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Abstract: To reduce the usage of classical lubricants in deep drawing, a new tribological system based on
volatile lubricants was developed. Therefore, a volatile medium is injected under high pressure into the
interstice between drawing tool and sheet metal. Depending on temperature and pressure, the temporary
lubricant may exist in its gaseous or liquid phase. In this study, a novel high fluid pressure tribometer was
designed to investigate the friction and wear of dry steel contacts under comparable conditions like in dry deep
drawing. Therefore, a new ball-on-disc tribometer was designed and integrated into a high-pressure vessel. To
specifically investigate the effects of different environments (technical air, liquid and gaseous carbon dioxide,
nitrogen, argon) at atmospheric and high pressure (0.1 MPa, 6 MPa) on tribology, the specimens and all
components were operating unlubricated. During the experiments, the friction was measured continuously.
Results show that the highest friction occurs in air and the lowest in carbon dioxide environment. Subsequent
to the experiments, the wear of the specimens was assessed along with changes in surface chemistry related
to tribochemical reactions. Therefore, the tribology of the dry sliding contacts is correlated to changes of the
surface chemistry. Also differences as well as similarities regarding the different fluid environments are shown.
As the results show, the differences between the media used are most pronounced at elevated pressure.
Concluding, this work gives clear indications on the suitability of volatile lubricants in dry friction or rather gas
lubrication, especially for dry deep drawing.

Keywords: dry friction and dry wear; gas lubrication; carbon dioxide; tribo-layer; dry metal forming

1 Introduction

Reducing friction and wear is a widespread aim of
nearly every scientific field where opposite motion
of bodies occurs. Commonly, a wide range of oils,
emulsions, waxes or solid lubricants is used to achieve
this aim. In principle, lubricants wet or cover the
surfaces of the bodies, which are in relative motion
against each other in order to control, sometimes even
prevent, direct contact of the solids and thus allow
defined sliding conditions. For a proper and matched
lubrication, the used substances usually contain

various additives. As many of these additives and
the lubricants itself are harmful to humans and the
environment, science is searching for new ecofriendly
lubricants [1-4]. Moreover, technologies are developed
to reduce the amount of used lubricant, since the
previous lubricant application and cleaning steps
subsequent to, for instance forming processes are
time and cost-intensive [5-7]. A further going approach,
without any need of conventional lubricants is the
usage of volatile lubricants. Regarding deep drawing
processes, a new technique was developed where
volatile substances are introduced under high pressure
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into the forming zone via laser drilled micro injectors
in the drawing tool [8-10]. Comparable to a hydrostatic
gas bearing, the injected fluid separates the counter
bodies and acts as a temporary lubricant. The
investigations showed a high dependency between the
flow behavior of the media and the tribology in the
drawing process [8, 11]. However, since Bowden and
Hughes [12], Iwabuchi et al. [13] and Mishina [14, 15]
started the research on dry sliding metal contacts in
different atmospheres, a connection between gas
environment and tribological behavior is obvious.
Several studies followed, investigating the influence
of different gaseous or volatile media on the tribology
of sliding contacts [16-18]. In cryogenic machining
a variety of different volatile lubricants like liquid
carbon dioxide, -nitrogen or -helium are used [19, 20].
Having said this, here the focus is on reducing friction
and wear by decreasing temperature. At room
temperature, Velkavrh et al. [21] examined the
influence of different technical gas atmospheres on
the tribology of dry steel contacts and the formation
of adsorbed surface layers from the gas phase. As
shown in diverse studies, the adsorption is dependent
on atmospheric conditions like temperature and fluid
pressure [22, 23]. Thus, it is assumed that the gas
atmosphere pressure has an essential effect on the
tribology of dry sliding contacts. However, only few
investigations were made so far to identify the
influence of the fluid pressure above 0.1 MPa on the
tribology [24-28]. These studies mainly focus on the
behavior of carbon dioxide (CO,) as it changes its
state at room temperature at approx. 6 MPa pressure
from gaseous to liquid (see Fig. 1) and can be used
as a refrigerant. The present study investigates the
influence of different environments: technical dry air,
gaseous CO, (GCQO,), liquid CO, (LCO,), nitrogen
(N;) and argon (Ar) at room temperature and two
fluid pressure levels (pr = 0.1 MPa and pr = 6 MPa)
on the tribological behavior of dry sliding steel-steel
contacts. Therefore, a novel high-pressure tribometer
was designed (see Chapter 2.1). The friction between
the tool steel specimens was measured during the
investigations and wear was classified afterwards (see
Chapters 3.1 and 3.2). To examine chemical changes of
the specimen surfaces as a result of wear as well as
reactions and adsorption processes of the lubrication
fluid, scanning electron microscopy (SEM) along with
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Fig. 1
state at room temperature at approx. 6 MPa from gaseous to lipid.
Reproduced with permission from Ref. [11], © The Author(s) 2021,
and adapted from Ref. [29], © ChemicaLogic Corporation 1999.

Phase diagram of carbon dioxide; shown as it changes its

energy dispersive X-ray spectroscopy (EDX) and X-ray
photoelectron spectroscopy (XPS) measurements were
performed (see Chapter 3.3).

2 Methods and procedures

The majority of the mentioned research groups,
who investigated the influence of the atmosphere
on tribology of dry metal contacts, used customary
tribometer setups placed in a sealed box to control
the environment. However, for high fluid pressure
applications, no commercial tribometer is available
and pressurized containers must be designed according
to special standards for safety reasons. Thus, a new
tribometer was designed (inspired by Refs. [27, 30, 31]),
matching a customary high-pressure vessel.

