 

that two important processing variables that influence 

fiber waviness development in thermoplastic carbon 

fiber composites. First, adequate resin viscosity at 

around 40,000 P is a level of viscosity sufficient to 

stabilize the fiber from moving in the transverse 

direction, thus preventing waviness formation. Second, a large process ȹT, in the range of 80 ÁC 

or greater beyond the crystallization temperature, results in more severe waviness. By reducing the 

process temperature, waviness can be mitigated. 

Following these insights from the model polypropylene material, a select few experiments 

have been conducted utilizing LM-PAEK. The select temperatures and corresponding viscosities 

are shown in the following figure. The highest process temperature of 380°C results in a wavy 

fiber consistent with the layer waviness in the cross-ply laminates above. When the process 

temperature is lowered to 335°C (where both viscosities of PP and PEI are sufficient to prevent 

waviness formation) there is no waviness formation. Further lowering the process temperature to 

315°C also results in a straight fiber.  

 

 



 

38 
 

However, an important consideration for semi-crystalline thermoplastic composites is to 

erase the thermal history. Differential scanning calorimetry (DSC) of the LM-PAEK polymer 

indicates at 315°C melting is not complete. The DSC cooling curve of the  polymer processed at 

315°C shows a small peak before the 

onset of the primary crystallization. This 

is an indication that the polymer crystals 

have not fully melted at 315°C and act 

as nucleation points for crystal growth. 

This feature is not shown in any of the 

specimens processed at a higher 

temperature. Utilizing the combination 

of micro-mechanical  visualization and 

DSC techniques we have identified a 

process window for panel-scale laminate 

production in our autoclave process. 

Observations from the single fiber LM-PAEK experiments will be implemented in 

panel/ply-scale processing runs in the autoclave to achieve waviness-free composite panels with 

less variability in strength. 

Simulation Results 

In the past year, we have formulated a first-generation model to predict the buckling of a single 

fiber in an amorphous viscous polymer subjected to cooling.  It is our intent to validate the model 

predictions with the single fiber experiments mentioned above and to use the model for process 

optimization. 

The fiber bending in cooling and contracting highly viscous fluid is shown schematically 

in this figure. 

 

 

 

 

 

 

 

 

 

 

 

 

Forces and Geometry of Fiber Bending in Contracting Fluid 
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The fluid, having a higher coefficient of expansion than the fiber in the axial direction, 

flows around fiber and loads it in compression through shear stress acting on the fiber surface. 

This may lead to buckling, though the deformation is not instantaneous as the viscous flow also 

resists fiber bending (transverse deformation) that is proportional to axial contraction and bending 

rate (creeping flow is assumed). 

 

First Order Scaling Analysis 

To determine the factors that influence the presence or absence of deformation, scaling 

analysis of the problem is the first step. Generally, in beam buckling. 

 

Ὂ   ὅ  ὉὍȾὒͮς 

 

Where L is  characteristic wavelength and EI is the bending stiffness of fiber. Based on the single 

fiber experiments, the length of the fiber is approximately 30mm.  However, current experiments 

are exploring the effect of fiber length on the buckling response. Uncertain of support boundary 

conditions, we can only estimate that  Ccrit~1. 

 

 We can estimate the force in center of the fiber based on half its length which may cover 

N wavelengths: 

 

Ὂ  ͯ – Ȣɝ‌ ȢὝ ȢὔȢὒ – Ȣɝ‌ ȢὝ Ȣὒ  

 

 Thus, the critical load for given buckling length L. 

 

ɝ‌ȢὝ   ὅ 
ὉὍ

–ὒὒ
 

 

  Which can estimate the buckling length L based on known contraction parameters. 

 

ὒ
ὅȢὉὍ

– ὒ  ɝ‌Ὕ
 

 Now, the issue is that the wavelength depends on bending stiffness, axial contraction rate 

and viscosity. The latter is changing with time. Generally, the buckling length will decrease as the 

cooling progresses, the length eventually becoming of interest (in mm). 

