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ABSTRACT
Friction and wear are not intrinsic material properties but instead depend on many
extrinsic parameters of the sliding system. One important consideration when dealing with
sliding surfaces is the vapor environment in which the two surfaces operate. Molecules from the
vapor phase will adsorb onto the material surface, and even though these adsorbate layers are
often less than one nanometer thick, they can influence friction and wear from the nano-scale to
the macro-scale.
This study investigates the effect of different adsorbed vapor molecules on the friction
and wear during sliding between different solid surfaces. A macro-scale reciprocating ball-onflat tribometer was used to examine the effect of water vapor and various organic vapors on
lubrication and wear primarily between steel or copper surfaces, but also with ceramic, glass, and
carbon surfaces. With the exception of engineered materials like diamond-like carbon (DLC), all
tested materials experience poor lubrication and surface wear when rubbed in a dry, inert
environment. In the presence of water vapor, a copper surface rubbed by a stainless steel ball
undergoes three distinct lubrication and wear conditions depending on the surrounding relative
humidity (RH). Dry conditions and low humidity (<20% RH) produces plastic deformation and
mild abrasive wear of the copper, intermediate humidity (20-80% RH) produces catastrophic
adhesive wear of the copper, and high humidity (>80% RH) produces galvanic corrosion of the
stainless steel ball. Other classes of materials generally do not show the same complicated RH
dependence although RH does not act as a lubricant for most materials. In contrast to the
complicated and deleterious effects of water vapor, organic vapors act as a lubricant across nearly
all solid surfaces. Organic molecules including linear alcohols, branched alcohols, fluorinated
alcohols, alkanes, and ketones provided lubrication. A monolayer of n-pentanol vapor yields a
friction coefficient of ~0.15 and minimal wear regardless of the friction or wear that a surface
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experiences in dry or humid conditions. This lubrication occurs without any tribochemical
reaction occurring. However, this lubrication is not observed with surfaces covered by residue
from evaporated solvents. Low vapor pressure residue from trace contaminants in solvents gives
a low friction coefficient and minimal wear for some surfaces.
This study also investigates the effect of molecular structure of the adsorbate on friction
and wear. Friction and wear decrease as hydrocarbon chain length increases for linear chain
alcohols and branched alcohols have a higher friction coefficient than linear alcohols for the same
number of carbons. Other molecular chemistries, including alkane, ketone, allyl alcohol, and
fluorinated alcohol, had higher friction coefficients than n-pentanol. Unique to allyl alcohol is the
formation of a large quantity of triboproduct during sliding. The triboproduct forms during
sliding at all vapor partial pressures tested (15-80% p/psat) and increases in formation for higher
applied loads. Infrared spectroscopy of the triboproduct shows that the allyl C-H stretch that is
present in the adsorbed vapor spectrum is absent from the triboproduct, indicating the formation
of a poly-alcohol. This triboproduct can lubricate the surface in the absence of vapor flow for
more than an order of magnitude longer than it took to form.
The effect of adsorbed vapor on solid lubricants is also studied.

Boric acid is a

crystalline lamellar solid with a hexagonal structure similar to graphite and can exhibit a friction
coefficient as low as 0.05. However, a coating of boric acid is quickly worn away in dry inert
conditions, exposing the underlying surface. Water vapor and acetone vapor environments yield
the expected low friction coefficient, while alcohol vapor yields a friction coefficient near 0.2.
Further inspection of the coating during alcohol vapor flow shows that the boric acid coating
reacts to form water and trialkyl borate, which desorbs from the surface, thus giving only
lubrication by the adsorbed alcohol. The mechanism of lubrication for boric acid in water or
acetone vapor appears to be due to edge site passivation in a similar fashion to graphite
lubrication.
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Chapter 1
Introduction and Motivation
Lubrication at small scales requires techniques other than the conventional liquid
lubrication methods that have been developed throughout history. The small clearances, low
normal loads, and low actuation force used in devices such as microelectromechanical systems
(MEMS) disqualify the use of viscous liquids and oils for lubrication or surface protection. These
conditions also constrain the system to boundary lubrication.

To bypass these challenges,

coatings and methods of lubrication by adsorbed vapors have been introduced to protect
contacting and sliding surfaces at the micro- and nano-scale.
Coatings are typically deposited upon device/surface fabrication to impart additional
physical or chemical protection. Physical coatings are added to increase properties such as
hardness and chemical inertness. Coatings such as diamond-like carbon (DLC) or TiN can
survive extended sliding while providing added toughness to the surface [1-5], while other
coatings such as graphite or boric acid are meant to be sacrificial while reducing friction [6-9].
Chemical coatings are typically self-assembled monolayers (SAMs) which consist of a binding
head group (often Si or S) and a long alkyl chain tail group. Due to their alkyl tails, SAMs
decrease adhesion forces between surfaces and prevent a problem known as stiction between
sliding surfaces [10-14]. The performance of these coatings depends on characteristics such as
chain length, packing density, and chain functionalization [15-18].
All surface coatings suffer from two main drawbacks; coating wear, and degradation due
to chemical incompatibility with the surrounding environment. Since the coating is only applied
once, even a minute amount of wear will compile over thousands of cycles to eventually destroy
the coating. Rough surfaces during coating can create shadowed regions where no coating is
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applied, or regions where SAMs are less well-packed [5, 19]. Carbon coatings such as DLC or
graphite are infamous in their requirement for certain vapor conditions for lubrication, which is
an inert environment for DLC or any adsorbed vapor for graphite [20-22]. SAMs can show
increased lubricity when some molecules are present, but show deteriorated lubrication properties
with others [23, 24].
Some of the challenges encountered with surface coatings can be overcome by using a
thin molecular layer adsorbed from the environment as a lubricant. Vapor adsorption occurs on
nearly all surfaces that are exposed to the ambient environment, but controlling both the type and
quantity of molecule that adsorbs can grant lubrication and surface protection. A continuous flow
of vapor allows for conformal adsorption on all exposed surfaces as well as replenishment of the
adsorbed molecule at the sliding interface. Alcohols including n-propanol and n-pentanol have
been shown to lubricate silicon surfaces at both the nano- and macro-scale, and these surfaces
show no wear when the adsorbed molecular layer is at least one monolayer thick [25-28].
The effect of vapors on lubrication, or the intended use of vapors as lubricants, has been
previously studied for certain applications. These studies often focus on surface or environmental
conditions that are applicable to only one system. Much of the work focused on the effect of
water on glasses, which can cause crack propagation [29], or water on ceramics (notably silicon
nitride), where a type of “corrosive” wear may occur [30]. These findings are generally limited to
materials that possess the unique physical or chemical wear properties described in the studies.
Studies that do focus on using vapors as lubricants, such as tricresyl phosphate [31], required
temperatures (370 °C) that are beyond the operating conditions of many systems. An exhaustive
overview of published literature on vapor effects in tribology was recently published [32].
An issue in using adsorbed organic vapors as lubricants, especially on high surface
energy materials such as metals, is reaction of the adsorbate. This is especially a concern if heat
or electrical current is present at the contact. In the absence of any adsorbate, atomically clean
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metal surfaces will irreversibly adhere to one another in a process known as cold welding [33-35].
Surfaces exposed to air will react with oxygen that passivates the surface, but even these
passivated surfaces can react with environmental organic vapors upon contact or sliding to form
carbonaceous products [36, 37]. These triboproducts are detrimental to electrical conductivity
across the interface but may be beneficial to lubrication [28, 37]. The size of the adsorbed vapor
molecules is significantly smaller than the roughness of most surfaces, which allows for the
formation of a conformal adsorbed layer or layers. Figure 1-1 shows a polished metal surface in
black and a plastically deformed metal surface in red. The inset in the upper right shows how a 1
nm adsorbate would appear on the rough surface. The scale of the adsorbate is also significantly
smaller than elastic deformation during most tribology tests, which is 10s to 100s of nm.
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Figure 1-1: Surface profile for a polished rough surface and plastically deformed surface. Figure
inset shows the extent of a 1 nm adsorbed film.
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All of these observations are part of the framework for the questions explored in this
dissertation:
1. What is the nature of lubrication by adsorbed vapors on different surfaces and what
molecular properties influence lubrication behavior?
2. What chemical reactions occur during sliding in vapor environments; can these
reactions be controlled and are the products beneficial?
This dissertation aims to elucidate the influence of various adsorbed vapors on different
material surfaces. Chapter 2 describes the experimental setup used to conduct the tribology
experiments, describing in detail the tribometer itself as well as the program used for data
collection. Important user input fields are described as well as what and how the data is output.
Modifications to the system that can allow for additional information to be collected are
explained.
Chapters 3, 4, 5 and 6 discuss the effect of adsorbed vapors on metals and other surfaces.
Chapter 3 discusses cleaning methods and requirements so that accurate tribology tests can be
conducted. Chapter 4 explains fundamentals of vapor adsorption and characterization, including
examples from previous work. Chapter 5 focuses on the effect of water vapor on friction between
copper and stainless steel. Adsorbed water vapor exacerbates adhesive wear of the copper at low
relative humidity (RH), while high RH creates galvanic corrosion between the two surfaces,
causing wear of the stainless steel. Chapter 6 investigates various organic vapors as candidates
for lubrication and explores the effect of n-pentanol on many different materials. N-pentanol
vapor is the most effective adsorbed lubricant of the molecules tested and also gives virtually the
same friction coefficient on every surface, regardless of that surface’s behavior in other
environments.
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Chapters 7 and 8 discuss tribochemical reactions and the requirements for lubrication
with different surface treatments.

Chapter 7 examines allyl alcohol and the subsequent

triboproduct formed when stainless steel slides in the vapor environment. The triboproduct is
mechanochemically formed during sliding, resulting in a poly-alcohol which lubricates in the
absence of vapor flow. Chapter 8 investigates the lubrication of a deposited boric acid coating.
Boric acid is a lamellar solid with a crystal structure that is similar to graphite but only
experiences lubricious properties in certain vapor conditions. Vapors like water or acetone seem
to passivate edge sites of the lamella to allow low friction shear in these environments. These
edge sites are bonded to one another in inert environments, and alcohol vapors react with boric
acid to form tryalkyl borate, which desorbs due to high vapor pressure.
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Chapter 2
Methods and Tribometer Design

2.1 Tribometer
The majority of tribology tests carried out in this work was performed using a home-built
reciprocating ball-on-flat tribometer based on a design developed at Sandia National Laboratory
[1]. The specifications used in the published work typically follow the same values (such as
normal load, sliding distance, number of cycles) for ease of comparison, but modifying these
values can yield additional information.

This section will describe the components of the

tribometer, the software and data file format, as well as ways to modify tests to obtain additional
information.
Figure 2-1 displays the design schematic of the tribometer [1], and Figure 1b shows the
instrument in the lab. The schematic displays many parts which are solely part of the base of the
instrument and not particularly important to operation. Important components include the linear
variable displacement transducer (LVDT) (#6), the load cell (#14), the ball holder (#12), and the
O-ring pulley that runs from #20 to #25.

The LVDT and load cell are connected to a

power/interface box which is connected by BNC cable to a digital multimeter (DMM). The
LVDT is a Schaevitz DC-EC 250 with 0.25” stroke range. The load cell is a Honeywell Model
31 low range precision miniature load cell, range AL with accurate load sensing up to 150g,
although the manual does not specify whether the load cell is accurate or can be damaged above
this load. The DMM is an Agilent 34410A high performance multimeter. Each DMM is
connected by GPIB to one another and the two (or three) are connected by a GPIB-USB to the
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computer. Both the LVDT and the load cell require calibration or user adjustment to function
properly which is explained below.
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Figure 2-1: Tribometer design schematic and actual finished product

12
Figure 2-2 shows the user interface for the interface program including a sample data set.
The data acquisition program was written with the QuickBasic programming language by Prof.
Don Kim while he visited our group as a visiting scholar during his sabbatical leave from
Pukyung National University, Korea.
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Figure 2-2: User interface program for tribometer control and output.
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There are a significant number of input boxes in the interface, but most of these values
will be the same for each test. The three graphs represent the two inputs from the load cell (top)
and LVDT (middle) and the average friction coefficient of each individual test (bottom). Several
inputs are self-explanatory, such as file name and load, and some never change, including
CommPort, GPIB, or any boxes that are updated by the program during operation. Changing
some of the other input boxes dictates what data is collected. The LVDT triggers the computer to
begin recording data (an audible click can be heard from the DMMs) and is controlled by the two
boxes labeled “Level (V)” (which corresponds to a specific physical position on the sample) on
the right. Increasing the separation between the lower and higher number increases the distance
where recording occurs, which is shown as red lines in the center plot. These corresponding
friction data (shown in light blue lines in the top plot) are the individual friction (force) readings
that contribute to the recorded friction average.

Only the first forward-backward cycle is

recorded and included in the average output in the bottom plot, but all values in the top plot are
recorded in the raw data file. Although this data is displayed on the screen, it is not necessarily
saved in the output file. If the red lines drawn in the center graph are not higher than the
“Rejection R^2 Limit” field in the right center, then the data is discarded and the next cycle is
recorded. The run number will not advance in this case, even though the cycle happened
physically. This can be a major concern because the data file does not record that a cycle was
discarded, which will result in an incorrect number of cycles being recorded (ie. 180 recorded but
200 physically happen). To keep this from happening, a low value (ie. 0.9 in Figure 2-2) should
be used, even if it is desired that non-linear runs are discarded, as this can be performed after the
data is collected. If cycles are discarded, it is possible to determine this from the data file by
comparing the timestamp for each cycle. If two cycles have a considerably larger difference in
time than the other cycles, one or multiple cycles was discarded.
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The amount of forward-backward cycles can be adjusted by changing the “Data Tracking
Time (sec)” value in the top left of the window, or changing the rotating speed of the motor. This
value dictates how long the program will record friction values and begins when the LVDT
reaches the lower input value. In most cases, this time should be low enough that only one
complete cycle is displayed in the data plots. Typical values are near 1.5-2 seconds for a sliding
speed near 4 mm/s. If the data tracking time is long enough that the program records nearly one
full cycle, the program will not have enough time to engage on the next full cycle and will skip it,
recording again on the following cycle. This means that the recorded friction values have
occurred on every other cycle (2, 4, 6, etc.) even though the program may label them as 1, 2, 3. If
a full cycle is taken to be one period of a sine wave, then it seems that stopping a cycle 75%
through the period is enough time so that the program can record the immediate next cycle,
although this can depend on the sliding speed and data tracking time. Whether every cycle or
every other cycle is recorded should be noted so that proper recording is taken.
Increasing the time will allow more cycles to be recorded but also allows static friction to
be recorded, with some modification to the tribometer setup. For static friction, it is important
that the very first data point during sliding is recorded, which does not happen when the trigger in
normal operation occurs. This can be circumvented by setting the time to a large value (8
seconds in Figure 2) and starting with the ball not in contact with the substrate. When the motor
is engaged, the recording program will begin recording data while the ball is not in contact,
giving the freestanding voltage. Once the computer begins recording, the motor can be stopped
and the ball can be lowered onto the substrate. Once the ball is in contact with the substrate, the
motor can be reengaged. All of this needs to be performed within the data tracking time and
without much agitation to the load cell so that the contrast between the freestanding voltage and
the voltage during friction can be determined.
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Once the test is finished and the data is saved, two data files are created; one with all the
raw data points for every recorded cycle, and the other with an average of data from each
recorded cycle. In the averaged file, the columns in order are: cycle, timestamp in seconds,
friction coefficient, forward friction, backwards friction, standard deviation, forward velocity,
backwards velocity, and r2 of the LVDT position. Figure 3 shows a typical example imported to
Excel.

It should be noted that the forward and backward friction values are not friction

coefficient, but are values based on the recorded voltage of the load cell and the calibration factor
input. Friction coefficient is found by averaging the forward and backward values and dividing
by two. This assumes that friction is not direction dependent, and requires both forward and
backward values. To calculate the friction coefficient for a single point, the point (either forward
or backward) can be subtracted from the freestanding voltage value, either calculated from
previous cycles (if friction is assumed generally constant from cycle to cycle) or recorded when
the ball is out of contact. The fluctuations of this value should be investigated so that an error
range can be calculated.

17

Figure 2-3: Excel output file for "Avg" file.
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The raw data file contains the forward/backward friction values in the first X columns,
where X is the “# of Reading” input in the program. An abbreviated example is shown in Figure
4. These values are followed by the timestamp (column GS in Figure 2-3), average forward
friction (GT), average backward friction (GU), and average friction coefficient (GV). The last
four columns contain data about which set of raw data was used in calculated the average friction
coefficient. The two lines in the top and middle plots of Figure 2-2 are bounded by the two sets
of columns at the end of the spreadsheet. The average forward value is calculated by taking data
point 1 to the data point in the next column. For example, if the number is 36, then the first 36
data points are used to calculate average forward friction. The last two columns report the first
and last data points used for average backward friction. For example, if the numbers are 104 and
135, then the average backward friction is the average value from column 104 to column 135.
This raw data file is useful for determining if friction coefficient spikes are due to individual
outlying data points as well as visualizing friction as a function of position. Since the trigger
position is the same for each cycle, the individual data points are analogous to friction at a
specific position on the sample and can be compared across cycle to see any positional trends in
friction coefficient.
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Figure 2-4: Excel output for raw data file.
The tribometer has a few other important parts that should be checked periodically. The
motor (DC gear motor, Bodine Electric Company, 24A-D series model 0188 or 0189) that drives
the movement of the stage is connected by a polymeric O-ring which will age as it is used. As it
ages, cracks will form and the O-ring will begin slipping, causing poor readings. The O-ring
should be replaced once cracks are seen. The load cell is calibrated by placing it upright and
setting weights on the force sensor and recording the corresponding voltage readout. Doing this
for multiple weights will yield a trend line whose slope is the “Calibration Factor (N/V)” value in
the upper right of the program. The LVDT calibration only affects the reported velocity (forward
and backward velocity are reported at the bottom right of the program in the “V(cm/s)F”
“back_”V”” boxes). This velocity number fluctuates significantly (can be on the order of 25+%)
between cycles due to the mechanical nature in which the stage is driven. This inherent variance
in speed is far greater than the change in LVDT calibration, but it is still important to periodically
check the calibration. This is done by measuring the change in stage position (and therefore
LVDT position) with the subsequent change in reported LVDT voltage.
historically been near 0.06125 cm/V.

This number has
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Figure 2-5: Schematic and picture of vapor flow sample cell.
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Two types of sample cells are commonly used; one for vapor tests and one for liquid
tests. The sample cell for liquid tests is nearly identical to the vapor cell, except the liquid cell
does not have an inlet port tapped into the stage for vapor flow. Figure 2-5 shows a schematic
and a picture for the vapor cell as well as the lid secured to the top. The sample is secured in the
center of the stage by metal clasps (or occasionally double-sided tape) and vapor enters the
testing chamber through holes on both sides of the cell. The lid has a small opening for the
reciprocating ball and a plastic cup is placed above the ball holder to decrease air flow around the
sample. The liquid cell is similar except that the lid is not required. One issue that may arise
when using the liquid cell is cell cleaning, specifically removing liquid (or dispersed solids) from
the screw holes. Sonication in solvent can help, but single-use liquid stages can be used. These
consist of a plastic petri dish base with the sample (usually stainless steel) secured to the bottom.
The lip of the petri dish may have to be cut to allow the ball holder arm to reach the sample,
which can be done with wire cutters.

2.2 Vapor flow
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Figure 2-6: Excel interface for vapor mixing readout.
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Proper control of the vapor environment is crucial for reliable experimental data. The
vapor environment used in the tribology tests is created by flowing a dry carrier gas (typically N 2
or Ar) through a flask or graduated cylinder (tower) filled with glass beads and the liquid of
interest. The gas enters at the bottom of the tower and follows a tortuous path through the liquid,
leaving the tower saturated with the liquid’s vapor. This saturated vapor can be mixed with a
separate dry stream to create the desired vapor pressure. This is achieved using the Antoine
equations and Antoine parameters for the specific liquid. An example of the program used is
shown in Figure 2-6. The Antoine parameters are shown in red for water and pentanol, and the
important user input values are shown in yellow. The flowmeter setup values in columns E, F,
and G are the values read from the flowmeters in the flow control setup. This value is converted
to a volumetric flow (H, I, J). The saturation pressure values (N, O, P, Q) are calculated using the
Antoine parameters (B or C) and the measured temperatures (L, M). The final relative partial
pressure values (R, S) are calculated using the flowrates and saturation pressures. It should be
noted that a reading of 0 on the flowmeter does not necessarily mean there is no flow since the
ball may rest at a negative position. In this case it is necessary to manually enter 0 volumetric
flow in the appropriate column of H, I, J.
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Chapter 3
Boundary lubrication effect of organic residue left after evaporation of
organic cleaning solvent

3.1 Overview

Although samples are visibly clean, organic deposits could have tremendous
impacts on tribological measurements and interpretation of friction and wear data. This
paper discusses the boundary lubrication effects of invisible residues from organic
solvents that have been widely used in tribological studies in ambient conditions.
Stainless steel, soda lime glass, and copper substrates were cleaned using UV/ozone
treatment or organic solvents such as alcohols where the solvent was allowed to
evaporate from the surface. In ball-on-flat tribo-tests, all UV/ozone cleaned samples
showed high friction and catastrophic wear immediately upon sliding due to the absence
of lubricants at the sliding interface, while samples cleaned by organic solvent
experienced low friction and minimal wear for hundreds of reciprocating cycles.
Analyses of the surface by atomic force microscopy and vibrational spectroscopy
indicated that the solvent cleaning deposits hydrocarbon residue on metal and oxide
substrates. This residue is due to trace impurities with low vapor pressures inevitably
present in the bulk liquid, regardless of solvent purity, which become concentrated upon
vaporization of the high vapor pressure solvent. These results demonstrated that drying
after cleaning with organic solvents is equivalent to dip-coating of low vapor pressure
organics onto the sample surface. This dip-coating effect can be avoided if surfaces are
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cleaned using UV/ozone or if after cleaning with organic solvent the surface is
immediately rinsed with DI water and blow-dry. Based on the findings from this study,
the shear strength model of friction for unlubricated solids is revisited.

3.2 Introduction

Sample cleanliness is crucial for accurate measurements of friction and wear
behaviors of sliding surfaces. Dry sliding between two surfaces that are in intimate
contact can be affected by a very thin layer of lubricant. Self assembled monolayers have
been shown to lubricate surfaces studied by atomic force microscopy (AFM) as well as
decrease adhesion in microelectromechanical systems (MEMS) [1, 2].

Many solid

surfaces show a low friction coefficient near 0.2 and minimal wear with only a
monolayer of adsorbed alcohol vapor [3, 4]. This lubrication occurs at the nano-scale and
macro-scale and is even observed when the surface roughness is many times larger than
the adsorbed molecule [3]. Vapor can also be used to deliver a thin molecular coating to
protect surfaces from wear [5-7].
Crucial to the proper function of these boundary lubrication methods is careful
control of the chemical species on the surface. In the absence of any coating, pure metal
surfaces could irreversibly adhere to one another and friction coefficients for these
materials could be much higher than 1 [8-10]. Exposure to ambient air will form oxide
layers on high energy surfaces [11]. It can also introduce a thin layer of organic
contaminants adsorbed from the gas phase. These organic molecules can react to form
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adventitious carbonaceous deposits on surfaces in assistance of frictional heat or
electricity, which can influence the tribological properties of the system [12, 13].
This paper examines the effect of cleaning tribological surfaces with commonlyused organic solvents, with specific focus on the residue left after solvent evaporation.
Soda lime glass (SLG), stainless steel (SS), and copper substrates were cleaned using two
methods: (i) UV/ozone and (ii) rinsing with alcohol allowed by evaporation or blow dry
from the sample surface. The experimental results indicated that the residue film that
results from the evaporated liquid lubricates SLG, SS, and Cu surfaces with low friction
and virtually no wear for a certain period which varies depending on the residue film
thickness and sliding conditions. Even if only a trace amount of residues is present in
ultra-high purity solvent, the evaporation of solvent results in concentration of these
residues on the substrate. Thus, the solvent cleaning and evaporation could be considered
or equivalent to a dip-coating of low vapor pressure organic residues which inevitably
exist in liquid solvents. Based on the findings from this study, the shear strength model
of friction for unlubricated solids is revisited [14, 15].

3.3 Experimental

Friction tests were conducted using a custom-built reciprocating ball-on-flat
tribometer [16]. Substrate material was 440C stainless steel (SS), oxygen-free highconductivity (OFHC) copper (Cu), and soda lime slide glass (SLG). Commercially
available 3 mm diameter 440C stainless steel balls were used as a counter-surface for all
copper and stainless steel substrate tests; 3 mm diameter borosilicate glass balls were
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used for SLG substrates. The tribometer was operated at a sliding speed of 4 mm/s with a
1N load for each test and slide tracks were roughly 2.5 mm long.

All tests were

conducted in a gas environment of dry nitrogen.
All substrate samples were cleaned by rinsing with ethanol, followed by exposure
to UV/ozone cleaning for at least 20 minutes. Tribotests investigating this surface were
conducted immediately following UV exposure.

For tests investigating cleaning by

liquid solvent, the sample was taken from the UV/ozone chamber and then rinsed by the
liquid in question, with liquid left on the sample to evaporate in air. Liquids investigated
were ethanol, methanol, isopropanol, and decane, and each liquid had purity greater than
99%. After drying, these samples were tested using the tribometer.
Infrared spectroscopy analysis was carried out using a Thermo-Nicolet Nexus 670
system equipped with a MCT detector. Attenuated total reflection (ATR) tests were
conducted for a liquid sample using a multi-bounce silicon crystal.

Polarization-

modulation reflective absorptive infrared spectroscopy (PM-RAIRS) spectra of organic
species remaining on solid surfaces were collected using the same system, and a detailed
description of the setup is available elsewhere [16].

The experimental set-up of

vibrational sum frequency generation (SFG) spectroscopy was described previously in
detail [17]. Briefly, the SFG signal was generated at the substrate/air interface where two
laser pulses – 532 nm visible pulses with 60o incident angle from an EKSPLA Nd:YAG
laser and tunable IR pulses with 56o incident angle generated with an optical parameter
generator and amplifier – were spatially and temporally overlapped. The SFG signal was
collected in a reflection geometry and normalized with the input intensities of visible and
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IR pulses. The polarization of light was s for SFG signal, s for visible beam, and p for IR
beam (ssp).
The surface topography of samples with different cleaning methods were
investigated by using atomic force microscopy (AFM) with a Digital Instrument
MultiMode scanning probe microscope. Topographic images of the sample surface were
collected with a contact-mode scanning. The AFM image size was 5 μm × 5 μm.

