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Carbon fiber — metal joining for vehicle structures

Flexible and advanced manufacturing capabilities at OSU



Carbon fiber — Metal joining J f S GME-
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Weld Formation \ A M e

Celebrating 50 Years

Normal Force

Ultrasonic Vibration Surface asperities
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Commercial Uses of UAM AIM @ .. SMe”
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Cooling / Heat management Multi-material parts

Fabrisonic Inc.

Tool Works il

Cladding / Repair 6



@ THE OHIO STATE UNIVERSITY

CENTER

CARBON FIBER INTEGRATION USING UAM

CENTER FOR ULTRASONIC ADDITIVE MANUFACTURING
THE OHIO STATE UNIVERSITY

PI: MARCELO DAPINO
dapino.l@osu.edu




. . S — <
Tailorable Failure Models AIM @ =iz sme”

forcomposites ~ Celebrating 50 Years

—

Carbon fiber Aluminum alloy CFAA

vy . Failure Joint Energy :
: bearing area

mode  strength absorption -
ratio

et CF tow 102.3 :
failure MPa 3.96 J 0.33:1

AA matrix 129.5 :
failure MPa Ol Ohetehl

Vent holes filled with epoxy

Carbon fiber

and epoxy |\ Only epoxy Aluminum alloy"

(i

(kL)

7{00 m - &7 0—/47 /7 —7———————"" """ 71
; CF tow failure AA matrix failure

The joint relies on mechanical interlocking, which provides direct load transfer between the CF
and AA matrix. Joint strength is dictated by the ratio of CF to AA. 8




Strength Comparison

Joining method
Adhesive

Induction spot welding
Ultrasonic welding
Friction spot joining

Mechanical fastener

UAM

Strength
12.42 MPalll

14.5 MPal2
34.8 MPald]
112 MPal¥]

5 kNI

129.5 MPa

Features

Long curing time,
weak peel strength

High temperature
Spot welding
Spot welding

Extra material,
damage to the CFRP

Continuous, solid state



Strenght and Energy Absorption Benchmarking AlM @ s sme-

for composites

e1[1] - Hencky

Test Config. Peak load !oo
Tensile 1 e 4.2 kN 1
(32% higher than -

tests 1 0.0312
OEM spec)

Cross- ,"5‘, 2.3 kN s
tension u’ ; *I- (53% higher than -
tests g OEM spec) e

Structural tests benchmarking against pop rive

—

Four-point bend ) Axial crush fbréioh‘

Similar peak load 63% shorter crush distance 17% larger twist angle
69% higher SEA 32% higher energy absorption 13% higher SEA 10
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Four-Point Bend Testing AlM @ SME”

CFRP hat - Al plate pairs CFRP Part
Trans.
* Baseline hat joined to Al plate via Self-Pierced Struct. A
Rivets (SPR) . :E;g:olmaendwnnkadu--sand Length = 260 mm i

Center

* UAM Flange Transitions/RSW of Hat

- 3 dry biaxial fabrics integrated into flange
- Fabrics spliced at different places within hat 2/3 up

- Same number of joints in each hat wall

£

(a)

Baseline: self-piercing rivets 11




RSW Spot Location Studies S MG

* The diameter of the heat affected zone (HAZ) for an RSW between a 6061-T6 sheet and a
UAM build of 6061-H18 is measured as 12.5 mm from the microhardness map

. HAZ ;
. 2000 . . - r ‘7.'
oy % - | 6061-H18
_ : ! s | after UAM
SFOO 10000 15000 20(I)00
nugget

<€
€

* RSWs were performed on
CFRP-AA joint samples with
different distance between
the RSW center and the
embedded CF tows.
Observing from the
microstructures, a 16.5 mm
RSW offset is sufficient to
keep the CF intact.

