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Background m

Education

PhD, University of Florida, Mechanical Engineering, 2012
M.S., University of Florida, Mechanical Engineering, 2009
B.S., University of Florida, Mechanical Engineering, 2007

Professional Experience
Graduate student intern at Sandia National Laboratories, Albuquerque, NM July 2011 - present

Research Activities

Polymer composites: Developed novel polymeric composites to test under both terrestrial and space
conditions.

High temperature materials: Worked with a coating company to help in the development process for
novel high temperature thin films. | also worked on developing high temperature composite bulk
matermaterials to test in cyclic environments.

Instrumentation design: Redesigned 2 vacuum tribometers and designed/built an ambient
environment tribometer.

Solid lubricant coatings: Peformed environmental testing on numerous solid lubricant coatings,
focusing mainly on molybdenum disulphide. Temperature, relative humidity, vacuum, and
background gas affects were studied.
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What is Materials Tribology? m
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Limitations of Solid and Fluid Lubricants

Hydrocarbon Based Fluid Lubricants

1. Benefits:
= low friction coefficients
« excellent wear protection

2. Drawbacks:
« narrow temperature range
= recirculation and filtration
s environmental concerns

3. Example: 5P4E (maximum temperature 350°C)

Solid Lubricants

MoS, Solid Lubricants BaF,/CaF,
Hydrocarbon Based Fluld Lubricants
cryogenic high
temperature temperature
-l l’ ; I . I . I . 1 . I ‘ I 1 . 1 L
-200 =100 0 100 200 300 400 500 600
il temperature (°C)
co,
Mmoo min. mMoon masx mclten
temp. temp. sodium

1. Benefits:
+ broad temperature range
« lubricant remains in the contact
« friction coefficient is less sensitive
to speed variations
« can be applied as a coating
« can be used in vacuum
« low friction coefficients (0.001< p<0.1)

2. Drawbacks:
« finite lifetimes due to wear
» generation of wear debris

3. Examples:

a) low shear strength materials
i silver
il calcium/barium fluoride

b) lamellar solids
i graphite
ii molybdenum disulphide
iii hexagonal boron nitride

c) polymers
i polytetrafluoroethylene (PTFE - Teflon)

University of Florida - Tribology Laboratory
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Molybdenum Disulphide m

molybdenum disulphide has:

+ hexagonal, layer-lattice structure

+ covalent bonding between the S-Mo-S and van der Waals
attraction between each tri-layer

The layer-lattice structure and van der Waals forces allows
for easy slip between the tri-layers which provides the low
friction properties.

Amorphous MoS, coatings are known to form crystalline
layers which orient themselves upon sliding leading to the =

low friction characteristics. /&'/\\\*ﬁf’;ﬂ\“\%\,ﬁ/’/\\\—ﬁ:ﬂ,ﬁ’/
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Applications of MoS, in Aerospace m

Satellites

bushings gimbals

bearings, gears
& motors

slip rings

latches & covers

gyroscopes &
momentum wheels

Operating Environments

Environmental Extremes:

« extraterrestrial deployment (UH vacuum,
-150°C to 100°C)

« terrestrial testing (ambient lab air)

Packaged antennas must survive extended cycled
deployment in ambient humid conditions prior to
deployment in space.

Aircraft Actuators

latches and covers

mechanisms

e 3 -
bushings and linkage e : :

latches, restraints,
and release mechanisms
brakes and

thrust vectoring landing gear

and high temperature
nozzles and flaps

Operating Environments
Environmental Extremes:
» high altitude dog fights (-50°C, low humidity)
« equatorial carrier operations (>35°C, >90% humidity)

Devices must function for 1000’s of cycles between
environmental extremes.

University of Florida - Tribology Laboratory
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Studies of Water Vapor Affects on MoS, m

[ Since 1951 over 1,000 papers have been published on the topic of MoS , Tribology. J

The first report on the effect of relative humidity on the
friction and wear of MoS, is from at NACA publication in
1953 by M. B. PETERSON & R. L. JOHNSON.
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The steady state friction coefficient values
decrease with decreasing relative humidity in
the environment.

The reversible sorption and desportion of water
vapor on MoS, after various degassing methods

adsorption desorption
A 1Frun @ 1*run
A 2 run © 2" run
Sample C
. Degassed 350°C
Degassed 300°C Temp 30°C

Temp 26°C
—_—

Sample D
Degassed 950°C
Temp 30°C

T T T T [ T T T T T 1

50 60 70 80 9 100
relative humidity (%)

There are both reversible and irreversible

portions of water sorption in MoS, powder
samples.