3.4 Results and Discussion

The lubrication of evaporated solvent residue was tested on glass, stainless steel,
and copper. Figure 3-1 compares the friction behavior for stainless steel (SS), soda lime
glass (SLG), and copper cleaned by either UV-ozone or by liquid ethanol. Figure 3-2
shows the surface profile of each material after friction tests. The worn surface is the
result of UV/ozone cleaning, and the unworn surface is the result of the ethanol-cleaned
surface where sliding was stopped before friction increased abruptly. All tests were
conducted in dry nitrogen.
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Figure 3-1: Friction coefficient for various substrates cleaned by UV/ozone or liquid ethanol. All
tests conducted in dry nitrogen environment.
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Figure 3-2: Optical profilometry images for SLG, SS, and Cu wear tracks. SLG is depicted in “a”
(ozone cleaned) and “b” (ethanol cleaned); SS is depicted in “c” (ozone cleaned) and “d”

(ethanol cleaned) and Cu is depicted in “e” (ozone cleaned) and “f” (ethanol cleaned).
All scale bars are 100 µm and the color legend is to the right of each image. Polishing
scratches for SS and Cu are horizontal.
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Both friction and wear behaviors show that there is a drastic difference between
the surface cleaned by UV-ozone and the surface cleaned by ethanol. All materials
cleaned by UV-ozone experience wear and high friction immediately at the start of the
tribotest. The value near 0.3 is typical of SLG substrate wear, which occurs through
scratching/abrasion and creates piles of particulate debris, which is evident at the far
edges of the optical profilometry image in Figure 3-2a. The friction value for SS is
higher 0.5 and the surface is severely damaged due to adhesive wear, as seen in Figure
2c. Similar behavior is seen for Cu in Figure 3-2e, with a friction coefficient higher than
0.6. The worn tracks from the UV-ozone cleaned surface measure several microns deep
for each material.
These friction and wear patterns are in contrast to the negligible wear and low
friction observed for the ethanol-cleaned samples. Friction for SS and SLG begins near
0.1 and slowly rises towards 0.2 as sliding continues, while friction for Cu is constant
near 0.18 until wear occurs. Wear, or evidence of sliding, is nearly imperceptible on the
materials during the low friction period. The sliding track on SLG (Figure 3-2b) shows
no height difference from the surrounding surface and is discernible mainly due to the
minute pile-up of material at the periphery of the sliding track, whose height measures
only tens of nanometers. The SS sliding track is virtually wearless (Figure 3-2d); only a
slight depression due to plastic deformation in the bulk can be recognized. The Cu track
(Figure 3-2f) is somewhat easier to see due to larger plastic deformation of the softer
copper substrate.
The residual deposits from ethanol cleaning were further investigated by AFM.
Figure 3 shows friction and height images for a glass surface cleaned by liquid ethanol
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and then the same surfaces after cleaning with UV/ozone. The images from the ethanolcleaned surface clearly show residual deposits distributed around the sample that measure
up to 4 nm in Figure 3-3b. These high points correspond to low friction spots in Figure
3-3a. The glass surface becomes essentially featureless in the topographic image after
cleaning with UV/ozone as seen in Figure 3-3d. In the friction map of the UV/ozone
cleaned surface (Figure 3-3c), there are a few spots with low friction; but their abundance
is much less than the ethanol-cleaned surface (Figure 3-3a).
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Figure 3-3: AFM friction (a, c) and height (b, d) traces for cleaned glass surfaces. The top

two images are from an ethanol-cleaned surface while the bottom two are from a
UV/ozone cleaned surface. Light color represents a higher value (in friction or
topography) and dark represent a lower value. The size of the images is 5 μm × 5 μm.
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The chemical nature of the organic material left behind by ethanol cleaning was
investigated by PM-RAIRS and SFG.

Figure 3-4 displays the spectral difference

between liquid ethanol taken by ATR-IR and the deposit from evaporated liquid ethanol
on copper taken with PM-RAIRS. A copper substrate was used due to its better IR
reflectivity than SS and SLG, but the nature of remaining chemical species is expected to
be the same for SS and SLG [18]. The evaporated ethanol spectrum shows a sharp peak
near 2925 cm-1 and another near 2855 cm-1, typical of C-H stretching of CH2 groups.
Note that these peaks look very similar to the CH2 asymmetric and symmetric stretch
modes, respectively, of long chain alkyl groups as seen in various SAMs and alkane
molecules adsorbed on metal surfaces [3, 19-21]. These alkyl stretching vibrations are
different than those seen in liquid ethanol. The strongest peaks in liquid ethanol occur at
2975 cm-1 and 2890 cm-1, with a shoulder near 2930 cm-1. These peaks represent the CH3
asymmetric stretch (2975 cm-1), the CH3 Fermi resonance or CH2 asymmetric stretch
(2930 cm-1), and the CH3 symmetric stretch (2890 cm-1) [22, 23]. Absent from the
evaporated liquid spectrum is any OH signal of alcohol centered near 3330 cm-1, which is
very strong and broad in the liquid spectrum. The absence of any OH stretching peak as
well as the peak positions of the C-H stretching modes indicate that the residue on the
copper surface is long-chain hydrocarbons in nature and lacks a hydroxyl group.
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Figure 3-4: ATR spectrum of liquid ethanol (red) on a Si crystal and PM-RAIRS spectrum

of residue from ethanol after evaporation of the liquid (black) on a Cu substrate.
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This nature was further investigated with SFG. Figure 3-5 compares the SFG
spectra of glass slides cleaned in various ways in different gas environments as well as
the SFG spectra of liquid-air interface for ethanol and methanol. The liquid ethanol
spectrum shows two peaks at 2875 cm-1 and 2930 cm-1. In contrast, both ethanol-cleaned
and UV/ozone cleaned SLG surfaces shows three peaks at 2850 cm-1, 2875 cm-1, and
2930-2935 cm-1. In SFG, the 2850 cm-1 peak is characteristic to hydrocarbons longer than
the ethyl group [24]. Thus, its presence is an evidence for the presence of adventitious
hydrocarbon contamination on the UV/ozone cleaned surface exposed to the ambient air.
The intensities of the SFG peaks are stronger for the ethanol-cleaned surface than
the UV/ozone cleaned surface. In addition, there are some differences in spectral features
compared to the adventitious hydrocarbon peaks on the UV/ozone cleaned surface. The
asymmetric peak is slightly shifted to 2935 cm-1 and the relative intensities of the
symmetric stretch peaks (2850 cm-1 and 2875 cm-1) are stronger than the asymmetric
peak. Thus, the organic species on the ethanol-cleaned surface appear to be more
abundant and different than those on the UV/ozone cleaned surface.
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Figure 3-5: SFG spectra with ssp polarization for (1) liquid ethanol in ambient air, (2) ethanolcleaned soda-lime glass in ambient air, (3) UV/ozone cleaned soda-lime glass in ambient

air, (4) ethanol-cleaned soda-lime glass in methanol vapor environment, (5) UV/ozone
cleaned soda-lime glass in methanol vapor environment, and (6) liquid methanol.
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In order to test how these surfaces cleaned with two different methods respond to
the exposure to organic vapors, SFG analysis in methanol vapor was carried out. The
liquid methanol spectrum has a unique sharp peak near 2830 cm-1, along with a weaker
peak near 2940 cm-1 in the ssp SFG spectrum (Figure 3-5). Since only methoxy group
shows the peak at 2830 cm-1 peak [24], this peak is a good indicator that can be used to
distinguish the presence of methanol molecules from other hydrocarbons. Upon exposure
to the methanol vapor of the UV/ozone cleaned surface, the 2830 cm-1 and 2940 cm-1
peaks of the adsorbed methanol become dominant and much stronger than the
adventitious hydrocarbon peaks. This indicates that the UV/ozone cleaned surface is
sufficiently clean to allow adsorption of methanol molecules from the vapor phase. The
relative intensities of two peaks of the adsorbed methanol are different from those of the
liquid methanol. This must be due to the orientation difference of methanol molecules at
the solid and liquid surfaces [24].

This result is consistent with the fact that the

UV/ozone cleaned surfaces exhibit high friction in dry nitrogen and strong dependences
on chemical composition of the surrounding gas environment [3, 4, 25].
In the case of the ethanol-cleaned surface, the growth of 2830 cm-1 peak is also
noticeable upon exposure to the methanol vapor, but not as prominent as the UV/ozone
cleaned surface. Moreover, the asymmetric stretch peak is still centered at 2930 cm-1,
instead of 2940 cm-1. This result implies that the methanol adsorption occurs, but its
surface coverage is very small or limited since the surface is already covered with organic
deposits from the ethanol solvent. Thus, the friction and wear behavior of the ethanolcleaned surface would be dominant by the organic deposits from the solvent, rather than
the molecules adsorbed from the gas phase.
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The low friction behavior that results from evaporated ethanol is also seen for
other organic liquids. Figure 3-6 compares friction behaviors for SLG that was cleaned
with UV/ozone versus different liquids. These liquids include an alkane, a branched
alcohol (isopropanol which is another commonly used cleaning solvent) as well as the
simplest alcohol (methanol). The liquid-cleaned surfaces exhibit low and stable friction
near 0.1 or below for the duration of the experiment and the corresponding glass surface
(not shown) shows no wear. Differences in friction coefficient may be due to different
thickness or types of residue film.
Figure 3-6 also includes results from a sample that was cleaned by liquid ethanol
but then rinsed by DI water immediately after ethanol cleaning without allowing
significant evaporation of ethanol. The water on the sample was then blown away from
the testing area. This replaces the organic solvent and residue on the surface with clean
water. Since water molecules have strong interactions with the surface than organics, the
strongly bound water appears to prevent or minimize the deposition of organic residue on
the surface [26]. This results in a similar friction coefficient to the ozone-cleaned surface
as well as significant ball and substrate wear, indicating that the glass surface is free from
organic residual films.
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Figure 3-6: Friction coefficient for the resulting residue from different evaporated solvents

compared to a UV/ozone cleaned surface. All data comes from SLG substrates and tests
were conducted in dry N2.
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The organic liquids analyzed in Figures 3-1 to 3-6 are chemically different from
one another, but all share two important characteristics: relatively low surface tension and
high vapor pressure. These characteristics help to explain how the lubricating residue is
accumulated at the surface. All liquids used were high purity (99% or higher, depending
on chemical). No matter how small impurities are, they can be concentrated upon
evaporation of the bulk liquid if the impurity has a vapor pressure lower than that of main
solvent. In other words, the evaporation of the solvent ends up with the concentration of
other impurities or additives with low vapor pressure which exist as a trace amount in the
solvent. Thus, it will eventually result in a thin film or deposit on solid surfaces after
drying. Unless the surface energy (or surface tension) of the solid is lower than that of
these impurities, the evaporation process becomes equivalent to the ‘dip coating’ process
[27].

This contaminant can accumulate on the substrate surface as the bulk liquid

evaporates, sometimes leaving a visible film on the surface. This film is composed of the
impurities in the liquid as well as any initial contaminant present on the surface.
The value of the friction coefficient for different evaporated liquids appears to be
different in Figures 3-1 and 3-6, but this cannot be attributed solely to chemical
differences between the liquids. The drying liquid may not evenly distribute the resulting
film across the substrate, leaving different coverages on the surface by a process known
as the coffee-ring effect [28]. Additionally, if the bulk of the film originates as impurities
in the liquid, then the amount of liquid that evaporates will dictate the thickness of film
formed. A larger amount of liquid over a smaller surface area will result in a thicker film
that would give lubrication effects for a longer time. This can also affect the duration of
lubrication; the friction coefficient for evaporated ethanol in Figure 3-1 slowly increases
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on SS and SLG surfaces, while the friction coefficient for the evaporated liquids in
Figure 3-6 is relatively constant. The lubrication from the residue films in Figure 3-1 will
eventually fail and the surface will begin to wear. The uncontrolled nature of residual
film deposited on the surface makes quantification or precise chemical determination
challenging, but Figures 3-4 and 3-5 indicate that the film is fundamentally different from
the liquid alcohol.
The value of the friction coefficient of 0.1-0.2 falls in the range that has been
historically reported for the sliding of “unlubricated” smooth surfaces [14]. These selfmated tests are often conducted in an uncontrolled air environment without vigorous
cleaning of the initial surface. This friction coefficient value has been interpreted in a
theoretical model considering the tensile strength and hardness of a material for asperity
cold-welded junctions in metals. Starting with Bowden and Tabor’s theory for real
contact area, Popov derived the shear strength necessary to break cold-welded junctions
during the slide and arrived at a friction coefficient value of 0.16-0.2 for non-lubricated
pairings of various solid materials [15]. However, it appears to be coincidental that this
friction value matches those seen in Figures 3-1 and 3-6. The analysis using tensile
strength and hardness of the material relies upon plastic deformation of the material and
local cold-welding of asperities. This may be valid assumptions for most metals but are
not true for a brittle material like soda-lime glass. The fact that SLG and SS have
virtually the same friction coefficient indicates that the lubrication due to the residue film
is not specific to the material properties but only requires a flat surface with an invisible
film of organic residues.
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3.5 Conclusion

The tribological influence of cleaning by liquid solvents and their subsequent
residue deposited by evaporation were investigated. Substrates on which alkane or
alcohol solvents were allowed to evaporate showed enhanced lubrication and wear
prevention compared to surfaces cleaned by UV/ozone. This lubrication was observed in
a dry inert environment which otherwise should have caused high friction and
considerable wear. The residue seems to originate from impurities in the liquid which
accumulate on the surface as the higher vapor pressure solvent evaporates. This residual
film can be negated by cleaning surfaces by UV/ozone or by rinsing a surface with DI
water immediately following initial cleaning by organic liquid (before the organic liquid
dries out). The fact that both ductile metals and brittle soda-lime glass shows similar
friction behavior when cleaned with organic solvents questions the validity of the
theoretical model attributing the friction coefficient of 0.1-0.2 for unlubricated solid
surfaces to the shear strength of materials.
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Chapter 4
Effect of gas or vapor adsorption on adhesion, friction, and wear of solid
surfaces
This chapter is published as: Barthel, A. J.; Al-Azizi, A.’; Surdyka, N. D.; Kim, S. H. Langmuir
2014, 30, 2977-2992.

4.1 Overview

The adsorption of vapor molecules plays an important role in countless fields and
is increasingly realized to be critical in tribology, which encompasses adhesion, friction,
and wear of surfaces. This feature article reviews experimental methods for quantifying
gas and vapor adsorption on flat solid surfaces under equilibrium conditions (ambient
pressures and temperatures) as well as the effects of these adsorbates on the adhesion,
friction and wear of various materials. Particular focus is given to species that are present
in the ambient such as water (humidity) and organic vapors. These adsorbed species can
have drastic yet varied influences on tribology depending on the surface chemistry of
materials. Despite prolonged and ubiquitous observations in a broad range of materials
and vapors, fundamental understanding of the effect of adsorbed gases and vapors on
adhesion, friction, and wear of surfaces has begun only recently through surface-sensitive
characterizations.
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4.2 Introduction

Molecules adsorbed on solid surfaces from surrounding gases can have significant
impacts on many physical and chemical properties of solid surfaces. Oxygen in air reacts
readily with most elemental solids that all material surfaces that can oxidize should be
considered oxidized to a certain degree upon exposure to the ambient.[1] The amount of
water vapor in ambient air, measured by relative humidity (RH), can vary depending on
location or even time within the same location. Water molecules can adsorb on virtually
all solid surfaces with high surface energies.[2] Physisorbed water could reversibly
change the surface properties of the material. Chemisorbed water molecules can
irreversibly change the chemical reactivity of a material unless removed by thermal
desorption at high temperatures. Organic molecules can also adsorb from the ambient air
and greatly affect the surface chemistry of a material. This can be an onerous problem
since characterization of the material surface is often performed under tightly controlled
conditions (such as ultra-high vacuum or inert gas) but the material surface may be slated
for an application where little environmental control is present.
Vapor adsorption has recently become an area of intense research in the field of
tribology. A large impetus for this research has been driven by the need for conformal
lubrication at the micro- and nano-scale.[3] Adsorbed organic molecules can originate
from a controlled flow of vapor, such as in vapor phase lubrication (VPL), or from
uncontrolled sources in the ambient air. These molecules can be especially important if
they participate in electrochemical or tribochemical reactions to form carbonaceous
deposits. The tribopolymer or oligomer created between sliding or contacting parts in the
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presence of an adsorbed organic molecule can be detrimental in electrical switching
applications[4] or may have beneficial aspects for lubrication.[5] Coadsorption of
multiple gases or vapors can further complicate sliding and contacting systems. Adsorbed
water along with an organic vapor can deteriorate the lubricating effects of the adsorbed
organic molecules;[6, 7] in contrast, water vapor along with carbon dioxide could provide
beneficial lubrication effects to copper electrical brushes.[8] As will be discussed in
subsequent sections, vapor adsorption can have a tremendous impact on friction and wear
of materials at all length scales.
This article will give an overview of vapor adsorption effects on tribology, i.e.
adhesion, friction, and wear of solid surfaces. Especially, the effects of adsorbate/vapor
equilibrium are reviewed. First, adsorption fundamentals will be discussed as well as key
techniques used to measure the isotherm of vapor adsorption on flat surfaces. Next, the
effect of the vapor environment on adhesion and friction of nanoscale single asperity
contacts will be addressed. Finally, selected examples of environmental effects on
tribological surfaces will be presented, focusing on the influence of adsorbed molecules
on the friction and wear of silicon oxides, silicate glasses, metals, and carbon materials.

4.3 Adsorption isotherm

4.3.1 Types of adsorption isotherm

The adsorption isotherm is a relationship between the amount of molecule
(adsorbate) adsorbed on the solid surface (adsorbent) and the partial pressure of the
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molecule in the gas phase at a constant temperature. Adsorption isotherms can be
categorized into five types as shown in Figure 4-1.[9] Type I is observed when the
adsorption process ceases as all adsorption sites at the surface become fully occupied
with one molecule. This is typically observed for chemisorption where the adsorption of
molecules occurs through chemical bonding with surface atoms. Type II is the case where
the adsorption continues even after completion of the full monolayer on the surface,
forming multilayers. The rounded convex knee in the low pressure region and the
intermediate flat region usually correspond to monolayer coverage. The steep rise near
the saturation vapor pressure is due to condensation forming thick liquid layers on solid
surfaces. Type III is a rare case where the monolayer formation is not favorable; instead,
the adsorbate forms three-dimensional clusters. Types IV and V are the extension of
types II and III, respectively, to porous materials. Theoretical backgrounds of these
adsorption isotherm behaviors, along with historic overview, will be considered in the
following section.
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Figure 4-1: Typical isotherm types observed for gas or vapor adsorption of solid surfaces. The yaxis is the amount of the adsorbate molecules on the solid surface and the x-axis is the partial
pressure of adsorbate in the vapor phase.
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In order to understand the effects of gas or vapor adsorption on adhesion, friction,
and wear behaviors of solid interfaces at ambient conditions, it is very important to
accurately measure the amount of the adsorbed molecules on solid surfaces at ambient
temperature and pressure. Typically, an adsorption isotherm is obtained through
volumetric or gravimetric measurements at a given temperature and pressure.[10] The
former is measured through the decrease of the gas pressure upon adsorption and the
latter is measured through the mass gain of the absorbent material. These measurements
are routinely done with powder or porous materials since they offer large surface areas,
making the measurement of pressure or mass changes relatively easy. However, the
materials of interest in tribology are usually flat surfaces; the surface areas of flat
materials are too low for accurate volumetric or gravimetric measurements. If the
physical and chemical properties of the powder materials are identical to the bulk
materials, then the adsorption isotherm of the high-surface-area powder samples could be
employed to understand the vapor adsorption effects on mechanical properties of flat
solid interfaces. But, the surface properties of powder materials often vary depending on
the powder preparation method. In the case of porous materials, the geometry of the pores
drastically influences the adsorption isotherm. Thus, the direct extrapolation of the
adsorption isotherm of powder or porous materials may not be appropriate for flat
tribological interfaces.
The advancement of surface-sensitive characterization techniques made it
possible to directly measure the amount of adsorbed molecules on flat solid surfaces with
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small surface areas. These include quartz crystal microbalance (QCM), ellipsometry,
attenuated total reflection infrared (ATR-IR) spectroscopy, polarization-modulation
reflection-absorption infrared spectroscopy (PM-RAIRS), and near-ambient pressure
(NAP) x-ray photoelectron spectroscopy (XPS). These measurements are schematically
represented in Figure 4-2. Table 4-1 summarizes the characteristics of each technique.
The following sub-sections review the basic principles and applications of these
techniques to the adsorption isotherm measurement of vapor on flat solid surfaces at
ambient temperature and pressure.
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Figure 4-2: Surface-sensitive techniques used for gas or vapor adsorption isotherm on flat

solid surfaces. (a) QCM, (b) ellipsometry, (c) ATR-IR, (d) PM-RAIRS, and (d) NAPXPS.
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Table 4-1: Comparison of experimental methods used to measure the adsorption isotherm on flat
solid surfaces under equilibrium conditions.

Technique

Applicable materials

Probe method

Sensitivity

QCM

Films deposited on
quartz resonators

Resonant
oscillation of
quartz
Changes in
ellipticity of
polarized light
upon reflection
Absorption of IR
in the evanescent
field upon total
reflection
Decrease of the
IR reflectivity
due to absorption
by adsorbed
molecules
Non-linear
optical effects
upon irradiation
with highintensity laser
pulses
X-ray

~1.8
ng/cm2

Ellipsometry Optically flat
surfaces

ATR-IR

PM-RAIRS

Films deposited on
high refractive index
and IR-transparent
materials
Highly reflective
metals and
semiconductors

SFG

Optically flat
surfaces

NAP-XPS

Almost all materials
resistant to x-ray
beam damages

Monolayer

Submonolayer

Submonolayer

Submonolayer

Submonolayer

Special
considerations
The slip time of
adsorbed molecules
can be estimated
Refractive index of
the adsorbate may
vary from its bulk
value
Greater sensitivity
with increased
reflections
Substrate and
adsorbate refractive
indices can lead to
anomalies in
spectrum
Intrinsic sensitivity
to adsorbate species,
but quantification is
somewhat difficult

High flux x-ray and
differential pumping
are required
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4.3.2 Adsorption isotherm from quartz crystal microbalance (QCM) measurements

The QCM consists of a thin piezoelectric plate with electrodes evaporated onto
both sides. Quartz crystals with the AT-oriented cut are widely used. Due to the piezoeffect, an AC voltage applied across the quartz crystal induces a shear deformation of the
crystal.[11] If the AC frequency is the same as the fundamental resonance frequency of
the sensor, which depends on the mass of the crystal, the crystal oscillates with a large
amplitude. As molecules adsorb onto the crystal surface, the mass of the crystal changes
as does the resonance frequency (Figure 4-2a). Sauerbrey showed that the frequency shift
of the quartz crystal resonator is directly proportional to the added mass.[11] A typical
commercial QCM using a 5 MHz AT-cut quartz crystal has a sensitivity factor of 56.6 Hz
μg-1 cm2 at room temperature. If a QCM system has a resolution of 0.1 Hz, this
corresponds to ~1.8 ng/cm2. If the adsorbate is water molecules, this corresponds to
6×1013 molecules/cm2. Thus, QCM can have sub-monolayer coverage sensitivity. Not
only does the mass change due to the adsorbed molecules, but also factors such as total
pressure, temperature and surface roughness can cause a shift in frequency. Especially,
the pressure change during the adsorption isotherm measurement could cause some
artifacts in the measured data, resulting in overestimation of the adsorbed layer mass.[12]
This can be avoided by compensating the partial pressure of the adsorbate with inert gas,
keeping the total pressure constant. The type of inert gas does not affect the
measurement.[13]
Among various gases and vapors, water is of special interest in studies of
mechanical properties of solid interfaces since it is ubiquitous in ambient air. The
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adsorption isotherm measurements using QCM found a type-II adsorption isotherm of
water on a gold electrode deposited on the quartz surface, with about 25ng/cm2 at 40%
relative humidity which corresponds to 11015 molecules/cm2.[13] The gold electrode
surface can be modified with thiol-based self-assembled monolayers (SAMs) for
adsorption studies on organic surfaces with different functional groups. This study may
require the passivation of the quartz surface that is not covered with the gold electrode.
Otherwise, the adsorption of vapor molecules outside the sensing area of the crystal can
lead to severe error in the measurement.[14] For passivation of the quartz surface in
QCM measurements, silane-based hydrophobic SAMs were often used. With the
passivation of the bare quartz surface using hydrophobic silane SAMs, QCM
measurements reported a type-II isotherm for water on a COOH-terminated SAMs on
gold with a heat of adsorption of ~50 kJ/mol; the convex knee point of the type-II
isotherm was at about 10% relative humidity with an uptake of ~20ng/cm2 (equal to
about 71014 molecules/cm2).[12, 14] However, it should be noted that hydrophobic
SAMs may not completely block the water adsorption on quartz surfaces. Water
molecules can penetrate through the silane SAM and reach the SiO2 substrate surface
where they have strong interactions with silanol groups of the substrate.[15, 16] If the
deposited electrode surface contains pores into which water can condense, then the
measured adsorption isotherm can deviate from the type-II behavior and exhibit a
behavior closer to type IV.[17] QCM is also used to quantify the lubricant layer thickness
in vapor phase lubrication of alcohols,[18] and measure frictional energy dissipation by
adsorbed molecules.[19]
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4.3.3 Adsorption isotherm from ellipsometry measurements

When linearly polarized light is reflected from a material surface, there is a shift
in phase as well as a difference in amplitude of the two electric field components parallel
and perpendicular with respect to the plane of incidence.[20] These two components are
called p-polarized and s-polarized lights. The phase shift and amplitude changes in p- and
s- polarizations are not the same. Hence the reflected light will be elliptically polarized
(Figure 4-2b). The degree of ellipticity is expressed with  and  which correspond to
the amplitude ratio and phase difference between the p- and s-polarized components of
the reflected light (rp/rs), respectively. They depend on the refractive index of the
substrate as well as the refractive index and thickness of overlying films. The refractive
index is a complex number (n*=n+ik); unless spectroscopic ellipsometry is employed,
single-beam ellipsometry is typically sensitive to the real component (n) of refractive
index. In contrast, infrared spectroscopy discussed in Section 4.3.4 is more sensitive to
the imaginary component (k) of refractive index, i.e., attenuation of light through
absorption.
One complication in ellipsometric measurements of the adsorbate thickness is that
the effective refractive index of the adsorbed molecules might vary due to interactions
with the substrate. However, it has been shown that taking the refractive index of liquid
for the adsorbate measurement would be a reasonable assumption especially when the
refractive index change of a molecule adsorbed on a dielectric medium cannot be
determined independently.[21] But, it should be noted that if the adsorbed molecules
diffuse into the subsurface of the material, then the effective refractive index of the
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substrate can vary significantly. This is the case of water absorption into porous substrate
materials.[22]
Pashley and Kitchener applied ellipsometry to measure the adsorption isotherm of
water on quartz at near saturation conditions.[23] They found that water adsorption on
clean, hydrophilic quartz with near-zero water contact angle forms very thick layers at
near saturation (>25 nm at 98% relative humidity and more than 150 nm at 100%
humidity). The adsorption isotherm is very sensitive to the surface state of the quartz; if
the quartz surface was dehydroxylated by heating to 850oC or slightly contaminated
through a rinse with tap water, then the isotherm thickness was reduced to only a few
nanometers even at the saturation humidity.[23] When the measured isotherm thickness
was compared with the DLVO-type surface force theories, it was found that the adsorbed
water layer thickness was much thicker than the one predicted from the van der Waals
and electrostatic interactions; this discrepancy was attributed to “structural interactions”
of water molecules in the adsorbed layer.[23, 24]