 

Based on this scaling analysis, the buckling (or bending) in viscous environment is inevitable. We 

do not observe that experimentally. The reason is that the deformation has to develop with limited 

speed. Any off-axis bending deformation of fiber is opposed by viscous force as the fiber moves 

through viscous fluid. This force will also depend on viscosity.  Recall our experiments show that 

a critical viscosity stabilized the fiber form transverse bending/buckling. 
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 Should we describe the deformation by rotation • at the fiber stationary points (with rate 

•), the reaction load R/L (per unit length) that slows down buckling is: 

 

ὙȾὒ ͯ ὅ – ὒ • 

 

C2 is another proportionality coefficient (assumed to be or order one). Meaning the higher the 

viscosity and the longer the wavelength, the slower the rotation and bending progresses. In this 

case the scaling estimate of what  will happen and how the deformation develops is not easily 

available, and impossible if viscosity is transient (temperature dependent). To obtain proper 

description, one needs to resort to numerical modeling. 

  

Numerical Implementation 

 Assuming symmetry in the mid of the fiber, the problem can be described as shown below.  

The problem is described as linearized, with transient values for contraction and resin viscosity. 

The fiber buckling problem governing equation(s) are given. Note that absolute value of 

displacement w is evaluated from horizontal equilibrium. 

 

 The governing equation does not offer ñniceò closed form solution. The approach is to: 

 

¶ Discretize the fiber length and the equation. 

¶ Explicit or semi-implicit form is possible. We chose the latter with w being solved 

implicitly as it provides sizeable time step. 

¶ Slight shape disturbance is applied to fiber. 

¶ The equation is marched in time until the process is finished or buckling (sizeable 

deflection) occurs. 

 

 The model was tested for constant viscosity and modeled contraction period long enough 

to buckle the fiber for given cooling rate. The Parameters were E=200 GPa, fiber diameter 0.005 

mm, Ltotal=30 mm and the drag coefficient C1 and C2 being 1. Viscosity was set to 10000 Pa.s. 
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Fiber buckling shape and time based on the rate of cooling: Viscosity constant. 

 

 Note that the usual values for cooling rate in the experiments are ɝ‌Ὕ

ρὼρπ ͯ ρὼ ρπ ρȾί and time span of hour but the viscosity is lower over much of this time. 

Future work will incorporate more realistic temperature dependent viscosity for both 

polypropylene and LM-PAEK and study the effects of increased fiber length on the predictions. 

The model predictions will be compared to the new experimental data being generated. 

 

Highlights: Process-Induced Residual Stress in Semicrystalline Thermoplastic Composites 

Most of the literature assumes temperature-independent matrix properties to calculate the 

residual stress developed in the composite. The simplest approach to predicting residual stress is 

to assume a stress-free temperature (Tsf) and use the constituent materialsô CTEs to calculate the 

thermally induced stress and strain state (Approach 1 in Figure). In many thermosets and 

amorphous thermoplastics, Tsf is approximated by Tg. This method may lead to inaccurate residual 

stress predictions because temperature-dependent material properties and crystallinity shrinkage 

are not accounted for. This approach applied to semicrystalline PP (Tg of 0°C) would incorrectly 

predict the composite residual stress at room temperature. 

 

A second approach, reported in our previous studies (reported in last yearsô annual report) 

on residual stress in semicrystalline polymers, assumes Tsf is the temperature at the end of 

crystallization (cooling rate dependent) recognizing that the presence of a crystalline phase is 
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capable of carrying stress at temperatures above Tg. The general trend is that crystallization starts 

at a higher temperature (i.e., higher Tsf) during slow cooling and starts at a lower temperature 

during fast cooling (i.e., lower Tsf). This has led to Tsf being defined as a function of cooling rate 

using the polymer crystallization kinetics. In these models, residual stress calculations have used 

both temperature-independent modulus and temperature-dependent modulus (at equilibrium 

crystallinity) and CTE only. The contribution of crystallization shrinkage is assumed negligible in 

these studies. Experimental validation of this modeling approach has been limited. 

 

In our Year 3 work, a comprehensive model for residual stress is developed without making 

any of the simplifying assumptions reported in the literature. The material model for the matrix, 

needed for predicting residual stress, starts in the amorphous polymer melt (stress-free) and 

includes the effects of non-isothermal crystallization kinetics down to room temperature (TRT). 

The material models include the effects of crystallinity on temperature-dependent matrix modulus 

and matrix shrinkage from both thermal and crystallinity (Approach 3 in Figure 1). No assumptions 

related to stress-free temperature are made in this model. The contributions of crystallization 

shrinkage on residual stress are also included. 

