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Tribological investigations of air-conditioning compressors have been a topic of great interest in recent years and gray cast iron

has been a commonly used material by various compressor manufacturers. The scope of this paper is to determine the role of

oxygen and in particular carbon dioxide refrigerant (R744) in cast iron samples tribologically tested using an Ultra High Pressure

Tribometer that is suitable for tribological testing of compressor contact interfaces that operate with carbon dioxide refrigerant. A

series of experiments was performed in environments of air, nitrogen (N2), oxygen (O2) and carbon dioxide (CO2). While it was

found that the presence of oxygen is beneficial, CO2 has a more positive effect on the surfaces than in the case of pure O2 suggesting

that the use of CO2 promotes a different wear mechanism. Also, it was found that CO2 has better tribological performance over a

range of pressures between 100 psi (0.69 MPa) to 600 psi (4.1 MPa), compared to lower pressures. Furthermore, CO2 was

compared with tetrafluorethane (R134a), a common hydrofluorocarbon refrigerant and found to have superior tribological

performance. Two surface chemical analysis techniques were utilized to examine the surfaces after tribological testing. Auger

electron spectroscopy (AES) was used to track changes in the elemental composition while X-ray photoelectron spectroscopy (XPS)

was utilized to detect the different chemical states resulting from compound formation on the tribologically tested surfaces. It was

found that CO2 leads to better tribological performance of the interface due to the formation of carbonates on the surface, which

reduce friction and prevent wear.
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1. Introduction

Tribological studies on different refrigerants have
been performed in the past [1–3]. These refrigerants were
mainly chlorofluorocarbons (CFCs) and hydrofluoro-
carbons (HFCs). As the air-conditioning and refrigera-
tion industries are shifting away from these harmful
refrigerants, there is a need to investigate and understand
the tribological behavior of natural refrigerants such as
isobutane (R600a) and carbon dioxide, CO2 (R744). The
environmental advantages of CO2 have been widely
reported in recent years [4], where it was shown that CO2

is thermodynamically capable, efficient and comparable
to state-of-the-art HFC refrigerants currently used.
However, its tribological performance and effects on
wear and scuffing are not well understood and remain a
subject of study by different researchers [5–8]. When CO2

was first introduced it was believed that the oxygen
present in the CO2 molecule might have a beneficial role
to the tribological performance of material interfaces as
it could promote protective oxide formations.

It is well known that during tribological interactions
oxide formation governs the behavior of a tribological
pair [9]. Many researchers have investigated the impor-
tance of surface oxide films and the need for a better
understanding between the relationship of their

formation and removal, i.e., wear [10–13]. For example,
in the case of Al390-T6, a common compressor material,
tested in the presence of HFC refrigerant (R410A) and
polyolester (POE) starved lubricated conditions, it was
reported that a hard oxide protective layer was formed
on the surface [14]. This oxide layer was examined using
the nanoindentation technique as well as chemical
analysis and it was reported that for samples subjected
to tribological testing, the material at the surface and to
approximately 60 nm below the surface exhibited sig-
nificantly higher hardness than the bulk material that
can be beneficial from a wear point of view [14]. Similar
conclusions were reached using auger electron
spectroscopy (AES) to examine tribologically tested
Al390-T6 surfaces under polyalkyline glycol (PAG)
submerged lubricated conditions in CO2 refrigerant [15].

The specific effect of oxygen/CO2 on gray cast iron
during tribological testing, another compressor material
commonly used, was not investigated before and is
undertaken in this study. Specifically, experiments were
performed using ambient air at atmospheric conditions,
nitrogen (N2), pure oxygen (O2) and carbon dioxide
(CO2) at 0.69 MPa under gas phase conditions with no
lubricant. The absence of lubricant was necessary in
order to clearly investigate the effect of oxygen/CO2 on
the oxide formation isolated from the lubricant effects.
Furthermore, tests were carried out in CO2 at 2.8 MPa
and 4.1 MPa under the same loading conditions.
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Finally, tests in tetrafluorethane (R134a) at 0.17 MPa
were performed under the same loading conditions. The
tested samples were examined using contact profilome-
try and microscopy, while two different spectroscopic
techniques were utilized for chemical analysis of the
tribologically tested surfaces.

2. Experimental details

2.1. Controlled tribological experiments

The gray cast iron samples used were typical scroll
compressor materials and were tested using a pin-on-
disk configuration. The diameter of the disks was
76 mm while the diameter of the pins was 6.35 mm. The
bulk hardness of the gray cast iron samples was mea-
sured and found to be 95 HRB. Further details of the
specimens’ geometry have been reported in previous
work by the same authors [7].

