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TuFF Integrated Manufacturing Facility

UD-CCM’s 9000 Sqgft TuFF Integrated

Manufacturing Facility (Funded by DARPA)
Fibers to Parts under One Roof will be
used for ULI tasks

* Training for HBCU faculty and student
internships
Technelogy Demonstrations with the
UAM Industry Supply Chain for
Material, Process and Product
Development at Rate

Our TuFF pilot-scale facility allows part manufacturing from short fibers/under one roof
ULl Advisory ‘Board-and Meetings
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Highlights of October 2022 Annual Meeting

Participation:
* 195 Registered Attendees
* 126 Online
* 117 - External academic and industry
* 39 In-Person
» 27— External academic and industry

NASA ULI Website:
In November we created the NASA ULl webpages within the UD-CCM website
to provide easier access to program information.

Visit - https://www.ccm.udel.edu/research/program-highlights/nasa-
university-leadership-initiative-uli/
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1) InternshipiRecruitment for NASA Research Centers:119 students applidtABA
sites; 2/ ULliinternshipsiat NASA Langley.

Eli Bogetti

University of Delaware Alexander Barry

Masters in Mechanical Engineering Newark Charter High School

Data Science, December 2023 Starting Cornell University Fall 2023
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Trhsespp e cuhfuisicisktreohgoicayg tasks are
1) Materials:and’'Part.Selection
2) Micromechanics oAligned Short Fiber Composites
3) Physics of FibeAlignment
4) Micromechaniesof Anisotropic Viscosity Constitutive "Model! Development:and
Forming Limits
5) Process Development
6) SelfHealing(Composites
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Spirit identified the IThrust: Reverser. Cascade: (docueatkin |last'Year report)sand a
Window Frame:as the two:components for process!development.and Tukk demonstrations. Both
partsimeet'the volume requirements.as well-as.geometric complexity that has posed: challenges for
continuous fiber. systems.
Joby identifed three . components: Ribs (family .of geometries off-a base triangulan shape),
Door frame,:and aillar. All three.components are based off the current aircraft that.uses labor
intensive, c.complex; ply:pattern:and . layup/debulking - procedures: 'to- achievgetimaetric
complexity needed.

Window Frame
?."'.""17

Cascade Vanes « Assembly



Final parts for TUFF forming demonstrations from Spirit (above) and Joby (below).
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to be followed by/the Aft Loading VVane.

Activity

and

Transition

The cascade is:an-assembly: of a:number of vanes; of which:there are two typesias shown
in the figure belowThere are 1200 vanes per tvéingine aircraft. with 600i0f each types Anoadin
production rrate, ofl 100 aircraft/year leads to :a:volume ‘of 120,000 parts:per:year production.
Forming assessments:are! initially focusing lon'the. Forward Loading Vane (left image:in. Figure),

Forward and Aft’Loading Vanes from the reverser cascade assembly.
Part:wsinzesuar ecapprioxi-matielby 40

BaselinerContinuous Fiber processvs TuFF. process
Cascade assemblies are:currently manufactured with actmsuming hand layup process
for each wvane aver. rubber.mandrels(both -aft and forward), whichiare:then:comiiined
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strongbacks!that are-also:laig onithe cascade toal. The entire cascade-cuced, followed by
demalding, trim:andrinspection.iThe initial hand layup:process:is. iterativéragdonsuming,
and ourfocus:is:on addressing:this:step: through lavalyme stamp forming pross, :as.'shown
below. Stampforming individual wvanes -is followedby:assemblyandiweld: step(welding
development by Spirit) for.the: final cascade.

Create ply

kits +
strongbacks

Thermoset Cascade Manufacturing Process:
Hand Layup and Co-cure

Hand lay up
i Place

strongbacks
in mold with
vanes

Visual
inspection +

Perform Breakout of

Vanes over
rubber

Machining
cure cycle > cured
for cascade cascade

of cascade

surfaces procficad

testing

mandrels

[ ply-Dy-ply)

lterative process for each
vane + column of cascades

Thermoplastic Cascade Manufacturing Process:
Stamp Forming and Welding

Visual
Create vane Stamp form Place vanes Inspection
P Trim vanes in welding Weld vanes P
blanks vones y + proot
too! g
load testing

Comparison of baseline continuous fiber.cascade: manufacturing process' (hand:layup and co

cure) with the proposed higiplume: stamp forming proces

Vane/Forming Stragy

Forming strategy development’in Year 3 focused-on several aspects: forming blank design,
forming strategy for TuFF:and: strain limits, tool idgsand, preliminary forming -experiments to

assess TuFF formability for this geometry.

TuFF blank design for Vanes

After discussions with: Spirit, ithe criticaéguirement for'the part wascidentified ias the
effective.axial modulus to ‘address air flow/and acoustic requirements during.operation. The design

ree g uchiree mesnted awa’s Vsessutr aub 1iws: hiendvona snd >am2:00 deMs: i

the blankwa finalized-as follows:

f Fiber: 3mmunsized IM7, 120gsm.FAW per ply

Resin:ILM-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-Msiwith.above layup

A 4 40 40 A 40

ThicknessiTolerance: +5% of nominal

11
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Forming process development and;strainitm

Initial forming process design focusedion Forward Loading Vane; with results;to be applied
to the Aft Vane. Using geometlyased: strain calcations, forming processes -were: evaluated to
keep iforming:strains:below 40%. Based on'the Vane geometry (Figure 4),:a combination process
that includesideep draw:(material translation to .form the U:shape) followed by forming the bottom
curvature was:ident#d as: the initial approach: based on theigeometry-and strain limits. Blank
configuration and:orientatiowere also .established; with:an angled orientation!of ithe/blank to
reduce:strains within forming: limits.

Blank orientad flat vs angled

Fromt to back edongaticn
Flat: 5.8
arghed; 13,3

Sada 1o side edongation
Flat: 47.3
Arghed: 188

Blank configuration toimeet geometry and material strain limits.

Two process methods:were identified aseptial candidates for Vane: forming. The first
is a drape forming:process: that relies ion: initial drape  of-the bottom:geometry under. tension,
followed by forming:the vertical walls.! The second: isuanerbasedprocess; where:the bottom
geometry isinitially formed with matched raétool set (bottom curvature without fold), followed
by tensioned forming the vertical walls iof the: Vane. Both process methods arelsiomwn

Forming strategies: for Vangeometry.'Matched tool set on:left.works with: tensioned' blank to
address draping: at/the: bottom curve, tpiece '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 Repratsive Geometry

Initial explorations of the geometric.complexityduring forming were lconducted with the
tool setidescribed:in Year 2 report. Isothermal forming experiments were performed:with bladder
and matched metal configurations with varying edge cconstraints. A ealfagarious results
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shown in Figure6.with:all:trials:performed at 380 .C, at:slow: forming speeds and:cooling under
pressure.