4.3.4 Adsorption isotherm obtained from vibration spectroscopy

Infrared spectroscopy is routinely utilized for qualitative and quantitative analyses
of chemicals in all three solid, liquid, and gas phases. In the case of water adsorption, the
peak position of the O-H stretch band provides the degree of hydrogen bonding.[25]
However, the detection of adsorbate species under equilibrium conditions is often
interfered with by the molecules in the surrounding environment. Simply, there are many
more molecules in the surrounding environments than at the surface. Thus, the
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background signal must be measured and subtracted carefully to reveal the adsorbate
signal.[26] In order to avoid gas phase interferences, non-linear optical techniques such
as sum-frequency-generation (SFG) vibration spectroscopy can be used to probe the
structure of the adsorbed layers;[27] but the nature of the nonlinear optical response
makes the quantification analysis complicated.
Avoiding the gas phase interference and obtaining quantitative information can be
done with attenuated total reflection infrared (ATR-IR) spectroscopy shown in Figure 42c. This method utilizes a total internal reflection crystal of an IR transparent material
such as silicon, diamond, or germanium. Although the choice of crystal material is
greatly limited by the IR transparency requirement, it is possible to coat the surface of the
crystal with thin films of interest. The IR probe beam travels through the ATR crystal and
is totally reflected at the crystal surface. Only the evanescence field penetrates outside the
crystal surface; the probe depth of this evanescence field is short enough to avoid the
signals from the low-density gas phase.[28] The reflected IR beam interacts mostly with
the adsorbed molecules within the probe depth and is attenuated by the absorption of the
molecules at the surface.[28] Thus, ATR-IR analyses can probe the adsorbed layers in
equilibrium with the gas phase without severe interference from the gas phase.[29] The
ATR-IR spectra can be theoretically calculated and compared with experimental data to
get quantitative thickness information of the adsorbed layer.[28]
The water adsorption isotherm on a silicon oxide surface had been studied in
detail with ATR-IR (Figure 4-3).[29] The silicon ATR crystal has a native oxide layer
which can be cleaned with UV-ozone or ammonium hydroxide-hydrogen peroxide
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solution (commonly known as RCA-1) methods. Water adsorption on clean hydrophilic
silicon oxide surface exhibited a type-II adsorption isotherm (Figure 4-3b).[29] The
convex knee point of the type-II isotherm was observed at around 20% relative humidity.
Typically this point is assumed to be the completion of the first monolayer adsorption,
but the measured water thickness was at least three times thicker than the size of water
molecule. The adsorbed water spectra at humidities lower than 30% were quite different
from the spectra of liquid water which normally show a broad OH peak centered at
~3400 cm-1; they rather resembled the ice water spectra with the OH stretch peak
centered at ~3230 cm-1 (Figure 4-3a).[29] Thus, this structure is often called “ice-like” or
“solid-like” water. Whatever it is called, the low O-H stretch vibration peak position
indicated that the water molecules adsorbed at low humidities are involved in a high
degree of hydrogen bond networks, indicating their intermolecular association is different
from liquid water.[25] This is spectroscopic evidence for the “structuring” of water layers
implicated from the DLVO-type surface force measurements.[24] The ~3400 cm-1 peak
of the liquid-like water structure grew as the humidity increased above 40% (Figure
3a).[29]
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Figure 4-3: (a) ATR-IR spectra of water layers adsorbed on SiO2 surface at various relative

humidities and (b) adsorption isotherm of water on SiO2.[29] Reprinted with permission
from Ref. [29]. Copyright 2005 American Chemical Society.
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The average orientation of the adsorbed water molecules can be determined from
the dichroic ratio of the s- and p-polarized ATR-IR peaks of the O-H stretch band. These
measurements found that at low relative humidities, the highly hydrogen-bonded solidlike structure exhibits a dichroic ratio as low as ~0.4, while the liquid water structure
exhibits a dichroic ratio close to ~1.0.[30] These values corresponded to the average title
angle 35o and 75o, respectively, from the surface normal. As the relative humidity
increases, the dichroic ratios of both components approached the value that was
indistinguishable from the random orientation of water molecules.[30] The isosteric heat
of the first few layers structured due to the influence of the clean hydrophilic silicon
oxide surface was measured to be ~60 kJ/mol; this is much higher than the heat of
condensation of water into the liquid state (44 kJ/mol).[31] As the thickness of water
increased to 3-4 layers and the liquid-like structure evolved at high humidities, the
isosteric heat of adsorption decreased and approached to the heat of condensation.[31]
These orientation and thermodynamic measurements also supported the highly hydrogenbonded structure for the thin water layer adsorbed at low humidities, which deviates from
the structure of liquid water at room temperature.
It is important to note that the adsorbed water structure is very sensitive to the
surface treatment of the silica surface. When the silicon oxide surface is cleaned
chemically, for example, using ammonium hydroxide-hydrogen peroxide solution, the
surface is fully hydroxylated and gives a water contact angle close to zero. When this
surface is dehydroxylated through annealing at high temperatures, then the water contact
angle can increase up to ~40o.[32] In other words, the completely dehydroxylated silica
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surface is hydrophobic. When the silica surface was treated with polyethylene oxide, the
isotherm thickness as well as the structure of the adsorbed water layers could be altered
significantly.[33] Similar deviations were observed for water adsorption in porous silica
films.[33]
Octadecylsilane SAMs are often produced on silica surfaces to obtain water
repellency, since this SAM gives a water contact angle higher than 90o. Although welldefined covalently attached silane SAMs can be reproducibly prepared, there are always
disorders in alkyl chain packing.[34] Thus, even well-packed octadecylsilane SAMs
cannot completely prevent water ingression to the silicon oxide surface.[35] When
moisture penetrates SAMs, the water molecules bind to hydroxyl groups at the
SAM/silica interface.[16, 31]
ATR-IR measurements revealed that the adsorption of small linear alcohol
molecules on silica surfaces also follow the type-II isotherm.[36] In the case of alcohols,
the thicknesses of the first knee point of the type-II isotherm were smaller than the alltrans conformation structure; rather they agreed well with the average molecule size
estimated from the hard sphere equation.[37] The dichroic ratio measurements and
density functional theory calculations showed that the alkyl chains of the alcohol
molecules in the sub-monolayer coverage appear to be tilted toward the surface, while the
hydroxyl groups are oriented toward the surface normal direction.[37] As the alcohol
partial pressure increases and the adsorbed layer thickness approaches the monolayer
formation, the molecular orientation of adsorbed molecules drastically changes to a
structure that is either random or oriented 40-50° from the surface normal.
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When water and alcohol co-adsorb on a solid surface, the situation becomes quite
complicated. The water-alcohol binary adsorbate layers exhibited strong hysteresis in
composition and structure. Especially, the thickness of the highly hydrogen-bonded solidlike water component grew as the vapor composition varied from alcohol-rich to waterrich conditions in a cyclic manner.[6] At near saturation conditions, the thickness,
composition, and layer structure of binary adsorbate layers of water and n-propanol were
studied with ATR-IR and SFG spectroscopy.[7] The thickness of the binary adsorbate
layer on silica was relatively constant at ∼0.9 nm when the n-propanol vapor fraction
(ypropanol) was between 0.6 and 1 and then gradually increased up to ∼6.5 nm as the
propanol vapor fraction decreased from 0.6 to 0. The composition of the binary adsorbate
layer as well as the n-propyl group at the adsorbate/air interface showed a drastic change
at the azeotrope composition of the vapor mixture (n-propanol:water= 0.36:0.64). The
binary mixture was propanol-rich at ypropanol > 0.36 and water-rich at ypropanol < 0.36,
which was consistent with the vapor−liquid equilibrium. The binary adsorbate layer of npropanol and water was found to assume a layered structure in which n-propanol was at
the adsorbate/vapor interface and water was inside the adsorbate layer. However, unlike
the liquid/vapor interface,[38] the propanol molecules do not form a paired dimer-like
structure at the adsorbate/vapor interface.[7]
Adsorptions of vapor molecules on metallic substrates can be studied with
polarization-modulation reflection-adsorption infrared spectroscopy (PM-RAIRS) shown
in Figure 3d. PM-RAIRS, also known as polarization-modulation infrared reflectionabsorption spectroscopy (PM-IRRAS), probes the adsorbate layer from the gas phase
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using an IR beam modulated with the s- and p-polarized contributions sequentially.[39]
Due to the unique dipole selection rules on metal surfaces, the s-polarized reflection
beam carries the gas phase signals only, but the p-polarized beam carries both gas and
adsorbate molecules. Thus, the difference of these two polarization beams provides the
absorption spectrum of adsorbed species. This allows PM-RAIRS to obtain the adsorbate
spectrum even though the IR beam travels through the adsorbing vapor phase as well.
PM-RAIRS usually requires the sample to be highly polished and reflective. Metal
substrates can also be modified with organic SAMs or thin oxide layers to study the
surface chemistry dependence of adsorption isotherm.
Water adsorption isotherms on octadecylphosphonic acid SAM formed on
Al2O3/Al substrates showed that the hydrophobicity of the SAM was not sufficient to
inhibit water ingression to the phosphonic acid / Al2O3 interface.[40] This result was in
agreement with the inability to prevent water penetration to mica and SiO2 surfaces by
silane SAMs.[16, 31] The barrier effect of hydrophobic SAMs on the penetration of
water may not be sufficient since such layers inevitably contain defects and water can
ingress to the underlying substrates through these defects if there is a strong affinity for
water adsorption by the substrate.[35]
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(a)

(b)

(c)

Figure 4-4: PM-RAIRS spectra of water on (a) CH3-terminated, (b) OH-terminated, and (c)
COOH-terminated thiol-SAMs on gold as a function of relative humidity.[41] Reprinted with
permission from Ref. [41]. Copyright 2012 American Chemical Society.
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In this sense, thiol-based SAMs on gold provide advantages for the water
adsorption isotherm study on model organic surfaces since there is no strong driving
force for water to penetrate through the SAM to the substrate. In fact, PM-RAIRS studies
showed that the well-packed CH3-terminated thiol-SAM on gold does not uptake water at
under-saturation conditions (Figure 4-4a).[41] This supported that the water uptake by the
CH3-terminated silane-SAMs on silicon oxide surfaces must be due to the water
penetration through the silane-SAM layers to the substrate.[16, 31] PM-RAIRS study of
HO- and HOOC-terminated thiol-SAMs on gold showed drastic differences between
these two hydrophilic surfaces (Figures 4-4b and 4-4c).[41] The water layer adsorbed on
the HO-terminated SAM cannot be fully desorbed by simply drying with nitrogen at
room temperature, while the HOOC-terminated SAM could be dried completely. Upon
increasing relative humidity, the water uptake by the HO-terminated SAM is small; in
contrast, the HOOC-terminated SAM shows a large uptake of water. The strong hydrogen
bonding interactions between the surface OH groups and water molecules hold a
significant amount of water molecules even at zero humidity and room temperature.
However, the HOOC-terminated SAM surface can be stabilized through the dimerization
of adjacent carboxylic acid groups; this allows release of water in dry conditions. Since
the HO-terminated SAM already has large amounts of strongly bound water layers even
in the dry condition, the additional water uptake in humid ambient is insignificant. The
structure of the water layer on the HO-terminated SAM seems quite different from the
clean hydroxylated silicon oxide surface (Figure 4-3); the solid-like characteristic is
much weaker on the HO-terminated SAM (Figure 4-4b). In contrast, the HOOC-
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terminated SAM surface shows large adsorption of water from the ambient upon
increasing the humidity (Figure 4-4c).
PM-RAIRS was suitable to measure the water adsorption on metal oxide surfaces
formed on metal substrates exposed to air. The isotherm of water adsorption on cuprous
oxide on copper (Cu2O/Cu) also showed the type-II behavior with the convex knee point
around 15% relative humidity.[42] One difficulty of PM-RAIRS technique is that the
calculation of the adsorbate thickness from the measured intensity is not straight forward
due to complicated processing of polarization modulated signals.

4.3.5 Adsorption isotherm obtained from near-ambient pressure x-ray photoelectron
spectroscopy (NAP-XPS)

XPS is a highly surface sensitive analytical method that works usually in ultrahigh vacuum (UHV) conditions. The UHV operation condition is typically required since
the kinetic energy of photoelectrons emitted from the sample must be measured
accurately without any alteration through collisions with gas molecules. In order to use
XPS to measure the adsorbate layers in equilibrium with ambient pressure gases, the
attenuation of photoelectrons due to scattering by gas molecules must be minimized. This
has been realized by placing the sample close to a differentially-pumped aperture which
can drop the pressure by several orders of magnitude. A series of apertures and
electrostatic lenses allow the photoelectrons travel to an electron energy analyzer placed
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in the UHV condition, thus making the XPS analysis at near-ambient pressure (NAP)
conditions.[43]
The water adsorption isotherm on silicon oxide measured with NAP-XPS was in
good agreement with the result obtained with ATR-IR. The adsorbed water layer
thickness increased quickly to ~1 nm at 15-20% relative humidity and then grew slowly
until ~80% above which thick condensation started.[44] The surface potential and nearedge x-ray absorption fine structure (NEXAFS) measurements also suggested the
presence of the solid-like structure at low humidities.[44] NAP-XPS can also distinguish
the surface hydroxyl group and molecular water species. Using this capability, it was
shown that on TiO2, Cu2O, Al2O3, and MgO surface, water molecules dissociate at the
oxygen vacancy sites forming OH groups in bridging positions at humidities lower than
1%.[43] These hydroxyl groups act as nucleation sites for subsequent water adsorption at
higher humidities. The adsorption enthalpy of water binding to these sites is ~70 kJ/mol,
much stronger than the bulk condensation energy (44 kJ/mol).[45] This high adsorption
enthalpy value is also consistent with the isosteric heat of adsorption of the solid-like
water on highly-hydroxylated silicon oxide surface.[31]

4.4 Understanding vapor adsorption effects on tribological properties

4.4.1 Vapor adsorption effects on adhesion and friction of nano-asperity contacts

As shown in Section 4.3, most solid surfaces exhibit type-II adsorption isotherm
behaviors in ambient conditions. The effects of vapor adsorption from the surrounding
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environment on adhesion and friction of contacting and sliding surfaces are most
prominent in the nanoscale. The large surface-to-volume ratio at this scale makes the
surface forces more dominant and important than the body forces.[3] Atomic force
microscopy (AFM) is a good technique to measure the adhesion and friction force
changes due to the adsorption of vapor molecules.[46-48] Figure 4-5 shows the adhesion
force changes as a function of vapor partial pressure relative to its saturation point (P/Psat)
for silicon oxide surfaces in alcohol and water vapor environments.[36, 49] The adhesion
force measured with AFM varies over large ranges as the relative partial pressure of the
vapor changes. This vapor partial pressure dependence originates mostly from the
capillary force due to the liquid meniscus of the adsorbed or condensed vapor molecules
bridging two solid surfaces.
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Figure 4-5: Adhesion force measured with a silicon AFM tip for a silicon wafer in (a)

alcohol vapor and (b) humid ambient conditions. (b) shows experimental measurements
as data points and various theoretical fits as lines: the bottom dotted line represents the
Fcapillary component; the middle dashed line represents FvdW + Fcapillary; the solid lines
represent the sum of Fice + FvdW + Fcapillary. Both AFM tip and wafer were covered with
clean hydrophilic native oxide layers.[36, 49] (a) reprinted with permission from Ref.
[36]. Copyright 2007 American Chemical Society. (b) reprinted with permission from
Ref. [49]. Copyright 2006, American Institute of Physics
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In the conventional model, the governing equation for the shape of a liquid
meniscus is the Young-Laplace equation.[50] A curved liquid-vapor interface supports a
pressure difference called Laplace pressure:

1 1 
PL      
 rm ra  re

(1)

where  is the surface tension of the liquid, rm and ra are the meridional and
azimuthal radii of curvature of the surface, respectively, as shown in Figure 6a, and re is
the effective radius of curvature. The liquid surface is isobaric, meaning that re is
constant along the meniscus surface, while rm and ra vary along the surface. Figure 6a
also shows the contact angles of liquid with the sphere and the substrate surfaces (1 and

2), which arise from the solid-liquid equilibrium (Young equation). The exact solution
of the differential Young-Laplace equation can be found in Refs. [50].
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Figure 4-6: (a) Schematic presentation of axis symmetric meniscus between a sphere and

a flat substrate. The meniscus contact angle is 1= 2 = 0o.[51, 52] (b) Capillary force
calculated from the Young-Laplace equation without taking into account the adsorption
isotherm of alcohols on SiO2 surface. Reprinted from Ref. 59. Copyright 2010, with
permission from Elsevier.
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Thermodynamic equilibrium requires the chemical potential of the liquid
meniscus to be equal to that of the vapor. Assuming the molar volume (Vm) of the liquid
substance to be constant and applying the Young-Laplace equation, eq. (7), the Gibbs
free energy of the liquid meniscus at a constant temperature is expressed as Gliq = VmdP
= VmPL = Vm /re. The Gibbs free energy of a vapor with respect to its saturation state is

Gvap = RgT·ln(P/Psat) where Rg is the gas constant. Setting Gliq equal to Gvap and
replacing re with rK gives the Kelvin equation:[50]

rK 

Vm
1
RgT ln( P / Psat )

(2)

This relation relates the condensation in pores in type IV and V isotherms (Figure
1d and 1e) and the pore size in absorbent (Section II.1). Inserting eq.(2) into eq.(1) and
solving the Young-Laplace differential equation, one can obtain the coordinate for the
liquid meniscus curvature at a given P/Psat.[50] From this mathematical solution, the
capillary force can be estimated by calculating the axial components (along the z-axis) of
the surface tension force (Fst) and the Laplace pressure force (Fpl) at the point where the
meniscus and the sphere meet (at the upper boundary point 1 in Figure 6a):





Fcap  Fst  Fpl  2R sin sin1     R sin 2   / 2rK 

(3)

Here, the term  is often called a filling angle and 1 is the liquid contact angle
(see Figure 6a).
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When the capillary force is calculated from the conventional model for a sphereon-flat geometry and plotted as a function of vapor partial pressure, it is found that the
partial pressure dependence is negligible except at the near saturation condition (Figure
6b).[51-54] This is because the increase of the meniscus area with the vapor pressure is
almost completely compensated by the decrease of the Laplace pressure, making the Fpl
component of the capillary force nearly constant.[51, 52] The vapor pressure dependence
becomes noticeable only if multiple asperity contacts due to surface roughness are
considered and taken into account.[53, 54] Another possible source of the vapor pressure
dependence is the flooding of the contact region which causes the change in the meniscus
geometry.[53, 54]
The conventional model does not account for the presence of the adsorbed layers
on solid surfaces in equilibrium conditions. It considered the equilibrium between the
condensed liquid and solid surface energy (which is manifested as contact angles) and the
equilibrium between the liquid meniscus and the vapor (expressed as the Kelvin
equation). However, the adsorption isotherm measurements discussed in Section II
showed that the solid surfaces are covered with adsorbed layers whose equilibrium
thickness varies with the vapor pressure (for example, see Figures 3 and 4), unless the
solid surface energy is sufficiently low (as in the case of CH3-terminated thiol-SAM on
gold) or the solid is exposed to UHV conditions. Then, the isothermal Gibbs energy
relationship between the adsorbate and the vapor is as follows:[55]

Vm(h)  RgT ln  p / psat 

(4)
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where (h) is the disjoining pressure of the adsorbed layer with a thickness h.
The Vm(h) term represents the molecular interactions of the adsorbate molecules with
the solid surface.[55] From eqs. (2) and (4), it is obvious that the liquid meniscus should
be in equilibrium with the adsorbate film.
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(a) r

Figure 4-7: (a) Meniscus profiles created with the exact solution of the Young-Laplace
equation for a sphere (radius = 30 nm) without (blue line) and with (red line) considering
the equilibrium thickness of the adsorbed ethanol layer on both sphere and substrate
surfaces. (b) Capillary force calculated from the Young-Laplace equation with taking into
account the adsorption isotherm of alcohols on SiO2 surface. The symbols in (b) are
experimental data measured with AFM (Figure 6a).[51, 52] Reprinted from Ref.[52].
Copyright 2010, with permission from Elsevier.
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When the adsorption isotherm is measured, the boundary condition of the
conventional model can be modified to accommodate the presence of the adsorbate layer
on the solid surface (Figure 4-7a).[36, 48, 51, 52, 56, 57] Once the proper adsorption
isotherm is incorporated into the model, the experimental data were predicted reasonably
well using the same Young-Laplace and Kelvin equations without introducing surface
roughness artifacts (Figure 4-7b).[36,

51, 52]

The model with the adsorption isotherm

predicts that the capillary force increases greatly in the vapor pressure regime between
zero and the first knee point of the type-II isotherm. This is due to the formation of the
first monolayer covering the solid surface with adsorbates. Then, it decreases gradually as
the vapor partial pressure increases over this knee point. The experimental data shown in
Figure 4-7b is described reasonably well by the combination of the van der Waals
interactions and the capillary force. The first term also changes as the solid surface is
covered with the adsorbate layer. The interplay of these two components makes the
partial pressure dependence of the adhesion force in the low pressure regime weaker than
what is predicted from the capillary force model alone.
This approach worked well for the adsorbate layers which do not exhibit
structuring effects such as alcohol layers (Figure 4-5a). However, it underestimates the
adhesion force for water adsorption on clean hydrophilic silicon oxide surface (Figure 45b). This is because the formation of a highly hydrogen bonded network (forming the
solid-like structure) plays an important role, which is not included in the model based on
the surface tension of the liquid. Although the exact properties of the solid-like water
structure are not known, they could be approximated using the properties of ice. When
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the additional force due to the presence of solid-like water was estimated from the ice
properties and added to the adhesion force calculation, the theoretical estimation agreed
reasonably well with the experimental data (Figure 4-5b).[49]
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Figure 4-8: (a) Friction-load curve measured with a Si AFM tip sliding on a Si wafer as a
function of ethanol vapor pressure (P/Psat). (b) Comparison of the shear stress as a
function of P/Psat by fitting with the Maugis-Dugdale model and the L2/3-L1/3 composite
model. Both models predict a similar behavior of the shear stress as ethanol is introduced
into the system. (c) Fitting parameter β from the L2/3-L1/3 composite model and fitting
parameter  from the Maugis-Dugdale model as a function of P/Psat. The β term can be
interpreted as the circumference of the meniscus giving units of nm2 or as the pressure of
the meniscus giving units of N/m. Both β and  dependence on P/Psat is very similar to
the capillary force dependence shown in Figure 7b and inset in Figure 8c.[58] Reprinted
with permission from Ref. [58]. Copyright 2011, American Institute of Physics.
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Table 4-2: Comparison of solid contact mechanics models.

Model
DMT

Fitting parameters
Shear strength of
contact (τ)
Shear strength of
contact (τ)

Vapor adsorption effect
no

MaugisDugdale

Applicable case
Hard materials with longrange adhesive interactions
Compliant materials with
short-range adhesive
interactions
Hybrid between DMT and
JKR

Material compliance
factor () and shear
strength (τ)

L2/3-L1/3
composite

Cases deviating from DMT
due to vapor adsorption

Shear strength (τ)
meniscus dragging
factor (β)

Yes, but  changes even
though solid modulus
does not change with
vapor
The β term follows the
vapor pressure
dependence of capillary
force

JKR

no
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The effect of alcohol adsorption on nanoscale friction is shown in Figure 8a.
Analyzing the friction-load curve data with theoretical models (Table 2) can provide
physical insights into the adsorbate/vapor equilibrium effects in tribology. Studies in
solid contact mechanics have established that the frictional force Ff is proportional to the
contact area:[59]





(5)

where τ is the shear strength of the contact and A is the real contacting area
between the AFM tip and the flat substrate, which can be calculated from the tip radius R,
the effective modulus of elasticity K, and the total load LT (= applied load + adhesion
force).[58] The Derjaguin-Muller-Toporov (DMT) model[60] is typically applicable to
calculate the contact area in AFM measurements because of the small radius of curvature
of the tip (10 to a few 100’s nm) and the stiff material properties of the tip and
substrate.[59, 60] In fact, the DMT model with a single fitting parameter τ described the
experimental data reasonably well in dry and near saturation conditions.[58] However,
the friction forces in the intermediate pressure range did not fit well with the DMT
model. From the log-log plot analysis of the data shown in Figure 3b, it was found that
there must be a term proportional to the 1/3 power of the applied load (L).[58] When this
term was added to the DMT model, then a L2/3-L1/3 composite model with two fitting
parameters τ and β can be constructed:





(6)
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This two-parameter composite model described the experimental data very
well.[58] Another two-parameter model in the solid contact mechanics is the MaugisDugdale model which introduces a degree of solid surface deformation or compliance
().[61] This model also fit the data reasonably.[58]
It is important to note two aspects from these analyses. First, the shear stress
terms (τ) of both models decrease as the monolayer of alcohol is formed (Figure 48b).[58] This is due to the lubrication effect of the adsorbed alcohols sandwiched
between two sliding solid surfaces. Second, the proportionality constant of the L1/3 term
(β) of the L2/3-L1/3 composite model and the compliance term of the Maugis-Dugdale
model () were very close to the capillary force change with the vapor partial pressure
(Figure 4-8c).[58] This similarity must indicate that the dragging of the capillary
meniscus contributes to frictional energy dissipation during the sliding in ambient
conditions. In Figure 4-8c, the compliance term in the Maugis-Dugdale model varies
from the value corresponding to the DMT model ( < 0.1) at the dry condition to the
value corresponding to the JKR model ( > 5) in the intermediate P/Psat and then back to
the DMT model value at near-saturation P/Psat. If the solid contact mechanics concept is
used, the change of  in the Maugis-Dugdale model with alcohol vapor adsorption in the
intermediate P/Psat regime does not make sense since the modulus or compliance of the
silicon oxide surface does not change with the alcohol adsorption. Thus, it must be
associated with the capillary meniscus formation. If the adsorbate layer and meniscus are
considered a part of the constituent of the contacting interface, then the contour of the
adsorbate and meniscus surface around the solid contact (Figure 4-7a with the adsorption
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isotherm) could be viewed as a “compliant deformation of the contacting interface” as
described in the Johnson-Kendall-Roberts (JKR) model in the solid contact
mechanics.[62]
The scaling law of the L2/3-L1/3 composite model also explains the dominance of
two components in different load regimes. The shear stress term (τ) has the 2/3 power
dependence on the load while the meniscus dragging term (β) show the 1/3 power
dependence to the load. The shear stress term is dominant at high load, but it decreases
faster with the load than the meniscus dragging term. Thus, the capillary contribution
becomes dominant at low loads, especially near critical snap-off region where LT
approaches zero. This explains that the macro-scale pin-on-disk friction test with high
applied loads measures only the shear stress term but not the capillary contribution.[3, 5,
63, 64]
Once again, the humidity dependence of silicon oxide friction was much more
complicated than the alcohol vapor effect. This must be due to tribochemical reactions
that dynamically change the contact geometry and chemical species involved in the
friction.[65, 66] As the surface oxide layer wears off during the initial sliding test, the
friction force can decrease drastically to low and stable values. Once the underlying
hydrophobic Si substrate is exposed, the tip-sample interaction is reduced, as is the
friction coefficient.
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4.4.2 Vapor adsorption effects on wear of sliding contacts

Vapor adsorption has drastic effects on wear behaviors of tribological contacts.
The first example to be discussed here is the effects of water and alcohol adsorption of
wear of silicon wears when rubbed with silicon oxide counter-surfaces.[63, 64] At the
same mechanical contact conditions, the silicon wear increases significantly when
humidity is increased when compared to the dry argon environment (Figure 9).[67]
However, when one monolayer of alcohol layer is formed through adsorption from the
vapor phase, the silicon wear is almost completely suppressed even at a Hertzian contact
pressure of ~0.4 GPa applied by a 0.7N load through a 3 mm diameter SiO2 ball (Figure
4-9).[67] The silicon substrate wear is also very sensitive to the chemistry of the counter
surface. When the silicon wafer is rubbed with a diamond AFM tip in the same humid
conditions, no wear is observed even at higher contact pressure.[66] These results
indicate that the silicon wear is mainly due to chemical reactions, rather than mechanical
actions, under the tested experimental conditions and these tribochemical wear reactions
are facilitated through water adsorption and prevented through alcohol adsorption. The
density functional theory calculations for the Si-O-Si bond dissociation via reactions with
gas phase molecules impinging onto the substrate revealed that the activation energy for
this reaction is lowered when the substrate surface is terminated with hydroxyl groups
and increased when it is terminated with alkoxide groups.[67] Although this trend is
consistent with the observations shown in Figure 4-9, how the mechanical energy
delivered to the interface facilitates the chemical wear process still remains to be
investigated. Another important observation is that when the substrate surface wears in
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alcohol vapor conditions, some sort of tribochemical polymerization reactions takes place
forming polymeric species in the wear track.[5] The amount of polymeric species in the
wear track showed positive correlation with the degree of wear, indicating that they are
byproducts of wear process.[5] The primary lubricating species seems to be the adsorbed
alcohol molecules. The polymeric species can provide temporary lubrication effects when
alcohol vapor supply is interrupted; but eventually they run out and the surface wear will
wear eventually unless alcohol vapor supply is resumes.[5]
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Figure 4-9: Optical profilometry images and characteristic line profiles of wear tracks
made in dry, 50% RH, and 50% P/Psat n-pentanol vapor environments with an applied load
of (a) 0.1 N, (b) 0.3 N, and (c) 0.7 N.[67] Reprinted with permission from Ref. [67].
Copyright 2009 American Chemical Society.
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Multicomponent glasses consist of amorphous Si-O-Si networks modified by
glass-forming metal ions. In that sense, one could assume that the effect of water
adsorption on wear or scratch behaviors of glasses would be similar to those of silicon
oxide; however, this over-simplified view is often incorrect. Figure 4-10a compares the
line profiles of wear track created on fused quartz (pure amorphous silica) and soda lime
glasses when scratched with a pyrex ball at various RH conditions.[68] In the case of
fused quartz, the wear track is rough and the wear volume increases as the RH increases.
In contrast, the wear track of the soda lime glass surface is smooth at low RH conditions
and shows some deposits on top of the glass surface at 90% RH. The pyrex ball surface
shows the deposits of soda lime glass wear debris at low RHs, but the ball surface wears
off at 90% RH. The debris deposited on soda lime glass at 90% RH originates from the
ball wear.
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(a)

(b)

Figure 4-10: (a) Line profiles of the wear tracks on fused quartz and soda lime glasses and the
pyrex ball surfaces after scratch tests at varying RHs. The ball diameter was 3mm and the applied
load was 0.2N (maximum Hertzian contact pressure  0.2GPa). (b) SFG spectrum of fused quartz
(left) and soda lime glass (right) in humid environments. The inset shows the SFG spectra of the
air/liquid interface of pure water and 0.1M NaOH solution. [68] Reprinted from Ref. [68],
Copyright 2013, with permission from John Wiley and Sons.