The samples were tested using an Ultra High Pressure
Tribometer (UHPT) that is suitable for tribological
testing of compressor contact interfaces that operate
with CO2 [16]. A series of experiments was performed in
the presence of atmospheric air, N2, O2, and CO2. The
chamber pressure was set to 0.69 MPa for all gases
under gas phase conditions while air was at atmospheric
conditions. Unlike in earlier studies [6,7,16], where
lubricant was used in the experiments representing
realistic compressor operating conditions, in this work,
more aggressive nonlubricated conditions were simu-
lated to clearly investigate the effects of oxygen and CO2

on the tribopairs. Furthermore, tests with CO2 refrig-
erant at higher pressures of 2.8 and 4.1 MPa were
carried out, as well as tests in R134a refrigerant
at 0.17 MPa. All tests were conducted at ambient lab-
oratory conditions of 21–22 �C and 40–50% RH. The
normal load applied between the contact interfaces was
45.4 N (10 lbf) and the rotational speed of the disk was
1030 rev/min, which for the geometry in these experi-
ments corresponds to a linear speed of 2.4 m/s. The test
duration was set to 10 min and prior to testing the
samples were ultrasonically cleaned and visually
inspected for scratches. Then, the roughness of the disks
was measured using a contact profilometer. The root-
mean-square roughness of all disks and pins measured
over 2 mm long line scans was 0.9–1.4 lm. After each
test the samples were once again ultrasonically cleaned
and the wear was quantified using contact profilometry.

2.2. XPS experimental details

When two material surfaces come in contact, sliding
may generate wear and lead to the removal of the top-
most surface layers and also some material transfer
between the two surfaces may take place. This can sub-
sequently lead to changes in the chemical composition of
the surface [6]. Furthermore, the testing environment

plays a vital role in altering the chemical composition of
the surface layers and may be responsible for compound
formation on the surface through different chemical
mechanisms, such as chemisorption. XPS was used to
analyze the sample surfaces to provide insight regarding
changes in the chemical composition and formation of
compounds on the surfaces. This technique has the
ability to identify different chemical states over a range of
physical studies as for example oxidation and adsorbed
species as in the case of the present study. Using XPS,
spectral information regarding different chemical states
resulting from compound formation can be collected
from a depth of 2–20 atomic layers [17].

The tested disk samples were cut across the width of
the wear track into small specimens with approximate
dimensions of 10 mm� 7 mm� 3 mm. The XPS anal-
ysis was directly performed on the tribologically tested
surfaces in order to quantify the chemical changes of the
topmost surface layers. In order to keep the surface free
of contaminants that can affect the analysis, each spec-
imen was ultrasonically cleaned in acetone, rinsed off
with alcohol and placed in a sealed container.

2.3. AES experimental details

Using AES, changes in chemical composition on the
worn surfaces of the disks after testing were investigated
in the top 100 nm of the gray cast iron disks using the
AES depth profiling method [18]. Based on the sample
materials and testing conditions, three major chemical
elements were specifically sought in the AES analysis,
these being carbon, oxygen, and iron. The objective of
this analysis was to investigate the change in each
atomic concentration as wear occurred on the gray cast
iron disk surfaces under tribological testing in different
environments. Relatively smooth areas were chosen as
the sputtering sites for analysis in order to reduce the
effect of roughness on the surface that is known to
interfere with the sputtering process and three points
were selected for each disk for repeatability/variability.
The calibrated sputter rate was chosen to be 5 nm/min
for all samples. Sputter durations were chosen to yield
sub-surface depths ranging from 0 to 100 nm for the
samples tested in CO2 and O2, while the sputter duration
for the sample tested in N2 was slightly shorter because
steady state values in the atomic concentration of the
different elements was reached earlier on.