Preliminary forming experiments:under isothermal conditions to evaluate baundary. 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:mwéxial blank:in.clamped: conditions.

Preliminary experiments showed that:

Y Pure:stretch forming (fully.constrained: blank) results:in-excessive thinning'even though it
fully formed. While itheppart!did. not: fail . duringforming;the: significaeduction in
thickness is:not.acceptable due to effecperformance.

Y Matched metal .with:noblank:constraints allowed alunidirectional: blank:to draw in fully
with material ifolding.at front.and:back edges./Almaitial blank: reduced wrinkles but
showed the need foritensionirgdliminatewrinkles.

Y Fixed edges:on aimwaxial (actual blank layup) showed potential for transverse splitting
of outer45-degreeply which needs to be accounted forin blank:boundary conditions.

Vane/Forming/ Tool Design

Basedon results from preliminary-experiments; Spirit led the tooling-design for prototype
full-scale'Vane forming:at their facility.- Team discussions between Spirit ahd CCM:led to a tool
design-and: process:configuration which: was: then briefed:to the'NASAcedtay 22,'2023.
Features of the toolset.and are shdelow.
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w— Locking Piate
Spacer Plate

Insulation Plate

\ J
T -
- — Die Sat -
: o Hrcinca Boxes |
| farMeasr Rods :
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Tool configuration / foriVane 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.

Step 1. Heated blank moved between tools Step 2. Male tool encounters blank Step 3. Blank encounters female tool
a
j
Step 4. Blank forms crown contour  [7]  Step 5. Blank is drawn into O Step 6. Blank is clamped
as friction against mold increases = female tool, springs pull out = between tools
itenslon
lj :'

Proposed initial forming methodology for. Vanes. Process will be geohbased on formed Vane
quality and initial trials.

CCM/Spirit Collaborations and Activities

During Year ‘3, ccollaborative:-activity: was:icentered.around -Vane: formingeps
development.and tool-design. MuFF blanks (IM7/PMEK) are'being:periodically shipped to
Spirit for initial process:trials on a standard arglacket tool (ILT.geometry); torprovide:initial
experience:in:handling.and: forming with TuFF blanks ancrztformat. A-schedule for Year 3
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and Year 4 activity -isishown with forming work: for:-the:Vane to: start:in Fall 2023.:Weexpect a
number. of:site visits toSpirit during Vane forming trials; during:the:course of Year 4.

| 2022 2023 2024
Q4 (01 | @2 | 03 | 04| Q| @z a3

Forming model experiments
(at CCM)
Drape Form process
Blank boundary conditions
Process development with TuFF
(at Spirit)
Downselect Vane forming process
(CCM/Spirit)
Tool design/fabrication
[Spirit/CCM)
Wane manufacturing (at Spirit)
Demonstrator cascade assembly
(at Spirit) |
Window frame |

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 framepart.

Joby Collaborative . Activityiad Transition"Plan

Year 3:activity with/Joby focused on: finalizing part selection, part forming demonstrations
and transition:planning.. Raselection.was expanded to focusion three(3) relevant parts for their
Urban Air Mobility platformi- TriangularRib (geometry family),; Door Frame (identified:in:Year
2) and the curved section of theFlar. These represent the final part of intere shigeffort with
TuFF/thermoset systems to:demonstrate manufacturability: and igainsiin:cycle time iand cost. A
common thread inlall.parts is.complex geometry: with both local feature changes as well as global
double ccurvatures that isicurrently: being fabedaby ‘hand layup. Current production:process
involves .complex: ply:patterns to.account for.geometry, full part /debulking every two plies during
the llayup process; followed by autoclave cure.:Program goals arelto:evaluate: manufacturability
using TuFE' étretch.capability and establighprovements:in simplifying Iply patterns; reducing
debulking frequency and improving:manufacturing throughput/cost.

Part Selection:and Goals

As mentioned; previously, three:parts:from: thercurrent Joby: aircraft werechosen for
forming demonstrations with TuFBde! figure beloyv The Triangular:Rib represents anidy of
geometries: of similar' shape: (both:triangular and rectangular)-with: standard geometric features
curved sides (with joggles) as well asisurface features (become-cutouts for: systems integration).
Forming the:curved sides with joggle is: the main!leingie \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 toraotive (doors. This part represents: two
levels of geometric.complexity with local (sealing-interfaces).and:global features: -FitlarBs
a more recent.addition withinterest:primarily in the curved sections at the bottom: and top and as
similar curvatues as the door both in both directions. Of particular note, iglihaarts for/Joby
were thermoset demonstratiothse to: the current aircraft use of thermosets with:planned switch
to thermoplastics inthe future.

e Doorframe

Rib

SECTION A4

B-Pillar

Final part selection for'Joby. representing: multiple levels.of.geometric.complexity.and.combined
features.'Ribs represent the starting geomettjowed by the Door Frame and. the Pillar.

Rib Forming/Demonstrations

Early focus invYear 3.wason 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'CCJbby ifor forming experiments: as
showniinthe figure'below. Thetool is:atwg icelc e wdie suiniginib wiithtoth " salwno mi n al
selected:as a representativegeometry.: Note :thatl ai fulll stretch: forming- process would require
greater than 100% stretch to form the geometry; hercmrédination of draw and stretch.was
evaluated for/this part.
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UNTRTMMED DEFINTTION

Triangular Rib;part detail:and Tool. The Rib is g4 design which:is duplicated TuFF prepreg
blanks. A silicone:male plug (in.red).was cast to provide:a male 'tool-during formingand cure.

Process:trials wereonducted withi 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 ofiinitial trials:were conducted: ranging from;drape forming:.on:the male
plug and direct! forminginto female! plug;under:vacuum: pressihe. figure 'belowshows a
vacuum: drape forming-example.

Vacuum drape forming/of Triangular Rib with flat' debulkedFFF prepreg blank. TuFF:streteh
forms the dimple; however wrinkles:(right side photo).are seen onthe' lanvgels.

Wrinkles during forming:are the result oficompression straincinduced due to the . geometry
and can be overcome with:tensioning the: blank appropriatalmngioning frame with;spring/tab
boundary:conditions was designed andimplemented as :db&domm The!blank is fabricated with
hand /layup and «debulk: in -its: flat..configuration,.compared:ttodh debulking ‘which s
significantly more .complicated. The flag-prepreg blankiisitensiomtx frame:and the male plug
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used to formthe!shape:(vertical downward pressure:on;male plug 'so:the: blank isi formed into the
cavity), followed removal of the:male plugag,and cure.  The cured part.shows good geometric
conformity in ithe (dimple «(streteformed) -as.well.asiarounthe curved: flanges fofi the 'Rib,
including the joggled edge.

Tensioned' forming /of Rib 'with: TUFF prepreg: blank. Tensioning - frame/springs  with prepreg
schematic (left); CurediR showing:surface dimple .and-joggled curved flange.

