This paper describes obijective technical results and analysis. Any subjective views or opinions that might'be expressed|in SAND2022-14617C
the paper do not necessarily represent the views of the U.S. Department of Energy or the|United States Government.

Tribopolymer Film Formation on
Sliding Electrical Contacts
Exposed to Siloxanes

Nic Argibay?, John Curry?, Don Susan?, _‘:---w -, Ji gﬁﬂ
Mike Dugger? m;_,:_fj? — “f:.
'DOE Ames Laboratory 2048 .ﬁ‘:"‘."" L
2Sandia National Laboratories, Albuguerque NM

Holm Conference, Tampa FL
October 26, 2022

Sandia National Laboratories is a multimission
laboratory managed and operated by National
Technology & Engineering Solutions of Sandia, LLC,
a wholly owned subsidiary of Honeywell
International Inc., for the U.S. Department of
Energy’s National Nuclear Security Administration
under contract DE-NA0003525.

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions/of Sandia, LLC, a wholly.owned
subsidiary of Honeywell International Inc., for the U.S. Department of Energy's National Nuclear Security Administration/under contract' DE-NA0003525.



Introduction

* Friction polymer (tribopolymer) formation was studied in a laboratory
environment with outgassing epoxy (Loctite EA9394), i.e. vapor-phase
environment. Build on previous studies of film formation in liquid silicone oil
(PDMS — polydimethylsiloxane), Mike Dugger et al., Holm Conference 2015.

* Friction polymer formation from a specific outgassing vapor species, I
octamethyltrisiloxane (OMTS), has also been confirmed in the laboratory.

* Sliding contact friction experiments are discussed.

* Electrical contact resistance
(ECR) measurements

correlate to film formation as vapor - 5 Pin
wel. — phase i J/FN

* Morphology, thickness, and
chemical signature of the
tribopolymer film on precious
metal electrical contact alloys
(Paliney-7, Neyoro-G, Deriney
-72) will be outlined.
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Tasig IV — BEHAVIOR OF VARIOUS SLIDING SURFACES
iN BENZENE VAPOR

(4 % 10° Wipes, 170-Micron Stroke, 120 Cycles/Sec, 30-gm Foree}

4, in Benzene-Saturated Air)

Those compounds which produced the largest amount of polymer under
the same conditions were principally the aromatic hydrocarbons, including:

Benzene Crotonaldehyde
Toluene Butyraldehyde
Xylene Cyclohexanone
Naphthalene Limonene
Cyclohexene Styrene
Acrolein Benzaldehyde

Acrylonitrile

Ney Handbook, 1960

Frictional polymer ranges in color from a light brown to black after enough
has formed so that it is readily visible in its powdery amorphous form. For-
tunately, it is rather fragile material and readily pushed to the side of the
wiper track by the sliding motion. It takes on an electrostatic charge
readily and clings to the metallic surfaces adjacent to the areas of contact,

Hermance and Egan, 1958 :




History: Friction Polymer Formation in Silicone-Fluid Filled
Devices (~2014-present)
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Backscatr Iectrn Iae, Demonstrated Reaction Pathway PO
cut + 0, —= o0, + cu* Cu"with O, catalyzes the |
é é, formation of superoxide anion
H
HC-Si-CH, + O, —™ H,C-8i-¢' + Ho, Hydrogen abstraction ,
o O H from methyl group D'EHE’;H '
&' =295

New peaks
associated with
PDMS radicals

Side Group Oxidation

CHCI, H,0
chemical shift = ‘ . \
JH |[sicHr'
. ——— -"J-’—"j 5’{-1’49,15.
peak position, Hz
N — S I B I E— S S
spectrometer freq., MHz 7 6 5 4 3 2 1 0 4 ppm

Nuclear Magnetic Resonance (NMR) Spectroscopy

* Crosslinked PDMS deposit is created during mechanical contact, without
current (M.T. Dugger et. al, Holm Conference 2015)

~* Todd Alam, Characterization of PDMS (SiCO) thin film growth on Copper
\No current Metal Surfaces, National ACS Meeting, 2014.

PDMS = polydimethylsiloxane




Position, microns

History: Contact Resistance Maps in PDMS Fluid

20 cS PDMS fluid, 50 mN load
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* Electrical contact alloys form insulative deposits at edges of sliding track

* Cu exhibits ECR of 100’s of mQ everywhere
* dynamic deposit formation during ECR mapping

* Au exhibits ECR of a few mQ everywhere; no deposit formation

(methyl side group oxidation that leads to PDMS crosslinking does not occur in self-

mated gold contacts)



Recent issue: High electrical contact resistance in
sliding precious metal contact pairs dueto  Epoxy

Outgassing Effects

* Investigation suggested that friction polymer formation (and other contamination) was a
key aspect of high contact resistance. Si-C-O in the film, source is less obvious in this case.