3. Experimental results

3.1. Friction and wear

The friction and wear performance of gray cast iron
samples under different environmental conditions was
examined first in N2 environment, where the pin wore
out completely at approximately 2 min, so the test was
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stopped prematurely. In atmospheric air conditions, the
results were slightly less severe. In this case the test
lasted for the whole duration of 10 min. In R134a
environment the wear was significantly less than in the
case of N2 and air environments. Under O2 environ-
ment, there was rapid oxidation and visible iron oxide
‘‘rust’’ debris, however there was less severe wear overall
compared to the case of N2, air and R134a. When CO2

at a range of pressures between 0.69 and 4.1 MPa was
used the results were considerably different than all of
the other environments. There was no measurable wear,
but mild burnishing of the topmost asperities for the
wide range of CO2 pressures. This is a significant find-
ing, as in past CO2-related research under lubricated
conditions [6,15,16], it was reported that the tribological
performance of CO2 refrigerant was about the same as
conventional refrigerants. However, in this work (under
unlubricated conditions), CO2 clearly performs superior
than any of the other cases considered.

Figure 1 shows typical friction coefficient measure-
ments as a function of test duration for all testing
environments. While the friction coefficient values star-
ted at approximately 0.25 for all cases, after few seconds
of tribological testing the results varied significantly.
Specifically, the friction was the highest when testing
took place in N2 environment. In this case the test had
to be stopped at approximately 2 min at which point the
coefficient of friction reached a value of 0.6. A possible
explanation for this behavior is that in the ‘‘cleaner’’

environment of N2 (i.e., free of oxides), adhesion is
higher than in the case of air, leading to accelerated
adhesive wear. Moreover, such behavior may result in
the formation of localized cold weld spots that in tern
could lead to scuffing [1,2]. Under air at atmospheric
conditions the friction was approximately constant
taking values between 0.3 and 0.4. Interestingly, the
friction coefficient under O2 environment increased in
the first minute to a value of 0.5 and remained relatively
constant thereafter, but higher than in the case of air
taking values between 0.4 and 0.5. In the case of testing
under R134a the friction coefficient was also constant
but lower than in the cases of testing in air and O2

environments taking a value of approximately 0.3.
Finally, the lowest friction was achieved in the case of
testing in CO2 environment. In this case, the friction
coefficient took a value of approximately 0.25. Each
experiment was performed at least two times to ensure
repeatability.

Photographs of quarter sections of typical tribotested
disks are shown in figure 2. It can be seen that the most
severe wear occurred in the cases of N2 and air. The disk
tested in air looks very similar to the case of the disk
tested in N2, so it is not shown. While less severe wear
occurred for O2 and R134a, it is still appreciable when
compared to CO2, in which case there was only mild
burnishing. The disk tested at 0.69 MPa of CO2 is
shown in this figure, but the disks used at the higher
pressures up to 4.1 MPa look nearly identical.

Subsequently, the wear tracks of the disks tested in
the different environments were examined using an
optical microscope. Representative images for each case
are shown in figure 3, with figure 3(a) showing a virgin
sample before testing. It can be seen that machining
marks on the virgin disk surface are dominant, while the
machining marks are no longer present in the images of
figure 3(b)–(d) due to the fact that the wear due to tri-
bological testing was sufficiently severe to remove them.
Machining marks are slightly visible in the image of
figure 3(e), which corresponds to the disk sample tested
in O2 environment, while they are prevalent in the case
of the disk sample tested in CO2 environment as seen in
figure 3(f). Furthermore, in the latter case, smooth areas
between the machining marks can be observed, com-
pared to the virgin sample (figure 3(a)). This surface
‘‘polishing’’ effect was generated by mild wear process or
burnishing. Based on the optical micrographs depicted
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Figure 1. Friction coefficient results for different testing environments.

Wear track38 mm

(a) (b) (c) (d)

m

Figure 2. Optical images of disks (quarter size shown) tribologically tested using: (a) N2, (b) R134a, (c) O2 and (d) CO2.
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in figure 3 and the friction coefficient values for the
different cases, it could be ascertained that adhesion is
the main wear mechanism in the cases of N2, air and
R134a environments, while for the O2 environment the
main wear mechanism was oxidation and for the mild
burnishing in the case of CO2 is chemical wear, in
agreement with [8]. Based on these results, the wear
mechanism in the cases of O2 and CO2 environments is
different because CO2 is fully oxidized as it is a common
byproduct compound of the oxidation process whereas
O2, due to its electronegativity forms chemical bonds
with most metals. Furthermore, dissolved CO2 has the
ability to form carbonic acid which even though is
mildly corrosive, its corrosion product (FeCO3) surface
films are normally protective [19].