90

Although both consist of amorphous Si-O-Si networks, it should be noted that
soda lime glasses contain Na+ ions that can leach out and be exchanged with other
cations, which in turn greatly affects the interactions with the adsorbed water molecules.
On the fused quartz surface, the water molecules adsorb with a broad range of hydrogen
bonding interactions with each other, as manifested by the broad OH stretch peak in SFG
vibration spectra. However, the SFG spectra of water molecules for soda lime glass
surfaces exposed to humid environments show three narrow and distinct peaks at
~3200cm-1, 3430cm-1 and 3670cm-1 in SFG. The intensity of the 3200cm-1 peak grows
with the RH, indicating its equilibrium with the gas phase water. This peak is believed to
be associated with the hydronium ions in the Na+-leached silicate glass surface.[68] The
hydronium ion is larger than the sodium ion; thus, it was proposed that the hydronium
ions occupying in the Na+-leached sites produce compressive stress in the silicate glass
network, which could be responsible for the increased wear resistance of soda lime glass
surfaces in near-saturation humidity conditions.[68]
Electrochemical reactions are important for tribological interfaces between
dissimilar metals such as 440C stainless steel and copper. The different types of wear
between 440C stainless steel and copper were observed in controlled humidity conditions
(Figure 4-11).[42] Dry conditions produced plastic deformation of the copper along with
mild abrasive wear (Figure 4-11a). Intermediate RH conditions produced severe adhesive
wear of the copper yielding a wear track that containing deep trenches and tall pile-ups
(Figure 4-11b). High RH (>80%) conditions produced wear debris strewn on the copper
surface (Figure 4-11c).[42] These debris contained iron, indicating that they were from
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the 440C stainless steel ball wear. The stainless steel is covered with corrosion-resistive
chromium oxide layer, which protects the alloy from corrosion. When this layer is
damaged due to friction and there is sufficient amount of adsorbed water layer to act as
an electrolyte solution, then the steel alloy in contact with copper undergoes galvanic
corrosion. This makes the harder stainless steel wear when it is rubbed against the soft
copper in high humidity conditions.
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(a)

(b)

(c)

Figure 4-11: Wear profile of polished flat copper substrate after rubbing against 440C stainless
steel ball in (a) dry nitrogen, (b) 40% RH, (c) 90% RH in a pin-on-disk tribometer operating at 2
mm/s, 1N normal load and average contact pressure of 325 MPa. The scale bar at right goes from
± 0.5 µm for (a) and (c) and ± 2 µm for (b).[42, 69] Reprinted with permission from Ref.[69]
Copyright 2013 Maney Publishing.
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The carbon surfaces are generally believed to be inert; but some carbon films also
show a strong dependence on vapor or gas adsorption from the environment. Figure 4-12
compares the friction coefficients and wear deposits on the ball surfaces for diamond-like
carbon (DLC) coatings rubbed in various environmental conditions.[70] For hydrogenrich DLC tested in dry argon and hydrogen environments, an induction period called
‘run-in’ period is observed, during which the friction coefficient is high and gradually
decreases to an ultra-low friction coefficient (less than 0.01). Regardless of friction
coefficients and hydrogen contents, certain degrees of wear debris are observed in dry
argon, hydrogen, oxygen, and humid argon environments. In n-pentanol vapor
conditions, however, there is no wear or rubbing scar on DLC surfaces tested, although
the friction coefficient is relatively high among the five test environments. XPS and
NEXAFS analyses revealed that the DLC surfaces are readily oxidized upon exposure to
air. The removal or wear of this surface oxide layer is responsible for the run-in behavior
of DLC. The results shown in Figure 4-12 indicate that the alcohol vapor can prevent the
wear of the oxidized DLC surface. The alcohol vapor can also protect the oxidized DLC
surface from wear even in humid air.[70]
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Figure 4-12: Friction coefficients measured for self-mated sliding of (a) highly-hydrogenated and
(b) mildly-hydrogenated DLC surfaces in dry Ar (black), dry H2 (green), dry O2 (purple), 40%
RH Ar (red), and Ar with 40% p/psat n-pentanol (blue) environments and optical images of the
ball surfaces taken after the friction tests of 400 sliding. The scale bar in the image is 20 μm.[70]
Reprinted with permission from Ref. [70]. Copyright 2011 American Chemical Society.
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4.5 Conclusions & Perspectives

Vapor adsorption from the ambient can have a profound influence on the
adhesion, friction, and wear of surfaces and to understand this behavior it is crucial to
quantitatively and qualitatively investigate the vapor adsorption on solid surfaces.
Adsorption under equilibrium condition at room temperature is generally reported with
an adsorption isotherm. Various methods exist to measure adsorption on solid surfaces
encompassing an assortment of physical phenomena. These techniques include QCM,
ellipsometry, infrared vibrational techniques such as ATR-IR and PMRAIRS, and near
ambient pressure XPS. Most studies of adsorption of water or other organic vapors on
high surface energy solids found that the adsorption follows the type-II isotherm
behavior. In the case of organic adsorption, the rounded kink point (which corresponds to
the monolayer formation) is reached at a vapor partial pressure of 10~20% relative to the
saturation point. Although the kink point for the water adsorption case occurs in the
similar relative partial pressure (often expressed as relative humidity), the thickness and
structure of the adsorbed water layer can vary drastically depending on the surface
chemistry of the solid onto which water molecules are being adsorbed. It is also
important to realize that the surface properties of the solid materials in ambient
conditions are different from those of the clean surface prepared in vacuum or inert
conditions. The oxidation by water or oxygen, chemisorption of water or organic
molecules, and ingress of molecules into subsurface regions can take place readily.
Probing the effect of adsorbed vapor molecules is done by multiple methods.
Experimental methods span many length scales; single asperities can be mimicked using
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an AFM probe while industrial-scale tests might be performed on the machine of interest.
The additional thickness imparted by the adsorbed layer swells the meniscus that forms
between two surfaces and leads to a strong dependence of adhesion force on vapor partial
pressure. Friction is also altered by the generated meniscus. Measuring the adsorbate
layer thickness and including the adsorption isotherm into conventional contact
mechanics could explain many aspects of adhesion and friction of solid contacts in
ambient conditions. Computer simulations can also be used to predict or validate friction
and adhesion behavior of pristine surfaces.

Tribochemical reactions involving the

adsorbed molecules can play significant roles preventing or deteriorating wear. This will
also substantially alter the contact conditions affecting adhesion and friction behaviors
during the tribo-test. Without the knowledge of the thickness and chemical activities of
the adsorbed molecules, the tribology and lubrication mechanism of solid contacts in
ambient conditions cannot be fully understood, explained, or predicted accurately.
Although environmental effects on adhesion, friction, and wear (or crack)
behaviors of materials have long been recognized in the literature, fundamental
understanding of chemical origins involved in these processes was quite limited until
recently. One of the reasons is due to the difficulty of analyzing surface species present
on flat tribological materials in equilibrium with the gas molecules in ambient pressures
and temperatures. The advance of surface science techniques resolved some of the
difficulties associated with this. However, the in-situ chemical characterization of
tribological interfaces under action in ambient conditions still remains challenging. This
limits molecular understanding of chemical reactions taking place under mechanical
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shear at the interface. Mechanochemical reactions of molecules under high pressure and
shear conditions imposed by reactive solid surfaces are relatively poorly understood
compared to the thermal or photochemical reactions on open solid surfaces. The progress
in this area through advanced experimental designs or theoretical calculations could lead
surface science breakthrough in mechanistic understandings of tribology and lubrication
phenomena.
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Chapter 5
Humidity Effects on Friction and Wear between Dissimilar Metals
This chapter is published as: Barthel, A. J.; Gregory, M.D.; Kim, S. H. Tribology Letters 2012,
48, 305-313.

5.1 Overview
The effect of water vapor on the friction and wear between copper and 440C stainless
steel was studied using a ball-on-flat tribometer, polarization-modulation reflection-absorption
infrared spectroscopy, and Auger electron spectroscopy. The wear behavior changed drastically
as the relative humidity (RH) varied in inert gas (nitrogen or argon). In a dry environment, a
small degree of abrasive wear of soft copper was observed. In the RH range of 10% ~ 70%,
catastrophic adhesive wear of the soft copper surface was dominant.

A high RH (>80%)

environment exhibited wear of the hard 440C stainless steel surface and the steel wear debris was
deposited onto the copper. The adsorption isotherm measurements for copper and stainless steel
revealed that water adsorption increases quickly between zero and 10% RH and then the
adsorption proceeds more slowly as RH increases further. The adsorbed water layer thickness
increases rapidly again as saturation is approached. It seems that the thin layer of adsorbed water
under 70% RH facilitates the adhesive wear through passivation of grain boundaries or
acceleration of crack propagations, but the thick water layer formed over 80% RH acts as an
electrolyte medium allowing galvanic corrosion to commence.
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5.2 Introduction
Continuous adsorption of vapor molecules on sliding solid surfaces can improve or
deteriorate friction and wear properties of the solid interfaces [1, 2]. Vapor molecules that
passivate the solid surface can reduce adhesion and mitigate wear [3, 4]. Moreover, adsorbed
organic molecules can act as a boundary lubricant and show decreased adhesion and friction with
as little as one monolayer of adsorbed molecules [5-7]. Lubrication by adsorbed vapor allows for
conformal coating as well as a continual supply of the lubricant molecule to the friction areas. In
contrast, the adsorbed water layer, which is formed ubiquitously on most metal or oxide surfaces
exposed in humid ambient air, can be detrimental to lubrication and in fact facilitate tribological
failures [8, 9].
Thus, understanding the effects of humidity on material wear under tribological contacts
is important, especially for metals due to their high surface reactivities. Metals undergo various
types of wear depending on the contacting materials and the exposed environment. Wear types
can be broadly categorized as mechanical, chemical, or thermal wear [10]. Mechanical wear
includes abrasive and adhesive wear. In abrasive wear, asperities or wear debris scratch one or
both rubbing surfaces.

In adhesive wear, chunks or particles of one surface adhere to the

opposing surface and are pulled from the original material. Chemical wear refers to surface
reactions that lead to acceleration of material removal at sliding interfaces. The examples include
tribochemical and corrosive wear. Thermal wear includes surface melting due to frictional heat
and diffusive wear. Humidity can significantly influence the wear pattern of metals.
Numerous groups have studied friction and wear of metals in humid air using a fretting
apparatus. Goto and Buckley studied the behavior of self-mated friction and wear for a wide
range of pure transition metals in humid air. They found that wear volume increased with
humidity compared to dry air and that wear is more severe at low humidity than high humidity
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[11]. They compared the humidity dependence of wear patterns with the standard free energy of
oxide formation on metals in humid environments. De Baets et al. found that adhesive wear
between bearing steel and cold-drawn steel took place in humid air. It was interesting to note that
friction and material transfer were reduced at high humidities compared to lower humidities [12].
This was attributed primarily to increased oxide formation on both bare surfaces and wear debris.
Similar studies investigating aluminum and magnesium alloys as well as various steels found
lower friction coefficients and less wear at higher humidities and claimed tribo-oxidation as the
main reason [13-16]. He et al. found that in sliding wear experiments, adhesive wear and severe
plastic deformation occurred between rubbing copper parts and that entrapped wear debris could
cause abrasive wear in dry conditions [17]. Complicating the study of humidity effects on wear
of sliding metals is the fact that metal surfaces are often covered by a thin layer of metal oxide.
Metals such as copper are known to form native oxide layers in ambient air on the order of 2-3
nm thick and the oxide formation effect is amplified by heating which may occur due to sliding
friction [18, 19].
Lacking from these studies is the information on the water adsorption onto the metal
surfaces, which is essential to understanding the friction and wear characteristics in humid
environments. The structure of adsorbed water varies depending on the extent of hydrogen
bonding and can be probed with infrared spectroscopy [20, 21]. Both adsorbed water structure
and thickness have been found to vary with humidity [22-24]. Studies done with near-ambient
pressure x-ray photoelectron spectroscopy (XPS) have found that water dissociates upon
adsorption onto clean Cu surface forming hydroxyl groups at low relative humidity (<1%) [25]
and can form cuprous oxide at higher humidity [26].

Crystal surfaces with different structures

adsorb different amounts of water under the same humidity conditions [27]. XPS studies of
cuprous oxide at near ambient pressures found that a monolayer of adsorbed water is formed at
around 15% relative humidity and two layers form at 35-40% relative humidity [28]. Quartz
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crystal microbalance (QCM) studies have found that a 20 nm thick cuprous oxide film will adsorb
more water than pure copper, which was attributed to a higher roughness of the cuprous oxide
film and thus a greater surface area [29].
This study compares the friction and wear behaviors of tribological contacts of dissimilar
metals with their water adsorption isotherms. The 440C stainless steel was used in this study
since it is a hard alloy widely used in many applications such as ball bearings and cutting tools.
Copper, which is a much softer and highly conductive metal found in a variety of electrical
devices, was used as a counter surface. The friction and wear tests were done in humiditycontrolled inert gas (argon or nitrogen) environments to minimize the effect of oxygen-induced
oxidation of the metal surface during the wear process. The friction and wear behaviors of the
cooper and stainless steel interface showed drastic changes depending on the environmental
humidity. This work focuses on how the adsorbed water layer grows as a function of humidity on
copper and stainless steel and uses this information to explain the wear patterns seen in a humid,
oxygen-free environment, which are areas lacking from previous studies.

5.3 Experimental
A home-built reciprocating ball-on-flat tribometer was used to test friction and wear
between copper and 440C stainless steel in dry inert and humid environments. Commercially
available 440C stainless steel balls (3mm diameter, grade 25) were used for rubbing experiments
against oxygen-free high-conductivity (OFHC) copper (99.99%) substrates. Substrates were
polished with successively finer sandpaper up to 2000 grit and then polished in a 1 µm colloidal
alumina solution. After polishing, copper substrates were momentarily submerged in 1N nitric
acid solution to strip copper oxide from the surface. These samples were then rinsed with Milli-Q
(resistance ~18 MΩ/cm) water and placed in the test chamber of the tribometer. Ellipsometry
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measurements found that the copper samples after nitric acid treatment and rinsing with water is
covered with a roughly 3 nm thick cuprous oxide layer. Average roughness measured with
optical profilometry was approximately 50 nm for copper after removal of the copper oxide layer
and 6.4 nm for 440C stainless steel balls after removal of the ball curvature. Areas analyzed were
350 µm  275 µm.
The ball-on-flat tribometer was operated at a sliding speed of 0.4 cm/s and wear tracks
were roughly 2.5 mm in length and had varying width depending on the wear pattern. Minor
variations in wear track width are due to experimental variations beyond the user controls
whereas major variations in wear track width are due to the type of wear experienced. A contact
load of 0.1N was used for all included data. Maximum apparent Hertzian pressure for 440C
stainless steel on copper was approximately 325 MPa with a Hertzian contact diameter of 20 µm.
The friction force was measured with a load cell which was calibrated by placing known weights
on top of the force transducer and measuring the corresponding voltage. The friction coefficient
reported here was the ratio of the measured friction force to the applied normal load. Gas
environments with controlled relative humidities were created by mixing the dry and watersaturated carrier gas (N2 or Ar) streams. The water vapor saturated stream was produced by
flowing the carrier gas through a column filled with Milli-Q water. This stream was then
combined with a separate, dry gas stream in the desired proportion to yield the relative humidity
required. The friction and wear tests were conducted in RH conditions varying from ~0% to
~100% (saturation) with 10% increments.
Optical profilometry of the wear samples was performed with a Zygo NewView 7300 in
ambient conditions. MetroPro software was used to analyze the profilometry images. Wear
volume was calculated by setting the average height of the polished copper surface outside of the
wear region to zero and then measuring wear features against that zero height. Displaced volume
is reported as the volume above and the volume below the zero height. Polarization-modulation
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reflective adsorptive infrared spectroscopy (PM-RAIRS) spectra were collected using a ThermoNicolet Nexus 670 spectrometer with a MCT detector. The polarization of the incident IR beam
was modulated with a ZnSe polarizer and a Hinds PEM-90 photoelastic modulator and the sum
and difference of the p- and s-polarized reflection IR beam were collected simultaneously with a
GWS Synchronous Sampling Demodulator SSD-100. By normalizing the difference signal with
the sum signal, the adsorbed water spectrum on the substrate was obtained without contribution
from the water vapor in the environmental cell. A home-made environmental cell was used for
PM-RAIRS measurements of the adsorbed water layer as a function of relative humidity. The IR
beam passed through BaF2 windows between which the beam path length inside the cell was ~2.5
cm and the incident angle was 81o from the surface normal of the sample. The samples for PMRAIRS measurements were 2 cm wide and their surfaces were polished using the method
described above. Spectra were averaged over 1000 scans with a 4 cm-1 resolution. Auger
electron spectroscopy (AES) was conducted with a PHI 670 Field Emission spectrometer using a
beam voltage of 10 keV and current of 10 nA, and system pressure was in the 10 -9 torr range.
The analysis area was changed to fit the feature of interest and ranged from roughly 200 µm2 to
15000 µm2.

5.4 Results and Discussion
Friction and wear of the stainless steel sphere and copper substrate were found to exhibit
fundamentally different wear characteristics depending on RH. Three RH regions showing
distinct wear characteristics were dry inert, low RH (<70%), and high RH (>70%) and their
representative characteristics are discussed here. Figure 5-1 displays typical friction data for a 3
mm diameter stainless steel ball at 0.1 N load on a flat copper substrate in various vapor
environments as well as in liquid water. Multiple tests (more than 20 tests) were conducted at
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each environmental vapor condition, however the point at which friction increased and the extent
of that increase varied across samples. Due to this, a representative test is displayed as opposed
to the average friction coefficient for all tests.

All friction coefficient data begin with

approximately the same value near 0.2. Although the initial friction coefficient value could
fluctuate due to variations in contamination, roughness, and copper oxide thickness of each
sample, it was 0.2 ± 0.05 for the vast majority of samples. All tests exhibit a period of low
friction coefficient near 0.2. During this period, the interface may undergo plastic deformation or
the surface oxide layer might be removed. The vapor environment plays an important role in
dictating wear type and friction coefficient after this initial period.
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Figure 5-1: Coefficient of friction behavior of 440C stainless steel ball (3 mm dia.) rubbing
against copper in different environments at an applied load of 0.1 N.

110
In dry Ar or N2, the friction coefficient initially stays relatively constant near 0.2-0.3. No
difference in friction or wear was observed between the two inert gasses so further discussion will
mention the data collected in Ar only. Friction coefficient increases gradually after an extended
number of reciprocating cycles and rises to 0.4-0.5. The number of cycles required for friction
coefficient to increase was generally greater for an Ar environment than the other humid
environments tested, with the transition from low to high friction commonly occurring between
300-1000 reciprocating cycles. Friction coefficient after the transition did not fluctuate greatly
and stayed high between 0.4-0.6. Tests in 40% RH are notable for their sudden spikes in friction
coefficient above 1.0, but the friction coefficient drops just as suddenly to the previous value of
about 0.6 for the test shown in Figure 5-1. The friction coefficient values for 40% RH remained
chaotic once catastrophic wear began; some tests exhibited many spikes in friction throughout the
entire test period whereas some would only show one or two spikes and then stabilize at a friction
coefficient between 0.5 and 1.0. The nature of these spikes was investigated by stopping tests
right after observing a friction coefficient spike and comparing the ball and substrate images to
other tests that were stopped after the friction coefficient decreased to the stable lower value. It
was found that (data not shown) the stainless steel ball had large copper particles adhered during
the friction coefficient spike but that these were largely absent during the stable friction
coefficient period. It is speculated that the friction coefficient spike is due to the large copper
particles adhered on the ball surface rubbing against the copper substrate and that some copper
particles are redeposited onto the copper surface after one or a few cycles. The increase of
surface roughness and creation of protrusions (i.e., lumps) above the original surface are
consistent with the characteristic behavior of adhesive wear [30]. In 90% RH, friction coefficient
steadily increases from an initial value near 0.2 to a final value above 0.5. This behavior is
similar to that seen in liquid water, although in liquid water the rise of friction coefficient happens
more quickly and friction coefficient appears to stabilize above 1.0.
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These variations of the friction coefficient can be related to the different surface profiles
of the wear track. Figure 5-2 shows representative optical microscope images and profilometry
line profiles of the wear tracks produced in different environments. Sliding tests over 400
reciprocating cycles were sufficient to display a change in wear regime compared to the initial
friction period for tests involving humidity or liquid water. In a dry inert environment it was
found that wear progressed slowly, accompanying the gradual increase in the coefficient of
friction between the stainless steel ball and the copper substrate.

Unlike the other wear

environments, the ball and substrate from a dry inert wear experiment showed mild wear after
400 sliding cycles. The degree of substrate wear increased during extended testing as the
coefficient of friction increased.
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Figure 5-2: Optical microscope image (a) and optical profilometry line profile across the width of
the wear track (b) on Cu substrate created by 3 mm diameter 440C stainless steel ball with 0.1 N
force in various environments. Images taken after 400 reciprocating cycles unless otherwise
noted. Scale bar for optical microscope images is 100 µm.
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Figures 5-3a to 5-3d compare the optical profilometry images of the stainless steel balls
tested in different environmental conditions. In order to clearly show deviation from the initial
sphere surface, the sphere curvature has been mathematically fitted for the region of the ball that
wasn’t worn and the curvature of the ball was removed from all the points of the image, including
the wear region. After this mathematical data processing, the non-wear region was represented as
a horizontal plane and the wear region was shown as a depression or protrusion in the plane. The
line profiles after the subtraction of the ball curvature are shown in Figure 5-3e.
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Figure 5-3: Raw optical profilometer three-dimensional images of stainless steel balls tested in (a)
dry argon, (b) 40% RH, (c) 90% RH, and (d) liquid water. (e) Optical profilometery line profile
of 3 mm diameter 440C stainless steel ball rubbed against Cu in different environments after 400
reciprocating cycles. Ball diameter has been mathematically removed such that a perfect sphere
would appear as a horizontal line.
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The wear images shown in Figures 5-2 and 5-3 and the coefficient of friction data in
Figure 1 clearly illustrate that fundamentally different types of wear occur in different
environmental conditions. The wear track on copper after 400 reciprocating cycles in the dry
inert environment shows minor plastic deformation compared to the surrounding unworn
material. The polish scratches seen in unworn sections of the copper are almost completely
erased in the wear track. The line profile across the stainless steel ball for the dry argon case
shows virtually no deviation from the average height of the unworn region. As the number of
rubbing cycles in dry nitrogen increased beyond 400, abrasive wear becomes severe as seen in
Figure 5-2. As the wear became larger, the real contact area between the ball and the substrate
increased which could cause the increase in friction coefficient. Liu et al. observed a similar
behavior when rubbing pure metals with a conical indenter. They observed pileup of material
along the sides of the wear track and saw a sudden increase in friction coefficient at certain
indenter depth-to-tip ratios depending on the indenter [31].
Wear in low humidity environments (RH 10 ~ 70%) occurs more quickly and is more
severe than that seen in dry inert conditions. The black color of the wear track in the optical
microscope image in Figure 5-2a is due to the shadow of large copper particles in optical
microscope imaging at a specific magnification; when imaged at increased light intensity and
higher magnification, the same region showed no difference in color across the wear track. When
large copper particles were attached to the counter-surface and dragged along the sliding track,
then the friction coefficient increased larger than one. Some copper particles were re-deposited
inside the wear track and others were pushed out from the wear track, giving the both large
negative and positive regions in the line profile across the width of the wear track as shown in
Figure 5-2b. Some copper stayed adhered to one side of the contact region of the stainless steel
sphere as shown in Figure 5-3b. When large copper particles were expelled from the sliding
contact region, the friction coefficient dropped and remained at 0.5~0.6 until another event of

116
copper particle removal and dragging started, which also explains the larger wear track width
compared to dry argon wear tracks. The removal of big particles as well as the stochastic nature
of the friction coefficient (Figure 5-1) are indicative of adhesive wear. Adhesive wear is the most
catastrophic form of wear to the surface profile, resulting in a surface that is drastically different
from the initial surface (Figure 5-2b). The profiles of the rubbing surfaces were constantly
changing due to random adherence and deposition of copper particles once adhesive wear began.
Displacement (wear) volume during adhesive wear in 10~70% RH conditions was at least 10
times larger than the abrasive wear in the dry condition. For example, positive and negative
displacement volumes were +12,400 µm3 and -7,000 µm3, respectively, after 400 cycles of sliding
in 40% RH versus +410 µm3 and -520 µm3, respectively, after 400 cycles in dry argon for a 300
µm length section of the wear track, as calculated from the optical profilometry images.
Although the displacement volumes of the wear tracks formed in 40% RH varied over a large
range depending on which section of the track was analyzed, they were always significantly
larger than the displacement volumes of wear tracks made in dry argon.
Friction and wear between 440C stainless steel and copper at humidities above 80% RH
were significantly different compared to the adhesive wear at lower humidities, and were very
similar to those observed in liquid water. As shown in Figure 5-1, the coefficient of friction
increases in a continuous manner for both 90% RH and liquid water conditions. The line profile
of the ball shown in Figure 5-3e reveals considerable wear of the hard 440C stainless steel sphere.
The line profile of the substrate (Figure 5-2b) shows the material deposition on the soft copper
substrate. This deposit on the copper substrate was analyzed by AES to determine the elemental
composition.