Following the iforming.demonstration for.the!Rib, a:Thermoset :Forming|Cell has been
designed:and implemented iat CCM, lwith the Rib toolset so that:calibrated experiments can be
performed to:understand and:establish forming process/guidelines for TukF-thermoset blanks. The
Cell is designed toconduct -mechanibased:experiments: to:understainfluence oft:blank
boundary cconditions  (tensioning:rparameters, tab:design); forming rate (press closure rates),
temperature and R/t for thicker prepreg blanks on formed, part quality with'the Rib as theicandidate
geometry. The goal is to:establisha s guidebook that provides-Joby!with:all the:-necessary
information for forming TUFF parts at.their facility.

TuFF Thermoset Forming Cell: estehed at(CCM./ The Cell enables:various blank boundary
conditions, forming.temperatures.and process variants.to establish TukF Forming guidelines.

UD-CCM/Joby:Collaboratias and Activities

Year 3:saw significant collaborative activities with: Joby engineers:including multiple visits
to CCM (Year 2 'Annual Review in ®@2022,/Nov 2022 site visit: for-forming trials,.Mar 2023 site
visit for forming trials.and:transition! plan discussions);.as wellBsCCM visits to JJoby (Oct
2007212 cafit eor2 02 CA MXye tndilasnioh2) 0028 ooy = fllommimionogyister 1 al s
UD-CCM for atape steering-demonstration of TuRB ds capabilities.
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Joby iis:alsaestablishing a new: R&D center in 2023 at:Santa Cruz with infrastructure for
forming research and development/including atargea e nopinae’s:s, ) (rnohmiin a l 20
model.and fulscale, prototype development. Traimsi of results from joinUD-CCM/Joby work
is expected to.occur atthis facility in-Year 4.

Forming cell Assermbily Drawings

Male tool/plug design CCM
Blank holder/clamps design

Female tool design

Assembly fabrication

Forming cell trisls (tasl rib) -

Tool design for Doar Corner

Fabrication of door corner tool -hn

Door corner forming trials _

Part selection
Tool design (full assembly)

Joby  Tool fabrication 20l
R&D Center at Santa Cruz

Part forming trials at UD

Forming cell design at Joby R&D --
Forming cell setup/fabrication
Part forming trials at Joby

Proposed schedule of activity for/Joby: Transition Plan'in'2023 (columns aresjonth
CCMwill focus on/forming process development and prototype demonstrations, Joby will
establish forming infrastructure and initiate forming trials.

In Year 4, fultscale doo 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 fullscale door article demonstrator.:Joby: will conduct-a metal part replacement studg with
assessment | of «existing lAluminum: parts on:Jobyaircraft ;jand:potential.for Tukk :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 (1@ pamyi: |l ble: Iiper f or me
facility followed by a cost assessménfuFF approach vs continuous fiber. An:at rate/production
demonstration :is: planned to:demonstrate;forming at rratei and fast icycle times, as well as a
thermaoplasticl forming demonstratiand cycle time.
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Highlights: Constitutive'Behaviorand Micromechanicsi 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 prmary 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 rmacroscale: constitutive 'behavior hwith; respect to temperatdrestian rrate, while
simultaneously i/investigatingl.the:micromechanics bproblem.i:n (the  previous year;: it was
demonstrated that the micromechanics will underpredict both:the: extensional viscosity and the
shear magnification! | Here, :\we-are: focusing ion:invetstigahe wviscoelastic: behavior of the
materiab to understand!the:shear: magnificaowhile developing:a revised micromechanics
modelito better predict the shear:magnification.

Like the ithermoplasticpolymer: matrix,cth ¢ =21 spi=r /2
composite nmaterial .can:be: -described sasi-aviscoel:
fluid. When lloading at constant strain rate; the mate
will deform elastically.and/then transition to-viscous: aft
passing the:relaxation tirdeas predicted by thel Maxwel
fluid model. After reachinglthe peak stress; the visci
deformation 'is - strain.softening!i(due to cnaistructure B
effects). 'Wheni/the! displacement lis/held:.constant,
material stress relaxes torzero.

Viscoelasticl Behavior

The maxwell model-isfit.to/theinitial loading <107
portion of the material tested aticonstant strain rate.
allows the relaxation: time to-be measured: Theiela
modulus iisccomputed- as .the rald— =f.. TuFF/REI
samples were tested at tempeartures ZHIC, -at:strain

rates '1e4 i lel s’ Previously iit \was:Ishowniitha = '[// 1 /)]
. . . . g = né& — exXpl—
viscosity :and :strainrate.can: be:ishift tocancomn | , : P
reference temperature using the polymer. TTS shift fac § SRV . ; ’ ,4051

ar. The wiscositywas shown tol follow: a:.power: law

behavior with:strain:ratel Thersingle model -Maxwell.model provides:a good:fit to:-the:material
behaviorifor loading under.constant strain rate. The measured relaxation times also follow a power
law behavior with:strain:ratayhich 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 relationshiptmgan

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).

(Pa)
w -~

N
1
1
1

True Stress o
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Micromechanicdor Prediction of Extensional Viscosity

A set .of modifications were developed for theunit cell:micromechanics ' model toicorrect
for (i) high viscosity, (i) high: shear magnification, (iii) material porosity, and:(iv) changes:in fiber
overlaps with: sain.

i‘)—p%o

=0

100%

The derived :model igroups: porosity inta the resin

phase p - %o ) to affect the polymer viscosity:and £ glllh  _ o = gmax(o)
includes -a/dimensionless shean length which it ": ﬁ |

function of strain. If alffibers translate uniformly i i ‘ | = ow ¥ 50%
fiber overlaps «will (decrease linearly withi:t II Lﬁ; |—Is"a”‘ |_ |
applied longitudinal -stretch, b. = 0.70.

CA@D - p).

Another major ccontribution «of iithernmodel: is a
modification parameter to increase the shear magnification. Thé
existing:micromechanics model.compute the fiber spacing based
on the fber diameter.and fiber.volume: fraction, thus.assuming
that fibers are:uniformly, spaced: In:reality; fiber spacing WHI
vary radially -and alongiithe ifiber:/length:.caccording to a
distribution. [In-areas where spacing-approaches zero; strain rat

approachesiiriity. To correct for this statistical distribution; the
cell modeliis:allowed to-have a characteristic outer radigys

(R,)

(8,2)

— (Y.} which is llessiithanithe svolume

averaged radius’Y, , by a distribution !

boundedp = - -~ —. —equals!L:whenlall * . R\

fibers are vuniformly - spaced i (minimum = =7 /S
shearrmagnification) or.can increasetil » Cowew”
fibers aretouching— —when Y A . '

Y and=, — H). ; I "l‘. I
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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 poro#iiglseibe present during deformation
and sslightly /increase. with strairfed - e T Likewise, fiber «wolume! fraction
decreases with porositgd = @, (p — %o).

