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Bridge to the future for medium and heavy-duty vehicle propulsion

; [ ) [ )
: VTO Powertrain Materials Core Program
E 3 National Labs, 30+ researchers, 4 Thrust Areas, 17 Tasks
o) %OAK RIDGE
E National Laboratory
<
= THRUST 2.
8 THRUST 1 Cost- THRUST 3. ;:?
= “Alloys’ Higher Manufacturing VI
200 ;{_,%oc Temperature for Advanced
( - ) Alloys Powertrains é
(550 - 1000°C) Argonne .

erating Development of Powert

TRL 1 TRL 4
Zd by Adv. Characterization/& Computation
S30M/5 years AAtom Probe THRUST 4.
launched in Synchrotron Thermodynamics
FY19 \/\icroscopy smodern Data Analytics
Neutrons ==gn Performance Computing
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Thrust 4A Overview: Advanced Characterization within the Powerirain
Materials Core Program

Timeline/Budget

Barriers

Task start: October 2018
Task end: September 2023 requirements of advanced engines

A suite of materials solutions is needed to address specific

Percent complete: 50% Higher specific strength needed
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4A Budget - Improved strength and fatigue at High pressures and temps
— FY20: $1,050k

— FY21: $1,020K
Thrust 4. Advanced Characterization & Computation

« Materials’ data

Thrust 4. Advanced Characterization & Computation  [IRERSS g PeagTers
«Center for Nanophase Materials Science
Task Title TRL FY20 FY21 (CNMS)
-Spallation Neutron Source (SNS)

4A1 ORNL Advanced Characterization Low $450k $420k
e A o Choracterat ] — $300K * Program Partner Labs
rgonne vance aracrerizarion oW .pe .
° —Pacific Northwest National Lab
4A3 PNNL Advanced Characterization Low $300k $300k (PNNL)
/5 |achenese Cormpuisiion Low $350k $400k zlénMvslﬁnmen'rol Molecular Sciences Laboratory
4B2 Modeling of Light-Duty Engines Low  $125 $125k —Argonne National Lab (ANL)

*Advanced Photon Source (APS)

Subtotals $1,525k $1,545k



New propulsion materials are needed to address current
technology gaps for powertrains in LD and HD vehicles®

» Higher efficiency powertrains: PMCP is addressing some of the
current materials technology gaps in the three development thrusts™

— Light weight alloys-Thrusts 1 & 3
— Alloys for higher pressures and temperatures-Thrusts 2 & 3

RELEVANCE

» Objective of Thrust 4A: Apply advanced materials characterization
tools to accelerate the development of the next generation powertrain
materials with superior combinations of properties, manufacturability
and cost to enable the design of future advanced internal combustion
engines and hybrid electric vehicles.

%OAK RIDGE * VIO WORKSHOP REPORT: “Light-Duty Vehicles Technical Requirements and Gaps for Lightweight and Propulsion Materials,” DOE/EE-0868, February 2013

4 National Laboratory T VTO WORKSHOP REPORT: “Trucks and Heavy-Duty Vehicles Technical Requirements and Gaps for Lightweight and Propulsion Materials,” DOE/EE-0867, February 2013



= Milestones
(Z) Thrust 4A: Advanced Characterization
E) Ownership
= Task 1B1: Complete STEM characterization of a low index Al-AI3Ni interface and
= include in Q1 quarterly. Complete. %

Task 2A1: Submit a journal paper on characterization of precipitates in Ni-based

alloys using TEM, APT, and scattering techniques. Anticipated completion in Q3. % A

Task 2B1: Submit a paper about APT measurement attempts of oxygen at oxide-alloy %
interfaces in model oxidized Ni or Ni-Cr alloys. Anticipated completion in Q3.

Task 2A2: Complete the Characterization of the type, composition, and spatial
distribution of precipitates in HD Piston Steels using STEM/TEM and report in Q2 %
quarterly. Anticipated completion in Q3.

Task 3A1: Complete characterization of intermetallic phases in AM AlCeNi using APT %
and report in Q3 quarterly. On Track. :
Task TA1: Complete APT characterization of Ti free AICuMnNZr and Zr free AICuMnNTi in

the as-aged and after 200 hour exposure at 300 C conditions and include in Q3 %
quarterly. On Track.