Data adapted from Peterson, M.B. and Johnson, R.L., Friction and wear
investigation of molybdenum disulfide | - effect of moisture, NACA, 1953

University of Florida - Tribology Laboratory

Johnston, RR.M. and Moore, AJW., Water adsorption on molybdenum disulfide
containing surface contaminants, Journal of Physical Chemistry, 1964, 68(11)

06 humidity lit review-1.ai



Composites of MoS, m

Pure MoS; has shown differences between its tribological behavior in dry and moist
environments. A necessity for improvements of the performance in moist
environments led to the development of composite MoS, coatings through various
deposition processes. The addition of dopants was made to improve the friction, wear,
and environmental stability of the coatings.

Examples of composite MoS, coatings in use today:

» MoS,

» MoS, + Ni

* MoS, +Ti

» MoS, + Sb,0,

* MoS, + Sb,0; + Graphite
» MoS, + Sb,0; + Au

a) sputter deposited MoS5; film on Si
b) sputter deposited MoS,/5b,0,/Au film on Si

Images a) and b) adapted from Scharf, T. et al., Acta Materialia, 2010, 58: p. 4100-4109

University of Florida - Tribology Laboratory
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In Situ Tribometer Design m

1. vertical stage

2. parallel leaf flexure
3. six-channel load cell
4. pin and counterface
5. reciprocating table

environmentally
controlled
chamber

Capabilities of the Tribometer:

« in situ measurements of friction
« environmental control

« in situ measurements of wear using a scanning

white-light interferometer e
scanning
white-light !
interferometer I
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Review of Experiments m

All tests were run at 1.3 GPa contact pressure, 10 mm/s sliding speed, for 10,000 cycles; the total sliding distance was 100m.
The error bars for the friction coefficient are the associated standard deviation of the data. The wear rate error bars are the
associated uncertainty in the measurements as they were point measurements and the standard deviation cannot be derived.

They are smaller than the data points and thus are not shown.
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Friction increases with increasing relative humidity, wear does not follow as strong of a trend.
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Summary of Trends m

Summary of Trends
Friction coefficient decreases with a decrease in water content
Static friction coefficient values increase with an increase in water content

The water sorption on MoS, powder is a reversible process once a portion of water is
irreversibily sorbed

0.3 -
- typical friction coefficient values for the MoS,/5b,0;/Au film
€ 0.2
S
s | ) 50% RH
T o1 \‘ : ;
LS
1 Li dr')" NZ
0.0 . | : .
0 500 1000 1500 2000
Questions to be Addressed cycles

Does a film of MoS,; exhibit similar sorption properties as those shown by the powder sample?
What is the amount of water being absorbed into the films?

s the water sorption affected by the density/porosity and thus surface area/volume ratio of
the films?

Does thickness of the coating play a role on the water uptake?

University of Florida - Tribology Laboratory
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Quartz Crystal Microbalance’s (QCM) work using the piezoelectric effect from
the quartz crystal. Alternating currents are applied to the crystal which creates
a standing shear wave. The frequency of oscillation of the quartz crystal is
dependent upon the mass of the crystal, thus if a change of mass occurs, the
frequency will change correspondingly.

Water Uptake Studies using a Quartz Crystal Microbalance

The Sauerbrey’s Equation is used to calculate mass change per unit area:

Image courtesy of Inficon A = 2f[}2 }La{q pq

Relative Humidity Step Changes Set Up

+ 2 beakers, one with dry N, and one with humidified N, flowing at ~5 LPM

« QCM and RH probe are placed into one beaker, allowed to reach steady-state,
and then placed into the other beaker g

+ this is repeated for different relative humidities Y2

NEHGWEE : % : %

liquid
trap

Ji H,0)

“__- Q€M and RH probe
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Step Change in Relative Humidity Experiments

12 - step change data.ai
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Surface Area Differences in MoS; Films

A variability between different coated
QCM crystals is seen. There is the
potential that this is directly related to a
variation of the real surface area,

Pure MoS; deposited on a surface with Ra~8 nm
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* Note: SEM images were provided by Richard Grant
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Step Change in Relative Humidity Experiments

monolayers of water

University of Florida - Tribology Laboratory
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® MoS,; 0.9 um thick

1000+—, MoS, 0.1 pm thick
. ® MoS,/Sb,0./Au 0.1 um thick
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An increase in the
thickness of the sample
increases the quantity
of reversible water
uptake.