The spacing ' distribution:parameter is:used tofit/to ithe micromechanics model to the
material data:at the point of peak stress (before strainisoftening: begins). ladhisalidated
state, the fiber volume fraction is'47%. The volume averaged-fiber.spacing is approximately 2
however, based on — p& ¥ the characteristic fiber.spacing i 0..& The increasein posiy
has :accontribution:to: strain: softening.- The:change lin fiber ispacing cannot:be determined as

deformation progresses. ¥ remains.constant at 1.77, the.model willlunder! predict thermaterial
response.

T =330°C
¢, =0.001 5!

x10° =
10 ‘ ;
5ep=0.10 1.5
—o—5; =018
—o—e;, =030 | : "
56y = 0.41 : 15
— y—eg, = 0.51 _
(=1 = 'R
S OF WM T ST C=1.77 | =
_Q" L. ~ (lfu 1) = e = (i
7 ====$ = Q¥ ) x S
v Py ‘-:. 05
T ——
0 ! k . 0 i
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.38 0.38 04 D42 0.44 0.46 0.48
True Strain, e, = In(L/Ly) Vi
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If fiber spacing rremains ccconstant,Y  — T& &

(correspondingo — — =, | W (=, = TUIW |+, (@ | |), thenitheosmodel ' e

over predicts 'thermaterial response. The:shear!length tejrfiof  * 77\’\* =
estimating the loss of fiber overlaps .canibe'used as ancaddstrain - os \\

softening imechanism! ! Thisterm is:evaluated for the case v ‘fm 1 =0.10 N
characteristic fiber spacing remains:constant at — & 11 By \'02 ‘I;‘l \
normalizing the da& and comparing-to:the modél — 070 B - \\

0

¢cA@D p), it canibe:seen that the dimensionless sheagth T W iy W
exceeds/the:modelfor strains:above 0.15.

The conclusions from this: micromechanics:maalel that fiber spacing distribution Wwill
contribute (to.anorder of magnitude increaselin ithe: measured: extensional viscosity,the fiber
spacing will not relax during.deformation, and that fiber overlaps in the microstructure will recover
during extension! fiis recovery of fiber overlaps isthe:primary:mechanism/for ply thinning during
stretchiforming (reported in the:previous year).

Suumer Undergraduate Researetofiles

Charles'Wiealton iis:an Honors:dunior :Mechanical:Engineer at
University of Delaware! IHe isithe:Secretary'of ASME at UD and works
TA. He plansitopursuea doctoral /degree: in! Mechanical [Engineering
work in higher-education.

ATTe-h e s NUAIBas helpedime get fistandexperience.
with multi-faceted research and gather.an.understanding of
what | wanttoldorinimy.career.
Project: Characterization of | Viscoelastic'/Material’-Response /of-/Highly:Aligned
Discontinuous Fiber Composites

Charlie iis \working:tor understand the: viscoelastic -material \behavior by experimentally
characterizing TuFF:samples with.new test protocols and implementing/viscoelastic models. He is
planningto-extend his results (mentioned-above).to measure the:stress relaxation behavior of TuFF,
implement.a:multimode Maxwellmodel,.and understand how:the:relaxation behavior:can bring
new insights to/the :material microstructure.
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OwenlFerrone isianHonors Junioedhanical Engineering stude
at the!University of Delaware'who isiextremely passionate abdutail - n
math.and sciencelHe participates in programs:asia:member of both t
Honors(College and the/UD Blue Hen:Leadership Program.

Project:Stretch/Formig of IM7 Thermoplastic TuFF . Composites: Effe
of Environmental Conditions .on Forming Optimization

Owen iisiinvestigating the effect of process.conditions:on the:formed material quality. His
work (above)!hasishown: that forming of:thermoplastic matrix | TuFF s highly sengtive
temperature! [He |plans tocontinue: this:work:to:investigate ithe: effect: of strain: rateron: forming
guality. @nce understanding:the effect of process! conditionsron formed:material. quality, he will
conduct tests to.determine the mechanical properties!d¥ @fiér stretch forming.

Controlling IDeconsolidation = o
As reported inoouryYear 2 Annual

Report, the pressurerequired to consollda;e Y

compositesis a function of the miecrostructure: )

To achieve .aerospace :performance - fibels = « =
volume ffraction of'57% requireshégh degree

of fiber alignment andblank consolidation o > P I
pressure of 300-psii During:forming, the blank ' R e Ve

are rreheatedo process temperature withou | e e
pressure (ourrobotic:forming: cell .uses ‘an |
oven). Both:continuous!fiber ammir aligned

short fiben thermoplasti® uFF.composites will
deconsolidatén this case (up to/50%: increaselin thickness:is measured)

Researchiinithisrarea is:studying the deconsolidation characteristics lof TuFF; the effect
deconsolidation: has on:forming, as/well-as processing to control.deconsolidation during forming.
Initial work looked at e «dry .compaction behavior of.the fiber. 'bed to understand the material
compliance, as well-as the deconsalidationlin the prepreg level for heat cycles in al TMA. The
thickness -changenand:imicroscopy:-agreed: with the «dry;.compaction 'data} that TUFF will
deconsébdation from 57% to:39% VF upon heating without pressure; resulting in'a 50% increase
in thickness.

Full blankswere analyzed infa: Keyence 3D iscanner to determine thickness profiles before
and after/deconsolidation; aswell as fori samples after forming: The: 3D scanner-hasiaredolut
10 pm, which:resultsiinian-accuracy to 'within 20 pm:when computing thickness: Consolidated
blanks :showed thickness variability on the order of the scanner:accuracy. After.deconsolidation,
the lblank:thickness: grew: uniformly with:the:exception of ddiecation which:showed: higher
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deconsolidation.! This/phenomenon!is:linked:to:misaligned fiber:cluster: defects which have a
known frequency:inithe:material. After forming, the thickness:variability is shown to belvariable.
It is notyet clearlhow the!deconsalidation effects thaistvariability and thickness after forming.

Consolidated Blank ThicknessL

One method ito cicontrols

blank «during (form. TThis
accomplished.with: a:double: vacuu
bag. The blank:isienveloped betme
two layers: of Upilex 0560RN film:ano ™= 32 S
the gas pressure;oniboth sides|of FESE SN I —2
blank is :controlled.] The blanks care: placed. in:a toolucavﬂy,
pressurized to 0, 15,150,100,200, and 300:psi from: one §|de:."’r

and ithesmaterial is.compacted against.a flat tool serféoe — 1
temperature of the pressis cycled upto:380Cland downito room
temperature.\After deconsddition under: controlled pressure,

the samples were measured to-determine thicknessigrowth and

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

psi of pressureyhich indicates that vacuum bag confinement of the!blankimay-have a substantial
impactfimprovemenin formed:material;qualityThese results! also.indicate: that blank processing
undervacuumionly would provide:a:more stable blank.during forming (with the final consolidation
pressure after forming remainidgo0 psi).