Task 3B1: Submit a journal paper on the TEM analysis of the distribution of nano %
precipitates in HK30Nb steel fabricated by LBPF. On Track. %

%OAK RIDGE

National Laboratory




APPROACH

6

Matching programmatic and tfechnical needs, expertise and
opportunity to unigue NL tools to accelerafe alloy development

> There are 24 Thrust 4A-Advanced Characterization Projects. Three examples:

> 1.Load transfer within cast and additively manufactured Aluminum-Copper-
Manganese-Zirconium (ACMZ) alloys

¥ ORNL's microscopy and ANL’s synchrotron support
HTask 1A1: Fundamental Studies of Complex Precipitation Pathways in Lightweight Alloys
HHTask 3A1: Fundamental Development of Aluminum Alloys for Additive Manufacturing

> 2.Measuring dissolved oxygen in Ni-based alloys

¥ ORNL's atom probe tomography supports
HTask 2A4: High Temperature Oxidation
dHETask 2B1: Development of Cast, Higher Temperature Austenitic Alloys

> 3.Validating alumina forming austenitic alloys
BEPNNL's microscopy and atom probe tomography support
dHETask 2B1: Development of Cast, Higher Temperature Austenitic Alloys

OAK RIDGE

National Laboratory



Approach: Matrix of experts with unique tools that —".
accelerate alloy development

APPROACH

Eleziron Mlcroscopy Electron Mlc:rosc:opy

sl AN

- N
Al

% Neutrons & X-Rays % Electron MicroProbe

Diffraction
Non-Ambient ’Qk X

Tomography w



ornL [ Example 1.Cast ACMIZ alloys for engine heads:

X.Hu

‘ceng  Properties are controlled by precipitates, 0’ is

A.Shyam

arotkowsi  p@neficial but 0 is deleierigus in cast structure

ANL

Tasks 1415341 JRISKERS | O St i
' 7 -~ Crack Propagation Strain
1 g"tt -<{- Experimental Tensile Elongation
. . . 6 =
* 0 phase fraction increases at grain _ pRLE Y
boundaries with increasing Cu content £~ e
544 A T--o
* Experiments and models agree, failure ] = A S
strain decreases ] “““o---q_o__:::g ————— A
e o)
e 16.0|Cu | 6.6|Cu | 7.3|Cu | 8.0lCu | 9.0|Cu

%QAK RIDGE
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E s Yet, additive manufacturing (AM) of the same alloy

X.Hu

iSers - produces a unique fine microstructure where

g_@:fj:’nwgs“properﬁes of the AM are much better than the cast!

Tasks TA1&3A1

Example: Aluminum with 9wt% Cu
CAST, Al-9Cu |

Stress (MPa)

oo
500

TECHNICAL ACCOMPLISHMENTS AND PROGRESS

9CuU-AM
|

T T T T T T !
0.02 0.04 0.06 0.08 0.10
Strain

%OAK RIDGE

National Laboratory



TECHNICAL ACCOMPLISHMENTS AND PROGRESS

ORNL

S.Bahl

X.Hu
J.Cheng
A.Shyam
A.Plotkowski
ANL
A.Chuang
Y.Ren

Tasks TA1&3A1

Diffraction patterns showing Al
matrix, @ and & phases

%OAK RIDGE

National Laboratory
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ANL’s Advanced Photon Source synchrotron provides
1,000,000 more x-rays than a standard x-ray tube

allowing quantification of the 6 and 0’ (frace) phases
within minutes

Al
Al {1 s sammssundarsues el
| theta Prime

Al |

Fy

Rietveld refinement shows:
9Cu-Cast ACMZ: 6 8 wi%: 0’ 4.0 wi%
9Cu-AM ACMZ: 069 wi%; 6’ 0.3 wi%

