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Abstract The tribological chemistry of carbon dioxide

and water vapor is studied on copper surfaces at high

pressures, with a view to understand the gas-phase lubri-

cation of copper–copper sliding contacts. The adsorption

and film formation properties are studied on vapor-depos-

ited copper films in an ultrahigh vacuum chamber using a

quartz crystal microbalance. The nature of the reactively

formed film is studied after reaction by ex situ X-ray

photoelectron spectroscopy (XPS). Carbon dioxide adsorbs

reversibly on copper, while water vapor adsorbs both

reversibly and irreversibly, where XPS reveals that the

irreversibly formed film consists of a mixture of cuprous

oxide/hydroxide. Measuring the thickness of the cuprous

oxide/hydroxide film as a function of water vapor pressure

and temperature reveals that its thickness varies between

about 6 and 14 Å and is proportional to the total amount of

water adsorbed on the surface. This results in a cuprous

oxide/hydroxide film that is thinner at higher temperatures.

Measurements of the friction coefficient as a function of

temperature and pressure in the presence of water vapor

shows that it correlates with film thickness, reaching a

limiting value of *0.35 for thicker films.
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X-ray photoelectron spectroscopy �
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1 Introduction

Additives are often incorporated into liquid lubricants that

react at the tribological interface to form friction- or wear-

reducing films. For example, sulfur-containing additives

react to form a sulfide, and those containing chlorine form

low-friction ferrous chloride layers on iron [1–9], and more

complex additives such as zinc dialkyl dithiophosphate

have correspondingly more complex surface chemistry,

ultimately resulting in the formation of a glassy anti-wear

film [10–15]. Such film-forming surface reactions can be

thought of as occurring in two steps, the first being the

adsorption of the additive onto the surface, followed by a

chemical reaction to form the surface film. The temperature

dependence of the film-formation reaction therefore

depends both on the heat of adsorption, DH(ads) of the

additive and the activation energy Eact of the subsequent

reaction [16]. In general, the amount of additive that

adsorbs on the surfaces (the coverage) will decrease with

increasing temperature, while the reaction rate increases

with increasing temperature. Thus, the overall rate of film

formation, in principle, can either increase or decrease with

increasing temperature, depending on the relative magni-

tudes of the heat of adsorption and the reaction activation

energy.

The steady-state thickness of the friction-reducing or anti-

wear film arises from a balance between its growth rate and

the rate at which it is worn from the surface. Since the wear

rate increases with increasing load, and higher normal loads

lead to higher interfacial temperatures due to Joule (fric-

tional) heating, lubricant additives should ideally react more

rapidly with increasing temperature, and this is generally

found to be the case [1–15, 17]. That is, the film growth

kinetics of the additive respond to the severity of the tribo-

logical conditions. However, in situations in which a current
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also passes through the tribo-contact, such as in an electrical

motor, the situation is less straightforward. To compensate

for the increased wear rates at higher loads, the reactive

component of the lubricant should react more rapidly at

higher temperatures for the reasons outlined above. How-

ever, in current-carrying contacts, the interfacial temperature

rises not only due to frictional heating, but also due to Ohmic

heating because of the current passing through the contact,

and thus through the film. The interfacial resistance R

increases with increasing film thickness [18, 19], where the

power generated is given by i2R (where i is the constant

current and R the resistance of the tribocontact). In this case,

if the film were to grow more rapidly at higher temperatures,

Ohmic heating would cause the temperature to rise, thus

causing the film formation rate to increase to produce a

thicker film, thereby producing an even higher temperature

due to increased Ohmic heating, and so on. That is, lubricant

additives that would be expected to be effective in the

absence of a current passing through the interface are likely

to produce catastrophic failure when a current passes due to

Ohmic heating. Thus, in current-carrying contacts, the

tribochemistry should be selected such that the film growth

rate decreases with increasing temperature to provide a

system that is stable with respect to Ohmic heating. How-

ever, based on the arguments outlined above, surface

chemistry that results in a thinner film at higher temperatures

will be inherently unstable with respect to frictional heating.

