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SANDIA NATIONAL LABORATORIES - WHERE WE ARE

A U.S. Department of Energy multi-program laboratory, with responsibility for the
safety, security and reliability of the nation’s nuclear deterrent.

Pacific Northwest Albuquerque, New Mexico Livermore, Californie
Nafionad Laboratory  Idaho Mational Laborabory g

Labaratory Brookhavan National
Brgonie Natsanal Laboratary

Labaralify  pational Energy

Pantex Plant,
Amarillo, Texas

Nuclear Security Laboratories

Waste Isolation Pilot Plant,
Carlsbad, New Mexico
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SANDIA NATIONAL LABORATORIES - WHO WE ARE

Division Directorate Department

Advanced Ceramics
Computational Mat. Sci.
Optical & Electronic Matls
Materials Characterization

Metallurgy & Joining What’s that?

Coatings & Additive Mfr./
Mechanics & Tribolog

Organic Materials Science

Materials Aging & Reliability
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— Furnishings
» Textiles & Fabrics

S » Caster wheels & joints

* Protective finishes on

Cookware y handles/knobs
 Anti-stick coatings »

* Knife edges .

« General wear & tear v .n — Fitness & Apparel

e Shoe treads

* Clothing feel & wear
Consumer Electronics * Anti-friction gels
 Connectors & chargers

« Handheld electronics

— Personal Hygiene

Transportation * Contact Lens Friction
. Tire tread wear * Plaque & Enamel Wear
. Engine wear & additives * Lotion/Cream Physico-Tribology

* Frictional losses to heat
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TRIBOLOGY FUNDAMENTALS - FRICTION & WEAR
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SUBSTANTIAL IMPACTS ACROSS MAJOR

SECTORS

~

/iner Generation
Advances in tribological
materials increase efficiencies of
power generation systems and
enable renewable technologies
(i.e., wind energy) to be more
competitive. Collectively can

save ~4 quads energy/ year.

\.

Aerospace
Wear, limitations in performance, reliability
product life, and maintenance cost the US DoD
billions of dollars annually.

With peak US energy consumption over 100
quads (quadrillion BTUs) in 2019, advances in
technologies enabled by targeted research
supportin tribology alone could save 20% (20
quads) of energy annually.’

[1] Carpick, R. W. et ol
al. Tribology & Lubrication

/}ranspnrtatiun & Manu- ) Technology 72, 44 (2016). |

facturing / BioTech
These sectors account for well Over 280,000 Americans receive
over 50% of energy use in US ﬁ" knee replacements annually for
economy. One third of this (~ 4 - -

Y: - 7 - & B the treatment of arthritis —
B_qu_ads] 's spent overcoming (g R R— s 10% of implanted knee
friction and wear. A ) {« ' / replacements are revisions.



FUNDAMENTAL & APPLIED CHALLENGES FOR AEROSPACE
(S N L) moving mechanical assemblies

(millimeters - centimeters)

moving mechanical assemblies often have
satellites

(meters)

1,000:1 reductions and friction management
is essential for successful operation
(almost every surface has a coating)

e

R AT
™

i’
— >

(1) Solid lubricant coatings &
(2) electrical contacts

(millimeter - micrometers)

Extreme Environments

1) Ultra-High Vacuum

2) Large Temperature Range
-2002C to 1002C

3) Ultraviolet Radiation

4) Atomic Oxygen Bombardment

Other Examples:

photons surface compositional vacuum products, biomedi-
cal, semiconductors, x-ray

e e e~ & structural analysis | FEE
e .
- %N\,—' p—— , equipment, spectrometers,

molecular dynamics design y furnaces, etc...
of adaptive tribofilms

—— e =

multiscale & multivariate
tribometry
{nanometers - millimeters)

nanocomposite
synthesis
(nanometers - millimeters)




NO FAILURE OPTION FOR PRECISION MECHANISMS

Aerospace Precision Mechanisms

° operate in vacuum (atomic oxygen in low earth ° inert gas near P, trace O,, H,O, outgassing
orbit) species

o store months — years before use; generally non- o store for decades; non-serviceable
serviceable > operating temperatures 200 — 350K

> operating temperatures from 50 — 300K, > large investments of time and money

depending on location
large investments of time and money

(o]

Direct impact of aging
related failure in resin
bonded MoS,

Galileo ($1.6B)

Failure: Antenna failure due to high friction between standoff
pins and sockets.