To investigée the effect of
confinement ppressure - controlling
deconsolidation on formed:materia
quality, LM-PAEK/TuFF 'blanks
were processedinin: abl-bladder
molding cell with «a cconstant :
pressure from the tool side of O lor 15 :

psi gage pressure. ThThes ii
recommended processing -
temperature for LIMPAEK is 380C;

however, based on the:results abo
(strain -softening) irindicatingi i thatz

Tool i dé) psi
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high temperature:may: be detrimental to. forming. Samples were formed-at.temperatures of 344 and
380C. The resultsiof the study: show: that the, sample tbah844C with: a tool side pressure of
15 psiimeasured the highest unifdymn the strain pattern:by photogrammetry.

New Thermoplastic Compaosite Forming Capabilitie8 Bt CCM

Compositenmaterial forming characterization:was acquired under DORR FY22 -
N0001422-1-21112 4 “MueifuMa t & & a|at|"
Characterization 1 for nghly ARAMIS - DIC
Foorimabil cempT-u-F Fhc Co ragsl
new system.wasinstalled in/July
2023. It iincludes: a:GOMoptical ArGus - PostommgsuamAnalysas

measurement capability to - -
& ﬁ-u

Interlaken Forming Press

measure -isurface::strain:-situ
(with DIC) during forming, or:ex
situ (with photogrammetry) in
closed mold processes. Thesyste
also iincludes: a:servaydraulic jpressifrom:interlaken WhICh was adapted for hot /metal forming
material.characterization.

The Interlaken forming press was:customized withaxiS ‘Sapphire sight glass;-gas-pre
heat-system; and heated tool:sets:in ot@l@onduct isothermal .forming: experiments' with-direct
in-situ visualization.

Inset C-axis Sapphire sight glass

Tool sets

The |press .action ¢
consists of:aheated. hydraulidf:
frame, which cclampsh blanks
with a binder:ring, and central "
punch. The punchcan close at a |
rate 3iin/s, which:is consistent {8
compsite stampingprocesses
used:to:achieve-finute ccycle
times.

The hemispherical tool set@re designed: toiinvestigate:deep. drawing/ and tool ply
interaction. Thelflat tool sets.are-design forimposing defined stadtes
(plane :strain;or» biaxial strain)
which canbeiused: to: extra
flat mechanical test coupons.
The hot:gas bulge. system Wi
be used ito cobtain materia
constitutive |lawsi ((in place | of

Flat Square
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the current/ Instron -extension: testing) to-determine:the effect.of strain mode on:theiconstitutive
behavior of the: material.
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Actual Bead Part Tool Drawing/Model
30% Extension (STEP File) |\
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Grid on Top (or Bottom Ply)
We Can Get Predictions for Both

Ply 1: smﬂkluo

2028 e
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Highlights: Steering ofTuFF Carbon/Fiber Thermoplastic Tape with;Automated FPlacement

Topology optimization ~of «continuous! I-f_iberUD -CCM’s LA-AFP Mikrosam system
reinforced polymer: composites rcabe constrained: by - o

material -and pprocessing rlimitationst o rFor::exampl
Automated | Fiber’ Placement. (AFP)can:locally: steer t
fiber orientation within-each.composite layer 'enabling t
stiffness -and - strength:: of:rlaminated:structures hto
optimized to rreducestress -congentrations . suppres
buckling modes . orpassivelyicontrol: deformatifor
increased «weight::savingsAdvanced tow ;placement
equipmentuuses a robotic::head -to-steer ithe tape: al
programmed: paths.!The primary.manufacturing: constra
is the'Minimum:Steering Radius((MSR)-achievabitout

related to-stretcisteering of TUFF tape toreduce the MSL_
and the:second: ia prgect to develop: a computationa s
methaod  toppredict: buckling loads ofpanels with:steer
tape paths. :
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StretchSteering of TUFF Tajse

This study utilizes 57%! fiber. volume -
fraction TuFF tape (comprised oiof oS
thermaoplastic’Polyetherimide’ (PEIl)matrix
with 3mm long IM7 carboni fibersl The

LaserAssisted ‘Automated Fiber Placement () (E: A
(LA-AFP) processi-is used: tously the Rl B P %
limits of stretchsteering of TUFF tape :at b Fiber detion 332
small radi. E
10 yumy 334 mym
An experimentaltechnique: based —
on photogrammetry . was!:-developed to
quantify the-effect of istretch: parameters on N e
the tapestrainfieldsiand pathplacement T,
DTSN dmage plane 2

accuracy. | Thermeasurements:icaptured the
local in-plane -strainitensor!:(longitudinal,
transverse; and:sheagrass the width and L ——— S
along ithe |length.of.isteered tapes.: The #
results (demonstratel:.that . placement! path

— N
accuracy ccan»becachieved when the! tool -

Comaponding

facet

059 mm
Fiber duection

center;point (center of rotation) of the AFP e
head is! located at:the agwint versus the
roller centerline typically sed for:steering

(a) Schematic of the measurement principle for photogrammetry,
continuous |fiber tapes: atilarge steering (b (b) Point grid before and after stretching with 40% applied strain,

radii (¢} (c) Schematic of the measurement principle for DIC strain measurement,
(d) (d) Speckle parterning before and after stretching with 10% applied strain

Accuracy ofithe irsitu tgpe stretching.was demonstrated up to.60% applied sttaéne
excellent agreement - between DIC!and photogrammetry was achieved.

b) )
) T ;
o Trial | (Photogrammetry) | 6 s ; ™
= 60 «  Trial 2 (Photogrammetry) T ____ Theoretical 2 o I
.._-. Trinl 3 (Photogrammetry) | ad strain S,
- Trial 4 (DIC) = Applied :"""‘ !
o - . ] Averaged
% Trial 3(DIC) E. 2 > % measured strain €
F A4+ Trial 6(DIC) ) g -1 - 4
'?" ‘ L -; 04 % >
g 10 | £ & —
& - = = —
2 + g -2 —
% 20 i . = i
Fé 544 . e i g
=104 d €i
T T X
4 . 6 4 ¢
314 / 510 ' i ’ 50 mm ]
0t ! v x y s "" ' [ —
03510 20 40 60 0 10 | |
Applied steain ¢, [%)] Local measured longitudinal strain [%) i!i; I
—
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The measurements-alsorconfirm that-when stretie@ringTuff tape, the resulting strain
across the tape width is.the superposition of tkstinapplied tensile strain and janebending
computed fromithe tape widénd steering radius.

A stdistical-based methodology is presented toselect the average tensile stretch levels with
a suitable - safety .factor. to: minimize «probability of i .defects forming nduring steering. Our
experiments 'show that a 12rén wideTuFFtape can:beaccurately placed:on ari radius of
curvature withoutlefects. This represents anlorder of magnitude improvement in-steerability over
continuous fiber tapes of the samelwidth.