In general, engineering solutions must be sought for current-

carrying contacts to address the problem of frictional heat-

ing, by ensuring that the system is adequately cooled, or by

selecting contacts that are inherently lubricious. Graphite

electrical contacts can fulfill the latter requirement since they

are electrically conducting and are self-lubricating. How-

ever, in very high current applications, the resistance of

graphite may still be too high. In addition, any graphite wear

debris is also conductive and may produce shorts in the

system [18, 19]. One solution to this problem has been to use

conductive, metallic copper contacts, since copper has high

thermal and electrical conductivities. Indeed these properties

are related through the Wiedemann–Franz relationships

since they both rely on electron mobility [20]. Since a bare

copper–copper contact exhibits high friction, it is necessary,

in this case, to lubricate the interface. To be stable with

respect to Ohmic heating, as argued above, thinner films

should be formed at higher temperatures. In addition, if the

contact is required to pass large currents, the resistance of the

tribofilm should be as low as possible. In principle, this can

be achieved by selecting a chemistry that leads to a film

material that conducts electricity well and/or produces a film

that is thin. It has been shown previously that complete

coverage of surfaces by a monolayer film of an inorganic

material is sufficient to reduce the friction coefficient to its

minimum value [21–23]. Thus, ideally the surface film

growth kinetics should be self-limiting in the sense that

reaction should occur rapidly to form a monolayer film, but

slow down substantially once this has been formed. Such

film growth behavior has been observed and modeled theo-

retically by Cabrera and Mott [24]. In this case, a film

initially grows rapidly due to the enhanced ion mobility

induced by the presence of a large electric field across the

film when it is very thin. As the film grows, the electric field

decreases causing the film growth rate to decrease.

A mixture of carbon dioxide and water has been used for

copper–copper electrical contacts [25–27]. This gas-phase

lubricant has the additional advantage of being readily

available and environmentally benign. The following

explores the surface chemistry of water and carbon dioxide

on copper surfaces with the goal of understanding the

thermal tribochemistry.

A substantial amount of work has been carried out to

study the adsorption of water on transition-metal surfaces

[28, 29]. In particular, recent in situ X-ray photoelectron

spectroscopy (XPS) measurements reveal that water dis-

sociation is structure sensitive and occurs to form surface

hydroxyl species on Cu(110), while the (111) face is

completely unreactive [30, 31].

2 Experimental Methods

All experiments were carried out using clean copper sur-

faces prepared in an ultrahigh vacuum (UHV). Adsorption

measurements were made using a quartz crystal micro-

balance film thickness monitor [32] inserted into a stainless

steel, UHV chamber operating at a base pressure of

*1 9 10-9 Torr following bakeout. The sample temper-

ature was varied by circulating water through the thickness

monitor from an external, thermostatted water bath, where

the water temperature was controlled to ±1 K. Copper was

evaporated from a small alumina tube furnace as described

elsewhere [33]. A thermocouple was inserted into a copper

pellet placed inside the furnace, and it was found that

reproducible copper deposition rates could be obtained by

controlling the pellet temperature. Experiments were per-

formed by initially depositing 350 Å of copper onto the

quartz crystal, then exposing it to various pressures of

reactant gases and allowing the system to stabilize for a

period of 60 min to make measurements of the mass

change and therefore the amount of material adsorbed onto

the surface. Following each series of experiments, the

vacuum chamber was evacuated, and baked to *100 �C to

obtain UHV once again to allow another series of experi-

ments to be performed on a fresh film.

X-ray photoelectron spectra (XPS) were collected in a

UHV chamber operating at a base pressure of

2 9 10-10 Torr, as described previously [21–23]. In this
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case, experiments were carried out on a clean copper foil

that could be resistively heated.

Tribological measurements were made on a copper foil in

another stainless steel, UHV chamber operating at a base

pressure of*2 9 10-10 Torr following bakeout, which also

has been described in detail elsewhere [21–23]. This cham-

ber was equipped with an UHV-compatible tribometer that

simultaneously measures normal and lateral forces, as well

as the contact resistance between the tip and substrate. All

tribological measurements were made using a single pass in

the same direction with a sliding speed of 4 9 10-3 m/s with

a load of 0.15 N on a freshly prepared surface, and the trib-

opin was heated by electron bombardment in vacuo prior to

each experiment to clean it. Clean copper foil samples were

attached to a sample manipulator by mounting them onto a

steel plate (0.25 mm thick) to provide a rigid base for the

tribological measurements. The tribopin (12.7 mm diame-

ter) was made from tungsten carbide containing some cobalt

binder and was cleaned by electron beam heating via a

retractable filament that could be placed in front of the pin.