Phases & Data
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EZ] CAST and AM ACMI alloys studied with in-situ loading
in High Energy X-ray Diffraction at the APS to observe

load transfer amongst matrix and precipitate phases

Tasks TA1&3A1

ORNL
S.Bahl L A
X.HU = ’ . — B\
J.Cheng ! ey,
A.Shyam P

A.Plotkowski
ANL
A.Chuang
Y.Ren

W . ] 4
7 -

29hl(ll

TECHNICAL ACCOMPLISHMENTS AND PROGRESS
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0 5= Dispersed fine 0 precipitates stronger and stiffer
icrens  than 0’ which both strengthen and increase

A.Shyam

a o ductility in the ACMLI alloys

A.Chuang

Tasks TA1&3A1 BAES

* 0 Lattice Strain decreases substantially with increasing Cu content,
indicating decreasing fracture stresses in cast.

 Fine 6 in AM 9Cu ACMZ alloy can sustain much higher stresses and might
be deformable.

TECHNICAL ACCOMPLISHMENTS AND PROGRESS

16000 ~ 12000 4
- 9CU-AM _ . e JCU-AM
14000 YVVyv VTV VY VYy vV
- w v V v Yv
R 1 2, 10000 - w 5
E 12000 > | hAd :
£ 10000 ] S 8000+ . -“-".-'7 ’
s 7.3Cu-Cast g . w S3Cu-Cast
& ] Sty o ad
% 8000 1 2y v g 6000 m7 4 0 : : ,
&_J 1 v :E ] ” 0.00 0.02 0.04 n_.us
£ c000 v - « L _ Strain
§ o00] a7 “.,'...8CU Cast — 7300 3 00l gy e 8CuU-Cast T
P ° u S e 8Cu
S 4000 - + oo S
= N - A 9Cu
- Cu-Cast v 9GLAM 2000 A‘?Cu Cast _
2000 v 9Cu-AM
° 'S
A
0 i T i T i T T T T T ! 0 2 T T T T T T T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10 0.12
%O AK RIDGE Macro-Strain Macro-Strain

National Laboratory S.Bahl et al., Mat. Sci. & Engg. A 772 138801 (2020). A.Shyam et al., Mat. Sci. & Engg A 765 138279 (2019).



ORNL

= Pl Example 2. Increasing efficiencies of ICEs will require
jj’;_’gﬂﬁewjky increasing operating temperatures and pressures. Existing
ot alloys have poor strength & corrosion resistance at higher

Y.Yomdomoto
M.Brady o
rasks 2AA8.2B1 temperatures (>870°C)

Current materials (Ni-based alloys)
have reached operational limits (850°C)

[ Good oxidation } { Poor oxidation }

behavior after 100h behavior after 500h

Exhaust
Valves %

v |

* Thermal cycling (oxide spallation)
* Water vapor (evaporation of chromia scales)
Cr,0; (s) + 3/20; (g) + 2H.O (g) — 2CrO,(OH): (g)

: i * Critical depletion of oxide-forming element (e.g., Cr
New valve  After servicell\ P 9 (eg.Cn )
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Overall Goal:

OAKR Design oxidation-resistant high temperature alloys to minimize metal loss (structural integrity),
¥ QAKRIPSE balance mechanical properties and maximize component lifetime at temperatures > 850°C




ORNL

R Pilli Key challenge: Lack of predictive models to describe high
JPoplawsky  femperature oxidation behavior of multicomponent and multiphase

A.Haynes . . ogs
B.Pint alloys as a function of environment, alloy composition,

Niaearee  microstructure and operating conditions.
Tasks 2A482B1 Key need: Experimental measurement of oxygen concentration in
practical alloys

- Start: Validate/replicate prior

measurements on pure * High purity Ni (total Impurities < 10 ppm) specimens (post 600-grit finish)
Nickel/NiO (Park and Altstetter, sealed in a quartz ampoule (pressure controlled to be ~ 1 atm.)
Met. Trans. 1987). * Exposure conditions:
1000°C, 48 h in O'8 gas (to avoid amblguﬂy in identification due to O'¢
« Atom probe tomography is the (air) background) , s

ONLY tool suitable for measuring
concentrations with a sensitivity of | * Specimen: 10 x 10 x 1.50 mm
~10 ppm and 34 resolution