12



Corrosion Studies AAIM @ . sSme”

. forcomposites

» Kevlar fibers are embedded in the AA matrix to create
insulation between CFRP and AA

» The channels to embed Kevlar is deeper than those for
CF to house the thicker Kevlar tow

» To verify the effectiveness of the insulation method,
samples were prepared for CCT tests by embedding two =
layers of Kevlar in twelve layers of AA and laid up with g
three configurations

» Five buffer samples were E-coated before CCT

KFRP KFRP

CFRP CFRP

13
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Mass Loss After 120 Cycles AIM @z sme”

» Samples were cleaned chemically after the 120-day CCT
» CF-outside and CF-inside samples have small mass loss

» Buffer samples exhibit negligible mass loss and achieve zero mass loss with E-coat

4
O Uncoated buffer
3.5 | A E-coated buffer
mass loss Q ; Uncoated CF-outside
~ | O Uncoated CF-inside
U:“;:‘ted 0.5% o
s E25¢
E-coated 0 g O
buffer o 27 a
Q |
[7)]
Uncoat.ed 3.8% 3 15k
CF-outside N D
b O
© 17 O
Unc.oa.ted 2 29 = (0] 8
CF-inside (@) O O O
05+ © O O© O O O
0] O O O O o O O
o —O : o—=O o—6—06——o6—+=NH
0 20 40 60 80 100 120

Cycles 14



Strength Effect After 120 Cycles AlM @0 SME

» CF-outside and CF-inside samples exhibit substantial strength loss

» Buffer samples maintained more than 97% strength with and without E-coat

4500 O
o © o A
Strength 0O
after 120 4000 8 (@) o 8 8 o §
cycles/ — (o) 8 8 e
Ocycle £ 35007 0 o 8 8 O o ©
-o ---------------------------- - - - - ™ e e e e e g e o e o
Uncoated S ek b il 8 """" O@O_ """" E
buffer % 3000 O O
E-coated g i
buffer o 25001 [o Uncoated buffer =
2 A E-coated buffer
Uncoat.ed L 2000 [ | & Uncoated CF-outside
CF-outside O Uncoated CF-inside
Uncoated 1500 | |---HES spec’
CF-inside ~--CCT spec
1 000 1 1 1 1 L hy
0 20 40 60 80 100 120

Cycles

* HES spec: industry target for equivalent metal-metal joint tensile peak load
** CCT spec: 90% of 0-cycle samples 15
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COMPOSITE MATERIALS

..................

HONDA — @ — ﬂ"@mf

ﬁ_’l L Joining Partner
' HUNTSMAN
Over-molding Resins Supplier
Partner
SlEMENS ; MS&Soﬂware
CAD Partner )\“Nf Process Simulation Process Simulation
FEA Partner Partner Partner
Westlake
Epory ZOIJ'EK B HEXCE
HPRTM/ WCM .
Epoxy Partner Fiber Composnes Prepregs Partner CF Recycling Partner

Partner

Department of Energy Vehicle Technologies Office
Award # DE-EE0009656

* Achieve 160 Ib (73 kg) glider weight reduction

* No compromise on performance targets

* Costincrement limited to $5 per pound (0.453 kg)

* Compatibility with OEM’s existing factory infrastructure
(joining and assembly)