This chamber was equipped with an isolatable reaction

cell that could be pressurized with water vapor to form a

tribofilm. The sample could then be transferred into the

UHV chamber after the cell had been evacuated to carry out

friction measurements. Alternatively, the vacuum chamber

itself could be pressurized with carbon dioxide and/or water

vapor and tribological measurements made in situ.

The copper foil was cleaned by a combination of Argon

ion bombardment (*2 kV, *2 lA/cm2) and heating in

UHV to *850 K. The sample cleanliness was monitored

using Auger and XPS, and the sample was judged to be

clean when no signals due to contaminants (primarily

carbon and oxygen) were detected. The chamber was then

pressurized with water vapor or carbon dioxide for a given

period, following which the chamber was evacuated and

the XPS recorded. Spectra were typically collected with a

Mg Ka source power of 250 W and the photoelectrons

detected by means of a double-pass, cylindrical-mirror

analyzer operating at a pass energy of 50 V.

3 Results

3.1 Carbon Dioxide Adsorption on Copper

The adsorption of carbon dioxide was studied on thin

copper films evaporated onto the quartz crystal of the

microbalance. Typical results for the mass change per unit

area as a function of carbon dioxide pressure, in this case

for a sample held at 333 K, are displayed in Fig. 1. Here,

the open symbols are for experiments carried out as the

carbon dioxide pressure increases, while the filled symbols

are the mass changes measured for decreasing pressures.

Adsorption is completely reversible indicating that carbon

dioxide merely physisorbs on copper without undergoing

any reaction with the surface. This result is in accord with

previous studies on copper surfaces [34]. For example, a

dissociation probability of *1 9 10-10 was found at a

temperature of *500 K with an activation energy of

*69 kJ/mol. Extrapolating these data to the temperature

range relevant to the experiments carried out here (between

293 and 353 K) yields dissociation probabilities of

*1 9 10-13 at 353 K to *1 9 10-15 at 293 K. Calcu-

lating the collision frequency of carbon dioxide with the

surface assuming that it behaves as a perfect gas and

assuming a site density of *1 9 1015/cm2 shows that only

8% of the surface would be covered by dissociation

products at the highest temperature, 353 K, decreasing to

*0.07% of the surface at 293 K.

The reproducibility of these measurements emphasizes the

stability of the quartz crystal microbalance experiments for

measuring small mass changes. Measurements of the friction

of copper foils exposed to 760 Torr of carbon dioxide showed

no significant reduction in friction from that of the clean

copper foil (data not shown) in accord with these data.

3.2 Water Vapor Adsorption and Reaction

Figure 2 shows typical isotherms for the adsorption of

water vapor on an evaporated copper film collected using
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Fig. 1 Adsorption isotherms for carbon dioxide measured on an

evaporated copper film using a quartz crystal microbalance at a

sample temperature of 333 K measured for increasing pressures (open

symbols) and decreasing pressures (filled symbols)
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the quartz crystal microbalance, which plots the mass

change per unit area as a function of pressure for a sample

held at 300 K. Both the mass change with increasing (j)

and decreasing (d) pressure are displayed where now,

unlike the data for carbon dioxide (Fig. 1), adsorption is

not reversible and there is a residual mass change of

*0.1 lg/cm2 after the chamber was evacuated. This

indicates that water vapor has reacted with the copper

surface to form an irreversibly adsorbed film. This behavior

will be discussed in greater detail below.

To establish the nature of this film, XPS were collected

for a copper foil that had reacted with 18 Torr of water

vapor for 60 min, following which the chamber was

evacuated to *1 9 10-9 Torr to collect XPS. Figure 3

displays a typical series of XPS, in this case for a film

grown at 300 K, showing the spectra obtained immediately

after reaction at 300 K as well as after annealing in vacuo

at 393, 513, 643 and, in some cases, 763 K, where the

annealing temperatures are marked adjacent to each spec-

trum. The traces marked background (BG) are spectra for

the copper foil prior to reaction with water vapor. Figure 3a

displays the Cu 2p spectra with a Cu 2p3/2 feature at

932.6 ± 0.1 eV binding energy (BE) and a 2p1/2 peak at

952.4 ± 0.1 eV BE. The spin-orbit splitting between the

Cu 2p3/2 and 2p1/2 features is in good agreement with other

data for copper, and the BE does not change with annealing

temperature [35]. This BE is consistent with the presence

of either Cu(0) or Cu(I) species on the surface, and the BE

shift between these copper oxidation states is sufficiently

small that they cannot be separated at our resolution [36].