Key takeaways 1) APT was
essential to be successful

in measuring oxygen in the metal
near oxide metal interfaces in
oxidized alloys, 2) but that the
measured levels of oxygen in the
bulk nickel grains were
unexpectedly lower than predicted
by oxidation theory. So...
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ORNL

Rpllai Lift-out location for grain boundary in the metal

AHaynes identified using electron backscatter diffraction (EBSD)

Y.Yamamoto
M.Brady
Tasks 2A4&2B1

Oxide surface

e T\
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. Lift-out |

location \\

\. View APT Detector
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Tasks 2A482B1

ORNL

R.Pillai
J.Poplawsky

A.Haynes
B.Pint

Y.Yamamoto
M.Brady

Grain
boundary
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' 10 nm. “

This is a first of its kind outcome that will enable key future
studies of oxygen solubility in more complex alloys

o
® Nil60
@ \ilgo

Concentraion (atomic ppm)

1000
' APT detected low
' O content in the
800 ? grain boundary,
1| Theoretical and , Whichis in close
1] literature values : agreement with
600 - o the expected
] l ' value at 1000°C
1
[ S e e SpTTTTTT T
400 - o
¥ °
i N ) P ()
2004 ¢ e iTe, o ¢ 7
1 ‘ \\‘ . //// \\‘/.‘ . | S s /// \\\ ‘
] //. .*-"’ \ /,‘ | * ®
0 pPr——"—"T——2—— — T
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Distance (nm)

Key take away 3) oxygen enrichment was found at metal grain boundaries. Unique, new data not previously
reported; will aide in better understanding of alloy oxidation behavior; guide development and lifetime prediction
'3 models of higher temperature capable alloys.



PNNL poowa P\ Example 3. PNNL's Adv. microscopy & APT revealed dislocations &
PNNL L. Kovarik, PNNL composition of primary precipitates & verified the design of ORNL’s
Y.Yamamoto, ORNL . . oge
M Bradly, ORNL newly developed alumina forming austenitic, AFA, alloy

Task 2B1 Elemental distribution across the Estimated GND in creep-ruptured cast AFA (SEM-EBSD)

matrix-carbide interface (APT)

(Matrix)  (M23Ce)

V&)
OV

w All Matrix

Carbide

Relative frequency

i

Relative frequency
(. uw/aNod) Ausuep uoneosiq

Dislocation density (\GND/m*) x 10'®Log10

Concentration (at. %)

Distance (nm)

-
7

/\\_Jlk”‘v\, A H A% si% -_ ‘ X
. 5\ _gl\;o% _;“?7 Dislocation density (pbGND/m-2) x 10'® Log10
— W% —Nb% . . .
Matrix * —&on oY * AFAS alloy has higher density of “Geometrically
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Necessary Dislocations, GND" compared to AFA2
*IMPACT: Lower cost (Fe-based) experimental alloy
with improved HT creep strength for turbo housings

' : and exhaust manifolds
Distance (nm)

. Concentration (at. %)

Mo . * Alumina-formers may also offer enhanced
—— <Segregation of B and resistance of attack from alternative fuels, such as
40 nm MO iN MaxC )
Nb O IN MazLyg natural gas/bio-fuel/hydrogen




Collaborations and coordination with other institutions

% Neutrons & X-Rays % Electron MicroProbe
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Tomography
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Responses to Previous Year Reviewer's comments

> Reviewer’s responses were generally positive

> It was posed that “Each National Laboratory was autonomous...”

» Most Tasks have regular meetings where each researcher is invited in turn to present and discuss their
results. The collaborative information exchange drives and informs all researchers work.

» S.Bahl et al. Materials & Design (journal cover article) 198 (Jan 2021) 109378 (ORNL & ANL)

» B.Gwalani et al. "Understanding the microstructural stability in a y’-strengthened Ni-Fe-Cr-Al-Ti alloy"
submitted to Journal of Alloys and Compounds, April 2021. (PNNL & ORNL)

> Another posed the lack of a link to ICME

> Please see slides 23.
> M.F. Chisholm et al. Acta Mat. accepted April 2021

REMAINING CHALLENGES AND BARRIERS

> Another wanted to see synchrotron x-rays used in addition to neutrons
> Please see slides 8-11.