Similar conclusions, as far as the wear mechanisms
and tribological performance under different environ-
mental conditions were reached by observing SEM
images of the wear tracks, as shown in figures 4 and 5. In
figure 4(a), the cast iron disk tested in O2 is shown at a
magnification 200�, while figure 4(b) shows the cast iron
disk tested in CO2 also at the same magnification. It is
apparent that the morphology shown in these figures is

different due to the different wear mechanisms in each
case. In figure 4(a) oxidative wear is evident, which is
further seen in figure 4(c) which corresponds to the cast
iron disk tested in O2 shown at a higher magnification
2000�. Figure 4(d) corresponds to the cast iron disk
tested in CO2 at a magnification 2000�, where mild
burnishing and chemical wear are present, with the
machining marks being prevalent. Finally, from figure 5,
showing 10,000� SEM images, it can be observed that
the material detachment mechanism and debris for the
cases tested in N2 (figure 5(a)) and O2 (figure 5(b)) is
different than in the case of CO2 (figure 5(c)), providing
further evidence about the different wear mechanisms
involved. Specifically, notice the size of the wear debris in
the case of CO2, as are smaller than in the other cases.

Typical line scan wear measurements using a contact
profilometer for all cases are shown in figure 6, and it can
be clearly seen that the most severe wear occurred in the
presence of N2 environment, with a wear depth of
approximately 25 lm (figure 6(a)). In the case when air
was used the wear was also significant, with an average
wear depth of 11 lm, shown in figure 6(b). Note that in
the case of the atmospheric air environment, as well as in

Figure 3. Optical micrographs of (a) virgin sample and (b)–(f) inside the wear track of the disks tested using: (b) N2, (c) air, (d) R134a (e) O2

(f) CO2 (sliding direction shown by thick hollow arrow).
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the case of R134a shown in figure 6(c) (average wear
depth is 5 lm), the wear track is significantly rough,
indicating a different wear mechanism, and that the wear
depth calculation is based on the average wear depth. In
figure 6(d) the wear depth was determined to be approx-
imately 5 lm, which corresponds to the case of the disk
tested in O2. Furthermore, the roughness inside the wear
track is an order of magnitude smaller than in the case of
R134a, indicating that the wear mechanisms between the
two cases were different. It has been suggested that the
‘‘smoothing’’ in the wear track is attributed to the for-
mation of a surface coating consisting of graphite in the
metal structure and iron oxide, rather than wearing off the
topmost asperities [20]. This coating may cover valleys
and surface irregularities and produce a smooth surface.
Finally, only mild burnishing occurred in the case of CO2.
In this case, asperity tops are worn off to provide flat
contact regions as seen in figure 6(e). Specifically, due to
this burnishing phenomenon, the skewness value de-
creased from a value of )1.03 to )1.85 when compared
the virgin with the CO2 tested surface.

Using Archard’s wear equation [21] the wear coeffi-
cient for each case was calculated using the measured

wear depths (converted to wear volumes) and assuming
a constant hardness value for all the cases of 2.2 GPa
(95 HRB). These values have been tabulated in table 1,
and it is apparent that the wear coefficient is the highest
in the case of testing in air, while it is the lowest in the
case of testing in CO2. This was expected since from the
wear measurements it was clear that in the case of air
there was significant wear loss while the wear in the case
of CO2 was minimal. The low wear coefficient in the case
of CO2 suggests that CO2 has a lubricating effect on the
tribological surface, in the absence of a lubricant. The
wear coefficient values for the cases of testing in N2, air
and R134a are typical for severe unlubricated wear,
while for the cases of testing in O2 and CO2 the wear
coefficient values point towards a solid–lubricant type of
lubrication [22].

3.2. XPS experimental analysis

The worn surface of the disk tested in CO2 was
analyzed using XPS. Figure 7 shows the C1s, O1s and
Fe2p XPS regions. The C1s spectra of the disk tested
in CO2 environment shows a peak at 285.0 eV

Figure 4. SEM images of representative locations inside the wear track of the disks tested in O2 and CO2 environments: (a) O2 (200�), (b) CO2

(200�), (c) O2 (2000�) and (d) CO2 (2000�).