However, these results do allow us to exclude the forma-

tion of Cu(II) species since the BE in this case would be

*529.5 eV [35]. Surface oxidation is confirmed by the O

1 s spectral region shown in Fig. 3b. The cleanliness of the

sample before reaction is emphasized by the lack of fea-

tures in the BG spectrum. The spectra display a relatively
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Fig. 2 Adsorption isotherms for water vapor measured on an

evaporated copper film using a quartz crystal microbalance at a

sample temperature of 300 K for increasing (j) and decreasing

pressures (d)
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Fig. 3 X-ray photoelectron spectra of a copper foil reacted with

18 Torr of water vapor for 60 min at 300 K showing (a) the Cu 2p
region and (b) the O 1 s region. Shown as solid lines in spectra (b) are

fits to the O 1s profiles
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broad O 1s feature after reaction at 300 K with 18 Torr of

water vapor that decreases in intensity and shifts to

531.4 ± 0.1 eV on heating to 390 K. The profiles at lower

temperatures are therefore fit to two Gaussian peaks, one at

531.6 ± 0.2 eV and another at 530.6 ± 0.2 eV. In this

case, the BG was removed using the Shirley method [37].

The widths at half height and positions of these features are

held constant for all subsequent fits and only the intensity

of the components is allowed to vary. This yields good fits

to all the data suggesting that this is a reasonable fitting

protocol. The feature at *530.6 eV BE is assigned to an

oxide species suggesting, based on the observed Cu 2p

binding energies, that water reacts with clean copper to

form cuprous oxide [30, 31]. The feature at *531.6 eV is

assigned to hydroxyl species so that the film comprises a

mixed copper oxide/hydroxide [30, 31]. The film is rela-

tively stable on heating to *393 K, and both the oxide and

hydroxide features decrease in intensity on heating to

*513 K, due to a reduction in the oxide, presumably with

the concomitant evolution of water. Further heating to

*643 K and above leaves a small amount of surface oxide.

Although the film consists of both oxide and hydroxide

components, for simplicity in the following, it will be

assumed, for the purposes of estimating the oxide/

hydroxide film thickness, that this is comprised entirely of

Cu2O. This copper oxide/hydroxide layer thus provides the

friction-reducing film, and its tribological properties will be

explored below.

The thickness of the irreversible cuprous oxide/

hydroxide film was measured in three ways. In the first, the

full adsorption isotherms were collected for water adsorp-

tion on an evaporated copper film using a microbalance for

various temperatures (as shown in Fig. 2) and reversible

water adsorption modeled by a BET isotherm [16], but by

including an additional constant-thickness oxide/hydroxide

film. This strategy will be described in greater detail below.

A second series of experiments were performed in which

the evaporated copper film was exposed to various pres-

sures of water vapor at various temperatures for a period of

60 min, the water then evacuated, and the residual mass

change measured using the microbalance. Finally, the

thickness of the oxide/hydroxide film was estimated from

the integrated O 1s intensity measured by XPS compared to

that of the Cu 2p feature.

Experiments were carried out to measure the thickness

of the cuprous oxide/hydroxide film as a function of water

vapor pressure. The results are shown in Fig. 4, where

Fig. 4a plots the data for film formation at *300 K and

Fig. 4b shows the data collected at *313 K (j). These

results were obtained by pressurizing the evaporated cop-

per film with water vapor for 60 min, evacuating the

chamber, and then measuring the residual mass change.

The x-axis plots the relative water vapor pressure P/P0,

where P0 is the saturated water vapor pressure at the

reaction temperature [38]. In both cases (Fig. 4a, b), the

mass change due to the formation of the oxide/hydroxide

film increases with increasing water vapor pressure, where

thicker films are formed at lower temperatures.