* Scalable to 200,000 vehicles/year production

* Recyclability

16



UNIVERSITY OF DELAWARE

Technical Phases AiM @z, SME-

. forcomposites elebrating 50 Years

PHASE 1 - Concept PHASE 2 - Design PHASE 3 - Optimization PHASE 4 — Demonstration
00 I
< = c = §
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= e e = S £
€ sl o N R
5 7ubsrame E £ R =
c 3] = E2 g
g . wweight (kg) ¥ Parts f 8 a -
o > c L5
= o [0 8 E . F .
= & . . ull-scale structural analysis of
T S 2 « Multi-material topology 29 oy ) alysis o
@ ) fa) ST =9 optimized multi-material design
o0 Systems approach, extensive parts consolidation optimization < o Assessin cle times, cost
for targeted composites-based redesign W g Cy .
oo < 2
5. c S £
= K] o T S
= 3 ] o
9] s o€ I
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. e wuv v =
2 e - < o w ==
9] o c £ G
Qo ~ o .4 = o= °
K b &8 4 5" 5 g g S i{; a '
- = * Metal-composite mechanical interlock ISRe] - X ] Developi N i t ] )
.20 Stiffness and Strength Design Targets defined for: a without joining step post-manufacturing _g E: * Process-§tructure-property relations - eveloping a consortium 0 00!
o + 8Static Load Cases ® + Coupled Digimat-LS Dyna model 2 S |- Zogl rdrsisr:g?ia:d process parameters > makers to e_nable tool design and
e * 4 Dynamic / Crash Load Cases - + Simulations validated experimentall 2 eterminatio manufacturing for HP-RTM and
Goncopt 1 Concent2. Concepts A ® r‘_ 1200 ::‘ " i
_____ P S e I —
c T é el s = N .
s = g £
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© o s 3 ':
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o Assessed for weight, — g = o
(] complexity, assembly .g a E | k. E
c 2 o £ ’. . ~ _ A
@ . 2 g Verlfy process-structure —property Al
8 concepts > 2z relations 2
) 3 * Recalibrating Material Models
*Any proposed future work is subject to change based on funding
tevel
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Strength, Stiffness, and Crashworthiness AIM @& sme”

. forcomposites

FMVSS 214 (Side Pole) IIHS - Side Impact Crashworthiness Evaluation (SICE)

(SET e
o (13888.89 mm/s)

32 kmph
(8888.89 mm/s)

Termination time: 0.056s
Impactor moves by ~77cm
Time-step used: 1e-6s

Termination time: 0.056s
Pole moves by ~50cm
Time-step used: 1e-6s

IIHS — Small Overlap Frontal Crash

40 mph v

(17881.6 mm/s) (4917.44 mm/s)

Termination time: 0.056s
moves by ~27cm
Time-step used:
1e-6s

Termination time: 0.056s
moves by ~100cm
Time-step used:
1e-6s

Steel body-in-white (BIW) used as benchmark for structural and crashworthiness targets

18



Continuous Offline Manufacturing

‘AIM O sme”

for composites

OSU Concept: Continuous UAM System for CFl Transitions

/ Spool of
( Completed
Transitions

oiom.

Q UAM welder
‘ Electromagnetic roller

US Patent No. 11,724,334 B2, 8/15/2023.

- E——S

Roof stiffener with
UAM CFRP-metal
transitions

Steel Base Foil

‘:- Roller to insert CF into channels O Steel roller

* Roller to form channels

Microhardness

map of

JAC270-UAM
1010 RSW CF-Kevlar-1010

steel joints
with RSWs to
JAC270 and E-
coating

E-coated samples after 10-year equivalent CCT

05 1 15 2 25 3 35 4
Displacement (mm)

Kevlar (aramid) has roughly the
same strength as CF, higher
toughness, and it eliminates
corrosion.

19



Flexible and Advanced Manufacturing at OSU
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HAMMER — Hybrid Autonomous Mfg. Moving from Evolution to Revolution
(an NSF Engineering Research Center)

* 10-year cooperative agreement +
* ~$5M/yr federal funds

* Foundational Components:

* Convergent Research

* Engineering Workforce
Development

* Culture of Diversity and Inclusion

* |nnovation Ecosystem

( THE OHIO STATE UNIVERSITY
- bt il ks
! . M COLLEGE OF ENGINEERING
» x

==

[HAMMER:|

AR __N

Diverse 5-institution team: Manufacturing, Metallurgy, Machine
Learning, Controls, Education, Social and Policy.

& P L —

“- % Northwestern

| [t vt
e University

TiES S
20



HAMMER Q&fl M @i Smee‘

for composites

Vision: Autonomous-Factory/Artisan Box (Auto-FAB)

USE CASES / TEST Beds - 3

1 Research Thrusts

T1: Design: product and
process.

ROBOTICS

T2: Tools and Process
Convergence: new tools and
processes.

TOOLS

SENSORS

T3: Materials State
Awareness: Enabling process

DATA/ICME

0 |

and model-based quality
SENSING: certification.
Local Temp: 400¢ C
Humidity: 50%
T4: Control, Intelligence, and
Tool: Adding . ? . .
Time Remaining: 1h > SO Autonomy: Leveraging Al to
1amin control processes learn.
|[HAMMER:| i@; 1 B A i - %Ig{‘sggfts;em [ TENNESSEE .