Figure 5. SEM images of representative locations inside the wear track of the disks tested in: (a) N2, (b) O2 and (c) CO2 at 10,000�.
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corresponding to organic contaminants. Peaks at 530.0
and 711.0 eV in the O1s and Fe2p spectra, respectively,
indicate that the surface mostly comprises of Fe2O3.
Peaks in the O1s spectrum at 531.9 eV and in the Fe2p
spectrum at 710.2 eV suggest the formation of iron
carbonates in the case of testing in CO2 environment.
However, it should be noted that the tribologically tes-
ted samples may have been oxidized due to air exposure,
after testing. Thus, while the formation of the Fe2O3

would be due to the combined effect of exposure in the
air and the presence of the testing environment, oxida-
tion was considered dominant in the case of O2 envi-
ronment while it is believed that the N2 environment
would cause no oxidation. Furthermore, due to con-
tamination, the evidence of the carbonate formation is
not very clear and may be hindered by other compound
formations however it has been shown by other

researchers that CO2 promotes carbonate formation.
The XPS results indicate the existence of iron carbonates
due to the presence of CO2 refrigerant, which is in
agreement with findings by Wu et al. [8], where they
showed that formation of carbonates is possible in
52100 Steel. In their study, different pressures of CO2

were investigated and it was noted that the higher the
pressure of CO2, the more the iron carbonate formation.
It should be also noted that in [8] it was found that
higher pressure of CO2 produces chemical wear and that
an optimal operating range of pressures may exist.
However, the pressures they studied were much lower
than the pressures studied in this work. Specifically, the
reported findings in [8] are for pressures up to atmo-
spheric pressures (0.10 MPa), which are unrealistically
low for CO2 operating compressors. In the present work
we have specifically investigated realistic compressor
operating conditions with a tribotester that was specifi-
cally designed and manufactured to allow for very high
pressures (up to 13.8 MPa). Note that in order to real-
istically simulate compressor operating conditions, CO2

has to be operated at pressures higher than approxi-
mately 3.45 MPa. Depending on the manufacturer and
the type of compressor this pressure may vary and in
some instance is as high as 10.34 MPa.

Nevertheless, in this work it was also found that the
CO2 refrigerant could react on the frictional interface to
form carbonates, which clearly have a significantly
positive effect on the tribological behavior of cast iron.

3.3. AES experimental analysis

Changes in the atomic concentration of oxygen as
wear occurred on the gray cast iron disk surface under
tribological testing in different environments is shown in
figure 8. The oxygen atomic concentration was found to
be the most relevant, therefore the atomic concentra-
tions for the rest of the elements are not shown. Also,
the disk tested in air and R134a was not examined using
this technique as investigation of oxygen effects were the
main objective of this work. The atomic concentration
of oxygen is higher for the case of testing in O2 envi-
ronment, followed by the case of testing in CO2 and N2

environments, respectively. Furthermore, in the case of
N2 environment, the oxygen atomic concentration is
lower than in the case of CO2 and O2 environments and
reaches a steady state early on at approximately 20 nm
below the surface. The atomic concentration of oxygen
is higher in the case of testing in O2 environment than in
CO2 and reaches steady state at approximately a depth
of 95 nm, while steady state is reached at about 50 nm
for the case of testing in CO2, i.e., in the case of O2

environment, the cast iron oxidation layer is thicker.
While no information can be obtained about chemical
compounds formed using this method, these results
suggest that it is possible that formation of different
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Table 1

Wear coefficients for testing different environments.

Refrigerant Wear coefficient

N2 3.2� 10)3

Air 1.7� 10)4

R134a 1.1� 10)4

O2 9.0� 10)5

CO2 2.4� 10)6
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chemical compounds during tribological testing affects
the atomic concentration. As a result, the faster decrease
of the elemental oxygen present in the surface for the
case of CO2 compared to the case of O2 environment,
provides further evidence that there is formation of
chemical compounds at the surface during tribological
testing leading to chemical wear and the possible for-
mation of carbonates as it was observed using XPS.

4. Conclusions

XPS was utilized to detect the different chemical
states resulting from compound formation on the trib-
ologically tested surface in CO2 environment, while AES
was used to track changes in the elemental composition
on and below the cast iron surface. Oxidation was rec-
ognized as the most dominant component of wear in the

case of O2, while in the case of air and R134a wear was
accompanied or governed by adhesion. In the case of N2

adhesion governs. In the case of CO2 a mild burnishing
chemical wear mechanism is dominant. It was found
that CO2 leads to better tribological performance of the
interface due to the formation of carbonates on the
surface, which reduces friction and prevent wear. Fur-
thermore, no significant difference in the tribological
performance was detected for CO2 over a range of
environmental pressures under the same loading condi-
tions while it performed better than a conventionally
used HFC refrigerant, R134a. The findings in this work
further support the tribological advantage of CO2

refrigerant compared to conventional HFC refrigerants,
especially in the absence of lubrication, as it clearly
demonstrates lubricity capabilities.
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