The results of similar experiments, where the mass

change due to the formation of a copper oxide/hydroxide

film using a water vapor pressure of 18 Torr, are plotted as

a function of sample temperature in Fig. 5. Results were

obtained for an evaporated copper film using the micro-

balance (d), and reveal that the film thickness decreases

with increasing temperature as anticipated from the dis-

cussion in the Introduction for a film that must be stable

with respect to Ohmic heating. The majority of these data

were collected, as described above, using the quartz-crystal

microbalance by pressurizing an evaporated copper film

with water vapor, evacuating, and then measuring the
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Fig. 4 Plot of the residual mass change due to the formation of an

irreversible (cuprous oxide/hydroxide) film measured on an evapo-

rated copper film using a quartz crystal microbalance following

reaction at various pressures at (a) 300 and (b) 313 K. Plotted for

comparison are the water coverages on the surface (solid lines)

calculated from the adsorption isotherm data
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residual mass change. In some cases, the oxide/hydroxide

film thickness was determined using the full isotherm (see

below) and the data points for these experiments are cir-

cled. Finally, results from XPS measurements on a copper

foil (j) are also shown where the data are normalized to a

mass change of 9.3 9 10-2 lg/cm2 at 300 K (Fig. 2).

These results agree well with those obtained using the

quartz crystal microbalance. Plotted on the right ordinate is

the estimated film thickness assuming that this consists

entirely of cuprous oxide, as a reference.

3.3 Frictional Measurements of Tribofilms Formed

from Water on Copper

The frictional properties of copper foils in the presence of

water vapor are displayed in Fig. 6, where each measure-

ment was made on a fresh portion of the surface. As a

reference, the friction coefficient of the clean copper foil in

the absence of water vapor is *1.5. Figure 6a displays the

friction coefficient as a function of water vapor pressure

with the sample held at 300 K, showing a monotonic

decrease in friction with increasing water vapor pressure to

a minimum value of *0.35, while the data in Fig. 6b

shows the effect of increasing temperature in the presence

of 18 Torr of water vapor, where the friction coefficient

increases with increasing temperature to a maximum value

of *0.8 at 353 K.

4 Discussion

The data displayed in Fig. 1 indicate that carbon dioxide

alone does not react with copper, as found previously [34].

These results also demonstrate that the microbalance

measurements are extremely reproducible and are stable

over the relatively long times required to collect the data.

This suggests that results for water films should be simi-

larly reproducible. Copper foils exposed to carbon dioxide

alone show no substantial decrease in friction coefficient in

accord with these data.
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using a quartz crystal microbalance (d) and by XPS (j). The right

hand ordinate shows the corresponding film thickness estimated by

assuming that the film consists entirely of cuprous oxide
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Fig. 6 Plot of the friction coefficient measured in the UHV

tribometer for clean copper foils pressurized with water vapor as a

function of (a) water vapor pressure at a sample temperature of 300 K

and (b) sample temperature at a water vapor pressure of 18 Torr

172 Tribol Lett (2008) 31:167–176

123



The data displayed in Fig. 2 present a typical adsorption

isotherm for water adsorbed on copper, in this case at

300 K. The observed hysteresis is interpreted as being due

to the formation of an irreversible cuprous oxide/hydroxide

film on top of which water adsorbs reversibly. The revers-

ible portion of the data can then be fit to a BET isotherm,

which gives the number of adsorbed molecules NS as

NS

B
¼ cx

ð1þ ðc� 1ÞxÞð1� xÞ ð1Þ

where x = P/P0, and P0 is the saturated vapor pressure at

the adsorption temperature T, and B the number of

adsorption sites on the surface [16]. This tends to infinity

as x = 1 due to the formation of a condensed liquid layer.

The constant c depends on the heat of adsorption directly

on the surface DHS
ðadsÞ and the heat of adsorption in

subsequent layers DHL
ðadsÞ, where the latter values are taken

to be identical for each subsequent adsorption layer and

should be close to the heat of vaporization of water. The

value of c is given by

c ¼
A expð�DHS

ðadsÞ=RTÞ
expð�DHL

ðadsÞ=RTÞ ð2Þ

where A is a constant.