1cm

Consequences (political,
societal) of failure are

Report: “The use of dry lubricant, specifically molybdenum
unacceptable

disulfide, on a mechanism that is going to be operated in an
atmosphere should be carefully evaluated.”

[1] Miyoshi, K. (1999). Aerospace Mechanisms and Tribology Technology: Case Studies.



ADVANCED
DEVELOPMENT
MOS, SOLID
L UBRICANTS



CLICK TO EDIT CONTROL MARKING//CATEGORY

MOLYBDENUM DISULFIDE (MOS,) SOLID LUBRICANTS

What is it?

molybdenum disulphide
p = 0.02 - 0.06 (inert @ IN)
p=0.15-0.25 (humid air @ 1N)

I. Efeoglu, in Encyclopedia of Tribology, Q. Wang and Y.-W. Chung, eds. (2013) Springer, p. 3233-3252 10
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ENVIRONMENTAL SENSITIVITIES — STEADY STATE

run-in failure
- 0.15 |} | |
5
% stcady-statc transient
S o010 }
=
2
2
i~
T 005 |
\ [1] adapted from: Scitzman ct al., Tribology Transactions 1995
|
0 00 1 1 1 L 1 1
' 0 25 50 75 100 125 150 7
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Water & oxygen heavily impact dynamic friction of MoS2

Low friction & low wear is critical for components that operate over long durations or
for the entire life cycle of a component.




ENVIRONMENTAL SENSITIVITIES - INITIAL FRICTION &
AGING

run-n
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\ [1] adapted from: Scitzman ct al., Tribology Transactions 1995
| —
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sliding distance (m)

Aging & oxidation heavily impact initial friction where many components operate

Influences motor torque/size, fuel/energy budgeting across entire mechanisms

Extremely important to understand how to manipulate/control



TECHNICAL APPROACH & CAPABILITIES

Nanoindentation

High-throughput Friction Testing

Custom-built; .
test 6 coatings
at once

-------

Initial friction
. Run-in behavior
. Steady-state friction
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Oxidative Aging

48 hours @ 300°C

Rutherford Backscattering Spectrometry

(RBS) I
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Babuska et. al.,

. . 3 .
Areal density (at/cm?), composition Langmuir, 2024

Many methods above can be done rapidly, capturing insightful information on structural elements for development.
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INFLUENCE OF PVD PROCESS VARIABLES ON HARDNESS

Process Variables

Depending on deposition type: DC, RF, HIPIMS, PDC
AND process parameters such as:

lsputtering lPower 1Bias Dopant concentration

(added metal/metal

pressure Voltage oxides)
5 @

I Inverse relationship
 4ar between sputter -
% : pressure and hardness|
PER '
$ I
cCHL ©6 i
S 2
E "

T 1t 8 -
¢ @
0 J

0 5 10 15 20 25 30 35
Sputtering Pressure (mtorr)
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HARDNESS VS DENSITY - STRUCTURAL ASPECTS

7 L I I I 1 I I I

;----.6'

20 1 2 3 4 5 6 7 8 9
Hardness (GPa)
e Distinct increase in hardness with increasing
density, up to bulk value
 Hardness regimes are a great way to classify

coatings by their structure, orientation and
density

Coating Density: Rutherford backscattering spectroscopy
Orientation & Crystallinity: X-ray diffraction

Normalized Intensity {a.u.)

/Substrate
(002) (100) (103)
MoS2 MoS: MoS:
O O D‘:,Substrate Substrate
g W

£5.75 glcm3
AS.29 g/cm?
. h>3:239g/cm?
1483 g/cm?
467 gfcm?
4 3.10g/fcm?
2.59 g/cm?

10 20 30 40 50 60 70 80
2-theta

A

increasing density
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WHAT ABOUT FRICTION & WEAR?