Commercialization

Structural overview of the public-private
partnership with HAMMER and HAMICo.

HAMMER > Public entity aligned to NSF
Federal NSF program " to source projects

I Project funding +

Inventions / R&D l Process/property data

Innovation platform

501( &)(3) Cor » manager housing the

P HAMMER IP and directing
License / commission / l I License fees + commercialization

incubate Data

Ecosystem of venture capital
Fleldiof ee Startups / Studios / Industry » + corporate funding to
accelerate adoption

Space FABs Parts Medical Software

22



Ma2jic NSF [UCRC — Industry Consortium

"Ma‘JIC

MANUFACTURING & MATERIALS
JOINING INNOVATION CENTER

IAB CHAIR: Martin McDonnell (GVSC) to be NSF - IUCRC PROGRAM DIRECTOR

S UNIVERSITY PARTNERS
voted Dr. Prakash Balan @;
IAB VICE CHAIR: Stephen Tate (EPRI) to be voted IUCRC ASSESSMENT COORDINATOR
DIRECTOR: Antonio Ramirez (OSU) Dr. Pete e THE OHIO STATE UNIVERSITY
CENTER MANAGER: Heather Spisak (OSU) ,
@ PennState T C LE
E COLLEGE OF ENGINEERING
U N l V E R s I T Y o F THE UNIVERSITY OF TENNESSEE, KNOXVILLE
COLORADOSCHOOLOFMINES. WATERLOO

) EARTH @ ENERGY @ ENVIRONMENT

23
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"Ma‘JIC

MANUFACTURING & MATERIALS
JOINING INNOVATION CENTER

Thrust Area

Projects

Committee Chair / Vice Chair

THRUST AREAS AND PROJECTS &

Committee Co-Chair

Michael Eff, EWI

Performance 7 , N Boian Alexandrov (OSU)
Daniel Paolini, Honda
Andrzej Nycz, ORNL
10 Bradley Jared (UTK
Processes Stephen Tate, EPRI : ( )
. Jeff Rodelas, SNL Carolin Fink (OSU)
Materials 8

Ravi Menon, ESAB

Michael Benoit (UW)

Modeling (Cross Cutting)

Adam Hope, Thermo-Calc
Andres Acuna, Lincoln Electric

Zhenzhen Yu (CSM)

I
ONGOING R&D

24




IUCRC Benefit I — Smee‘

"Ma“JIC

[ R b = "',1,’."_
MANUFACTURING & MATERIALS r 2 i! Yo ‘- ] "

JOINING INNOVATION CENTER - a t f 4 LY
W o> A%

~

What makes Ma?JIC successful?

* Cutting edge, pre-competitive fundamental research in areas of interest to our members.

* Wide base of industry members (energy fossil-nuclear-clean, automotive, aerospace,
manufacturing, materials, software, Nat. Laboratories, welding supplies/equipment, etc.)  oromneusrane

» Strong alumni base (Ma2JIC graduates bring new member organizations)

* Flexible with engaging members (example: in-kind donations and varying membership levels)

* Two in-person meetings each year, which bring together all our students, members and faculty for a
two-day deep discussion of our research, training, center operation, and scientific/technological
road-mapping.

* Opportunity for our members to train and recruit talent for their organizations.

» Strong administrative team to support center operation, finances and planning (100% self-

supported) -



Luo Group — Lightweight Materials and Manufacturing AIM ()

QAdvanced lightweight materials: Al, Mg, Ti & high-entropy alloys, bio-metals, super-wood, and metal
matrix nano-composites.

QInnovative and sustainable manufacturing processes: casting, forming, additive and multi-material
manufacturing.

L Lightweight and multi-material solutions using integrated computational materials engineering
(ICME) tools for structural and bio-medical applications.