The experimental data collected for decreasing pressures,

where a constant thickness cuprous oxide/hydroxide film is

assumed to have formed (Fig. 2), is fit to a BET isotherm

(Eq. 1) and the results of the fit are shown in Fig. 7, where a

constant film of density 0.095 ± 0.005 lg/cm2 has been

added to the data to account for the presence of the irre-

versible (oxide/hydroxide) film as indicated by the

horizontal dashed line. The resulting mass change is thus the

sum of that due to both the (reversible) adsorption of water

and the irreversible formation of a cuprous oxide/hydroxide

film. The value of x (=P/P0) was calculated using a saturated

vapor pressure of 27 Torr (at 300 K) [38]. Clearly, the fit to

the data is good and yields values of c = 140 ± 10. Shown

also plotted in Fig. 7 is a line showing the isotherm calcu-

lated for adsorption directly onto the surface to form the first

monolayer. This indicates that a total of about 3.5 mono-

layers of water adsorbs on the surface at 300 K at a relative

humidity (P/P0) of 70%. Similar fitting procedures were used

for data collected at 313 and 333 K (not shown), and the

resulting parameters are summarized in Table 1. Note that

since the saturated vapor pressure of water P0 increases with

increasing temperature, the maximum values of x decrease

correspondingly for a given water vapor pressure. Thus,

while the maximum water coverage at 300 K is almost four

monolayers, the maximum water coverage attained at higher

temperatures is only slightly larger than a monolayer.

The temperature variation of c is given by Eq. 2 and a plot

of ln(c) versus 1/T yields a value for DHL
ðadsÞ � DHS

ðadsÞand

the data in Table 1 gives -25 ± 10 kJ/mol. The heat of

vaporization of water (corresponding to DHL
ðadsÞ) is *41 kJ/

mol giving DHS
ðadsÞ = 65 ± 10 kJ/mol. The desorption

activation energy for water from clean copper varies between

*44 and 50 kJ/mol, depending on the surface [39–42]. This

is somewhat lower than, but within the ranges of the value

from the adsorption isotherm although it should be noted that

the adsorption isotherms are for water adsorbed on the

cuprous oxide/hydroxide surface rather than on clean

copper.

The pressure dependences of the thickness of the films

grown at 300 and 313 K are shown in Fig. 4a and b,

respectively. These reveal an increase in oxide/hydroxide

film thickness with increasing pressure, in both cases. Since

copper oxidation occurs by water adsorbing on the surface,

it might be expected that just the water adsorbed directly

onto the copper oxide/hydroxide surface in the first

monolayer in contact with the surface would dictate the

extent of oxidation and hence the resulting cuprous oxide/

hydroxide film thickness. In fact, the coverage of water

directly on the surface (measured as shown in Fig. 7) does

not correlate very well with the oxide/hydroxide film

thickness. Much better correlation is found with total water

coverage as indicated by the solid lines plotted in Fig. 4a

and b. These plot the total water coverage, measured using
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change due to the formation of an irreversible cuprous oxide/

hydroxide film (- - - - -) and the coverage of water vapor modeled

using a BET isotherm
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the quartz crystal microbalance (plotted using the data from

Table 1) as a function of P/P0 and the agreement with the

mass change due to the formation of an oxide/hydroxide

film is reasonable. This shows that adsorption of the first

monolayer results in a mass change due to the oxide/

hydroxide film of 4.0 ± 0.5 9 10-2 lg/cm2, but that the

film continues to grow at higher water coverages.

The corresponding temperature dependence of the

oxide/hydroxide film thickness at a water vapor pressure of

18 Torr is displayed in Fig. 5, where the results obtained

using the microbalance (d) and by XPS (j) are in good

agreement. In the latter case, the variation in oxide film

thickness on the foil was calculated from the ratio of the

integrated intensities of the O 1s to the Cu 2p XPS profiles

as a function of reaction temperature. In the case of rela-

tively thick films, the conversion between the intensity

ratios and film thickness requires knowledge of the electron

escape depth, which control the sampling depth [35]. The

films, in this case, are sufficiently thin that these correc-

tions are not necessary, and the film thickness is taken to be

approximately proportionate to the intensity ratio.

The data reveal that the oxide/hydroxide film thickness

decreases with increasing temperature as anticipated for a

tribofilm in an electrical contact. Once again, these data do

not correlate well with the first-layer water coverage.