Remaining Challenges and Barriers
 Demand high for tools limits access, e.g., APT, synchrotron

RESPONSES TO PREVIOUS YEARS REVIEWER’S COMMENTS

 Integrating characterization data with ICME and advanced analytics
with Thrust 4B

19



Proposed Future Research

e Study microstructural features to understand the co-optimization of
material properties

— ORNL & PNNL: STEM and APT at nano scale and atomic scales

» Structure, composition, shape, size and size distributions
» High strength Ni-based super alloys
» Carbides in AM austenitic steel
* Alumina Forming Austenitic (AFA) alloys
— ANL Synchrotron: Diffraction, Small Angle X-Ray Scattering bulk view at nano scale
» Phase, distribution, sizes
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* Ni-based alloys
» AFA Alloys
» In-situ coarsening behavior in advanced martensitic steels

e ORNL: Electrical and thermal measurements for EV materials

« ORNL: Neutrons in-situ creep of precipitate strengthened ACMZ alloys

OAK RIDGE Any proposed future work is subject to change based on funding levels.

National Laboratory




Summary: Accelerahng alloy developmen’r via scientific

b

4 understanding with unique %
= characterization tools.

n Pacific
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National Laboratory

Eleziron Microscopy

933 P

Atom Probe Atom Probe

Argonne &

NATIONAL LABORATORY

Neuirons % Electron MicroProbe

’ Diffraction
mq SANS

= ’ Tomography

Matrix of
17+ experts w/
Unique tools
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TECHNICAL BACK UP

Tasks TA1&3A1

ORNL

S.Banhl

X.Hu
J.Cheng
A.Shyam
A.Plotkowski

ANL
A.Chuang
Y.Ren

The monochromatic and deeply peneirating
synchrotron x-rays enabled the determination of

phase loading in-situ

15000 W 1100 : D
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9CU-AM Symbols = measured
Dashed lines = model
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Strain Macro-Strain

Standard tensile test compared to the combined phase specific loading behavior of HEXRD and EPSC
CP* modeling of 9Cu ACMZ-AM showing the applied load distribution amongst the phases. IMPACT:
2| Expedited understanding and models facilitate design of ICEs. *epsc cp=Elastic Piastic Self Consistent Crystal Plasticity



B Gwolon, PANL Increased Temperatures and Pressures needed for
PNNL|

Y Yomarnofo, ORNL Cleaner, More Efficient Engines
M.Brady, ORNL

Task 2B1

» Driver: Demands of higher exhaust gas temperature/pressure
— Heavy duty: 2 800-900°C*, >260bar
— Light duty: 2 950-1000°C*, >103 bar (*targets in 2050)

» Targets: Higher-temperature capable structural materials
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« Components: Exnaust manifold, furbocharger housing

Exh t
Objective: Develop “Fe-base alloys” for “2 900-950°C” r:q:i‘f":ld

— Improved oxidation resistance by utilizing protective Al,O3 scale
formation — newly developed alumina-forming austenitic (AFA) alloy

— Increased strength and creep resistance by nano-precipitation
— Low cost by use of Fe-base cast component with Ni <25 wt.%

— Also target scale-up from lab-scale heats to industrial production

Turbocharger
housing

=» Possible electrification-related applications: HT-SOFC/SOEC components

%OAK RIDGE

National Laboratory




ORATORY

. A
C | Argonne

-

3 ’..’ r/ 5
Spallation Neutron Source (SNS) High Flux Isotope Reactor (HFIR) Advanced Photon Source (APS)
Neutron characterization Synchrotron characterization

Summary Thrust 4A: Leveraging powerful, unique science tools & expertise at
three National Labs accelerate powertrain materials research

%OAK RIDGE

National Laboratory P . f
acitic
Northwest

NATIONAL
LABORATORY

TECHNICAL BACK UP

Advanced Microscopy Laboratory (AML), Center for Nanophase Materials Science Environmental Molecular Science Laboratory (EMSL)
o5 (CNMS) Advanced electron microscopy facilities Advanced electron microscopy facilities