Furnace Testing with the QCM m

Due to the potential for irreversibly sorbed water content in the films, heating of the coated
QCM crystal in an inert environment was explored.

Furnace Experimental Set Up

» Thermo Electron Corporation Lindberg/Blue M tube furnace was used to heat the crystal

+ a nitrogen flow through system was established through the furnace in which gas analysis was performed on
the exhaust flow

+ a bubble humidification system was added to allow for relative humidity changes to the environment
« temperature is measured via a thermocouple attached directly to the quartz crystal holder

« all experiments were run under conditions of <10 ppm of O,

exhaust
v . e

N, flow . tube furnace h oxygen
— = > hygrometer |

42 H0 analyzer

U:D > I =0 >
— temperature and frequency
DAQ - to PC
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Inert Environment Heating Experiments on Pure MoS, Film

Relative changes in the mass per unit area are shown. All data was measured with the same coated quartz
crystal. The crystal was initially exposed to numerous relative humidity cycled changes and then this
experiment was commenced.

change in mass/unit area (ug/cm?)

m/A gain

m/A loss

T

exposure time (t )

t,=6hr

B relative humidity exposure
O 110°C heat/cool cycle
B 175°C heat/cool cycle
crystal was
exposed for
1 month
to lab air
prior to testing t =4hr

time

t,=175hr

t,=4hr

> test 2 -

heat hold time (t,)
s
crystal was
exposedfor ¢ —ohr t=15hr
7 2+ months e F
to lab air
rior to testin
0.0 P g
-0.4 -
-0.8 -
¥ - test 1

17- furnace heat MoS2-redo.ai
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Water Absorption m

film thickness mm to pum scale um to nm scale

MosS, film Foram | LS '
on rough crystal Y WIS

300 nm 500 nm

MoS, film
on polished crystal | | 99 km
AT
ratio of rough to
polished surface 1:9 2:1 1:4+

dreas

* Note: SEM images were provided by Richard Grant and AFM images were provided by Anna Truijillo
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Diffusivity of Water into MoS, Films Results

_ 5E-14+ | |
= : § —
=) y *° ¢ ? | ® 0.9 um Mos,
uof"m“ SE-15 | | O 0.1 pm MoS,
S | | %. 0.1 um MoS,/Sb,0s/Au
=
- ]
2 5E-16 |
b : | ——
o - ! !
£ se17- % - T ?
S 5E-17 - ® - __ ' .
g e % ¢ 3
=3 N . .

SE-18 | | |

20 40 60 80

relative humidity [%]

Diffusivity values for the two thin films were found to be on the same order of magnitude
and the thicker film was found to be 2 orders of magnitude faster.

University of Florida - Tribology Laboratory
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Concluding Remarks m

Friction and wear both increase with an increase in relative humidity

Two diffusion processes were observed: I

- water that requires a thermal input to be removed

- water that is reversibly absorbed at room temperature

man alayers of water

As both friction and wear are lowered by decreasing the partial 3 ===="=7:
pressure of water, and do not require thermal energy to lower their I
values, only the water sorbed at room temperature is affecting the
tribological properties o 10 2 30 4 S0 s 1

relative humidity (%RH)

Water is shown to be absorbing into the film

- available surface areais believed to have an affect on the
quantity of water sorption, but is not the major contributor

- film thickness is shown to be a larger contributor than surface & *%'*3 : :
phenomena E j PR BE— —
' 5E-15 : : | ® 09pmMoS,
Diffusivity values were calculated for all films, with the pure and 2 ] i —|© 0.1 um Mos,
. . ™ b & 0.1 pmn MoS/Sbo0s A
composite 0.1 um films found to be the same order of magnitude £ 5616 _
and the pure 0.9 pm film 2 orders of magnitude faster £ 3 % ' s '
2 o] Q
A direct comparison of quantity of water sorbed can not be made g milé f? ﬁ? O ¢
] e = ]
between the Mo$5, and MoS,/5b,0s/Au due to the variability s sl

between crystals 2 4 e 80
relative humidity [%a]
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Explore the stoichiometric effects: MoS, vs. MoS,
Study the effect of lamellar orientation
- amorphous, short range order vs. longer range orientation of lamellae parallel to the sliding direction
Study the effect of microstructure on the quantity of water uptake
Perform similar studies but with all films deposited on the polished quartz crystals (Ra<10 nm)
- MoS; film
- MoS,/Sb,05/Au film

Further analyze the surface area/volume ratio for the various microstructures observed for these films
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Oxidation Results from XPS on MoS, and MoS,;\Sb,0;\Au Films

MoS, Coated Crystals MoS,/Sb;0;3/Au Coated Crystals
as deposited crystals i
o3p
A Mo 3p Mos, A P Mos,
MoO; S ATEa B o % Area| Three different crystals from each

coating batch each at various stages

MoS, 75 of exposure were compared via XPS.