Figure 5-4 shows the AES spectra for a copper wear track from a dry Ar

environment, a copper wear track from a 40% RH environment, and a copper wear track from a
90% RH environment. Each wear track has the peaks corresponding to oxygen (497 eV, 516 eV)
and copper (778 eV, 846 eV, 923 eV), along with carbon contaminants (275 eV). Only the 90%
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RH track has additional peaks assigned to iron (602 eV, 654 eV, 708 eV), which indicates the
deposition of wear debris of the hard 440C stainless steel counter-surface on the soft copper wear
track.
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Figure 5-4: AES spectra of copper wear regions created by a 440C stainless steel ball rubbing in
dry Ar, 40%, and 90% RH environments.
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The wear of 440C stainless steel by copper at high humidities cannot be explained by
Hertzian contact mechanics alone. Hertzian mechanics dictates that the softer material will
deform elastically or plastically until the contact area has increased so that the contact pressure is
balanced by (equilibrated with) the material yield strength. This was observed for the low sliding
cycle cases in dry conditions (Figure 5-2). The degree of plastic deformation of the copper
substrate can be further understood by comparing the yield strength of copper to the theoretical
contact pressure. The literature value for OFHC Cu yield strength is 70 MPa [32] and as stated
earlier the calculated Hertzian contact pressure is approximately 325 MPa (which results in a
calculated 20 µm contact diameter before any deformation would occur). The calculated contact
diameter for pressure equal to the copper yield strength is approximately 43 µm, which is roughly
the width of the depressed regions in the dry Ar wear tracks in Figure 5-2. These values are only
rough estimates as the local material properties of the two surfaces can be altered during the
rubbing process. For the case of the 440C stainless steel ball compressed against a copper
substrate, the copper will deform and the stainless steel should stay spherical due to the
considerably higher yield strength of 440C stainless steel. Thus, the severe wear of the harder
material must be due to the chemical effects that were enabled in the high humidity condition.
The fact that the friction and wear behaviors in high humidities (>80% RH) are similar to those in
liquid water implies that galvanic corrosion is playing a role in the wear between the two
dissimilar metals at >80% RH.
Galvanic corrosion is the electrochemical reaction taking place when there is electrical
contact between dissimilar metals in the presence of an electrolyte. Corrosion will occur at the
more anodic metal and the corrosion product is deposited onto the cathodic metal. The stainless
steel contains a considerable amount of chromium that oxidizes in air to create a thin chromium
oxide layer that passivates the stainless steel from further oxidation. Thus, the passivated stainless
steel surface will not be corroded when it is in contact with copper. During the course of rubbing
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this passive layer could become damaged due to cracking or wear. Once small defects are
generated in the passive oxide layer of the 440C stainless steel surface, the inner metal alloy is
exposed to the sliding contact. The electrode potential of either iron or 440C steel alloy is more
anodic than copper; thus, galvanic corrosion can take place at these damaged areas [33]. The
corrosive wear of the stainless steel will then continue at all points of contact with the copper
substrate. Iron oxide has been found to be porous and allows further oxidation of subsurface iron
as opposed to the chromium oxide layer [34]. Hydrogen generated via corrosion reactions can
also embrittle steel, which can enhance crack propagation by facilitating microcrack formation
[35-37].
Similar tests were conducted by reversing the ball and substrate materials such that a
copper ball was rubbing against a 440C stainless steel substrate. The transition from the adhesive
wear of the copper sphere to the corrosive wear of the stainless steel substrate was also seen with
this system, although the degree of corrosive wear of the substrate was significantly reduced, as
has been observed elsewhere [38]. Galvanic corrosion is proportional to the galvanic current
density on a surface and inversely proportional to distance from anode to cathode. Thus, for a
small anodic pin rubbing against a large cathodic surface, such as when the stainless steel sphere
rubs against the flat copper substrate, corrosion will occur constantly within the wear area of the
ball. When a copper sphere rubs against a flat stainless steel substrate, the corrosive wear is
much less in a specific area of the substrate wear track.
An important question here is why the wear at intermediate RH shows adhesive
characteristics and why galvanic corrosion only takes place at high RH (>80%). In order to
understand these transitions, water adsorption isotherm studies were conducted on copper and
440C stainless steel substrates using PM-RAIRS. Figures 5-5a and 5-5b show PM-RAIRS data
on the adsorption of water on copper and 440C stainless steel, respectively, as a function of RH at
atmospheric pressure of Ar. Only the regions associated with the OH stretching and bending
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vibrations of water are included, and some RH spectra are not displayed as to not clutter the
figure. The water adsorption spectra for both copper and stainless steel show a broad peak
centered at roughly 3450 cm-1 in the OH stretching region. The shape of this peak does not
change appreciably with increasing humidity, and the peak position is consistent throughout all
humidity tests. Likewise, all spectra exhibit a peak at about 1650 cm-1 with little peak shape or
peak position change with increasing humidity. The OH stretch peak position and shape are
consistent with those of liquid-like water [20, 22].

Unlike the water layer adsorbed on silicon

oxide, there was no discernible peak at 3230cm-1 at low relative humidities. The absence of the
3230 cm-1 implied that solid-like water does not form on the cuprous oxide surface on copper.
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Figure 5-5: (a) PM-RAIRS spectra of water layer adsorbed on copper at different relative
humidities. The inset shows the area of the OH stretch (2800-3000 cm-1) and H-O-H bend (15501750 cm-1) vibration peaks as a function of relative humidity. (b) PM-RAIRS spectra of water
layer adsorbed on 440C stainless steel at different relative humidities. Due to refractive index
difference, the PM-RAIRS signal for stainless steel was much weaker than that for copper and the
data were smoothened for display. The inset shows the area of the OH stretch (2800-3800 cm-1)
vibration peak as a function of relative humidity.
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The insets of Figure 5-5 show the calculated area underneath the stretching (2900-3700
cm-1) and bending (1550-1750 cm-1) vibration regions for water. Although it is difficult to
convert the PM-RAIRS intensity directly to the adsorbate thickness, the intensity varies linearly
with the thickness. Thus, it can be said that the adsorbed water layer thickness increases quickly
between 0 and ~10% RH, and then the water uptake rate becomes slower as RH increases above
10%. These trends are similar to the BET type-II adsorption isotherm which typically shows a
fast growth of tightly adsorbed layer in the low relative partial pressure region and then a convex
point over which the overlayer growth rate is slow. Comparison of the adsorption isotherm curve
measured from PM-RAIRS with that from near-ambient pressure XPS [28] implies that the
adsorbed water layer thickness at 10% RH reaches the complete coverage of the cuprous oxide
surface formed on the copper surface exposed to air. Further increase in RH results in a thicker
layer whose thickness can be estimated by comparing its PM-RAIRS intensity with that at 10%
RH. Thick multilayer condensation occurs as RH approaches the saturation point. Near the
saturation humidity, a small difference in humidity can give a large change in the adsorbed layer
thickness.
The adsorption isotherm data shown in Figure 5-5 can help explain the wear pattern
transition with humidity changes. The absence of the solid-like peak near 3230 cm-1 suggests that
water structure does not seem to be an important factor in the wear transition of copper [39]. One
could speculate if the capillary force of the meniscus formed between asperity contacts can cause
the adhesive wear of the copper surface. But, the capillary meniscus effect is negligible in the
macroscopic test [40], especially when the substrate surface undergoes plastic deformation,
making a large area contact. Ruling out these possibilities, we consider that the passivation of
newly-exposed grain boundaries by adsorbed water could be the main reason for the onset of
adhesive wear. An ab initio molecular dynamics simulation of a Cu(100) slab in the presence of
water found that the dissociation of water and formation of Cu-OH was energetically favorable
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compared to the surface of pure Cu with physisorbed water [41]. This dissociation of water
occurs at RH as low as 1% [28]. When frictional energy during sliding is transferred to the Cu
surface, such as during the high friction period from 50-150 cycles in the 40% RH environment
shown in Figure 5-1, cracks and grain boundaries in the subsurface region may be exposed to the
environment. Passivation due to water adsorption and dissociation will make it easier for those
particles to be pulled from the surface, resulting in adhesive wear.
The adsorbed water layer does not show any structural changes with the humidity
increase. Therefore, the transition from adhesive wear to corrosive wear must originate from the
increase of the adsorbed layer thickness. It appears that when RH > 70%, the adsorbed water
layer is thick enough to effectively conduct electrons and ions inside the adsorbed layer. The
mobility of ions in environments of different humidities has been studied using scanning
polarization force microscopy. It was found that mobility increases with increasing humidity and
that the rate of increase depends on the specific material [42]. The increased ionic conduction
due to increasing adsorbed water layer thickness would allow the galvanic corrosion process of
dissimilar metals exposed to a high humidity environment. This is similar to the observation
made in corrosion studies for Cu and Al in humid conditions, in which galvanic current was
shown to increase with increasing humidity [43]. Thus, humidity must be high enough for ions to
participate in the galvanic corrosion. When RH <70%, the galvanic corrosion rate is not fast
enough to be observed.

5.5 Conclusions
The friction and wear behavior of dissimilar metal contacts in humid environments
depends greatly on the amount of water adsorbed onto the rubbing surfaces. Abrasive wear of a
soft metal is the dominant wear process in dry environments. When the adsorbed water can
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passivate the surface of newly exposed metal surfaces, adhesive wear can occur quickly in humid
environments between 10% and 70% relative humidity. Above 80% humidity corrosive wear can
take place at the metal with the more anodic electrode potential, regardless of the mechanical
hardness of the metal.
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Chapter 6
Lubrication by Physisorbed Molecules in Equilibrium with Vapor at Ambient
Condition – Effects of Molecular Structure and Substrate Chemistry
This chapter is published as: Barthel, A. J.; Kim, S. H. Langmuir 2014, 30, 6469-6478.

6.1 Overview

The effects of physisorbed organic vapor molecules on friction and wear were
studied for various materials with different surface chemistries (metals, ceramics, glasses,
carbons, polymers) and adsorbed species with distinct functional groups (short linearchain, branched and fluorinated alcohols with alkyl chain lengths up to five carbons as
well as acetone and n-decane). Friction test results of stainless steel under equilibrium
vapor adsorption conditions indicated that the longer chain length of the adsorbed
alcohols results in lower friction and that n-pentanol gives the lowest friction and wear
among the molecules investigated. The adsorption isotherm measurements revealed that
the functional groups of the adsorbed molecules appear to play important roles in
lubrication. Friction coefficients that ranged from 0.02-0.9 for the various materials in
dry and humid environments converged to ~0.15 for the inorganic solid materials tested
in n-pentanol. These findings indicate that the molecular lubrication by the physisorbed
species dominates the tribological behaviors of the inorganic solid materials, regardless
of bulk mechanical properties. Tribo-tests using polymeric materials did not show the
same lubricating effects for n-pentanol vapor. The failure of n-pentanol to lubricate
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polymeric materials may be due to vapor ingress into the polymer and the absence of an
adsorbed surface layer.

6.2 Introduction

Boundary lubrication describes a lubricating film that is on the same order of
thickness as or thinner than the substrate surface roughness and typically occurs at high
pressure or slowly moving interfaces. Boundary lubrication is also the last defense
against wear for systems that do not typically experience prolonged contact between
asperities. In the absence of any surface modification, two contacting clean surfaces will
irreversibly adhere to one another, which could lead to a phenomenon known as
stiction.[1, 2] This often ceases operation of a device or process if the actuation force is
low or can manifest as extremely high friction or wear if excessive driving force is
used.[3]

Deformation of contacts due to adhesive transfer is a serious concern in

electrical switching applications where soft metals like gold are used.[4, 5]
Chemical and physical coating methods have been applied to micro-scale devices
applied to reduce adhesion, friction and wear of sliding interfaces.[6], [7] However, once
damaged, these coatings are difficult to repair during the operation.[8] Lubrication by
continuously adsorbing vapors helps mitigate issues that afflict one-time coatings.
Lubrication through vapor control is a relatively recent endeavor but is seeing continued
interest for use in small-scale applications.[9-11] Vapor phase lubrication, sometimes
called VPL, relies on the operating environment to supply lubricating molecules at the
sliding

or

contacting

surfaces

through

equilibrium

adsorption

isotherm.[12]
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Alternatively, it can be done through a controlled dose of molecules under vacuum
conditions.[13] Lubrication through the equilibrium adsorption process can supply a
conformal layer of adsorbed molecules at all times and yields no appreciable wear or
increase in friction over the simulated lifetime of a micro-scale device for Si/SiO2
surfaces.[14]

Additionally, adsorbed molecules can have an influence on adhesion

between surfaces at the nano-scale and affect friction due to capillary formation.[15] To
understand the intricacies of VPL for applications to materials other than silicon and
silicon oxide, it is important to establish fundamental understanding of how the molecular
structures of adsorbates and surface properties of solid substrates play roles in lubricating
sliding interfaces.
The common and abundant adsorbing vapor molecules in the ambient include
water and various organic molecules.[16] These vapors are likely to physisorb onto a
majority of solid surfaces. Vapor adsorption on most inorganic solid surfaces can lower
the surface energy of the system.[17] The process of gas and vapor adsorption onto
surfaces was thoroughly described by Brunauer-Emmett-Teller (BET) isotherms.[18, 19]
In addition to surface chemical properties, the mechanical and physical properties
of the substrate are important to tribological behavior. The van der Waals radii for many
adsorbed molecules are on the order of angstroms to a nanometer.[20] This contrasts to
the mean roughness of macro-scale surfaces that can be tens of nanometers for polished
surfaces to significantly greater quantities for unpolished surfaces. Even surfaces that
initially possess miniscule roughness can be damaged and become rough during
sliding.[21]

Surfaces with any appreciable roughness will make contact at surface

protrusions or asperities. These asperities can cause wear in the counter surface through
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abrasion or can be broken off themselves due to shear stress.[22] If the contacting
materials are sufficiently ductile, plastic deformation at these asperities will occur.[23] In
many cases, wear rate is inversely proportional to the hardness of the soft material
involved in the sliding interface.[24] The elastic and plastic deformation of solid surfaces
can result in a congruent interface within the contact area if the Hertzian deformation
depth is larger than the surface roughness.[25] This deformation occurs across nearly all
length scales but will be orders of magnitude larger than the size of an adsorbed vapor
molecule for macro-scale tests.[26]
An important question arising in this situation is what happens to the adsorbed
molecules that experience pressure between the two sliding surfaces?

Computer

simulations indicate that molecules can be aligned along a certain orientation due to
shear, for both physisorbed and chemically bound species.[27] A fluid-like film was
shown to persist between a simulated spherical tip and flat substrate and was only
expelled at extremely high loads and for an in-registry commensurate tip.[28] Although
these computer simulations use perfectly crystalline solids under operating conditions
that are quite different from realistic experimental conditions, they indicate that weakly
bound molecules may play critical roles in lubrication between surfaces.
In addition to physical considerations, the chemical compatibility between solid
surfaces and adsorbing vapors must be recognized. This chemical compatibility becomes
further complicated if the adsorbing molecule can alter the surface chemistry of a
material.

This is a well-known phenomenon within the field of catalysis

deactivation,[29] but it is still poorly understood within tribology, especially at smaller
length scales.

Lubricant compatibility with the material surface is a prominent
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consideration in practical applications of liquid lubricants, where anti-corrosion and
surfactant issues are commonly addressed.[30, 31] Chemical modification of lubricant
molecules could have substantial effects on friction.[32]

In addition, a new chemical

product can be created by reactions between sliding solid surfaces and liquid lubricants or
adsorbed vapors.[33] Such reaction products will concentrate at the point of contact in
the case of VPL; they may be washed away from the sliding region in liquid lubrication
conditions. This new species, sometimes called a tribochemical product or tribopolymer,
can be beneficial or detrimental depending on situations.

These tribopolymers are

especially onerous in electrical applications where the product may inhibit electrical
conductivity.

These polymers were shown to form insulating compounds from the

organic vapors in ambient air in commodity applications[34] as well as in
microelectromechanical system (MEMS) devices.[35]

Physical build-up of the

tribopolymer could also constrict the small clearances employed in MEMS applications.
However, the tribopolymer may also exhibit beneficial properties, such as continued
lubrication during temporary interruption of lubricating vapor supply.[36]
This chapter presents a systematic study of the effects of molecular structures of
adsorbed vapors, including n-pentanol, and the pentanol VPL on various substrates with
different materials properties. Ball-on-flat friction tests for self-mated 440C stainless
steel were conducted for various linear normal alcohols (n-pentanol, n-butanol, ethanol,
methanol) as well as a branched alcohol, a fluorinated alcohol, n-decane, and acetone.
An adsorption isotherm was measured to study vapor-surface interactions using
polarization-modulation reflection absorption infrared spectroscopy (PM-RAIRS) in
ambient conditions. Friction tests were also performed for n-pentanol across different
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materials including glasses, oxides, hydrogenated diamond-like carbon (H-DLC),
ceramics, polymers, and various metals. Consideration is given to how the adsorbed
molecules behave under applied pressure that is large enough to plastically deform
surfaces.

The experimental results revealed the effects of molecular structures and

surface chemistry on friction and wear of various sliding interfaces under VPL
conditions.

6.3 Experimental Details

A home-built reciprocating ball-on-flat tribometer was used to conduct all friction
experiments.

Commercially available 440C stainless steel was used for the tests

investigating different alcohol and organic adsorbates. A 3 mm diameter 440C stainless
steel ball with an RMS surface roughness of ~8 nm (after removal of sphere curvature)
was used. The substrate was successively polished with finer sandpapers and finally with
a 1 µm colloidal solution. Oxygen free high conductivity copper (OFHC) substrates were
polished in the same manner.

H-DLC substrates were created by depositing an

approximately 1 µm film onto a silicon wafer using plasma-enhanced chemical vapor
deposition with methane and hydrogen as precursor gases.[37] Further details on this
procedure are available elsewhere.[37]

All other inorganic substrates used were

commercially available wafers or slide glass with negligible roughness. Typical substrate
bulk material properties, surface roughness, and calculated contact parameters calculated
with Hertzian contact mechanics are summarized in the Supporting Information.[38]
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The ball-on-flat tribometer was operated at a sliding velocity of 0.4 cm/s and
created a wear track that was roughly 2.5 mm in length. Applied load was between 0.11.0 N for the different material combinations. Different loads were used so that sufficient
friction force could be recorded while keeping the contact pressure lower than the
hardness of bulk material. Friction force was measured using a calibrated load cell and
the reported friction coefficient is the ratio of the measured friction force to the applied
load. Vapor environments were created by flowing dry N2 through a column filled with
the desired liquid and then mixing this saturated vapor flow with dry N2 to produce the
required vapor pressure. Purity of the liquids used to create the vapor environment was
98% or higher. The liquids used were water, methanol, ethanol, n-butanol, n-pentanol, 2methyl 1-butanol, 2,2,3,3,4,4,5,5-octafluoro-1-pentanol, n-decane, and acetone.
Optical profilometry analysis of the wear tracks was performed with a Zygo
NewView 7300 in ambient conditions. Polarization-modulation reflective absorption
infrared spectroscopy (PM-RAIRS) spectra used for adsorption isotherm analysis were
collected using a Thermo-Nicolet Nexus 670 spectrometer with an MCT detector.
Further details of the PM-RAIRS setup can be found elsewhere.[39] Due to low signalto-noise ratio, baseline correction was applied to each spectrum and smoothing based on
the Savitsky-Golay algorithm was employed.
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6.4 Results and Discussion

6.4.1 Adsorbate molecular structure dependence of friction and wear

Friction and wear tests were performed between an AISI 440C stainless steel (SS)
self-mated ball and substrate for a variety of vapors. Figure 6-1 shows the steady-state
friction coefficient for the vapor conditions tested in this study as well as the friction and
wear from a dry nitrogen environment. The data in Figure 6-1 represent the average and
standard deviation of the steady-state friction value for multiple tests at each condition.
Friction tests were conducted at vapor partial pressures 40-50% relative to the saturation
for all of the organic vapors.

These vapor conditions were chosen because they

adequately allow the formation of a full coverage of adsorbates on various substrates
while being low enough to avoid bulk condensation of the vapor. Steady-state frictions
were generally reached within 50 reciprocating cycles while tests conducted in pure
nitrogen never reached a stable friction coefficient value. During this initial run-in
period, plastic deformation of asperities on the substrate and ball occur; at the same time,
surface species such as surface oxides and carbon contaminants may be worn away.
Similar tests were performed with a copper substrate and the same trends as the selfmated steel were observed although increased plastic deformation of the copper made
wear qualification more difficult.
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Figure 6-1: Friction coefficient for stainless steel versus stainless steel in different vapor
conditions. Solid bars indicate average friction and error bars indicate standard deviation. Inset
shows optical microscope image of the wear track (right), optical profilometry of the continued
wear track (center), and line profile across the wear track (left). The line profile is traced
following the black arrows from the optical profilometry image and the dotted lines indicate the
rough edge of the wear track. The line profile is oriented vertically such that protrusions in the
surface are towards the left and depressions in the surface are towards the right.
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The friction data in Figure 6-1 compares homologues of linear alcohols, branched
and fluorinated alcohols, and non-alcoholic molecules.

All vapors tested showed a

drastic decrease in both friction and wear compared to the non-lubricated dry nitrogen
case. In the case of a dry nitrogen environment, the optical profilometry image (left
inset) shows large plateaus and valleys indicative of adhesive wear. These features are in
excess of ~4 µm above and below the original surface at various places along the wear
track. The wear track in optical microscope image (right inset) appears dark due to light
scattering from the rough surface. The width of this wear track exceeds 50 µm and is far
greater than the calculated Hertzian contact diameter of roughly 20 µm (Table 6-1). The
calculation for Hertzian contact mechanics does not take wear into consideration, so the
severe wear observed in dry N2 causes the wear track to be much wider than is predicted.
A clear decreasing trend in friction coefficient is seen among the normal alcohols
as the linear alkyl chain length increases from methanol (1 carbon) through n-pentanol (5
carbon). The friction coefficient starts near 0.25 (standard deviation ±0.02) for methanol
and decreases to ~0.2 ± 0.02, ~0.15 ± 0.02, and ~0.11 ± 0.01 for ethanol, n-butanol, and
n-pentanol, respectively. Wear also decreases as the alkyl chain length increases. Figure
6-2 displays optical profilometry and optical microscope images of the SS substrate for
the different vapor conditions as well as line profiles at one place in the wear track.
Dotted horizontal lines roughly indicate the width of the wear track and black arrows
show the path of the line profile. Even in the shortest alcohol (methanol) case, the
substrate wear is substantially reduced compared to the dry nitrogen case (Figure 6-1
insets). Methanol still shows an easily noticeable wear track in both the optical
profilometer and optical microscope images. The wear track width measures 30-40 µm,

138

indicting some wear and plastic deformation of the surfaces. Methanol also shows the
deepest wear features among the adsorbed molecules tested, with depressions reaching up
to 200 nm below the initial flat surface. Features in the wear track measure hundreds of
nanometers above or below the initial polished SS surface, and visible discoloration is
observed which might be due to either surface roughness or the formation of
tribochemical product. Both of these characteristics vanish for the substrates tested in the
normal alcohol homologues with longer alkyl chains. In the case of n-pentanol, the wear
track is nearly indistinguishable from inherent polished SS substrate roughness; the track
does not clearly stand out from the surrounding surface.
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Figure 6-2: Optical microscope (right), optical profilometry (center) and line profile across the
wear track for stainless steel versus stainless steel in different vapor environments. The line
profile is traced following the black arrows from the optical profilometry image and the dotted
lines indicate the rough edge of the wear track. The line profile is oriented vertically such that
protrusions in the surface are towards the left and depressions in the surface are towards the right.
All images follow the scales in the methanol image.
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The trend of decreasing friction coefficient and better wear prevention for linear
molecules with longer alkyl chains has also been reported for alkyl SAMs on various
substrates. For example, octadecylsilane SAMs were shown to exhibit lower friction than
octylsilane SAM and no significant difference in friction was seen for SAMs with chain
lengths below eight carbons.[8] The lower friction was attributed to better packing
density for longer chain SAMs, since alkyl chains longer than C8 show significantly
improved packing between SAM molecules. All alcohols investigated in the current
study are shorter than eight carbons, so the lateral packing effects are not expected. In
addition, a previous attenuated total internal reflection infrared spectroscopy study
showed that the thickness of n-pentanol physisorbed on SiO2 is consistent with the
random-coil conformation than the all-trans fully-extended conformation.[40] The shortchain linear alcohol molecules such as n-pentanol cannot form self-assembly and a wellpacked structure in the adsorbate layer.[40] Computational studies investigating
hydrocarbon species on diamond found that longer alkyl chains are more easily able to
geometrically orient in a low energy configuration during sliding.[41] Whether the same
alignment can occur of rough surfaces with large elastic deformation remains unknown.
These considerations of adsorbed short-chain alcohols indicate that the origin of
lubrication must come from a different mechanism than what was observed with
covalently-bonded long-chain alkyl SAMs.
One main difference between organic SAMs and vapor phase lubrication is the
capillary condensation and meniscus formation near the intersection of flat and curved
surfaces as described by the Kelvin equation.[42]

This meniscus, along with the

adsorbed molecules on each contacting surface, has been shown to affect friction at the
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nano-scale.[15] While the adsorbed vapor layers are several times thinner than typical
SAM coatings (n-pentanol coating thickness is roughly 0.8 nm compared to 2.8 nm for
the octadecylsilane SAM),[6, 40] multilayers may form due to capillary condensation
near asperity contacts. Moreover, the lubricating molecules are continuously replenished
from the vapor phase through equilibrium adsorption processes, while SAMs are only
applied before friction or adhesion will take place. SAMs show degraded performance at
chain lengths below eight carbons, but this is not the case in the continuous
replenishment situation.[8] The continuous replenishment during VPL (as opposed to the
absence of replenishment for SAM lubrication) may allow shorter chain molecules to
lubricate.
The comparison of friction coefficient values of the alcohols with five carbon
atoms shows the effects of molecular structure on lubrication. Octafluoro-pentanol yields
a higher friction coefficient than its hydrogenated analogue (~0.14 vs. ~0.11 with t-test p
value < 0.002, indicating a very statistically significant difference). A slightly deeper
wear track is also observed for octafluoro-pentanol in Figure 2 although the substrate is
not visibly changed considerably.

These traits are similar to those observed with

fluorinated SAMs. Fluorine-terminated SAMs were shown to have higher friction than
the same alkyl-terminated molecule, which is attributed to the larger van der Waal radius
of fluorine atoms.[43] The larger atoms allow for increased steric and rotational long
range forces in the plane of the CF3 terminated groups.[43] Octadecyl SAMs with
greater fluorination (8 of 18 carbons fluorinated) showed lower chain packing density
which contributed to increased friction.[44]

In contrast, fluorinated polymers like

polytetrafluoroethylene (PTFE) can reach friction coefficients below 0.1.[45] Ultra-low
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friction of PTFE is generally due to the transfer of polymer to the sliding counter-surface,
as self-mated PTFE experiences low friction due to the low surface energy of PTFE.[46]
Atomic substitution of fluorine into adsorbed alkylated alcohols gives similar friction
outcomes to fluorine substituted SAMs, but the origins of this similarity could be
different.[8] The exact mechanism may not be the same in each case since the carbon
chain in n-pentanol is too short to induce significant chain packing as is seen in SAMs.[8]
The effect of branching in the hydrocarbon chain can be seen by comparing npentanol and 2-methyl-1-butanol. Both molecules contain five saturated carbon atoms
but differ in longest chain length by one (four in 2-methyl-1-butanol and five in npentanol). This difference manifests as an increase in friction coefficient to a value
similar to shorter chain alcohols. This indicates that friction reducing effects may depend
on not only the alkyl chain length but also the structure of alkyl groups of alcohols. A
linear chain length of five (seen with n-pentanol) appears sufficient to lubricate surfaces
with VPL.
The non-alcoholic molecules examined (n-decane and acetone) exhibit lubricating
effects compared to dry nitrogen, but neither molecule gives the extent of lubrication seen
with n-pentanol. N-decane gives a friction coefficient near 0.2  0.01 but shows the
formation of wear trenches in Figure 6-2. The wear track for n-decane also appears
considerably wider than that formed in better lubricating environments. Acetone gives a
friction coefficient near 0.15  0.01 and relatively little wear of the stainless steel
substrate. These friction and wear behaviors are generally worse than those observed for
the long chain alcohols tested, for example, n-butanol and n-pentanol. The comparison of
these results with the alcohol VPL cases suggests that the hydroxyl groups on the alcohol
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molecules play important role. It is likely that they favorably interact with the oxidized
surface to give stronger adsorption[40] and the longer chain alcohol molecules are
chemically inert under nearly all test conditions.[36]

6.4.2 Adsorption Isotherms of molecules on metallic substrates in ambient conditions

The interactions between the molecules impinging from the vapor phase and the
solid surface can be deduced from the adsorption isotherm behaviors. For metallic
surfaces, the adsorption isotherm can be obtained from PM-RAIRS measurements under
equilibrium conditions. The fast modulation between the p- and s-polarizations of the
incident IR beam and simultaneous recording of the difference and sum of both
polarizations allows distinction between the adsorbed and gaseous species. The electric
dipole of the s-polarized IR beam is annihilated at the metal surface and thus cannot
interact with the adsorbate; in contrast, the p-polarized IR beam can interact with the
adsorbate dipole normal to the surface which is enhanced by the image dipole in the
metal surface.[47] Thus, the p-s difference spectrum contains the vibrational information
of the adsorbate species only, while the p+s sum signals give the spectrum of the gaseous
and surface species. Taking a ratio of the difference signal over the sum signal gives the
normalized spectrum of the surface species.