* Epoxy outgassing was identified as a likely source of film formation.

Frictional (sliding) contact is required to polymerize this layer.
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Outgassing Species from Epoxies

RGA Anaylsis

estimated parts per million

0.00 5.00 10.00 15.00 20,00 25.00 OUtgaSS|ng analyses from
trisiloxane, 1,1,1,5,5,5-hexamethiyi-3-{(trimethylsilyljoxy} _—Trisiloxane H 1
v L autandi electrical components with 3
i IR Isopropyl Alcohol different epoxies present. Results
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Butane .
Acetic acid, butyl ester L
1,1,3,3,5,5,7,7-Octamethyl-7-(2-methylpropoxyltetrasiloxan-1-ol g
: Those compounds which produced the largest amount of polymer under
E poxies prese nt: the same conditions were principally the aromatic hydrocarbons, including:
Benzene Crotonaldehyde
Toluene Butyraldehyde
EC-2216 (no longer used) Xylene Cyclohexanone
Naphthalene Limonene
Cyclohexene © Styrene
. q Acrolein Benzaldehyde
Abelfilm (used as solid Acrylonitrile

Ney Handbook, 1960

preform d ISk) Frictional polymer ranges in color from a light brown to black after enough
has formed so that it is readily visible in its powdery amorphous form. For-
tunately, it is rather fragile material and readily pushed to the side of the
wiper track by the sliding motion. It takes on an electrostatic charge
readily and clings to the metallic surfaces adjacent to the areas of contact,

EA-9394 (Loctite)




Can We Reproduce this Phenomenon in the Laboratory?

Experimental Setup

wires to pin Nanotribometer modified for 4-wire
Electrical Contact Resistance

wires to flat measurement

il }Dmm;"s 1 mmys
Simulated vibration 20 1)
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High Throughput Friction and Wear Test Module

i
linear reciprocating
b 3 T
¥ motion stage

b

; =
/i "hing dap“"*
|| connégted

Each module can accommodate 4
parallel experiments in a
controlled environment (gas and
humidity).

* Initial focus was testing with particular epoxy “EA9394” (Loctite)

e Qutgassing studies showed volatile amines (from curing agent), reactive silanes
(bonding agent), and methanol formation

* Amines and silanes are volatile and reactive at room temp.
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The Answer is Yes — Below, SEM/EDS Analysis (5kV)

Environment: Ambient air sealed inside a chamber with curing epoxy.

Materials: Neyoro-G (Au/Cu alloy) pin, Paliney-7 (complex Pd-based alloy) disk.
Both alloys in high-strength, precipitation-hardened condition.

Test Conditions: 1 mm/second sliding speed, contact force of 100 mN, 1000 cyles
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What IS the Actual Insulative Film Forming on these surfaces?

' 1 Results: IR Analysis of EA9394 Epoxy

* Band at 1261 cm™is consistent with Si-CH, deformation
. . . . . . i.e. istent with
* Broad signal from 950 — 1150 cmtis consistent with Si-O-Si stretch 5“2 W
silane/siloxane
* Band at 2961 cm™ is also consistent with Si-CH; asymmetric stretch|
* These bands have overlap with the methanol assignment below |
£& ¢ > @
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Loctite EA 9394 curing at 25°C i
: Despite extended cure at 25°C same volatiles still detected int1egasphase.§
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* Results indicate that EA9394 does indeed give off silane/siloxanes
* From a reactive silane coupling agent...unusual for an epoxy



‘ IR Analysis of Friction Polymer Film and Comparison t
“ " (historical) SiCO Film Formed in liquid PDMS
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* Results indicate the film contains silane/siloxane polymer
along with methanol and water present

1000 f

I
Spectra from SiCO film
studies (2013-2015)
overlaid at the same scale

* The same type of film was observed several years ago, associated with silicone-

oil filled devices (PDMS fluid-filled devices)

-



High electrical contact resistance (ECR) measured in
2 ¥ wear tracks (not just at the ends)

Representative ECR maps, same spherical Ney-G tip with lower load of 50 mN, 4-wire measurement
Current source 20 mA, voltage limit 1.1 V, mapping speed 0.1 mm/sec

ECR (Ohms)

1.000
0.9000

— 0.8000

— 0.7000 1R e
e

— 0.6000

h— 0.5000

— 0.4000

Y Position (mm)

— 0.3000

0.2000

0.1000

0.000

0.5 1.0 1.5 2.0 2.5 3.0
X Position (mm)

ECR =1 ohm in various locations, especially near ends of wear track




Outgassing epoxy: complex mixture of many vapor species.
1« I Desire to investigate individual outgas constituents in controlled
experiments. ldentify “Bad Actors”...