Friction Testing & Wear Measurements Friction vs Density
6 g @ - - 6 - - . @
Experiment: eaions for Environment: .
S o A Nomas o0yl T~ il 1 =° T
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INITIAL FRICTION AFTER AGING

0,30
_ /0.23 ——Pre-Aged - Oxidative Aging Exposure:
7 . : . : : : . : 0.20 —Aged ] 48 hours @ 300°C in dry air
1 4
6 0.10“@-08 ] 03—
= | ® ' [
e | 0003580 130 160 200 |_ 020[/%'° coatin /
g
‘*HS.: _UI_ M0§2 e 8 ® | Cycles = j/O-” failure
) i .ﬁ | Cycle 1 CoF 3X higher after aging 0.10
= _
=al o . — 00020 80 120 160 200
% | e00p _ 0-30_ _ Cycles
(- 3 © i 0.20} : Higher initial friction and early onset
= : 1 film failure after aging
' 0.101 /%505 -
20 1 1 | 1 1 | 1 1 k/ .
12 3 4 5 6 7 89 000 =46 80 130 160 200
Hardness (GPa) Cycles

Negligible change in friction after aging

Friction behavior confirms simple, yet powerful hypothesis:
Hardness can rapidly assess density, a surrogate for structural characterization to aid predictions of aging resistance and
design of new materials

17



HARDNESS CAPTURES BATCH-TO-BATCH VARIATIONS

* We run the same deposition process 5

multiple times:
 100W DC, 3 mtorr Ar, 1800 sec dep I |
time . Threshold for Steady-State i

LN

» Achieve a steady-state value for =B == ——=—=— -

hardness for process (~3.5 GPa)
« Confirmed this hardness indicated
highly-dense film

w

N

* When chamber maintenance is
performed, same process no longer
yields same outcome

Hardness (GPa)

—
T
1

* We can use hardness to monitor when
steady-state is achieved and condition . : .
chamber appropriately 1 4 8 12 16
Dep Run #

)

18



Behavior of Amorphous PVD MoS, Pre- and Post-Aging

05 v L ' L | h |
as-dep avg to
aged avg to |
c
2
5
I.t -
(T
o
c
2
2 7
=
[<})
o]
o
00 L ool L MR SR | TR | 1 M
1 10 100 1000 10000
Cycles

* Aged film exhibits ~3x increase in starting friction

relative to as-deposited film

* Aging alters the structure (Au coarsening) and
composition (O increase) of the top 15-20 nm of

the film
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Behavior of SNL PVD Multilayer Pre- and Post-Aging
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AVING FUN WITH BUZZ WORDS

AUTOMATED HIGH THROUGHPU
TRIBOLOGY TOWARDS ML
APPLICATIONS

21



ELECTRICAL CONTACT INDUSTRY IS VASTT...

wind turbine slip-rings :
(sensors and blade pitch motors) O o cell phones 4. CPUsockets

PCB sockets

ESTIMATED 150 METRIC
TONS ($6.9B) OF GOLD

USED IN ELECTRICAL
CONTACTS PER YEAR

Refs: Gold Survey, Gold Fields Mineral Survey Ltd, 2011
Gold Bulletin 2010, Vol. 43-3, C. Hageliiken and C.W. Corti,
Gold Bulletin 1986, Vol. 19-3, T.D. Cooke




KNOWN ISSUES IN ELECTRICAL CONTACTS

Noble metal alloys (Au, Pt, Pd, etc.) commonly used, yet suffer from:

Frictional polymerization, or tribopolymer (TP) formation in electrical
contacts has been a known and recurring issue for nearly 70 years.

Wear, galling & frictional losses.
Corrosion & oxidation.
Tribopolymer formation.

CLICK TO EDIT CONTROL MARKING//CATEGORY

Pd contact with
inorganic film
formation after
108 switches. '

mrg

Yy Pasilion

Engineers struggle balancing contact stress/resistance requirements
Existing alloys too soft to displace organics at high stress
Still suffer from TP formation at all other contact pressures

Need ultra-low wear, high hardness contact
alloys to mitigate tribopolymer formation

ECR V&, Fostionan Faliney 7 Fial EGR {Chms]

E paxy Vapor TribeFim

" ECR contact map

of macroscale

wear testing of

« Neyoro-G alloys
in OMTS

“w - environments?