Comparing this spectrum to a dry

background surface then gives the change in adsorption for a given environment. Due to
the complicated peak demodulation and deconvolution of signals in PM-RAIRS, it is not
straightforward to convert the peak intensity or area to the absolute surface coverage of
adsorbed molecules. Even though the absolute value could not be determined, it can be
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assumed that the PM-RAIRS intensities are proportional to the adsorbate surface
coverage as long as the adsorbate molecules are not preferentially aligned along the
substrate or the preferential orientation does not change with the coverage. Unless the
adsorbate amount is much lower than the monolayer, the adsorbed short-chain molecules
on solid surfaces must be in the random-coil conformation. [40] The plot of the integrated
peak area as a function of the vapor partial pressure at a fixed temperature (room
temperature in this experiment) is then equivalent to the adsorption isotherm curve.
Figure 6-3 depicts the PM-RAIRS spectra of n-pentanol on copper and palladium
as well as the spectra of acetone and n-decane on copper. These substrates were used for
PM-RAIRS study since their IR reflectivities are much higher than the stainless steel
surface.[48] Clear similarities are seen for the adsorption of n-pentanol on Cu and Pd.
Strong C-H stretching peaks located near 2870, 2930, and 2970 cm-1 appear in ascending
intensity on each substrate. These peaks are attributed to CH2 symmetric stretch, CH2
asymmetric stretch or Fermi resonance of CH2 bending, and CH3 asymmetric stretch,
respectively.[40] The adsorption isotherm for n-pentanol on these metals shows a type-II
behavior with quick growth of the adsorbed layer at very low vapor partial pressure,
restrained growth at intermediate partial pressure, and accelerated growth as saturation is
approached.[49] These isotherms display a similar behavior to the adsorption isotherm of
n-pentanol on silicon dioxide.[40] Adsorption isotherms for the shorter chain alcohols
will follow a similar tendency albeit with diminished intensity due to fewer C-H
bonds.[40] In the OH stretch vibration region, the sharp peak at 3630 cm-1 in vapor phase
spectrum interactions (as seen in Figure 6-3a,b) corresponds to free OH groups of
alcohols without any hydrogen bonding.[50]

This peak is absent in the spectra of
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adsorbed species due to hydrogen bonding between the molecules and the oxidized
surface. The onset of a broad OH stretching peak centered at 3400 cm-1 can be seen as the
alcohol partial pressure approaches saturation. The absence of any OH intensity at low
vapor pressure might imply that the OH groups are parallel to the metal surface and the
multilayer growth has not occurred.[47, 48]
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Figure 6-3: Infrared spectra for vapor and adsorbed vapor at different saturation partial pressures
on palladium or copper. Vapor is shown in transmission mode for ease of comparison to the
adsorbed spectra, which are shown in ratioed PM-RAIRS signals. The inset of each graph shows
the adsorption isotherm ranging from no vapor to near vapor saturation. A solid line is drawn to
guide the eye.
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Significant deviations from the alcohol adsorption isotherm are observed for
acetone and n-decane. The acetone spectrum (Figure 6-3c) shows a sharp peak near 2970
cm-1 with broad peaks at 3016 cm-1 and 2945 cm-1. The sharp peak at 2970 cm-1 is the
out-of-plane CH3 asymmetric stretch vibration and the broad peaks at 3016 cm-1 and
2945 cm-1 are attributed to the in-plane CH3 asymmetric stretch and the CH3 symmetric
stretch, respectively.[51] The adsorption isotherm seen in the inset of Figure 6-3c depicts
a type II isotherm with much less convex curvature in the low p/psat region. The n-decane
spectrum (Figure 6-3d) shows sharp peaks at 2830 cm-1, 2930 cm-1, and 2960 cm-1. The
peak area increases almost linearly with the n-decane partial pressure. These trends can
be interpreted with the degree of surface-molecule interactions.
Figure 6-4 depicts three theoretical BET adsorption isotherms representing
molecules with different heats of adsorption. Molecules with high heats of adsorption
(favorable adsorbate-surface interactions) will behave like curve 1 and show a clear
convex inflection point at low partial pressure region. As heat of adsorption decreases
and interactions between the molecule and surface become less favorable, the convex
inflection shape is less prominent and becomes almost linear (curve 3). N-decane is a
pure hydrocarbon molecule without any polar functional groups that can have strong
interactions with the substrate. Thus it will have only weak van der Waals interactions
with the oxidized solid surface. This would explain the linear isotherm behavior (Figure
3d inset), similar to curve 3 in Figure 6-4. Acetone is much smaller in size than n-decane,
thus its van der Waals interactions with the substrate will be smaller. But it contains the
polar functional group (C=O) which can have stronger interactions than simple van der
Waals interactions. Thus, the acetone adsorption isotherm shows a weak inflection
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behavior at low partial pressure (Figure 6-3c inset), similar to curve 2 in Figure 6-4. In
contrast, alcohol molecules have hydroxyl groups that can have hydrogen bonding
interactions with the substrate as well as with each other. This explains the clear type II
isotherm characteristics observed for n-pentanol adsorption.

Intensity (a.u.)

149

(1)
(2)
(3)

0.0

0.1

0.2

0.3

p/psat

0.4

0.5

Figure 6-4: Theoretical BET adsorption isotherm curves representing molecules with different
heats of adsorption.[49] Curve 1 represents a large heat of adsorption (strong type II behavior)
and curve 3 represents a small heat of adsorption (weak type II behavior). The curves correspond
to 1.25 , 1.10 , and 1.01 heat of vaporization for curves 1, 2, and 3 respectively.
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In cases where descriptive features of the type II isotherm like Figure 6-3a and 63b are present, physical arguments can be made that a monolayer forms at the inflection
point at low vapor partial pressure of saturation. This could explain the good lubrication
efficiency when the vapor pressure is kept above this inflection point.[36] However, in
the case of acetone and n-decane, the adsorption isotherms increase more linearly with
the increasing vapor partial pressure. As mentioned above, these vapors have weaker
interactions with the oxidized metal surface than alcohols. The adsorption isotherms
from Figure 6-3 indicate that a complete monolayer may not form on a flat surface for
acetone and n-decane. However, capillary condensation around the boundary of the
contact may allow formation of at least a monolayer of adsorbed molecules to lubricate
the contacts. This adsorption behavior may contribute to the slightly higher friction and
wear seen in Figures 6-1 and 6-2.

6.4.3 Effect of adsorbed n-pentanol and water on friction and wear of various materials

Among the organic vapors tested, n-pentanol showed the greatest reduction in
friction and prevention of wear for self-mated stainless steel tests. To test the extent of
lubrication effects of n-pentanol vapor and impacts of the adsorption of water vapor
which is ubiquitously present in humid ambient, various types of substrate materials were
investigated. Figure 6-5 shows the friction coefficients for the different material pairs in
dry nitrogen, 40% relative humidity (RH) and 40% partial vapor saturation pressure of npentanol.
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Figure 6-5: Friction coefficient results for different material combinations in (a) dry nitrogen, (b)
40% p/psat humidity, and (c) 40% p/psat n-pentanol. Material combinations that are listed as
numbers and colors in (a), (b), and (c) are: (1, navy)-Palladium vs. 440C SS ball; (2, olive)-Si3N4
vs. Si3N4 ball; (3, maroon)-440C SS vs. 440C SS ball; (4, magenta)-sodalime glass vs. Pyrex ball;
(5, blue)-copper vs. 440C SS ball; (6, black)-Inconel vs. 440C SS ball; (7, cyan) SiO2 vs. fused
silica ball; (8, red) H-DLC vs. 440C SS ball; (9, gray) H-DLC vs. H-DLC-coated ball.
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In a dry inert environment, all materials exhibited high or unstable friction
coefficients with the exception of H-DLC, which is specially engineered to give ultra-low
friction in inert environments.

The friction data in Figure 6-5a demonstrates the

influence of the native surface chemistry and mechanical property of the material on
friction in the absence of any adsorbing species. Any contaminant initially present on the
surface due to air exposure during the sample preparation will be worn away within the
first few reciprocating cycles, exposing the oxidized surface to the environment. This
oxide may be worn away during the run-in period, which likely occurs, for example,
during the first 150 cycles for the copper substrate shown in Figure 6-5a. Higher friction
and wear of the copper underneath will follow due to the lack of oxygen in the
surrounding environment.
In a dry nitrogen ambient, the friction experienced by the initial metal surface
greatly depends on the specific material. Inconel and copper exhibit relatively stable
friction coefficients without chaotic spikes. This contrasts to 440C SS and palladium
which show large spikes in friction coefficient soon after testing starts. These spikes are
indicative of adhesive wear where metal grains in the polycrystalline substrate are pulled
from the surface. The brittle ceramics and oxides also show poor or chaotic tribological
behaviors. Although SiO2 demonstrates a relatively low friction coefficient in dry N2,
severe wear to the surface occurs.[52] Since significant debris is generated, the low
friction may be due to third body contact or rolling,[52] which gives a lower friction
coefficient value but does not protect the material surface. H-DLC shows very low
friction after a run-in period of high friction. This run-in period produces a transfer film
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on the SS ball and also removes the oxidized surface layer of the H-DLC film, allowing
for very low friction.[37]
The introduction of water vapor can lead to chemical and physical changes to the
sliding interface which act to increase friction and wear. Chemical reaction of water with
the material surface can cause solvolysis between Si-O-Si networks in the native oxide
layer on silicon wafers[52] which drastically increases friction and wear. Water can
promote electrochemical corrosion in metal systems[53] which can be further
exacerbated by friction.[39] Galvanic corrosion between dissimilar metals is especially
possible at higher RH where the adsorbed water can act as an electrolyte medium. These
electrochemical effects may not be observed in friction environments with lower RH due
to catastrophic adhesive wear.[39] Adsorbed water layers can increase the adhesion force
between two surfaces at the nano-scale;[54] the structural evolution of the adsorbed water
to form ice-like layers and liquid-like layers with increasing humidity complicates its
effects on adhesion.[55] Figure 6-5b shows that all materials tested undergo high or
unstable friction. All metal pairs demonstrated high friction or spikes in friction and a
correspondingly worn surface. The high friction and wear occurs for the ceramics and
oxides investigated, which may additionally undergo chemical reactions.[36, 56] The
higher and unstable friction coefficient for H-DLC occurs due to oxidation of the carbon
surface by adsorbing water vapor.[37]
In contrast, when the adsorbed molecule is n-pentanol, frictions for all surfaces
converge to a low value near 0.12-0.2 regardless of the chemical and mechanical
properties of the inorganic materials tested in this experiment. This is true for self-mated
systems such as fused silica vs. SiO2 and stainless steel vs. stainless steel as well as
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different material pairs. Ductile metal materials that wore through delamination and
adhesive transfer of material in a humid environment showed low friction and minimal
wear in n-pentanol. Likewise, brittle ceramic materials that wore through abrasion in a
humid environment reached a low and stable friction coefficient with negligible wear in
n-pentanol. It should be noted that the low friction and wear prevention effect by the
adsorbed molecule cannot be expected when the applied load is too high and exceeds the
failure threshold of bulk materials.[36]
The small differences in friction coefficient under the n-pentanol VPL condition,
for example, ~0.12 for H-DLC vs. H-DLC-coated SS ball to ~0.21 for Inconel vs. SS
ball, are noted in Figure 6-5C. While representative data sets were chosen for Figure 6-5,
there is some amount of deviation between experimental samples (as seen in Figure 6-1),
generally a difference in steady state friction coefficient of about 0.02. The polished
samples (metals) had variations in surface roughness between the different materials as
well as between different samples, although plastic deformation will flatten any large
asperities and eventually make two surfaces conformal to each other. All non-metal
substrates consisted of very smooth surfaces (either wafer finish or slide glass) with little
variation in macro-scale surface roughness (see Table 6-1). However the difference
between the highest and lowest friction coefficient for these samples is only ~0.07.
Although an adsorption isotherm could not be measured for all surfaces due to
experimental constraints, all materials (including H-DLC)[37] form a native oxide upon
exposure to the ambient and are expected to follow a type-II isotherm for n-pentanol
adsorption. The hydroxyl group on the alcohol allows for hydrogen bonding with an
oxidized surface[52] and adsorption can occur in the presence of water.[57]
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Not only the friction coefficient, but the wear behavior also drastically changed
depending on the presence of adsorbate and the types of adsorbate. Figure 6-6 shows the
optical profilometry images of wear tracks produced on flat (polished) copper substrates
rubbed with a 440C stainless steel ball in dry, humid, and alcohol vapor conditions.
Severe adhesive wear is present in dry and humid conditions; but, in the n-pentanol vapor
environment only plastic deformation of the softer copper by the stainless steel ball is
observed. The lack of wear or presence of only plastic deformation is common for all
materials as shown in the copper substrate case in Figure 6-6c. The majority of materials
show a decrease in friction coefficient compared to either dry or humid conditions.
Adsorbed n-pentanol lubricates between various self-mated materials as well as those
mated against a different material, and works regardless of the bulk material
characteristics such as brittleness and ductility.[14, 52]
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Figure 6-6: Optical profilometry images of a copper substrate after rubbing against a stainless
steel ball in different vapor conditions. The white bar at the bottom end of the wear track
represents the width of the wear track at that point, which is recorded in the gray box.
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The friction increase, instead of decrease, for the H-DLC substrate can be
explained by noting the mechanism by which H-DLC achieves ultra-low friction (
<0.02) in inert environments. H-DLC undergoes a long run-in period (Figure 6-5a)
before reaching an ultra-low friction value, during which surface oxide (formed due to
exposure to the ambient air) is removed.[37] Only after this oxide is removed can the
friction value of ~0.02 be achieved, and friction increases if exposure to an oxidizing
environment is re-established.[37] The increase in friction and general erratic friction
behavior of H-DLC in humid conditions is likely due to surface oxidation by the
adsorbed water molecules.[37] The adsorbed n-pentanol seems to prevent the removal of
this oxidized layer, thus keeping the H-DLC friction coefficient near 0.15.
These findings indicate that the physisorbed n-pentanol molecules are not
expelled from the contact region during sliding. If the adsorbed n-pentanol was driven
out by the contact pressure, the friction and wear seen in dry nitrogen would be expected
for the n-pentanol vapor environments. The lack of wear in n-pentanol vapor suggests
that there is a monolayer or less adsorbed to the contacting surfaces that acts as a
molecular shear plane between two sliding solid surfaces.
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Figure 6-7: Modified Stribeck curve that includes the friction behavior of solid/solid contacts in
the gas phase. The three curves to the left of the vertical axis represent examples of possible
unlubricated friction that can occur between a pair of material surfaces (as seen in Figure 6-5).
As the vapor pressure of an adsorbing vapor increases, the friction between many different pairs
of material surfaces converges towards one value, which is ~0.15-0.2 in the case of n-pentanol.
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The elucidation of the role of adsorbed vapor on friction allows for the extension
of the Stribeck curve to the vapor phase lubrication case as depicted in Figure 6-7. The
Stribeck curve is often used to describe the boundary, mixed, and hydrodynamic
lubrication mechanisms for liquid lubricants. Mixed lubrication describes a moderately
thick liquid lubricant that allows only occasional contact between sliding surfaces, and
fully hydrodynamic lubrication describes surfaces completely separated by liquid where
friction is dominated by liquid viscosity. Boundary lubrication describes a thin lubricant
layer whose thickness is on the order of the material surface roughness and where sliding
surfaces are frequently in contact with one another. An extension of boundary lubrication
into the vapor phase can be made. In an inert environment, the friction of a material will
depend solely on its mechanical and chemical properties. This behavior, depicted on the
left of the y-axis, could be chaotic, stable, and any value high or low.

Upon the

introduction of n-pentanol vapor, the friction value for any material will converge to a
value near 0.15, which is the friction coefficient of the molecular shear of the physisorbed
n-pentanol layer. This value is similar to what is seen for boundary lubrication using
SAMs[58] as well as boundary lubrication with liquids.[38] A material should follow
this trend as long as the n-pentanol vapor adsorbs to the surface and no adverse chemical
reactions occur. Figure 6-1 indicates that this should hold valid for many other vapors as
well. Of course, there will be limitations in the applicability of this mechanism. For
example, silicon dioxide is not lubricated effectively by n-pentanol when vapor pressure
is not high enough and/or applied contact load is too high.[36] These conditions describe
both sub-monolayer coverage and mechanical failure of the bulk material and cause
higher molecular weight species to form. Tribopolymers can then be formed at these
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worn silicon interfaces due to exposed dangling bonds which act to catalyze their
formation.[52]
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Figure 6-8: Friction and wear behavior of polycarbonate versus acrylic in a n-pentanol vapor
environment. The friction coefficient data near 0.2 are the same as that presented in Figure 5c
and correspond to experiments done on rigid, non-polymeric substrates. The white line in the
optical profilometry image represents the width of the wear track at that point, which is recorded
in the gray box.
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One commonality between all the tested materials in Figure 6-5 is that they are all
inorganic, relatively rigid materials. While the n-pentanol VPL seems very efficient for
these inorganic materials, it may not be feasible for polymeric materials.

Figure 6-8

shows the results from tribo-testing of polycarbonate and acrylic in the presence of npentanol vapor. The friction coefficient does not decrease to the low value seen with all
other inorganic materials and there is significant wear observed on the polycarbonate
surface. The differences between these polymers and the other materials studied are
likely due to the absorptivity and solubility of organic vapors in polymers. Plasticization
of polymers upon organic vapor absorption is a well-known phenomenon that affects the
material properties of the polymer.[59] The absorption of organic solvent molecules can
lower glass transition temperature of polymers and decrease tensile strength and
ductility.[60] These diminished properties could lead to a surface that cannot withstand
the shear from the counter-surface, resulting in high friction and surface wear.
Additionally, the n-pentanol from the environment may not stay at the surface of the
polymer, thus negating any potential lubricating ability.

6.5 Conclusions

A physisorbed molecule from the vapor phase can have a profound influence on
friction and wear between surfaces. Adsorbed organic molecules that are many times
smaller than the inherent surface roughness are able to persist within the contact region
and impart lubrication.

These adsorbed molecules shift the shear plane from the

solid/solid interface to the adsorbed layer/solid interface and are continuously replenished
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by adsorption once exposed to the vapor phase. Friction and wear are dictated primarily
by the adsorbed molecule instead of the innate substrate surface. The efficient lubrication
occurs with n-pentanol vapor, which gives a friction coefficient near 0.15 and minimal
wear across a variety of ceramic, metal, and oxide surfaces. Polymers are not well
lubricated by organic vapors. The molecular structure of the adsorbed molecule plays an
important role in lubrication and wear prevention. Alcohols are able to strongly adsorb to
the surface, while acetone and n-decane interact weakly with the surface.

Friction

decreases as alkyl chain length increases for alcohols; branched and fluorinated alcohol
molecules seem to lubricate less effectively than the normal alcohols at the same chain
length. Acetone and n-decane lubricate surfaces compared to a dry environment, but
exhibit higher friction and wear than the alcohols investigated in this study.
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6.6 Supporting Information
Table 6-1: Elastic modulus, applied load, Hertzian contact values, and surface roughness for
tested substrates. Hertzian pressure, diameter, and elastic indentation depth are calculated values
while roughness was measured over a 200 µm by 200 µm area.

Elastic

Applied

Hertzian

Hertzian

Elastic

Roughness

modulus

load (N) &

pressure

diameter

indentation (nm, rms)

(GPa)

ball material (MPa)

(µm)

depth (nm)

440C SS

200

0.1/SS

373

18.5

28.5

~25

Inconel

~210

0.1/SS

380

18.3

27.9

~45

Cu

130

0.1/SS

325

19.7

32.3

~40

Pd

120

0.1/SS

323

20.3

34.3

~140

Si3N4

~225

0.1/Si3N4

382

18.2

27.6

<10

Si

160

0.1/SiO2

340

19.3

31.0

~1

Soda-lime

70

0.2/Pyrex

290

29.7

73.5

<1

~65[26]

1.0/SS

458

52.7

231

~3

0.1/Acrylic* 21.5

77.0

467

~3

Glass
DLC

Polycarbonate ~2

*Ball diameter was 3.175 mm
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Chapter 7
Synthesis of polymeric lubricating films directly at the sliding interface via
mechanochemical reactions of allyl alcohols adsorbed from the vapor phase
This chapter is published as: Barthel, A. J.; Combs, D. R.; Kim, S. H. RSC Advances 2014, 4,
26081-26086.

7.1 Overview
Ensuring lubrication effects during disruption of lubricant molecule supply is an
important objective for boundary lubrication. Friction tests conducted in an allyl alcohol vapor
environment yielded a friction coefficient near 0.25, which was significantly lower than the
values ( >0.6) measured for unlubricated contacts, and produced a tribopolymer where contact
occurred. No tribopolymer was created outside the contact area, and the underlying substrate was
not worn inside the contact area. A tribopolymer film created during 800 cycles of allyl alcohol
vapor flow could lubricate sliding contacts for 30,000 cycles even after allyl alcohol vapor
supplied was ceased. No significant wear or friction increase was observed during these cycles.
Infrared spectroscopy analysis of the slide contact area indicated that the tribopolymer is a
polyalcohol formed by polymerization of the allylic group. No tribopolymer formation was
observed for vapor phase lubrication with saturated normal alcohols. The tribopolymer created
from allyl alcohol vapor must be mechanochemically synthesized within the sliding interface.
Such a mechanochemical synthesis of polymeric lubricant film could be applied to boundary
lubrication of micro-scale devices.
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7.2 Introduction
Conformal application and reliability are two essential lubricant properties for micro- and
nano-scale

devices

with

sliding

parts.

Approaches

to

lubricate

and

protect

microelectromechanical systems (MEMS) surfaces have often relied on organic monolayers or
hard coatings;[1-3] but these methods have issues with wear over a device lifetime.[4] Silicon is
an important substrate material for small scale devices due to its well-established lithography
techniques, but the silicon surface is highly susceptible to wear in dry conditions and even more
in humid conditions.[5-7] Conformal lubrication of silicon surfaces has been accomplished using
vapor phase lubrication (VPL) to supply adsorbed alcohol molecules to the sliding surfaces. It
was found that a monolayer of adsorbed n-pentanol in equilibrium with the vapor phase can
reduce friction and eliminate wear of a silicon surface.[8] The wear of silicon in a humid
environment may involve hydrolysis reactions when the counter surface is SiO2 but not with a
diamond counter surface, indicating that both mechanical pressure and surface chemistry of the
counter surface play important roles.[9]
VPL by n-pentanol only lubricates adequately when a monolayer of adsorbed molecules
is present at the silicon surface through continuous replenishment and the contact pressure does
not exceed the critical material properties. The absence of n-pentanol vapor coincides with the
loss of lubrication and the onset of surface wear. Wear due to insufficient adsorbed molecules or
exceeding the mechanical properties of the silicon substrate led to the formation of polymeric
species within the wear track. Polymer production was negligible on non-worn Si surfaces
indicating that Si dangling bonds exposed upon surface wear catalyze the polymer formation.[10]
Other materials show similar trends. Adsorbed water vapor can cause severe adhesive
wear or galvanic corrosion between sliding metal contacts.[11, 12] N-pentanol VPL is able to
greatly reduce friction and wear for self-mated stainless steel as well as many other materials that
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exhibit high friction and wear in a dry inert or humid environment.[13] This friction and wear
reduction does not result in any tribopolymer creation on these inorganic solid surfaces and
lubrication ceases when vapor supply ends. The mechanochemical formation of a tribopolymer is
essential to protect sliding surfaces in the absence of continuous vapor supply.
Mechanochemistry is a field that deals with nonthermal chemical reactions that occur due
to mechanical energy.[14-16] Mechanochemical reactions occur at all length scales but detailed
information on their yield and selectivity are lacking, especially at the micro and nano-scale.
This is further complicated by processes such as triboemission and the creation of
triboplasmas.[17] Molecules at the material surface during boundary lubrication are under high
contact pressure and frictional shear and thus the energy needed for mechanochemical reactions
to occur is already present. Not all adsorbed molecules undergo mechanochemical reactions or
give triboproducts that are beneficial to lubrication, so it is essential to understand how molecular
structure impacts polymer formation and lubricity.

Detrimental triboproducts were initially

observed in telephone switching applications but has also been observed in MEMS devices.[18,
19]
In this study, we investigate the lubrication and mechanochemistry attributes of allyl
alcohol vapor. The unsaturated C=C double bond in the allylic alkyl is hypothesized to be
polymerized via mechanochemical mechanisms without involvement of reactive dangling bonds
of the solid exposed by surface wear. Vapor pressure and applied load are modified to elucidate
tribopolymer formation characteristics and the addition of other vapors is studied to determine the
robustness of the mechanochemically synthesized lubricant. Infrared spectroscopy is used to
confirm the tribopolymer formation at the sliding track. The resiliency of the tribopolymer
created during the vapor adsorption conditions is tested in a dry inert environment to investigate
lubrication in the absence of lubricant supply. Findings on the nature of the tribopolymer created
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by allyl alcohol vapor are discussed within the scope of mechanochemistry and lubricant additive
chemistry.

7.3 Experimental details

Friction tests were performed on a home-built tribometer with a reciprocating ball-on-flat
geometry. All tests were conducted with AISI 440C stainless steel (SS) substrates that were
polished with successively finer grit sandpaper and finally with 1 µm colloidal alumina solution.
RMS roughness of the SS substrates was below 40 nm. A 3 mm diameter 440C SS ball with an
RMS roughness below 10 nm (after removal of sphere curvature) was used as a counter-surface.
Material surfaces were cleaned with ethanol followed by UV/ozone treatment to remove any
contaminants. The applied load varied in some experiments but was kept at 0.2 N unless
otherwise noted. The tribometer operated at a sliding velocity of 0.4 cm/s and created a wear
track that was roughly 2.5 mm in length.
Vapor test environments were created by mixing a saturated vapor stream and a dry inert
stream in the desired ratios. The saturated vapor stream was created by flowing an inert gas
through a liquid column filled with the test liquid. Saturation vapor pressure (psat) of allyl alcohol
and other liquids at room temperature and all partial pressures of the vapors are expressed as a
percent relative to saturation (p/psat  100%). The psat of allyl alcohol is 23 Torr at room
temperature.
The lubrication efficiency of tribopolymers was also studied. First, allyl alcohol vapor
was supplied during the first 800 cycles of the friction test and then the vapor flow was stopped.
Friction tests continued in dry nitrogen to investigate the lubricating effect of the polymer created
during the vapor-lubricated cycles.
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Optical profilometry analysis was conducted ex-situ to measure the wear track
dimensions using a Zygo NewView 7300 in ambient conditions. An optical microscope was used
to visually inspect the wear track.

Polarization-modulation reflection absorption infrared

spectroscopy (PM-RAIRS) spectra used to analyze vapor and adsorbate species were collected
using a Thermo-Nicolet Nexus 670 spectrometer with an MCT-a detector. The IR spectra of
tribopolymer piles around the slide track were obtained using a Hyperion 3000 Microscope
coupled to IFS 66/s spectrometer with an MCT-a detector.

7.4 Results and Discussion
Friction tests were conducted in various conditions to understand the nature of
tribopolymer formation of allyl alcohol on stainless steel. Figure 7-1a displays the friction data
for self-mated stainless steel tests at varying pressure of allyl alcohol compared to a dry nitrogen
environment.