R.= 100 mm o

R. =50 mm

R, =25 mm

KIA x‘

Minimum steering radius [mm]

| 100 mm |

1 '. - :A -t - - - - - - - - -
= 3 + 5 6 T 8 9 10111213

Steering of 12.5mm TuFF PEI tape at 100, 50 and 25 mm steering radius Tape width [mm]

with applied tensile strains of 10, 18 and 32%, respectively.
Minimum steering radius from different studies

Analytical Buckling Analysis for TeBteered Laminates

Automated fiberpplacement techniguiesve -allowed ithenmanufacturing of. testeered
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 testeering.around a hole has:beeni stud: ’
and :a;procedure for-designing ‘and lanalyzing finite: element models.for
steered composites has:been developauly, l[dn analytical procedure:for:t
buckling analysis of toveteered composites is-desired since analytical-mo
arcempicocoompyulteadt ieo nnacl cleny-nt echee alprerh ~tvhian
University Leadership:initiative! (ULI) program; the: University |of @ebre
Centerifor Composite/Materials (WOCM) has beenlable to:send a Univers
of Delaware -graduate! student!(Eli: Bogetti) 'to. NASAItohelp:develo
analyticalimode to predict buckling of testeered composites.

4 e el e me
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The RayleighRitz formulation (of ithelbuckig problem was initially,programmed in
Maltrhiema trilic aplate o bucplinceldds ent a-popllnatoed svhib werkadlii ng | o
matched those found inliterature forisotropic plates; a shorter computation time:was sought before
testing .anisotropic ptas :and implementing tosteering. 'The program was therefore translated
into python which:showed to:be:match theiinitial program:and the! literature: results:with. a much
guicker.computation time.

25 —e— Python k

—&— Mathematica k

— & —Ppythont

[
=1

= B = Mathematica t

-
o

=
=]

Critical Buckling Factor, k
Computation Time, t [min]

04 0.6 08 1
Plate Aspect Ratio, R

Comparison of nomimensional buckling factor. between Mathematica and. python progi

for a plate:under constant:uniaxial loading, (| =0 p | — |, with different
aspect ratios.

With the computation time reduced; testing!of the anisotropic case has begun-aswell as an
initial implementation of towsteering. it is:anticipated that-the tateered plates .ay exhibit
both local.coupled and uncoupled regions within the: plate. | Forithe anisotropic case; the selection
of the .assumed iplane and: oubf-plane displacement functionsis of more.importance, and the
effects (of ithese -assumptions on the:predicted limgchehavior .are lalso-being:studied.,: The
displacement functions, v, and0, need to be'able to capture the full effect.of any elastic coupling
present. 1 Theut-of-plane deflection function), unlike the inplane displacemeriinctions,also
needs to satisfy the boundary conditions of; the: plate.

» @ o ~N

u-

Predicted first three modes osanply supportedraphite/epoxy . j 6t v laminate
under constant uniaxial loading.
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DuwircitngumEl Wb s hetobrmeundart NAS A, hwe: worhkiesd unde
Anderson, /Andrew Lovejoy, and the restof the ISAAC team. He got:to.obsernvethe ISAAC robot
and see how his:project fitsiinto-the larger project.With helm fhis mentor; he got la better
understanding of how:the ISAAC team was!looking to implemenisteering .and a description
of the paths used.  Currently; the teteering formulation has been programmed and.implemented
in the determination of the /ABD mates but has not-been incorporated into the buckling problem
yet.

Fiber Path <0, 45>

140 VB il ol e aw i i A
TN T QY JPES JRE L ORE e SR e Y. S MY
120 ' SRTE SR R R i T e e A G T -
LT AR T G . O A Y
WOV T o i it aie o e & FH
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e o B D il < o A o A P
20 _/ P P . T S e B GBI W
PE TR A G e ke e o g M
0 P4 K o - —— - v X '/
0 20 40 60 80 100 120 140
X
Example of the implemented linear ts®ering path for.a: "Yh'Y v ply, where

7Y is the fiber angle at'the center of the ply/dNds the fiber. angle at'the ply edge
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Highlights: Micro-Mechanics: Fiber Waviness Development

Tth eviimont i vha teiro nudyvfuosrio utdhadas! thy elaris® of siteudey  was
cracking inccrosply LM-PAEK laminia:t © s-: veors lumual Irepast it wag shawnshatthee® n u a |
N curve ifor wunidirectional 3mm IM7/LMPAEK laminates wasequivalent torcontinuous fiber
composites/due to the excellent fimatrix adhesion:high toughness of the:matrix. “VIn:Year 3,
3mm [0/90/0] IM7/LM-PAEK TuFF crosply composite: specimens veeprepared. The TuFF
panels were prepared using.an autoclave under a vacuumbag with an applied pressure:of ~2 MPa
anidon cbohednun conodl e d rodoocwnanfrer Fonm: 318 0seaBned to confimnaumlitt e mp e r
was achieved. Cut: samples were: then carefudlyshed and crossections were viewed: using
Keyence VHX 6000 optical:microscope: iUsing the imicroscopic images along:the length of the
specimen,thesmax angle of the most severe:waves of fiber (seel Table below), significant layer
waviness was lobserved.tigae studies as reported later were conducted.on the:laminate with the
thickest ‘90 layer (240:gsm) to study:transverselcrack evolution for thefirst time.. However, our
pastwork on'the originioffiber waviness.in single fibermodel composites.was aektendentify
the mechanism: and solution for reducing layer waviness.

Mo:stcresie v @ rber new awvoe sveionfih f i ber
thicknesses ranging from 60:gsm’'to' 240.gsm

Waviness'Parameters

Cross-ply arcal

Weight Amplitude Wavelength Mux ungle
gsm pm Hm deg
240 32 1152 9.7
120 34 1375 88

60 34 1294 9.4
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Fiber waviressiin fiben reinfarced composites leads to: higher variability.and a reduction
inn tihoe matile roi alinbds stecrengt h and stiffness.
parameter :is/the:maximum out of plane langle wh 10000000
higher :angles .can triggen interlaminar:shear: rela
foaie:l ur.ers. ouela micremecheuaiaal ¢ 1000000
visualization studies::conducted: on: polypropyle &
highlighted fiber \waviness:.develops.iduring: tl '%100000
amorphous:melt'phase and not:during crystallizat§
(if applicable forithe resin). Also; the-results indice 10000
that two important procesgjrvariablesthat influence
fiber waviness!development in-thermoplastic.cart 1000 ‘ - )
fiber composites. First, adequate  resin: viscosity oo Ten;;](c> -
around 40,000 P-is alevel of-viscosity sufficient
stabilize ithe i fiberfrommaoving: inithe  transvers.
direction, thus preve ti i wngiessweanviiion ‘esusl. o frosprmast Al .onni Seicond, a
or greaterbeyond the crystallization temperature, resultsin:more severe waviness. By reducing the

process temperature, waviness can be:mitigated.