However, when the mass change is plotted versus the total

water coverage in Fig. 8, this reveals a relatively linear

correlation between the cuprous oxide/hydroxide film

thickness and total water coverage. Note that the decrease

in water coverage at higher temperatures arises both from a

variation in P/P0 due to an increase in P0 with increasing

temperature, and from the temperature dependence of c

(see Table 1 and Eqs. 1, 2). The results in Fig. 8 again

suggest a film thickness that corresponds to a mass change

of (4 ± 1) 9 10-2 lg/cm2 is formed when 1 mL of water

is present, in good agreement with the data of Fig. 4, but

the films continue to grow as the total water coverage

increases.

The film thickness, estimated by assuming that the film

consists entirely of cuprous oxide, is plotted on the right

ordinate of Fig. 5. This implies that the tribofilm is rela-

tively thin and varies between about 14 Å at lower

temperatures to a limiting value of 6 ± 2 Å as the

temperature increases. The lattice spacing of cuprous oxide

is 4.26 Å [43] so that the film thickness at higher temper-

atures appears to correspond to the formation of

approximately a single layer of the oxide. Since this layer

also contains hydroxyl species, this is clearly approximate,

but does serve to emphasize that reaction with water vapor

forms an exceedingly thin layer as would be required for a

current-carrying tribofilm.

The friction data displayed in Fig. 6 is in general

agreement with the surface chemistry results since both

decreasing the water vapor pressure (Fig. 6a) and increas-

ing the temperature (Fig. 6b) result in an increase in

friction coefficient corresponding to less adsorbed water,

and so producing a thinner cuprous oxide/hydroxide film

on the surface. For reference, the friction coefficient of

clean copper is *1.5, and the minimum value of *0.35 is

in reasonable agreement with values found previously for

cuprous oxide films [36]. The data in Fig. 5 suggest that the

film remains reasonably constant in thickness between

*210 and 350 K, while the friction coefficient increases

over this temperature range. This result suggests that

adsorbed water or surface hydroxyl species formed by

reaction of the thin oxide film with water vapor may also

help reduce friction.

We do note that an asymmetry in the wear of the cop-

per–copper interface has been found depending on the

polarity of the current [44, 45]. This asymmetry cannot

Table 1 Parameters used to fit to adsorption isotherm data for water

on copper, where c is the constant defined by Eq. 2, Dm0 is the mass

change due to the cuprous oxide/hydroxide film, and P0 is the satu-

rated water vapor pressure at the reaction temperature [38]

Temperature/K c Dm0/lg/cm2 P0/Torr

300 140 ± 10 0.095 ± 0.005 27

313 100 ± 10 0.042 ± 0.002 56

333 50 ± 10 0.037 ± 0.001 150
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vapor with a copper film, taken from the data in Fig. 5, versus the

water coverage
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arise from the tribochemistry discussed above, since these

only incorporate thermal effects, which must be the same

for both surfaces. This effect has been explained as being

due to a modification of the electric field across the

growing film that facilities ion diffusion, which is either

enhanced or diminished depending on polarity to produce

an asymmetry [45]. However, a water film may also be

present in the tribocontact so that electrochemical effects

can also occur. An understanding of film growth in the

absence of an external field will provide a baseline for

exploring such effects.

5 Conclusions

While carbon dioxide adsorbs reversibly on copper, water

vapor reacts with clean copper to form a cuprous oxide/

hydroxide film. It is found that the thickness of this irre-

versibly adsorbed film varies approximately linearly with

the total amount of water adsorbed on the surface. Thus,

the thickness of the cuprous oxide/hydroxide film increases

with increasing water vapor pressure, but decreases with

increasing temperature. The variation in friction coefficient

as a function of water vapor pressure and temperature is in

complete accord with these observations. Since the thick-

ness of the cuprous oxide/hydroxide films depends on the

amount of water vapor adsorbed on the surface, the for-

mation of the tribofilm depends on the adsorption of water

vapor on top of it rather than the rate at which the water

vapor oxidizes the surface. Since both the relative water

vapor pressure (P/P0) and the extent of adsorption decrease

with increasing temperature, this behavior gives rise to a

thinner film at higher temperatures, as required for a cur-

rent-carrying tribo-interface. This, however, will lead to an

interface that is unstable with respect to frictional heating.
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