Friction in dry nitrogen is high and unstable, with the friction coefficient

fluctuating between 0.6 and 1.0 for the majority of cycles. This unlubricated sliding results in
catastrophic wear of both the flat substrate and the spherical ball. Figure 7-1b shows an optical
microscope image as well as an optical profilometry image of the wear track produced on the flat
substrate in a nitrogen atmosphere. The black regions in the microscope image indicate areas of
high roughness in which light is scattered away from the microscope aperture. The deep grooves
and high plateaus can extend several microns from the original unworn surface.[12]
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Figure 7-1: (a) Friction coefficient for stainless steel versus stainless steel in different dry and
allyl alcohol vapor environments. (b) Optical microscope (right), optical profilometry (center)
and line profile (left) traced across the wear track for a dry nitrogen environment. The line profile
is traced across the optical profilometry image following the black arrows and the dotted lines
represent the edge of the wear track. (c,d) Optical microscope image of the wear track and
triboproduct created at 15% p/psat (c) and 45% p/psat (d). (e) Optical microscope (right), optical
profilometry (center) and line profile (left) traced across the wear track for an allyl alcohol
environment. The triboproduct has been washed away so that the surface wear can be seen.
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The introduction of allyl alcohol vapor reduces friction substantially across a large range
of vapor pressures tested in this study. All the partial pressure of saturation (p/p sat) conditions
tested exhibited similar friction behavior (Figure 7-1a). Friction coefficient values for p/psat
varying within 15-80% stayed between 0.2-0.26 for the majority of reciprocating cycles. There is
no clear trend that distinguishes higher vapor pressure from lower vapor pressure, indicating that
as long as there is at least 15% p/psat of allyl alcohol vapor present, lubrication of sliding stainless
steel contacts will occur.
Figure 7-1c and 7-1d shows optical microscope images of the wear track for selected allyl
alcohol tests. The wear tracks are much narrower than the wear track produced in dry nitrogen,
and there is no catastrophic wear. Instead, a triboproduct can be observed at the edges as well as
ends of the wear track. The images show a thin film-like substance with variable thickness
indicated by an iridescent color that accumulates at the edges and ends of the wear track. This
triboproduct film was not removed when rinsed or sonicated with ethanol or acetone for several
minutes. Physically rubbing the film with a cotton swab wet with solvents removed the film.
The wear track beneath the film exhibited no clear wear marks other than plastic deformation of
surface asperities (Figure 7-1e).
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Figure 7-2: (a) Friction coefficient for stainless steel versus stainless steel for different applied
loads in a 30% p/psat allyl alcohol environment. (b-e) Optical microscope images of the wear
track ends and triboproduct created under 0.1 N (b), 0.2 N (c), 0.5 N (d), and 1.0 N (e). The scale
bar in (b) applies to all images.
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Figure 7-2a shows the effect of varying load on friction for a 30% p/psat allyl alcohol
environment. Similarly to Figure 1a, the friction coefficient for the different loads shown in
Figure 7-2a stays between 0.2-0.26 for the majority of reciprocating cycles and there is no clear
increasing or decreasing trend of friction coefficient with varying applied load. The optical
microscope images in Figure 7-2b to 7-e show the end of the wear track where a large amount of
triboproduct is found. This product is visibly similar for all applied loads and seems to increase
in quantity as applied load increases. Colorful regions indicate thin film interference due to
changing thickness of the triboproduct film, and black areas indicate a thick build-up of the film
material. Determining the quantitative dependence of triboproduct formation on applied pressure
is difficult due to the widening of the wear tracks and inability to measure the triboproduct
volume using optical profilometry. Hertzian mechanics dictates that a 0.1 N load will result in an
approximately 20 µm wide wear track and 370 MPa contact pressure for self-mated stainless
steel. This increases to nearly 40 µm and 800 MPa for a 1.0 N load. The wider contact area
allows for greater formation of triboproduct during sliding and thus greater accumulation near the
wear track edges and ends. This will occur in addition to any pressure-induced triboproduct
formation changes.
Comparing the visible images in Figures 7-1 and 7-2 yields possible insights as to the
importance of vapor pressure and mechanical pressure on the formation of allyl alcohol
triboproduct. Varying vapor partial pressure within 15-80% p/psat seems to have negligible effect
on the yield of triboproduct, indicating a zeroth order reaction with respect to vapor pressure.
Triboproduct formation increases with frictional force ( = applied load  friction coefficient) and
at a seemingly greater rate than the contact area increase with the load. The zeroth order reaction
with respect to vapor pressure could indicate that roughly a monolayer coverage of allyl alcohol
adsorbate was maintained at the tested vapor conditions, keeping the reactant concentration
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constant. If the allyl alcohol adsorption isotherm is similar to normal alcohol adsorption
isotherms, the average adsorbate thickness for a p/psat range of 15-80% is expected to be close to
the monolayer coverage.[20] The positive dependence on the friction force indicates that greater
force allows for more mechanochemical reactions. As the force on a chemical bond increases, the
potential energy of the chemical bond may decrease, lowering the activation energy for
reaction.[21]
Triboproduct formation by allyl alcohol seems to be influenced by the presence of other
vapors, but the lubrication effect by the vapor adsorption is not diminished substantially. Figure
3a shows the friction coefficient values for allyl alcohol with water vapor and allyl alcohol with
n-pentanol vapor. Friction coefficient values for an environment of allyl alcohol with water
vapor initially begin high, with a value near 0.5 during the first few cycles. This value steadily
decreases and reaches a steady value of ~0.3 after 50 cycles. This steady value is slightly higher
than that the typical values seen in an environment of only allyl alcohol vapor. The initially high
friction in the presence of water vapor occurred for multiple tests across multiple samples,
indicating that it is not due to specimen differences but due to competitive co-adsorption of
vapors. Once sufficient amount of triboproduct is formed in the first ~50 cycles, the water coadsorption effect on friction seems diminished although it has profound effects on triboproduct
yield and deposition pattern. Figure 7-3b to 7-3c shows optical images of the wear track for allyl
alcohol with and without water vapor. Both wear tracks show significant triboproduct formation
although there is a distinct difference in the aggregation pattern of the triboproduct. The film
produced in vapor containing allyl alcohol only is more continuous and shows the iridescent thin
film interference whereas the film produced from mixed vapors of allyl alcohol and water appears
much more particulate and discrete. Although the film characteristics appear different in these
two cases, both give similar friction coefficients.
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Figure 7-3: (a) Friction coefficient for stainless steel versus stainless steel for different vapor
environments. (b-d) Optical microscope images for wear track ends and triboproduct created
under (b) an allyl alcohol environment, (c) an allyl alcohol and water vapor environment, (d) an
allyl alcohol and n-pentanol environment. The scale bar in (b) applies to all images.
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Figure 7-3a also shows friction behavior for n-pentanol vapor as well as n-pentanol vapor
plus allyl alcohol vapor. The dual flow case exhibits similar friction behavior to n-pentanol vapor
(both with friction near 0.15) and each case is lower than the case with allyl alcohol vapor only.
N-pentanol vapor has previously been shown to lubricate surfaces well with minimal wear and a
friction coefficient near 0.15.[13] Optical images of the wear track indicate that triboproduct
formation is nearly absent for the dual flow case and the only n-pentanol vapor case.
The friction data from these mixed vapor flow cases suggests that friction is dominated
by the more lubricious molecule although competitive adsorption of both components is
likely.[22] Allyl alcohol plus water vapor eventually gives friction similar to pure allyl alcohol
vapor, but the initial friction cycles are high and the tribopolymer produced looks markedly
different from pure allyl alcohol. Partial coverage of the surface by adsorbed water could explain
these differences. Likewise, n-pentanol and allyl alcohol vapor give minimal triboproduct and a
friction coefficient similar to pure n-pentanol. These results implied that the surface is dominated
by adsorbed n-pentanol with small amounts of adsorbed allyl alcohol during the friction test.
Infrared spectroscopy was conducted on the triboproduct to characterize the chemical
species present. Figure 7-4 shows the spectrum for allyl alcohol vapor as well as the spectrum of
allyl alcohol layer adsorbed on copper and the triboproducts produced on the rubbed surface. The
spectra primarily focus on the alkyl and hydroxyl stretching vibration regions.

The vapor

spectrum shows two distinct regions: a sharp peak near 3650 cm-1 indicative of free OH stretching
vibration and a group of peaks around 3000 cm-1 that come from alkyl vibrations. The peak at
3100 cm-1 comes from the asymmetric CH2 stretching vibration of unsaturated carbons associated
with the allyl group.[23] The remaining peaks from 3000-2850 cm-1 arise from allylic CH2
symmetric stretch and alkyl stretching vibrations. A comparison between the vapor and adsorbate
spectra yields one clear difference in the OH stretching region. The sharp free-OH peak at 3650
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cm-1 is absent and a broad, weak peak centered near 3400 cm-1 appears. The broad peak implies
hydrogen bonding interactions of allyl alcohol molecules in the adsorbed layer.[24] The peaks
due to the alkyl chains do not change position appreciably and intensity changes are difficult to
distinguish due to low signal to noise in the adsorbate spectrum.
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Figure 7-4: Infrared spectra for allyl alcohol vapor (black), allyl alcohol adsorbed on copper (red),
and the triboproducts created in an allyl alcohol vapor environment (cyan) and an allyl alcohol
and water vapor environment (blue).
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The two spectra of triboproducts shown in Figure 7-4 were obtained from environments
of allyl alcohol and allyl alcohol plus water vapor as well. These spectra share many similarities
between themselves, and there is one clear distinction between the triboproduct spectra and the
adsorbed molecule spectrum. The characteristic allyl peak at 3100 cm-1 that is seen in both the
vapor and adsorbed allyl alcohol spectra is not present in either of the triboproduct spectra.
Although thin film interference effects add undulations to the product spectra that are especially
visible between 3000 and 4000 cm-1, the triboproduct appears to have a broad peak near 3400 cm1

that is similar to the adsorbed allyl alcohol spectrum. The triboproduct retains the alkyl

stretching peaks between 3000 and 2800 cm-1.
These spectral features indicate that the adsorbed allyl alcohol reacts under pressure or
sliding to create a polyalcohol film that does not desorb into the vapor phase. Polymerization of
allyl alcohol by pulsed radio frequency plasma shows a similar tendency, where the allyl
vibration that is initially present becomes absent upon polymerization.[25] The polymer infrared
spectrum still retains the broad OH stretching peak near 3400 cm-1 as well as the alkyl stretching
peaks near 3000 cm-1.
Friction tests of this polymer in the absence of continuous vapor supply were conducted
to assess the lubricity of the tribo-polymer.

Figure 7-5 shows friction tests in which the

tribosystem operated in an allyl alcohol vapor environment for the first 800 cycles, after which
vapor flow ceased and a dry inert gas was introduced for the remainder of the test. The only
lubricant that would be present for these remaining cycles is what was produced from the vapor
during the initial cycles. The friction for the initial cycles run in allyl alcohol vapor was near the
typical value of 0.25. When the sliding cycle was resumed in the dry inert gas environment, the
friction coefficient was a bit higher (0.4~0.5) initially and then quickly decreased to a steady
friction coefficient of ~0.25. The initial high friction upon the resumption of the sliding after
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removal of the allyl alcohol supply was observed for almost all test trials. From the optical
images shown in Figures 7-1 and 7-2, the triboproducts are mostly piled outside the wear track.
During the 800 cycles of sliding in allyl alcohol vapor, the slide track is mostly covered with allyl
alcohol adsorbates keeping a low surface energy and triboproducts are squeezed out to the
periphery. When the allyl alcohol vapor is removed, the adsorbates are now desorbed and the
surface energy of the slide track region will increase. Then the polymeric triboproduct
(polyalcohols) can flow in and wet the wear track. The reciprocating motion of the countersurface could help the transport of the triboproduct from the periphery to the sliding region and at
the same time it can keep the triboproduct layer thickness in the slide track to a certain minimal
value.
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Figure 7-5: Friction coefficient for stainless steel versus stainless steel to test the lubricity of the
synthesized triboproduct in the absence of supplied allyl alcohol vapor. The first 800 cycles were
conducted in an allyl alcohol vapor environment, after which the vapor flow ceased and only dry
nitrogen was supplied. The friction spike above 0.5 at the left side of the graph corresponds to
the cessation of vapor flow.
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After the cessation of the allyl alcohol vapor supply, lubrication was maintained for over
32,000 cycles by the polyalcohols that were produced in 800 cycles, demonstrating its efficacy to
continuously lubricate the sliding interface in the absence of vapor supply. Eventually, lubrication
failed after ~32,000 cycles with friction increasing above 0.5 and severe adhesive wear occurring
at the rubbing interface. At this moment, all triboproduct produced initially during the 800
‘synthesis’ cycle must be consumed or squeezed out of the wear track.
The tribopolymer formation that transforms allyl alcohol into a polyalcohol must occur
through mechanisms substantially different than typical pressure-induced polymerization
processes. The contact pressures experienced during sliding is in the range of 0.3-0.5 GPa.
Asperities undergoing deformation may see higher pressure, but tribopolymer is formed
throughout the duration of the friction test and most asperities are flattened during the initial
cycles. Polymerization through pressurizing gases requires an order of magnitude higher pressure
and occurs at much slower rates, typically many hours or even days. Molecules such as carbon
monoxide and cyanogens undergo polymerization at pressures above 5 GPa and 10 GPa,
respectively.[26, 27] Acrylic acid polymerization initiates at ~8 GPa while the polymerization of
ethylene occurs above 3.6 GPa and takes several hundred hours.[28, 29] The contact pressures
and sliding speed in the tribology tests are low enough that flash temperature increases due to
frictional heating is only a few Kelvin.[30] Unlike vinyl monomers, allyl compounds have very
low activity in thermally-activated free-radical polymerization reactions due to allylic chain
transfer process.[31]
The origins of tribopolymer formation in allyl alcohol and n-pentanol are completely
different. N-pentanol vapor is able to form tribopolymers on silicon surfaces only when surface
wear occurs, exposing highly-reactive dangling Si bonds at the wear track.[6] The n-pentanol
tribopolymer is absent when there is no surface wear. Thus, the n-pentanol polymerization is via
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tribochemical reactions at the surface defects formed during the wear process. The friction tests
conducted with allyl alcohol do not show surface wear when the polymer is removed from the
stainless steel (Figure 7-1b), meaning that allyl alcohol polymerizes by a mechanochemical
mechanism under interfacial pressure and shear actions that does not involve the reactive surface
atoms. More details of the mechanochemical reaction mechanism could not be established at this
time. Better understanding of reaction mechanism requires more thorough chemical analyses for
elemental composition and molecular weight distribution of the tribopolymers.
The mechanochemical synthesis of polymeric lubricant films from the adsorbed allyl
alcohol molecules provides several advantages for conformal friction and wear reduction.
Tribopolymer synthesis due to repeated sliding or application of pressure means that synthesis
only occurs where it is needed.

Vapor adsorbs on all surfaces but tribopolymer will not

contaminate areas where there are no frictional interactions. Additionally, the lubrication of both
the adsorbed alcohol and the subsequent polymer allow for continued lubrication during the
absence of vapor supply. The polymer is synthesized as needed during vapor flow but causes no
ill effects to continued lubrication.
The mechanochemical reactivity of allyl alcohol, especially compared to saturated
normal alcohols, yields insights into the role of unsaturated hydrocarbons used as additives in
liquid lubricants. Determining the mechanochemical reactivity of liquids can be challenging due
to the underlying physics of liquid lubrication. Applied load may be spread over a larger area or
thicker lubricant film, prohibiting the pressures necessary for tribopolymerization.

If a

tribopolymer is formed, it may dissolve back into the bulk liquid which has chemically similar
structure or functional groups or be physically removed due to viscous forces. Analyzing a
triboproduct formed from a liquid is complicated by residual liquid that may be entrapped in the
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wear track. The data presented here clearly show that the unsaturated hydrocarbons can be
polymerized due to the applied load and shear at the sliding contact.
On-site synthesis of lubricating polymers can be utilized in areas where consistent
application of lubricant cannot be guaranteed. This is especially important in applications where
intermittent and unintended contact occurs during operation or where surfaces slide infrequently,
such as during start-up and shut down processes.[32, 33] The formation of a persistent lubricant
only at contacting surfaces allows for a potent lubrication strategy without detrimental polymer
formation in non-contacting regions.

7.5 Conclusions
The effects of adsorbed allyl alcohol vapor and the subsequently formed tribopolymer
film on the friction and wear of stainless steel were investigated. Allyl alcohol vapor yields a
friction coefficient near 0.25 and negligible wear of sliding surfaces. The unsaturated C=C bond
in allyl alcohol polymerizes under interfacial pressure and shear to give a polyalcohol that can
lubricate surfaces in the absence of continuous supply of lubricating vapor. The tribopolymer is
mechanochemically synthesized only where sliding occurs, thus delivering lubricant onto the
surfaces where it is required.
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Chapter 8
Origin of Ultra-Low Friction of Boric Acid – Role of Vapor Adsorption
This chapter is published as: Barthel, A. J.; Luo, J..; Kim, S. H. Tribology Letters 2015, 58, 40.

8.1 Overview

Boric acid is a lamellar solid lubricant that can give an ultralow friction
coefficient. The origin of this ultra-low friction of boric acid was investigated using
tribology and spectroscopy techniques in inert, humid, and organic vapor conditions. It
was found that boric acid itself experiences high friction and catastrophic surface wear
when rubbed with a stainless steel ball in dry nitrogen or oxygen environments; but it
gives very low friction (µ=0.06) in humid and acetone vapor environments. Short-chain
alcohol vapors (ethanol and n-pentanol) did not show these ultra-low friction values.
Vibrational spectroscopy indicates that the lubricating vapors do not adsorb on the basal
plane of the boric acid crystal but likely adsorb onto the edge sites of the lamella. The
alcohol molecules impinging from the gas phase readily react with the boric acid to form
a high vapor pressure molecule that desorbs from the surface. The “unlocking” of the
high energy edge sites by adsorbed acetone and water vapor appears to be needed for the
lamella to shear along the basal plane direction.
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8.2 Introduction

Thin films of lamellar crystalline materials have been used for solid lubrication.
Integral to the performance of these solid lubricants has been their very low friction
coefficient, achieving a value as low as 0.01 in appropriate conditions. The two mostwidely used solid materials are graphite and molybdenum disulfide (MoS2). The
commonly accepted mechanism for low friction coefficient is that the interactions
between lamellar sheets are weak and thus they are susceptible to shear and will selforder in an incommensurate fashion to give an ultra-low friction coefficient [1]. These
materials have been used in applications ranging from additives in lubricant oils to
coatings for space tribology [2-4].
Boric acid is another lamellar crystalline solid that has been used for lubrication.
Like graphite and MoS2, it consists of a network of molecules strongly hydrogen-bonded
into sheets, which are held together by weak van der Waals forces. Figure 8-1 compares
the lamella of the hexagonal network of graphite, MoS2, and boric acid. Erdemir and
colleagues conducted a series of studies looking at both the formation of boric acid from
borided materials and the lubrication by the newly created boric acid [5-10]. Boron
carbide or borided steel can react with oxygen to from boron oxide (B2O3) which can
then react with water in the presence of humidity to form boric acid (H3BO3). These
“self-lubricating” borided materials achieve friction coefficients near 0.05 while noncoated materials reach friction coefficient values above 0.8 [5-9]. Boric acid powder has
also been used as a solid lubricant particle. Boric acid powders delivered through air
flow were able to lubricate a stainless steel pin-on-disk sliding contact [11]. Fine particles
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of boric acid can also be used as an additive in transmission fluid to reduce friction [1113].
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Figure 8-1: Comparison of hexagonal and lamellar structure for graphite, MoS2, and boric acid.
Boric acid hexagonal structure is formed by six H3BO3 molecules. Images created using

Materials Studio software.
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Although lamellar solid lubricants exhibit similar low friction and low wear
properties, the environments in which they act and the mechanism by which they operate
have been difficult to understand completely. Graphite displays low friction and wear
only in vapor environments including water and organics such as methanol and propane;
dry and vacuum environments result in high friction and wear [14, 15]. Contrarily, MoS2
shows superb lubrication in dry and vacuum environments but reaches high friction and
wear in ambient conditions containing humidity [4, 16, 17].
Historically, the prevailing theory for lubrication by graphite in vapor
environments has been thought as the intercalation of the vapor molecules between the
lamellar carbon sheets [14], and many studies attributed this as the method of lubrication
for graphite [18]. These studies argued that intercalated molecules weaken binding
forces between the basal planes, allowing easy shear between the planes. However, a
recent study on lubrication by physisorbed organic molecules showed that the friction
coefficient of one monolayer of organic molecules at sliding interfaces is typically within
0.15~0.2 for most inorganic materials covering a wide range of modulus, hardness, and
surface roughness [19, 20]. This value is much larger than the friction coefficients of
graphite, MoS2, and H3BO3 under super-lubricious conditions, suggesting that the
interfacial shear of physisorbed molecules does not appear to give super-lubricity.
Moreover, x-ray diffraction (XRD) analysis results indicated that there is no change in
basal plane spacing of graphite between vacuum and vapor environments [21]. These
results dispute the previous intercalation mechanism and lend credence to the explanation
that vapors may act to passivate high-surface-energy defect or edge sites on the graphite
surface [22].
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There is a similarly obscure understanding of the lubrication mechanism for
MoS2. Studies of MoS2 have primarily focused on sputtered coatings in gas or vapor
environments, with water and oxygen often being the vapors of interest. These tests often
suggest that oxidation impedes lamellar shear to cause high friction, although the
temperatures for which oxidation occurs varies [23].

Both experimental and

computational studies have been performed to elucidate the atomistic shear conditions,
which found frictional anisotropy and oxidation identified as influential phenomena [2327].
This study seeks to investigate boric acid lubrication in different gas
environments to elucidate the lubrication mechanism. Friction data obtained various
vapor environments were compared with Auger electron spectroscopy (AES),
polarization-modulation reflection absorption infrared spectroscopy (PM-RAIRS), and
sum frequency generation (SFG) spectroscopy to ascertain potential lubrication
mechanisms, specifically in line of graphite and MoS2 lubrication mechanisms. The
elucidation of interactions between boric acid and different adsorbing vapors will help
advance the understanding of lubrication in other lamellar solids.

8.3 Experimental Details

Boric acid films were created by dissolving boric acid powder in liquid ethanol
and letting this solution dry on polished copper samples in ambient air. The dissolution in
ethanol involves transformation of boric acid to triethyl borate; upon drying the solution
in air, triethyl borate converts back to boric acid. This reaction is shown in Scheme 8-1:
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H3BO3 + C2H5OH

B(OC2H5)3 + H2O

(Scheme 8-1)

The boric acid concentration used in this study was approximately 3.5 wt.% in
ethanol.

Film thickness varied by adjusting the amount of solution placed on the

substrate. For friction and SFG tests, the deposited films were generally 10~15 µm thick;
for PM-RAIRS tests, film thickness was less than 1 µm. X-ray diffraction (XRD) data of
the deposited film was collected to confirm the deposition of boric acid using a
PANalytical Empyrean diffractometer equipped with Cu radiation. The detector was a
PIXcel solid state Si strip detector with 255 channels. A scan range of 5-70° was used,
resulting in approximately a 16 minute scan at 45 kV and 40 mA. Ni was used as a k-β
filter and fixed slit optics was used. XRD was collected using a single crystal Ge
substrate to mitigate any substrate signal in the XRD spectrum. The boric acid film on
the Ge substrate was prepared in the same manner as the film for tribology experiments
and had a similar thickness.
The tribometer used for all tests was a custom-built reciprocating ball-on-flat
system with an environment control capability described in detail elsewhere [19].
Commercially available 3 mm diameter AISI 440C stainless steel balls were used to rub
against the boric acid coated Cu substrates. A 10g load was used for all tests and the
sliding speed was 4 mm/s. Track length was roughly 2.5 mm. Hertzian contact between
the 3 mm SS ball and an uncoated Cu substrate is calculated to be roughly 20 µm,
although this does not take into account plastic deformation or the mechanical properties
of the coating, both of which will likely increase contact area. Using literature values for
boric acid mechanical properties [28] yields a Hertzian contact diameter of nearly 40 µm.
Vapor environments were created by mixing a nitrogen stream saturated with the desired
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vapor with a dry nitrogen stream to reach a designated vapor partial pressure. Nitrogen
gas was used as a carrier gas for all vapor tests. The gas stream with a controlled vapor
partial pressure was continuously flown over the sample. All tests were conducted at
room temperature and ambient pressure. Optical profilometry analysis of wear track was
performed with a Zygo NewView 7300 in ambient conditions. At least three tests were
conducted on each sample and a representative case was chosen to be included in the
figures below.
PM-RAIRS experiments were conducted using a Thermo-Nicolet Nexus 670
spectrometer with a MCT detector. A detailed description of this system is available
elsewhere[29]. AES analysis was conducted with a PHI 670 field emission spectrometer
using a beam voltage of 10 keV and current of 10 nA, and system pressure was in the 10-9
torr range. The analysis area was changed to fit the feature of interest and was generally
a few hundred µm2. Vibrational SFG spectroscopy system was described previously in
detail [30, 31]. Briefly, 532 nm visible pulses from a EKSPLA Nd:YAG laser and
tunable IR pulses generated with an optical parameter generator and amplifier were
spatially and temporally overlapped at the substrate surface and the SFG signal was
collected in a reflection geometry. The incident angle of visible and IR pulses were 60°
and 56º with respect to the surface normal, respectively. The polarization of light was s
for SFG signal, s for visible beam, and p for IR beam (ssp). The SFG signal intensity is
normalized with the input visible and IR beam intensities.
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8.4 Results and Discussion

8.4.1. Effects of vapor adsorption on friction and wear of boric acid solid lubricant film

Coatings of boric acid on copper substrates were tested in a variety of different
environmental conditions to determine the effect of vapors on friction and wear. Figure
8-2 shows XRD results for boric acid powder and the deposited boric acid film. The
powder peaks agree well with literature for boric acid crystals [32, 33]. The strong (002)
peak at 2 = 28° and the absence of

and

peaks for the diffractogram of the deposited film indicates that the basal planes of the
boric acid crystals are preferentially oriented parallel to the substrate.
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Figure 8-2: XRD spectra for the as-received crystals and a deposited boric acid film.
Miller indices are shown above.
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Figure 8-3 shows the friction behavior for a stainless steel ball rubbing against a
boric acid-coated copper substrate in different gas and vapor conditions. The friction
behavior for these different conditions can be roughly categorized as non-lubricated,
mildly-lubricated, and well-lubricated. These three cases are discussed separately.
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Figure 8-3: Friction coefficient versus reciprocating cycle for stainless steel ball against
boric acid coated copper substrate in different vapor conditions. Film thickness was 1015 µm for each sample.
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The non-lubricated cases include the dry nitrogen and dry oxygen environments.
Friction for both of these cases starts near 0.2, rises to 0.3 for a short time, and then
eventually behaves chaotically with spikes above 1.0. The friction coefficient near 0.20.3 in these cases is due to the presence of dry boric acid coating and the friction begins
to increase as soon as the coating is worn away. This value is considerably higher than
the lubricating examples of boric acid reported elsewhere [5]. Friction coefficient spikes
above 1.0 are due to wear of the copper substrate and have been observed for
unlubricated copper samples [29]. The period of friction near 0.3 suggests that the boric
acid coating lubricates by a phenomenon other than due to its lamellar structure, possibly
third body lubrication. The length of this period depends on the thickness of the boric
acid film deposited on the substrate.
Figure 8-4 shows the optical microscope images of the copper wear track after the
friction tests over 400 reciprocating cycles.

The sample tested in dry environment

(Figure 8-4a) shows three zones: a dark band on either side that is indicative of piled up
boric acid crystals; a light zone towards the center which is the copper substrate where
boric acid has been expelled; and a dark strip down the center where adhesive wear of the
copper substrate has occurred. Figure 8-5a shows the profile of the nitrogen wear track
after removal of the majority of the surrounding boric acid. The severely worn copper
surface in the center of the wear track deviates up to ±10 µm from the original polished
surface.
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Figure 8-4: Optical microscope images of boric acid coated copper substrate after 400
reciprocating cycles in a) dry N2, b) pentanol vapor, c) 40% RH, d) acetone vapor.
Figure e) displays an optical profilometry image of a worn area for a 40% RH test on the
right half of the image, and the unworn coating on the left half of the image. Scale
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The mildly-lubricating environments encompass ethanol and pentanol vapors as
well as 10% relative humidity (Figure 8-3). The friction for these cases starts between
0.1 and 0.2 and stays relatively constant for the duration of the test (Figure 8-3). Ethanol
vapor tests were conducted only during the steady state period and ceased before the
friction increases to a high value. As shown in Scheme 8-1, ethanol reacts with boric acid
to form water and triethyl borate, which has a high vapor pressure and will desorb easily.
The boric acid coating would have largely reacted/desorbed if the ethanol test was run to
400 cycles. There appears to be no conditioning or run-in period to reach the steady-state
friction value. The observed friction coefficient is very close to the values (~0.15) for
two metal surfaces sliding in pentanol and ethanol vapor in the absence of any coating
[19]; so, it is more like the lubrication by physisorbed alcohol molecules, rather than
boric acid lubrication. The optical images in Figure 8-4b indicate that boric acid is
largely absent from the wear region. Figure 8-5b shows that the copper surface exhibits
no appreciable wear, but plastic deformation can be seen. The deformation width is very
close to the Hertzian contact diameter (20 μm) for the stainless steel ball indenting the
copper substrate at the given contact load. These data indicate that lubrication occurs
solely due to the adsorbing organic vapor and that boric acid crystals are mostly excluded
or removed from the sliding region.
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Figure 8-5: Optical profilometry image of wear tracks created in differet vapor conditions
after removal of boric acid coating for a) dry N2, b) pentanol vapor, c) 40% RH. Color
legend for each image is on right. Black dotted line indicates line profile drawn across
wear track, blue dashed line indicates wear track path, and solid line is 100 µm scale bar.
All line profile graphs are in µm.
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The low RH case (10%) also exhibits a friction coefficient near 0.15 but for
different reasons than those seen with the organic vapors mentioned above. Figure 8-6
shows an AES image of the 10% RH wear track which illustrates the wear track is not
fully covered by boric acid. The lubrication behavior of this low RH case can be
understood as a mixed friction between the ultra-low friction boric acid region and
unlubricated (or poorly lubricated) boundary lubrication region, similar to the mixed
lubrication regime between boundary and hydrodynamic lubrication regimes in the
Stribeck curve [34].
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Figure 8-6: AES images for a) 20% RH track and b) 10% RH track as well as c)

corresponding electron counts. Each image has a 100 µm scale bar. d) Additional
friction tests near 10% RH including slower sliding speeds for <10% RH.