MoO; 25

counts
counts

The as deposited crystals show the
lowest amount of oxidation.

! The heated crystals show similar

quantities of oxidation as the crystal
which was not heated.

counts
counts

step change in %RH +heated crystals Oxidation of the film could not
A be quantified with this method
due to the variability in results
from each crystal. Thus, the
oxidation is either minimal to
nonexistant but the relative
quantity cannot be
determined from this data.

counts
counts

405 400 395 390 385 405 400 395 390 385
binding energy (eV) binding energy (eV)
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Mass/Area to Monolayers of Water Calculation m

Density and Thickness Method*

Assumptions

thickness (t) = 3.1 A

density of H,0 (p) = 1x10° g/m’
mass/area (m/A) = 0.0083 g/m’

m 0.00838
4 m —26.8 ML

Pl 1x10° 8m3 :3.1x107"m

Molecules per Area Method

Assumptions

area number density (n) = 10" molecules/cm?
molecular weight of H,O (M)= 18 g/mol

Avogadro’s number (N,) = 6.023x10* molecules/mol
mass/area (m/A) =0.0083 g/m*=8.3x107 g/cm?

m -7 2
4 _ 83x10" g /cm 78 ML

Ny 10" molecules | cm” -18g / mol
nM 6.023x10% molecules | mol

University of Florida - Tribology Laboratory
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Diffusivity of Water into MoS, Films Calculations

Moment Method L = film thickness
t  =time when M/M =0.5
1.0 T, = first moment

2
D~—
37,
0 200 400 600 800 1000 1200
time (s)
Half-time Method
0.8 9
z 4 T 1
. - D=-— . In| ———| —
0.6 . s I 16 9116
s v
= 04- : 15
024 0.0491°
| = D~y —————
0.0 T E— : : \ , Ly
0 te 20 40 60
time (s)
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Relative changes in the mass per unit area are shown. All data was measured with the same coated quartz
crystal. The crystal was initially exposed to numerous relative humidity cycled changes and then this
experiment was commenced.

Inert Environment Heating Experiments on MoS,/Sb,0;/Au Film

B lab air relative humidity exposure
. A 04 - T B ~809% relative humidity exposure

— T crystal was e O 110°C heat/cool cycle

o) exposed for Bl 120°C heat/cool cycle
% ﬂ i 2:;;1“:::5 B 175°C heat/cool cycle

= £ prior to testing .

ps 0.0 H time
@ t =4hr

(43 ]

e A

-

=

= 4

i -0.4

E <

c E ]

@

m -

g 0.8 - exposure time (t)

£ heat hold time (t,)

o

Y

- t=5hr t,=35hr
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Inert Environment Heating Experiments on 0.9 pum Pure MoS, Film

Relative changes in the mass per unit area are shown. All data was measured with the same coated quartz
crystal. The crystal was initially exposed to numerous relative humidity cycled changes and then this
experiment was commenced.

crystal was @ 110°C heat/cool cycle
exXpEsec B 175°C heat/cool cycle
2 months
to lab air

prior to testing

= 0.0 time
-
o _
S
g
2 |-20-
M
Y O
= _
= <
=
=3 E '40 1
—
[¥5]
[¥5]
ul _
-
= -6.0 -
@ Y
E‘l i
[1v]
i = t =6hr
W] -8.0 - h
_ t =6.5hr heat hold time (t,)

University of Florida - Tribology Laboratory

A5- furnace heat MoS2 thick.ai



Calculations of Friction and Volume Loss

Volume Loss ‘_.[ "
wear track width
Using scanning white light interferometry, 0 i, J"Mhﬁ
a 3D surface scan of the wear track is | af !
taken. 4 mlw i wear
o f A track
A - - S o * depth
representative 2D slice through the i W“'# Mgl ) P“rwq‘* p
wear track is taken and analyzed for the . Wr' M
wear track cross-sectional area. 0 : : . o
0 100 200 300 400 500 600
Creep of these thin film coatings is mm
considered negligible.
0 um
The volume of material removed is then 3
estimated by calculating the
cross-sectional area of the scans. This z
average area is swept along the complete o 6
wear track path to calculate the volume ' 8
loss.
10
12
14
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