 

Flowchart for calculating thermal residual stress (Tg = Glass transition temperature and TRT 

is room temperature). Approach 3 is developed in this paper. 
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  (a)       (b)        (c) 

Axial residual stress at the mid-length of the fiber from Tm to TRT (a) 2ęC/minutes (b) 

10ęC/minutes and (c) 40ęC/minutes.  All stresses are compressive. 

 

The percent error of the residual stress at TRT for Approach 1 and 2 compared with the more 

accurate Approach 3 developed in this study. Approach 1 provides overestimate residual stress by 

24-32% (a positive error corresponds to compressive stress greater than Approach 3).  Approach 

2 underpredicts residual stress by 28-39% (negative error corresponds to compressive stress less 

than Approach 3).  

 

 2ęC/minutes 10ęC/minutes 40ęC/minutes 

Approach 1 24 % 29 % 32 % 

Approach 2 -28 % -32 % -39 % 

 

 

Similar errors in Approach 1 and 2 are found 

when the residual axial strain along the entire 

length of the fiber (mid-length to free surface) for 

the thermal history of thin film single fiber 

composite with preload of 4 g (pre-strain of 

0.43%).  Recall from last yearôs annual report 

that predictions of axial strain in the AS4 carbon 

fiber were validated using Raman spectroscopy. 
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Highlights: Fatigue Performance of Highly Aligned Short Fiber IM7/LM-PAEK Thermoplastic 

Composites   

 Tailorable universal Feedstock for Forming (TuFF) is a highly aligned short fiber 

composite material (fiber aspect ratio of 600) that can achieve a high fiber volume fraction (50-

60%). The studies on unidirectional (UD) 3mm IM7/polyetherimide (PEI) have demonstrated 

quasi-static and tension-tension fatigue properties comparable to continuous fiber composites 

(57% fiber volume fraction). In previous years, 

UD 3mm IM7/Low-Melt Polyaryletherketone 

(LM-PAEK) TuFF panels (Vf = 54%) were 

tested in the fiber direction using a tensile 

fatigue methodology to generate an S/N curve 

(R = 0.1, 3 Hz) with periodic checks for modulus 

loss over a minimum of 1 million cycles. The 

results indicate 3mm IM7/LM-PAEK is superior 

to other discontinuous fiber composites and 

equivalent to other continuous fiber composites 

in the literature. The comparison is based on the 

slope of normalized strength versus cycles on a 

semi-log plot with LM-PAEK exhibiting the 

lowest slope/strength reduction.  No reduction in axial fiber tension modulus was measured.  

This year's work further looks at the tension-tension fatigue performance of [0/90/0] 

IM7/LM -PAEK TuFF cross-ply laminate with a thick ((240 gsm) 90ę ply subjected to a maximum 

tensile strain of 0.9% (R = 0.1, 3 Hz). Typically, cross-ply composite layups exhibit transverse 

cracking in the transverse plies (90ę layer) that extend across the entire thickness. Models and 

experimental studies show that the initiation and saturation of transverse cracking during static 

loading depend on several factors including mechanical loading, residual stress, and ply thickness. 

The effect of fatigue loading has been shown to reduce the initiation strain. In general, initiation 

strain for transverse cracks decreases with increases in residual stress and ply thickness (the typical 

range of initiation strain is 0.1 to 0.6% tensile strain as shown below for continuous fiber IM7/K3B 

cross-ply laminate).  The key material property at the continuum length scale governing transverse 

cracking is the intralaminar fracture toughness of the 90ę layers.  

In the present study, the thickest [0/90/0] (240 gsm) in the cross-ply 3mm IM7/LM-PAEK 

TuFF laminates exhibited no transverse micro-cracking up to ~1.5 M fatigue cycles with a 0.9% 

maximum strain (R=0.1, 3Hz) as shown in figure 3. In comparison, this significant level of applied 

max strain (0.9 %) with no micro-cracking is ~50% higher than the initiation strain level for a 

typical carbon/epoxy having a much lower intralaminar fracture toughness (initiation strain is 0.6% 

and exhibits crack saturation (24 cracks/cm as shown in Figure 4). The high degree of fatigue 

damage resistance observed for the 3mm IM7/LM-PAEK TuFF is attributed to the significant level 

of interface adhesion between the fiber and the resin (Interfacial Shear Strength of 120 MPa) and 
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