209

The well lubricating environments include relative humidities above 20% and
acetone vapor (Figure 8-3). The friction was tested in humid environments up to ~90%
RH, but there were negligible friction changes compared to 20% RH. These welllubricating environments show an initial decrease in friction from 0.1 to ~0.06 in the
beginning few cycles, with little change occurring after this value is reached. This value
is similar to that reported for boric acid lubrication in literature [5].
The optical images of >20% RH case (well-lubricated case, Figure 8-4c) exhibit
stark differences to the previous two cases. The boric acid coating still thoroughly covers
the copper substrate and there is no discernible wear of the copper. The coating appears
slightly faded within the wear area (bounded by red lines for ease of viewing) and there is
no pile-up of material at the edges of the wear track. These slightly faded areas indicate a
smoothed coating as indicated in Figure 8-4e, which is in contrast to the discrete nature of
the unworn coating. Black areas in Figure 8-4e are due to poor reflection of the coating
due to sudden height changes. The profilometry image of the copper substrate after
removal of boric acid with ethanol solution (Figure 8-5c) shows no wear of the copper
surface, similarly to the pentanol wear track, but also no plastic deformation. The boric
acid coating lubricates sliding and distributes normal force such that the underlying
copper shows no evidence of shear or deformation when the coating is removed after the
friction test.
The difference in friction behavior between the two humidity domains (10% vs
>10%) was augmented by further characterization of the wear tracks by AES. Figure 8-6
shows the secondary electron images of a 10% and 20% RH wear tracks as well as the
corresponding AES energy spectra for the regions analyzed. The 10% RH track shows a
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heterogeneous pattern within the wear track of lightly colored and darkly colored areas,
whereas the 20% RH wear track is largely dark and homogeneous in nature. The AES
spectra in Figure 8-6 compare a light and dark region from the 10% RH case with the
dark area of the 20% RH case. The dark areas of both samples exhibit similar peaks
indicative of boron, carbon, and oxygen. The spectrum for the light regions in the 10%
RH wear track includes these peaks but also has a set of peaks clustered around 800 eV
characteristic to the CuLMM Auger lines. AES is a surface-sensitive technique that will
only detect signals from the top few nm of a surface; so the absence of the copper
substrate peaks in the 20% RH case indicates that the boric acid coating was thick enough
and uniform enough to completely shield the Auger signals from the underlying copper
substrate. Figure 8-6d also shows that the friction coefficient value of 0.05 was not be
obtained by conducting tests at a slower sliding speed at <10% RH.

The friction

coefficient values for these regions (0.05 for >10% RH, and trending upward from 0.1 for
<10% RH) were reproducible, even for small changes between 8-15% RH. These results
indicate that obtaining the ultra-low friction value by adsorption of water vapor is an
equilibrium process and not a kinetic process.
These data, along with the friction profiles and microscope image from Figures 83 and 8-4, suggest that a uniform coating is required for the best lubrication (a friction
coefficient of <0.06) but also that a small amount of water or acetone vapor is necessary
for lubrication. This is most clear from the image of the wear track for 10% RH in Figure
8-6. An environment that is incompatible with lubrication would be expected to behave
similarly to dry nitrogen or dry oxygen, where friction increases slightly while the
coating is worn away, followed by very high friction as the two metal surfaces wear
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against one another. The boric acid coating in the 10% RH environment is partially worn
away (as evidenced by the appearance of Cu Auger signal in the bright regions in Figure
8-6), but the friction coefficient stays fairly low and the metal surface does not
experience wear, indicating that the boric acid that does remain in the track is able to
provide some lubrication. Without sufficient supply of water vapor, the boric acid coating
appears to be removed easily by mechanical shear actions, similar to the dry friction test
cases.

8.4.2. Spectroscopic investigation of the adsorbed molecules on boric acid

The partial lubrication by only a miniscule amount of humidity and total
lubrication just above the critical humidity (~10%) raise the question of how does the
water molecules impinging from the gas phase interact with the boric acid crystals to
produce a ultra-low friction coefficient (0.06)? PM-RAIRS was used to observe the
changes to a thin boric acid coating on a copper substrate as the surrounding vapor
environment was altered. Figure 8-7 shows the PM-RAIRS spectra of a boric acid film
as the film is cycled from dry to humid and back to dry conditions. A spectrum of the
water layer formed on the bare copper with no coating at the saturation vapor condition is
also shown for comparison. In the spectrum of the initial boric acid coating, the strongest
peak centered near 3230 cm-1 and 3285 cm-1 are attributed to the BO-H stretching
vibrations of boric acid [35-39].

The weak triplet peaks at 2260 cm-1, 2356 cm-1, and

2500 cm-1 are combination bands characteristic to boric acid [39]. Another strong peak
centered near 1520 cm-1, with a shoulder at 1450 cm-1, represents the B-O stretching of
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boric acid [35-39]. The small peak at 1200 cm-1 is the in-plane B-O-H bending mode [3539]. The dipole of the in-plane B-O-H bending mode is parallel to the basal plane. Since
the PM-RAIRS is insensitive to the dipole parallel to the metal surface [40, 41], the weak
intensity of the in-plane B-O-H bending mode supports the preferential orientation of the
boric acid crystalline platelets parallel to the substrate, as shown by XRD analysis (Figure
8-2). The initial dry sample spectrum shows a broad shoulder peak at 1260 cm-1. This
peak might be due to a small amount of boron oxide (B2O3) formed locally upon extreme
drying [28, 42]. However, this peak disappears immediately as soon as the coating is
exposed to humid environment, indicating its transformation into boric acid [42-44].
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Figure 8-7: PM-RAIRS spectra for copper substrate coated with boric acid in different

humid conditions. The sample was cycled from dry to 40% RH to saturated RH and back
to dry. The spectrum for an uncoated copper substrate in saturated RH is included for
reference.
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Several changes are noted in the IR spectrum of boric acid as the humid vapor is
introduced. The most notable is a decrease in intensity across the entire spectrum (Figure
8-7). This overall intensity decrease occurs due to the flow of water vapor and the ability
of water vapor to induce desorption of boric acid. Both the time spent at a given
humidity condition and the humidity level affected the change in intensity such that
higher humidity and longer time spent in humid conditions showed a greater decrease in
signal intensity. Another prominent change is seen in the relative intensities of two
components in the BO-H stretch region at and after exposure to the saturation humidity.
The spectrum for the boric acid coating in dry nitrogen as well as that for the coating in
40% RH has a maximum at 3280 cm-1 and a shoulder at 3220 cm-1. After exposure to a
saturated humidity environment, the intensities of these peaks switch with the maximum
appearing at 3230 cm-1 and the shoulder at 3280 cm-1. Cycling back to dry N2 does not
bring about the original peak shape. A decrease in relative intensity of the peak near 1500
cm-1 and eventual domination of the peak at 1450 cm-1 are also observed as the humidity
cycle reaches the final dry nitrogen condition. These changes imply that the boric acid
crystallites might be partially dissolved at the saturated humidity condition and recrystalized into a different shape or hierarchical order upon drying.
It is important to note that the boric acid PM-RAIRS spectrum does not change
even though the friction becomes ultra-low at 40% RH. The interpretation of the absence
of discernable water signals or changes in the boric acid vibration peaks in PM-RAIRS
may provide a clue on roles of water molecules on the ultra-low friction of boric acid in
humid environments (>10% RH). Once again, recall that no tests in dry gas exhibited the
ultra-low friction (friction coefficient near 0.06) while most tests at and above 20% RH
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did experience ultra-low friction as long as the boric acid coating remained on the
substrate (Figure 8-3).

Lubrication seems to act as a binary mode with respect to

humidity; ultra-low friction is observed with humidity, but is absent without humidity,
regardless of changes to relative IR peak intensity.
In PM-RAIRS, the water signal can be seen only when the boric acid film is
exposed to the saturation humidity condition: a shoulder near 3500 cm-1 (H-O-H
stretching) and a small peak at 1640 cm-1 (H-O-H bending). If the adsorbed water
thickness at 40% RH were about 10-20 % of that at the saturation (which is expected for
most hydrophobic surfaces),[29, 45, 46] then we should be able to detect the water signal
in the 40% RH spectrum. But, the water uptake at 40% RH is negligible. This result
suggests that the water adsorption on the basal plane of boric acid is not energetically
favorable. It might be because all BO-H groups are strongly hydrogen bonded to each
other within the basal plane. The basal planes of most lamellar crystals are energetically
most stable [47]. The strong two-dimensional hydrogen-bond network is indeed the main
driving force for crystallization of boric acid. If the physisorbed water molecules break
the hydrogen bond network, it might raise the total surface energy, making the system
more unstable. This argument may explain the absence of water adsorption on the boric
acid basal plane. However, the edge sites of the basal plane are energetically unstable
[47]; in the case of boric acid, the truncation of the hydrogen bond network would make
the edge sites energetically unstable compared to the terrace of the basal plane. Thus, the
edge sites would readily adsorb water from the gas phase even at low RH. But, the
overall concentration or abundance of the edge sites would be very low, making the water
molecules bound at the edge sides difficult to detect with PM-RAIRS.
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To further support the interpretation of the PM-RAIRS results, vibrational SFG
spectroscopy analysis was carried out. The PM-RAIRS spectrum represents the entire
film as well as the adsorbate molecules; in contrast, SFG is known to be more surface
sensitive down to sub-monolayer coverages of water molecules on surfaces exposed to
ambient conditions [30, 48]. Thus, SFG can reveal changes in the adsorbate layer
(gas/film interface) without interference signals from the bulk film. Figure 8-8 shows the
SFG spectra for boric acid coated on copper in dry and humid environments. In dry
conditions, the boric acid film shows a broad BO-H stretch peak over 3000 – 3400 cm-1,
centered at around 3200 cm-1. This low peak position for the OH group implies that the
B-OH groups are involved in strong hydrogen bonding interactions [49]. When this boric
acid film was exposed to humid air (30% RH), there was no discernable change in the
OH peak shape and position. This SFG data also supports that water molecules do not
readily adsorb on the basal plane of the boric acid film. If there is any adsorption, it must
be at the edge sites whose abundance is very low compared to the terrace sites.
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Figure 8-8: SFG spectra for a copper substrate coated with boric acid in dry N2 and 30%

RH.
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8.4.3. Requirements for ultra-low friction of boric acid (and graphite)

These PM-RAIRS and SFG results of boric acid in humid environments suggest a
hypothesis that the small amount of water molecules adsorbed at the edge sites, even
though they are below the detection limit of PM-RAIRS and SFG, play an important role
in the ultra-low friction of boric acid. Comparing the boric acid data with other lamellar
solid lubricants in literature can give more insights supporting this hypothesis. The most
apparent lubrication phenomenon shared by boric acid and graphite is the necessity of
adsorbing vapors for good lubricity, although differences exist within the scope of
effective adsorbing molecules.

Like boric acid, graphite shows severe wear in dry

conditions, but low friction and wear with water and acetone vapor, but also graphite
exhibits excellent lubrication characteristics with alkanes, alcohols, and even oxygen gas
which do not work for boric acid [14, 15]. Since it is now known that these molecules do
not intercalate between graphene layers inside the graphite [21], the environmental
effects of graphite lubrication may be the same as the boric acid - passivation of high
energy edge sites. It is well known that the edge sites of graphene are much more reactive
than the basal plane [50, 51]. Once these edge sites are passivated, graphene sheets could
easily slide. If the edge sites of two adjacent layers interact strongly each other, then they
could keep the lamellae from sliding. When these edge sites are passivated, then the
lamellae can easily slide. Once slid, the adjacent lamellae at the sliding interface will
depart from commensurate arrangements, which leads to ultra-low friction [52].
Similarly, graphite breaks into large particulates upon grinding in dry nitrogen, but it
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delaminates into fine platelets when it is ground in humid air [53]. This observation can
also be explained with the edge site passivation by adsorbed molecules.
This reasoning for graphite can be applied to boric acid. In a dry environment,
boric acid edge sites will be terminated by hydroxyl groups and would have hydrogenbonding interactions between adjacent lamella. This could be disturbed (or unlocked)
upon adsorption of water or acetone at the edge sites. Since water molecules do not
adsorb on the basal plane of boric acid, the hydroxyl group (or water molecule) at the
edge sites will not have strong hydrogen bonding interactions with the oxygen molecules
in the basal plane. Direct measurement of these phenomena is beyond the scope of this
work, but this is the most plausible hypothesis based on the observed results.
The poor lubrication behavior of MoS2 in humid or oxygen environments and its
superior lubrication in dry inert conditions indicate that it is mechanistically different
from boric acid and graphite. Even though the edge site of MoS2 is chemically more
reactive than the basal plane [54-56], it does not seem to cause high friction in dry
conditions. The detailed edge structure of MoS2 during sliding is unknown and beyond
the scope of this work. A previous atomic force microscope (AFM) study reported that
the friction of the MoS2 basal plane is not significantly affected by humidity [57]. If the
friction is measured locally on the basal plane [52-57], the reaction of the edge sites with
vapor molecules will not affect the measured friction.
The model involving the edge site reaction also explains the difference between
nanoscale and macroscale friction measurements. In the nanoscale AFM studies on single
crystalline substrates, the friction is often measured for sliding between the probing tip
surface and the basal plane. In the macroscale tribo-test, the friction is governed by the
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slip of basal planes upon shear within the contact area. Although the shear stress of the
basal plane itself is low, the initiation of the slip cannot readily occur unless the edge
sites holding two planes are properly passivated; in other words, the edges are
“unlocked”. This is schematically illustrated in Figure 8-9.
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Figure 8-9: Proposed mechanism for ultra-low friction in lamellar solid lubricants.
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Figure 8-3 shows that boric acid shows ultra-low friction in acetone vapor, but it
performs poorly in alcohol vapor environments. This can also be explained by the edge
passivation mechanism proposed for the water vapor case. Figure 8-10 shows the
progression of the PM-RAIRS signal for the boric acid film deposited on copper as the
vapor environment is changed from dry to different organic vapors and finally back to
dry.

Initial coatings have similar features to those seen in Figure 8-7 with slight

differences due to sample drying and spectra baseline corrections.
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Figure 8-10: PM-RAIRS spectra for copper substrates coated with boric acid in different

vapor conditions for a) acetone, b) ethanol, c) pentanol. Each sample was initially tested
in dry conditions, followed by increasing vapor pressure environments.
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There is a clear difference in the progression of the spectra for the alcohols
compared to humid and acetone environments. In the ethanol vapor environments, boric
acid is largely removed from the copper surface (Figure 8-10b); when ethanol reacts with
boric acid, triethyl borate is formed which has a relatively high vapor pressure (Scheme
1). After a few minutes of ethanol vapor flowing, all characteristic peaks of boric acid
disappear. The hydroxyl and alkyl stretch regions show characteristic peaks of ethanol
molecules. After the B-O stretching peaks at ~1500 cm-1 disappear, a broad feature
appears in the 1300 - 1460 cm-1 region. These could be attributed to alkyl bending and/or
B-OCH2CH3 stretching [58, 59]. After the boric acid is removed, PM-RAIRS shows the
characteristic peaks of alkyl borates. The relative intensities and shapes of the bands at
1345cm-1, 1420 cm-1, 1465cm-1, 1483 cm-1 are very close to those in a reference spectrum
of tributyl borate [59]; thus, they can be assigned to the vibration modes of tripentyl
borate species remaining at the copper substrate surface. These results suggest that in the
alcohol vapor, the boric acid film surface is covered mostly by trialkyl borate molecular
species, the product of reaction between boric acid and alcohol. If these reaction products
behave like individual molecules, then the friction coefficient will be within the range
observed for lubrication by physisorbed molecules. This would explain the reason that
the friction coefficient observed in the alcohol vapor is around 0.12-0.15 (Figure 8-3),
similar to those observed for molecular lubrication by physisorbed pentanol [19].
The fast removal of boric acid by alcohol vapor contrasts to the acetone vapor
case; in the acetone vapor environment, the boric acid signal shows a moderate decrease
in intensity but still remained high (Figure 8-10a), indicating the presence of a large
amount of boric acid on the surface. At the same vapor exposure time that led to
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complete desorption of boric acid in pentanol vapor, the acetone vapor caused only
roughly 10% decrease in the boric acid signal. It is also intriguing to note the small but
distinct peak at 1710 cm-1, which is assigned to the C=O bond of acetone. The IR
absorption cross-section of the C=O stretch mode is much higher than that of the O-H or
C-H stretch modes. Thus, the presence of this small C=O stretch peak supports the
adsorption of acetone at the edge sites whose concentration is small in the boric acid film.
This observation also supports the proposed mechanism that the edge site passivation is
needed for initiation of the basal plane sliding.
Finally, it is interesting to note that types of vapor that induce ultra-low friction
are different for boric acid and graphite. Although crystallographically similar, boric acid
and graphite are very different within their lamellar bonding. Carbon atoms within
graphite are bonded to one another via covalent bonds, while sheets of boric acid are held
together by hydrogen bonding. The edge sites on graphite will be dangling bonds of
carbon atoms while the edge sites in boric acid will be hydroxyl groups. Thus, many
molecules can easily passivate the graphite edge sites without affecting the basal plane.
However, in the case of boric acid, the adsorbing vapor molecules should be able to
passivate the hydroxyl groups at the edges of basal planes, but may not disrupt hydrogen
bonding within the basal sheets. Otherwise, the basal plane could dissociate into
individual molecules which will behave like physisorbed molecules, losing the ultra-low
friction of two-dimensional lamellar sliding as observed for alcohol vapor conditions. In
contrast, water and acetone appear to interact more selectively with the edges of the
lamellar sheets of boric acid favorably to allow sliding.
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8.5 Conclusion

The environmental conditions required for the ultra-low friction of boric acid
were investigated. Boric acid itself is not lubricious in dry or inert environments. It
shows the ultra-low friction only when a sufficient amount of water or acetone vapors is
supplied. The vapors that can readily react and remove boric acid as a gas product cannot
induce the ultra-low friction state. Vibrational spectroscopy analysis results suggest that
the action of water and acetone molecules must be passivation of the high-energy edge
sites of the basal plane. Passivating these high-energy edge sites with the physisorbed
molecules allows macroscopically for the lamella to easily shear and yields an ultra-low
friction coefficient. Based on these observations, the edge passivation or edge-unlocking
mechanism was proposed to explain the ultra-low friction of boric acid, which also can
explain the environmental sensitivity of graphite lubrication behavior.
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Chapter 9
Summary and Future Work

This work addressed questions regarding the nature of adsorbed vapor on surfaces and
what molecular properties influence tribology as well as focusing on the chemical reactions that
may occur between sliding surfaces in the presence of vapor.
Chapter 2 describes the experimental system and Chapters 3, 4, 5, and 6 discuss how
adsorbed vapors affect friction and wear for different surfaces. Chapter 3 analyzed cleaning
methods and compared the friction and wear of a UV/ozone cleaned surface with those of a
surface cleaned by liquid solvents. The impurities in the solvents can accumulate on the surface,
overriding the effect of the surrounding gas environment. Chapter 4 outlined useful methods and
important considerations when analyzing vapor adsorption on solid surfaces, as well as the
influence of adsorbed vapor on the friction and wear of different vapor/surface pairings.
Chapters 5 and 6 explore the effect of different adsorbed vapors on metals. Chapter 5
investigated the effect of water vapor environments on the sliding of copper and stainless steel.
The softer copper wears in dry and low RH environments through abrasion or adhesion to the SS
counter-surface. As RH increases above 80%, the stronger SS surface wears through galvanic
corrosion, indicating that the adsorbed water acts as an electrolyte-conducting medium. Chapter
6 studied the effect of adsorbed organic vapors on friction and wear of stainless steel surfaces.
All vapor environments provide some lubrication compared to a dry inert environment, with npentanol giving the lowest friction coefficient.

Friction decreased as alcohol chain length

increased, and linear alcohols gave lower friction compared to substituted or branched molecules.
The same lubricating behavior is observed on nearly all solid surfaces tested, with only polymer
surfaces not reaching a low friction, no wear condition. Since elastic and plastic deformation is
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significantly greater than the adsorbed molecule size for most tribology tests, the initial
topographic features (such as roughness) are not important.
Chapters 7 and 8 addressed situations where the adsorbed vapor molecule reacted or
otherwise caused a change in surface composition. In contrast to the saturated organic vapors
tested in Chapter 6, Chapter 7 examined the unsaturated molecule, allyl alcohol. Allyl alcohol
vapor gives a low friction coefficient with minimal wear but also leaves behind a triboproduct
during sliding. Allyl alcohol cannot be polymerized via typical radical polymerization and
undergoes a mechanochemical reaction during sliding to form the triboproduct. The triboproduct
lubricates the surface in the absence of continued vapor flow. Chapter 8 investigated lubrication
by boric acid and the requirements for an ultra-low friction coefficient. Boric acid’s lamellar
structure results in high friction in dry inert environments due to interlayer bonding at edge sites.
Lubrication required adsorbed vapor in a similar fashion to graphite although there are more
stringent requirements on the adsorbed vapor to achieve boric acid lubrication.
The above work addresses several parts of the initial questions that were posed, but a few
issues must be further explored before these phenomena are fully understood.
First, the origin of the friction behavior of n-pentanol should be studied, both in its
capability to lubricate many materials but also to elucidate why the friction coefficient is 0.2.
Polymer substrates are not well lubricated by n-pentanol, but it is unclear exactly how the
polymer and the vapor interact or whether the chemical properties of the polymer affect these
interactions. This information could also help in the understanding of how an adsorbed vapor
interacts with tribopolymer that is produced during sliding. The friction coefficient value of 0.150.2 for adsorbed organic vapors is interesting in that it is often the value used to describe
“boundary lubrication” in the general sense, and many sliding systems seem to reach that value.
The n-pentanol/lubricated surface system appears to be an advantageous system to study the
fundamentals of boundary lubrication. The adsorbed vapor coating renders the material surface
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practically inert (no reaction, no difference between substrate) but the molecule is very short
compared to surface roughness.
Energy dissipation mechanisms such as plastic deformation or shearing of surface
asperities should cease as the test progresses, leaving the material as a model physical surface.
Literature studies approach the origin of kinetic friction from two directions. Computational
work has produced extensive results that agree with experiment for nano-scale; but these findings
often break down as scale increases. Due to the computational difficulty of simulating bulk
materials, it is unlikely that techniques such as molecular dynamics simulations can accurately
model real bulk systems. Experimental work has focused on defining the physical phenomena
present during sliding. Among the mechanisms noted are deformation of surface asperities,
plowing by wear particles, and adhesion [1], with experimental work indicating that plowing is
most important contribution to friction in boundary lubrication [2], although a thin film of liquid
lubricant was used. Future studies focusing on the mechanical properties of the substrate in the
presence of n-pentanol vapor to understand elastic deformation with help from computational
work to determine the contribution of elasticity to an order of magnitude could help explain
macro-scale sliding in the boundary lubrication regime.
Additionally, the importance of surface chemistry versus vapor molecule chemical
properties in creating a triboproduct should be investigated. The work in Chapter 7 only tested
one surface (SS) and one organic vapor (allyl alcohol). The importance of chemical properties of
the adsorbed molecules is seen by comparing n-pentanol (no reaction on SS) with allyl alcohol
(reaction on SS), but previous work by our group shows that n-pentanol reacts when a SiO2
surface wears, and produces a high molecular weight tribopolymer. Investigating which materials
create the tribopolymer and characterizing whether the same polymer is created on different
surfaces is critical. This information is a necessary part of understanding the mechanochemistry
between contacting surfaces in the presence of vapors.

It can also lead to methods of
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tribopolymer suppression, possibly using coadsorbed molecules or alloyed surfaces that inhibit
polymer formation.
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Appendix A
Ionic liquid

A.1 Overview
This project was a collaboration with Dr. Jun Qu at the Oak Ridge National Laboratory
(ORNL) to investigate interfacial behaviors of zinc dialkyl dithiophosphate (ZDDP) and ionic
liquids (ILs) with different cation and anion structures that could be used as lubricant additives in
a base oil. Tribology tests at ORNL indicated that some mixtures of zinc dialkyl dithiophosphate
(ZDDP) with the organic liquid yielded synergistic effects which lowered friction and wear
between steel surfaces.[1-3] The experiments at Penn State were meant to investigate synergistic
adsorption properties of ZDDP and ILs at the iron-liquid interface using attenuated total internal
reflection infrared (ATR-IR) spectroscopy and at the liquid-air interface using vibrational sum
frequency generation (SFG) spectroscopy.

A.2 Experimental
Infrared spectroscopy measurements were conducted using the ATR setup in the lab.
Two Si ATR crystals (custom-made by cutting and polishing a double-side polished silicon
wafer) were sent to ORNL for Fe deposition and roughly 10 nm thick Fe film was deposited.
This coating was transformed to iron oxide via thermal treatment in air so that the evanescent
wave could penetrate into the liquid above the coating. Figure A-1 shows the visual difference
between a Si crystal, an Fe-coated Si crystal, and an oxidized Fe coated Si crystal. The Fe-coated
Si ATR crystal gave no throughput of IR. Thermal oxidation was eventually carried out on both
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crystals to determine the optimal conditions to produce an IR transparent oxide coating. The
crystal that gave the best IR throughput during experiments was heated at 300 °C for 24h total
although the crystal was heated for ~3h and removed multiple times. The other crystal was
heated at 300 °C for 48h consecutively but did not give good IR spectra. The spectra from the
crystal heated for 48h had no difference from an uncoated crystal which may be due to
delamination of the Fe oxide film. Figure A-2 shows the comparison between the total signal
background intensity for a clean Si crystal and the oxidized Fe coated Si crystal that was used for
all liquid experiments.
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Figure A-1: Visual comparison of different crystals used.
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Figure A-2: Single beam background intensity for uncoated Si crystal (black) and oxidized Fe
coated crystal (red).
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Due to the thin dimensions of the crystal, an additional backing gasket was used to seal
the crystal against the ATR holder. This gasket adds peaks in the CH stretching region (28003000 cm-1) that are removed in the background. A background of the clean crystal in air was
taken before each liquid measurement. Liquids tested include pure PAO, pure ZDDP, PAO +
ZDDP, and five ionic liquids (exact molecular structures were not disclosed). The liquids
included four pure ILs (labeled A, C, D, E), five mixtures of IL and PAO (A-E) and five mixtures
of PAO, ZDDP, and IL (A-E). All mixtures were mixed in ratios that would conform to EPA
requirements for phosphorous in engine oil, which generally meant ~1.5% wt. total in PAO.

A.3 Results and Discussion
Figure A-3 depicts the infrared spectra for all pure components tested using ATR. While
exact molecular information about the ILs was not provided, some information about the
anion/cation or lubrication behavior was given. ILs A, C, and D have the same anion, and ILs A
and B have the same cation. A synergistic effect with ZDDP during tribology tests was observed
with ILs A and C. The tribofilm that was produced in these tests had 20 times more Zn, P, and S
in XPS analysis than films produced without the IL. IL E had not been investigated in tribology
experiments. Different mixtures of ILs and PAO or PAO/ZDDP are shown in Figure A-4. As is
apparent, nearly all spectra look identical to pure PAO; the only spectrum that shows a noticeable
difference is PAO-ILE. The peak near 1580 cm-1 is roughly 3X higher than a theoretical linear
combination of pure PAO and pure ILE indicating that there may be some preferential ordering
near the Fe oxide surface.
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Figure A-3: ATR spectra for pure liquid components.
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Figure A-4: ATR spectra of different IL mixtures.
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