PP

' 335°C PAEK = PEI
315°C PAEK melt

Following these:insights froméhmaodel polypropylene material; a select few experiments
have'been conducted utilizing -MAEK. The select.temperaturesiand corresponding viscosities
are shown:in'the following figure.!The highest process:temperature 'of 380°C results.in a wavy
fiber consisent with the!layer.waviness inthe crgdg laminates above! When the:process
temperature:isilowered to' 335°C!(where! both viscosities'of PP land PEl are:sufficient to prevent
waviness formation) there is no:waviness formation. Further/lowering the ptengssrature to
315°C also results:in a straight fiber.

Removing at 315°C Removing at 335°C Removing at 380°C
AT =315-288 =27 °C AT =335-288 =47 °C AT =380-288 =92 °C
~ Melt point Viscosity PEI=LM PAEK Torocess Max
Fiber remains straight Fiber remains straight Wavy fiber!

1000um!
= ~—oooum|

(a) (b) (c)

37



However, animportant.consideration for:semystalline thermoplastic.compositesiis to
erase: thelthermal history: Differential:scanning calorimetry  (DSC).of thePAEK polymer
indicates at 315°C melting is:not.complete: The DSC coalumge of the ppolymer:processed at
315°C shows: a:small:peak before the
onset of the primary: crystallizationl: This 5
is an indication'that the polymer crystals
have not: fully: melted at 1315°C and: act30°C
as inucleation:points-fan crystal growth. -
This featureiisimoshown in:any:ofithe 02
specimens ;processed: at a:'higher
temperature! Utilizing |the .combination
of micro-mechanical \ visualization:and
DSC techniques:we have identified a 1 et S
process:window for panakcalel laminate 315°C
production: in-our. autoclave process.

L 20200018 PU 0 260 Sopn Bomingh oy

Observatios from ithe ssinglei fiber LMPAEK experiments.willbenimplemented in
panel/plyscale;processing runs in:the autoclave:to achieve wadireessomposite panels with
less variability in:strength.

Simulation’Results

In the jpast year; we haverformulatedirat-generatiormodel itopredict'the buckling of -asingle

fiber in an amorphous viscous |goier subjected tacooling.: It isiouriintent tolivalidate the :model

predictions with (the:single fiber -experiments:r-mentioned. above randtohuse-the model for process

optimization

The fiberibending in cooling and doacting 'highly viscous! fluid-isishown 'schematically

in this figure.

Wavelength L

For cesonand/ Geometiryrwofc/Fi ber Bendi
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Fiurositr 5o OQredieires Scal i ng Anal ysi s
To determine ithe factors that/influence the:presence orabsence of deformation, scaling
analysis of the problem is the first step.:Generally, in beackling.

0 0 (oo i lq

WherelL is «characteristic. wavelength'and Elis/the bending stiffness: of fiber. Based on'the single
fiber experiments, the length of the fiber is:approximately 30mm. :However; current. experiments
are exploring ithe ieffectiof fiber: length on the bucklingpoese.| Uncertain of isupport boundary
conditions, we can:only:estimate th@git~1.

We cancestimate the force in centerof the fiber based on half its length which -may cover
N wavelengths:

0., =8 8ysuvd = & gYa)
Thus, the critical load for given bucklinglendth

. OO0
3 8Y 0O —/—
=00

Which cancestimate the: buckling lengibased on known contraction: parameters

6800
=0 3 TY
Now, the issue:is thahe wavelengtilepends on bending stiffness, axial contraction rate

and viscosity. The latter isichangiwgh time Generally, the buckling length will-decreaselas the
cooling progresses, the igih eventually:-becoming ofiinterest (inimm).

b

Based on'this:scaling analysis, the lbuckling-(or'bending) in viscous environnmenitisble We

do not.observe that. experimentally.-The:reason:is lthat the .deformation has to develop with limited
speed. ‘Anyoff-axis lbending!deformation of fiber is opposed. yceus! force -as the-fiber moves
through wviscous! fluid! This forogill 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 rotasoat the fiber:stationary points (with: rate
+1), the reaction loa®/L (per unit/length)that slows down buckling is:

NIO* 6, =0 s

C> 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
caselthe:scaling-estimate what will happen:and:how!the-deformation develops:is neilyeas
available, -and impossible if viscosity is:transient (temperature dependent): To @btain proper
description, one needs to resort to.numerical modeling.

Nume:r iipcralbiondimpl ement ati on
Assuming:symmetry inithe mid die fiber, the:problem.can be:described as shown below.

N Integrated from End:
N' = Cn(t)TAax
e _Clﬁ(t)TAa' 'L'z_ >
2 ez

w')+cznw = EIw)

The problemisidescribed aslinearized; with transient values for.contraction @and:-resin, viscosity.
The fibertbuckling problem governing equation(s) are given. Note that absolute value of
displacementv is evaluated:from:horizontal equilibrium.

The governing equation.doasoct i oifcfeexrd (funsilciedhceplhosied form s

Y Discretize the fiberdength and teguation.

Y Explicit or semiimplicit form is possible."We chose the latteri/with being ‘solved
implicitly as it provides sizeable tinstep.

f Slight shapeldisturbance:is appliedibeer.

f The egquation sistmarched in:time:until:the process s finished  or! bucklinggifte
deflection)oceurs.

Trh eodemordierl waisinitiesit edmofelodr Cloiim Sctiva nit viihs cosi t

toouckb werkel ter citetheeolinf dvb e Parfrnours wgrd v einG P ioo lidinnegr rGa.t00.5 T
mm ] t.o€:8 0 :mme @ daghic paenfidf bi-€ci i negn tl.. C::Vi s lcioisPiat.ys .was s
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i Symmetry o Free End

l AaT = 2x10°2 1/s  Time ~ 2 seconds

AaT = 2x107% 1/s Time ~ 1 minute

AaT = 2x10~° 1/s  Time ~ 2 hours

i AaT = 2x107° 1/s Time ~ 1 Day
Ficbrerinsbue kil innigodsihiapesand Itcivmeobhasadt on t he
No:t e te hiaot tih e wsiu arl v al ues f or 3&yool i ng
PAP Tt %~ pepTt” pft ann die tvih mesursiprasniscoifs = horuorer tbh o ihtt e, vi sco
Fut wrie W 0irok wiiokel in choprrpuosr daptne moosie toyr e br s th oc
poo oy peore onp yul-RrAEK daanndd i c LsMiucd iycreatch leer enfif .@ citpsedicoofs. i ncr e
Tth eodimo:deed p!rheedibacit i e nes cowiinlenl becncompared to the

Highlights: Processinduced/Residual Stress in:Semicrystalline Thermoplastic:Composites

Most of the!literature assumes temperaintependent: matrix.properties to calculate the
residual stress.developed:in the composite. The!simplest approach to mye@isilual stress is
to assume a stre$ee temperaturel¢) ndan de cusiecnt toheesls'coln s tulivtiuieent mat
thermally iinduced: stressiand strain: state(Approach 1iin:Figure).ln many.thermosets and
amorphous!thermoplasticss & approximated by ¢l This:methad:may:lead to inaccurate residual
stress predictions:-bause temperatwdependent:material properties ‘and-crystallinity: shrinkage
are not.accounted for.'This approach applied: to semicrystalline R® §TC) would incorrectly
predict the.composite residual stress atiroom temperature.