26
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Multi-scale Computational Framework to Correlate Material-Process-
Microstructure-Performance Relationships AM process modeling AM-buitt polymers

’ N . Temperature (K Deformation (mm Stress (MPa
,m————- Material Characterization =~ @ = = = — = - ~ — -  Process Modeling - =« P (k) a (mm) 2 (MPa)
Vi \ serss
I ~N e \ | Ve sa315 |
1 Fiber-matrix interface Microstructure modeling 1 AM process modeling : e i
1 . behavlor . Nanocomposite ~ AM-built polymers 1 1 FDM AM process 1 42315
1 Coarse grained molecular dynamics 1 1
(CGMD) and constitutively informed = = 1 3715 ’ .
1 particle dynamics (CIPD) | | 1t \ il \ 1 i FDM 3D printed
1 _ 1 1 = 5 polymers
AR Yo W Y 1o it i ! n H
9 O f
. S N\ i | 1 s23as f
| 1 1 |
A IR : . (T
HDPE + graphene FDM 3D printed I ] ~ i ~ 1 P2
1 PC molecular structure C(C:igllllD —> nanoplatelets polymers 1 | ; -
T i
| * " | Knitted/woven fabrics | 1 L ~ i ’ | a5
I 11 N .
1 3 | 1 SLS AM process 1
EREAETN
| l—— 2 ro 1 h f : li
I _ Thermoforming process modeling
" CIPD model for failure d 1
N propagation ) Weft-knitted fabric ~ Woven fabric | | : 4 Material characterization N 4 Material modeling N 4 Thermoforming and cooling N
* Anisotropy, strain-rate sensitivity, and . .
1 * * * 1 1 L ) 1 temperature dependency ;ean;fi;rta;ture dependent, orthotropic
( High-fidelity material modeling A ! 2N
1 Advanced material model Cohesive zone model (CZM) 1 1 (‘y): 2w 1oy ("y) Composite sheet
Thermoforming process modeling | ! wol A\ EE "’ omeestee
| | 1 1 Saw
| | 1 Thermoforming of hat section 1 - Orthotropic linear viscoelasticity Lower punch
model
1 1 1 1 + Time dependency Hat section forming runs at different
s — = dev® + deP = .= cooling rates
! | 1 1 .} 0°/90° di oy +d€¢sw “Z = = «  Thickness variation and spring-back
1 Time- and Temperature dependency Tract [ 1 fap | dir o= [lew-nGa wd + Variation of mechanical properties
1 rac 1 1 i . due to fiber orientation evolution and
Damage model I =+ wexn(-L crystallinity
1 | | 1 Z’:‘ ( A’) M;:I:\r\n;:;e\ +  Residual stress distribution
| . | | i
| S ,/' > | | | 1 * Cooling rate effect + Avrami transition equation to account
| G | [ ! Forming and Cooling Springback | . - for cooling rate effect on crystallinity
'\ | Ao e o FE model FE model )1 i Ve = Vo, + (Veyar = Ve ) (1 = ")
\ - T Eo(Tar, Ve) — Eo(T,
N e e e e e e e e e e e e e e e e e e = = e = e = = N o e e e e e e e e = e = = - 4 | i: E(T) = Eo(Tp) +L‘;%M
\‘..,_ — - WD = o) + | 0 (Tir, Vo) ~ o)
Cooling rate

 Ter—To ) \_
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National Science Foundation
Industry-University Cooperative Research Center (NSF IUCRC)

— Research
Conduct basic and applied pre- National
competitive research on smart materials Seope of

and emerging technologies applied to
ground and air vehicles

ENG - Engineering
C|SE = Computer

and Info. Sci and Eng.

— Education

Prepare next-generation engineers who
possess both theoretical and
experimental expertise developed
through industry-relevant research

Vehicle Integrators

/ ‘\
National ,/'”‘ N
:;2%5 and ‘*: OSU ~~ Organizations

Centers y /

Component Suppliers

Phase I: 2007 - 2012

Phase Il: 2012 - 2017

Phase Ill: 2017 — 2022
Graduated Status: 2022 - 2027

— Technology transfer

Development of technologies to enable
the design and manufacturing of multi-
material, lightweight, and multi-
functional systems

o Pre-competitive mode.l ' o .
: Long-term research with industrial viewpoint

www.Smart VehicleCenter.org
—
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