(=8}

5]

0s 10 15 Z0 25 a0
X Pasiion (mm)

Pt MEMS contact
with tribofilm
formation after
switching in 400
ppm CgHe. °

"Hermance & Egan, Bell Sys. Tech. Journal 1958
2 Curry et al., IEEE Holm Conf .Proc. 2022

3 De Boer & Brand, IEEE Holm Conf .Proc. 2015
23



THE PROMISE OF HARD, WEAR-RESISTANT NC ALLOYS

CLICK TO EDIT CONTROL MARKING//CATEGORY

Pt-Au alloys exciting candidates for

specific wear rate (mim®/N-m)

surface carbon yield

electrical contacts applications

Friction, wear and surface chemistry are all
highly dependent on sliding system

Contact pressure
F, and geometry

F-f_______ - ______-.H - kgl
ATy
— =

Contact Asperity

% Environmental species

107
. Coarse
Ly grained
metals'™
10* 4 PTFE nano=
composites’
10* \
nanocrystalline
104 metals 4495
107
10° Pt-Au (this work)
10° : '
T diamond-like carbon®
and Mo5, nanccomposites™®
10710 T T Y r T T ¥
0.0 0.5 1.0
friction coefficient
Surface Catalysis
20 PlosoAUame _ 2.0 PlosrAllon
1.5 . - 1.5
-
1.0 _.-"': =, 0| ..,
- kil = kyn e
037 V=m62074 7 - -

Expansive composition and solute/segregant

T T T
G2 a4 &8 08

T T T
nz 04 05 08

Contact Pressure {(GFa)

Microstructure & film
compasition

sicle view

concentration space of binary alloy systems to explore
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PVD COMBINATORIAL APPROACHES TO ALLOY
DISCOVERY

Thickness Roughness Density Hardness Madulus

E 20 é E E

oL
= = 2 ;
Patterned Si T = SR E, E’

wafer
. &F = = T
Roselingpebsirate E 27 6 & g
Biage £ 158 ‘T &
o = R 3
Depietimtiahoive s -drposition of iritait Aer = wo , g E‘
(SEAER)I).
Key Elements of combinatorial PVD s . 5 5
1.) Multiple operating sputter guns (co- dep) 2 i < E
2.) Stationary wafer in known position % maﬂ‘ = o
. . . == =
3.) Varied working distance = a -
4.) Patterned wafer w/ 112 designated 1

cm? areas £ —_ E £
= = o} )
E 15 = x uj
] 10 Em o g
X <L <L
E 15 ‘-;:3 :12 “-IE
o 25 =

55-92% Pt
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AUTOMATED HIGH THROUGHPUT TRIBOLOGY

Combinatorial wafer has 112 unique
samples tested 3 times for
repeatability

« New Hydra Capability
« 6 parallel test heads; 4
samples/head; 3 pins/head
« /2 experiments automatically
changed via robotic arm

New Fixture allows
for 112 sample
combinatorial
deposition array — |
tester fits 24
pieces at once

Routinely running 100's of experiments
per day with new capabilities. Allows for
engagement with many ML projects.

26
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WAFER SCALE RESULTS - FRICTION IN AIR

1.20
1.20
c
£ 2 1.00 100
2 1.00 0
2 E
&= 23080 80
2 30.80 s .
8 ? 5 ; 60 ¢
® < >G5 0.60 5
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g é 0.60 E SE % % X
H B . “§
o ©0.40 o
o o 20
© 9 020
g 020 ®
© 0
0.00
0.00 50.00 60.00  70.00  80.00  90.00  100.00
1.50 2.50 3650d 4(.:)0 5.50 6.50 || Pt content (at%)
araness
Friction Test
0.9
. Parameters
= No apparent trends with hardness and
. - 2 mm Track Length
composition. 5 o7 .
Q. 4 mm/s sliding speed
EE .
3 100mN Normal Force
o 05
S 04 Lab Air
:E 0.3 100 Cycles

o
po

Repeated 3x

112 samples, 3 tests each (336 total) o
®'' - Initial friction tightly bound 0.20-0.30 Run Time: 6 hours
DEI' 10 20 30 40 50 B0 70 80 90 100
cycles
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WAFER SCALE RESULTS - FRICTION IN DRY N,