A second:approach; reported in our previoud stue:soric(l in ‘esprour ted rejon | a st
on residual:stress: in-semicrystallinel polymers, assurges the itemperature: at.theiend of
crystallization (cooling ratel.dependent) recognizing that the:presence:ofialcrystalline:phase is
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capable of carryingistress at temperaturesy@ldy. The general trehis that crystallization: starts

at a'highen temperature (i.e.,: highey) Quring slow cooling:and: starts at.a.lower temperature
during fast.cooling (i.e.; lowerg). This Ihas led to sfbeing defined as a function of cooling.rate
using the polymer crystallization kinetics. In: these/maodels, residual stress calculationsdthve
both temperaturendependent:modulus:and:temperatdependent :modulus:i(at;equilibrium
crystallinity) and CTE only! The contribution of crystallization shrinkage is-assumed negligible in
these studies. Experimental validation'of this'modeling apptoasieen limited.

In our Year 3 work, acomprehensive model for.residual stress.is developed without making
any of the:simplifying assumptions reportedin the literature. The material model for.the matrix,
needed: forp predicting: residual stress, istartshan amorphous: polymer melt: (strdsse) .and
includesithe: effects!of nesothermal crystallization kinetics down toroom temperatueg)(T
The materialimodels include the effects of:crystallinity.on temperdependent matrix:modulus
and matrix-shrinkage from both thermatiamystallinity (Approach 3in Figure 1). No-assumptions
related to-stresiee temperature are:made 'in-this:model. The:contributions: of: crystallization
shrinkage onresidual stress are alsoiincluded.

Flowchart/for.calculating thermal residsaitess (§ = Glass transion temperature andrf
is roomitemperature). Approach:3lis developed in this:paper.

Approach 1

Constant r Thermal Residual

- -~ O ' =y .

Isf=Tg 1 S . o Stress based on
. modulus/CTE | AT

Ty - Tsf

AS4-fiber Propertics

1 |
N Approach 2 1
! |
I ~ £ Temperatuse 1
Cooling Rate . J

1 o8- o & Cooling Rate .
- .\o'n‘ I?OHXL.I m.l_l ] Dependent Degree of [ Dt -mlim ae I Dependent Resin :
' Process history Crvstallinity epe . Modulus/CTE '
- ) )
B o o = —-———-———--————--—-——-————’
[r

Soswonchd Crystallinity and :

o Temperature UMAT in ABAQUS
Dependent Resin
Crystallization Modulus Thermal Residual

Non-Isothermal | |

Process history

Kinetics/Cooling rate
Dependent
Crystallinity

Crystallinity and

Temperature Based
Resin Shrinkage and
CTE

AS4-fiber Propertie

Stress
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2°C/minutes — Approach 3

es1 (MPs)

100 125 1%

Temperatwe ['C) lempesaturs (€

@ (b) ©
Axial residual stress at.the midngth of the fiber fromuto Trr(8) 2 € C/umi'nut es ( b)
100 enCilreminnu b e sunvan All sttessparedcOngpi@dsivei nut e s

The percent error. of ithe residual stress @t 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% ((apositive error corresponds.to:compressive:stress greater than:Approach:3). l/Approach
2 undepredicts residual stress by-38% ((negative error. corresponds.torcompressive: stress less
than Approach 3).

2 e Clumi nut 100 eCliemi n (40 enCutemi n
Approachl1 24 % 29 % 32 %
Approach 2 -28 % -32% -39 %
Similar errors:in‘Approach lnand 2:-are fout = —Approsch 1
when the residual -axial istrain-along: theient ooz |7 /

w— Approach 3

length of the fiber(midengthito free surface) fo
the thermal thistory. of Ithin'film:isingle fibe!
composite wwith ppreload:iof 4 g (pstrain of 2 0.006 }
0.43%). Recall from lasy-e a andusl report
that predictions of axial strain inthe:AS4icarb( 0008 |
fiber were validated using:Raman:spectroscoy

0.004 }

4] 200 400 600 BOO 1000
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Highlights: Fatigue Performance of/ Highly 'Aligned Short Fiber IM7TARMEK Thermoplastic
Composits
Tailorable universall Feedstock: forForming. (TuFF) .is:a highlgnalil -shorti fiber
composite:materiall (fiber-aspect ratiorof 600) that .can-achieve a high fiber:volume: fraction (50
60%). The:studies onnunidirectional [((WD):3mm 1M7/polyetherimide! (PEl) have demonstrated
guastistatic .and tensiotension (fatigue: properties mparable to: continuous!fiber..composites
(57% fiber volume fraction).iln previous years,
UD 3mm IM7/LowMelt Polyaryletherketone
(LM-PAEK) TuFF panels (Vf =54%). were
tested iin ithe! fiber! direction:using antensile
fatigue imethodology to generate an!S/N.curve
(R =10.1, 3 Hz)with-periodic checks formodulus
loss over:aminimum of 1 million.cycles!iThe
results indicate 3mmM7/LUMPAEK is superior
to other (discontinuousifiber:composites: and
equivalent to other continuous fibericomposites
in the literature | Theamparison is:based:on the
slope of normalized strength versus cycles on a
semtilog plot with LM-PAEK exhibiting ithe
lowest slope/strength reduction.: No reduction:in ‘axial fiber tension modulus was measured.

This year's work ifurther:looks: at theitenstension ifatigue performance of [0/90/0]
IM7/LM-PAEK TuFRFcrosp | Lynindica miz nia t el swi b0 iy abjetich o enkean(( 240 gs
tensile :strain:0f 0.9% . \ i g composite layups exhibit transverse

loading depend on several factors including mechanical loading, residual stress, and ply thickness.
The effect of fatigue loadingas 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 shmmhw for continuous fiber IM7/K3B

crossply laminatg. The key material property at the continuum length scale governing transverse
cracking is the intralaminar fracture toughne

In the present study, the thickest [0/90/0] (240 gsm) in the-plgsdmm IM7/LM-PAEK
TuFF laminates exhibited no transverse micracking 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 microracking is ~50% higher than the iation 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 tm8IM7/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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