Two complementary methods to deliver controlled gas species

Method 1: Bubbler Mixing System Method 2: Permeation Tube
(coarse concentration control but greater range) (fine control/narrower range; high purity) i
| Pressure r ™
control The Perm Tube Method
-~ test Traceable Gas Standards
ilution gas | =
dry N2 EPC Chamber Component
F* (Dilution Flow) C= r 10¢ )
arrier gas | F :
dry N,
bl {Permeate Flow)
Temperature
control
*Value Traceable to NIST
., f=Component emission at temp T F=Dilution gas flow C=Concentration
BRibtiar it trisiloxane \“ J
liquid source .
from epoxy Reference: https://kin-tek.com I
Reference: https://www.bronkhorst.com outgas I

Both methods can be used to investigate tribofilm formation due to exposure to
species identified as potentially problematic from gas analysis on actual
electromechanical components.
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Friction Coefficient

Pin-on-Disk Friction Testing in an Individual Outgassing Species:

Octamethyltrisiloxane (OMTS) CgH,,0,Si;

1 SCFH of dry N, mixed with 5 SCFH of OMTS-saturated N,. This mixture gives 80% p.,, of OMTS

estimated parts per million
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* Friction coefficient generally
increases until ~100% OMTS
saturation

* This fully saturated or
practically ‘liquid-immersed’
condition shows evidence of
less well-adhered tribofilm

* Could be easier to remove
or push aside the film during
testing




‘ SEM Micrographs and ECR Results

OMTS/N, mixtures to generate 0.1 to 100% of saturation

for tests in OMTS environments

Coefficient of Friction

(liguid meniscus observed in 100% OMTS tests)
100 mN contact force, 1 mm/sec sliding speed, 3mm track
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‘ SEM Micrographs and ECR Results
"7 for tests in OMTS environment

Coefficient of Friction

* OMTS/N, mixtures to generate 0.1 to 100% of
saturation (liquid meniscus observed)

T——0.1% OMTS Concentration

——1% OMTS Concentration
il l'._.IIMIL !

——10% OMTS Concentration
e + L
T T
J. If ‘ '
U

——100% OMTS Concentration

* 100 mN contact force, 1 mm/sec sliding speed N

0.1%

1% 10%

o

=]
N

Position along Wear Track Cross-Section {mm)
k=1
o

o

Resistance {Ohms)
1o

T T T T T 1 T T T 1 T T T T T 1 o
an 0s 10 6 20 26 o L] [i3:} 10 16 20 26 an [ili] 05 (1] 16 20 26 k1)
Puosition alang Wear Track Length {mm ) Position along Wear Track Length {mm}) Position along Wear Track Length (mm)

no l'l‘l5 1‘0 1‘5 ZIU 2‘5 3‘0
Pesition along Wear Track Length {mm)




18

Summary

Insulative tribofilm formation was studied in an outgassing epoxy
environment and an individual outgas species (OMTS). Tribofilm “friction
polymer” is reliably produced in laboratory sliding friction experiments.

The surface films result in significantly elevated electrical contact resistance
(ECR). Results are similar to those produced in (liquid) silicone oil (PDMS) in
previous work.

Persistent tribofilm is produced with increasing concentration of OMTS,
resulting in more significant current interruption, with the exception of
100% condition. For the 100% (liquid) OMTS condition, it is possible that
the film is less well-adhered than that formed in the vapor environment.
More work needed to confirm.

Careful selection of epoxies, or better yet removal of epoxies from
electromechanical assemblies is recommended if robust low-resistance
sliding electrical contact is needed.
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Backup Slides



Paliney®-7 (ASTM B540)

Neyoro®-G (ASTM B541)

Element Weight % Element Weight %
Palladium | 34.0-36.0 Gold 70.5-72.5
Silver 29.0-31.0 Copper 13.5-15.5
Copper 13.5-14.5 Platinum 8.0-9.0
Gold 9.5-10.5 Silver 4.0-5.0
Platinum 9.5-10.5 Zinc 0.7-1.3
Zinc 0.8-1.2 Trace impurities of Ir, Os, Rh, Ru, Fe

Trace impurities of Ir, Os, Rh, Ru, Fe

®paliney and Neyoro are registered tradenames of Deringer-Ney Inc., Bloomfield, CT



Focused lon Beam (FIB) Analyses of Sliding Contacts
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FIB Cuts: Actual sliding contacts vs. Films produced in the Laboratory

Actual sliding contacts

Protective Pt layers

Thick friction
polymer buildup, up &8
to 720 nm thick

Laboratory: FIB cut results Wear Track 10

Protective Pt layers

FIB cut 2, End of wear track 10

Protective Pt layers
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