0.25 | 0.25
c T c
2 L2 100
§ 020 3 0.20
E = L= [} a0
2015 | B - % 2015 : . =
%g !i. -§:8 -.i. ii.i EGEE
S o h% 2% B E £
£'20.10 L ] % 20.10 i g 8 I
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1.50 2.50 3.50 4.50 5.50 6.50 50.00 60.00 70.00 80.00  90.00  100.00
hardness (H) - Pt content (at%)
0ol 112 samples, 3 tests each (336 total) | FPriCtiO" :’est
. i arameters
= Strong correlation between hardness and »s| =5 do not reach steady-state behavior |
- 1 test exhibits film failure 2 mm Track Length

friction, with lower friction at higher hardness.

o
~i

- Initial friction tightly bound 0.15-0.25 e ead

=
[=2]

100mN Normal Force

=
o
T

Dry N, environment
1000 Cycles
Repeated 3x

o
=

= High Pt content alloys tend to form low friction
films, with more variability as Au content
Increases. 0

friction coefficient

=
w

o

Run Time: 3 days
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LET’S LOOK AT THE TRIBOFILMS

VARYING FRICTION, CONSTANT COMPOSITION (DRY N2)

increasing friction; decreasing hardness; constant Pt composition

v

#112 (83%'Pt) =
‘H:‘4.8 GPa ------------- _?_ll_u

#63 (83% Pt)
H=4.1 GPa
p=0.05

imnnw I-JE (S YR R CELE R

#17 (83% Pt)

H=3.3 GPa
&7.3 nm

p=0.03 Edge of track*

EEN -52.2 nm

Height Sensor 5.0 um Height Senseor 5.0 um Height Sensor 7.0 pm

= Preliminary AFM shows patches of raised material (~20nm) in
wear scars for low friction cases only, despite same % Pt.
= Must consider density & thickness variations at play due to
combinatorial deposition technique.
= Higher friction shows tribofilm pileup (~65nm) pushed to edges.
Similar result to previous AFM for lower hardness
compositions.

* all wear scars ~ 30-35 um wide

o o
[N [¥)
o o

o
—
5

©
RN
o

o
o
(@)]
Steady-state friction (3 tests)

o
o
S

Avg Pt Atm %%
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LET’S LOOK AT THE TRIBOFILMS

HIGH FRICTION, SPANNING COMPOSITION (DRY N2)

o
[¥)
o

o
(S
(=}

#27 (81% Pt)
H=3.1~GPa
pPs0.10 =

#17 (83% Pt)
H=3.3 GPa

"H=2.1 GPa ©
p=011 0

o
—
5

©
RN
o

o
o
(@)]
Steady-state friction (3 tests)

o
o
S

Height Sensor 5.0 pm Height Sensor 5.0 um Height Sensor 7.0 pm

= Lower hardness films at different compositions all exhibit debris
pileup at track edges (~50-60nm) & high friction.

Avg Pt Atm %%

= Despite this, some instances of tribofilm within wear scar still exist
(e.g., sample 45)

* all wear scars ~ 30-35 um wide
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LET’S LOOK AT THE TRIBOFILMS

LOW FRICTION, SPANNING COMPOSITION (DRY N2)

decreasing friction; increasing hardness; increasing Pt composition

o
[¥)
o

[
»

o
(S
(=}

.#91“ (,56;'0/0.' pt)'_'_.'.:.'.- .y u.'*.!*
H=2.4 GPa :

HB0 (93% Pt - it Mo
H=5.3 GPa"

#105 (80% Pt)"
H=4.3 GPa  Edge of track*

ﬁ-ZONO'S-m. = peines . 0 5 il -

o
—
5

p=0.05 =0.02

©
RN
o

©
o
(@)]
Steady-state friction (3 tests)

o
o
S

L

Height Sensor 5.0 pm Height Sensor 5.0 pum Height Sensar W

= Tribofilms observed in wear scars for all cases (~20-40nm).

= High Au content wear scar (lower hardness, higher friction)
exhibits formation in wear scar and at edges.

Avg Pt Atm %%

* all wear scars ~ 30-35 um wide
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THANK YOU!

QUESTIONS?




APPENDIX