2.1 Design of the high-pressure tribometer

As for exchanging the samples, the used pressure
vessel has to be opened after each experiment, it
was decided to use a volume as small as possible to
prevent unnecessary fluid loss. For this purpose,
the midiclave Type 4 (Biichi AG; Switzerland)
high-pressure vessel with 1 L capacity and a pressure
range up to 20 MPa was used. In Fig. 2, a model of
the designed tribometer and pressure vessel @ is
shown. As the casing is performed double-walled
with a built-in temperature control coil ®), almost
constant room temperature (296 K) for all examinations
can be achieved. For the needed motion inside the
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(1) pressure vessel

(2) shaft and motor connection

(3) housing of needle bearing

(@) housing of shaft feedthrough and sealing
(5) wire compression seal feedthrough

(6) gas in- and outlet / vacuum line

(7) housing of angular ball bearing
temperature control coil

(9) release mechanism and specimen mount
specimens (here bearing balls)

@ disc

(2 camshaft for release mechanism

@ temperature sensor

central bearing for splitting the forces

@ friction force sensor

normal force sensor

@) adjustable springs and damper

Fig. 2 Computer-aided 3D-model of the pressure vessel (partial cross section) and the labeling of the tribometer components (modeled

with SolidWorks).

vessel, a shaft @) is integrated. On the outer side of
the shaft, a motor, and on the inner side, an interface
for a specimen mount can be connected. On the shaft,
a position sensor is installed to measure the sliding
distance. For the utilization with high fluid pressures,
a special feedthrough @ for the shaft was designed.
To ensure a proper sealing of the feedthrough, a
needle bearing 3 centers the shaft. As the pressure
inside the vessel pushes the shaft outward, an angular
ball bearing is mounted @ to prevent motion in this
direction. To ensure the dry sliding conditions and to
prevent any contamination of the vessel, the bearings
are working unlubricated. The data cables for the
sensors and the power supply are also sealed by a
wire compression feedthrough ®. For the gas inlet
and outlet as well as the pressure measurement during
the investigations, the same connection can be
used ©. To fix the specimens, a universal mount was
designed @ for either balls or pins. In this study,
consistently balls (0 were used and fixed by a strong
clamp to prevent them from turning. As counter
body, a disc @ can be installed. The disc is fixed on a
measuring assemblage @), splitting the forces for a
friction force sensor @ and the normal force sensor (.
To measure the sample temperature, a temperature
sensor @3 is placed nearby. For the adjustment and
variation of the applied normal force, four springs

and damper are installed @. In the experiments of
this work, a normal force (Fy) of 3 N was constantly
applied (see Fig. 3). As previous investigations had
shown, force sensors exhibit a set off when exposed
to high gas pressure. Thus, a mechanism @ was
designed to enable a reset of the sensors after setting
Fy and applying the fluid pressure. Therefore, it is
now possible to measure the absolute and relative
normal force independently of the environmental
pressure. In addition, the mechanism also allows a
separation of the samples before starting the motion
to ensure a homogeneous wetting e.g. gas adsorption
on the surfaces and to avoid static friction at the
beginning of each experiment. In order to prevent an
asymmetrical distribution of forces, three balls are
arranged at an angle of 120° to one another, effecting
contact to the disc at those three locations (see Fig. 3).
As the disc is slightly tiltable and the three balls
define the contact plane, a permanent contact between
balls and disc is realized. The movability of the disc
in vertical direction in combination with Fy ensures a
constant contact even when the specimens wear out.
The normal force at every single ball F, and the
rotation of the balls trigger the friction force F, trying
to turn the disc as well. This motion is inhibited and
the needed force F; can be measured by the friction
force sensor for all three sliding contacts in total.
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Fig.3 Schematic illustration of the active forces at the specimens
during friction measurement (tangential friction force F; and
central normal force Fy).

2.2 Basic conditions to investigate dry friction

In Table 1, an overview of the parameters used in the
investigations and of the tribometer is shown. For
the balls the material 100Cr6 (1.3505) was used as it is
a standard bearing material and was used in several
other investigations as well (exemplary Refs. [32-34]).
The balls were produced according to the German
standard DIN 5401:2002-08 [35] with a diameter of
d,=5+0.00975 mm, a surface roughness R,<0.02 pm
and a hardness of approx. 820 HV10. The disc was
made from tool steel X155CrVMo12-1 (1.2379) as it
is a broadly used material for forming-, cutting- or
roller tools and this work arose from the studies
on dry metal forming with volatile lubricants (see
Chapter 1 and Ref. [36]). The surface was fine
grinded, comparable to used drawing tools with a
surface roughness of R, < 0.3 um (R, <5 um) and a
surface hardness of approx. 380 HV10 (hard on soft
sliding contact).

The specimens were cleaned and dried prior to
the experiments to remove most of lubricant residues
and contaminations. To minimize the impact of
atmospheric residues on the investigations, the whole
vessel was evacuated to pressures below 103 Pa
and flooded afterwards up to 2 x 10° Pa with pure gas
from the gas cylinder for four times prior to each
experiment. In addition, the vacuum was to support
physical desorption processes of e.g. water and
volatile organic compounds (VOCs) on the surfaces
of the vessel and the tribometer. This purification can
also be seen in the pressure and temperature curve
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illustrated in part (a) of Fig. 4 exemplarily shown for
a gaseous lubricant. The behavior of LCO, differs
slightly from the shown gaseous media, since the fluid
evaporates as long as the chamber pressure is below
the saturation line of CO, (see Fig. 1). Thus, there is
a temperature drop down to approx. 285 K instead
of the shown increase (in part (b) of Fig. 4). With
LCO, the vessel is usually filled until the samples are
completely wetted and underneath the surface of the
fluid. Independently of the state of the medium, the
temperature control ensures temperatures around
296 K after a short period, and the temperature stays
almost constant during the tribological investigation
(see part (c) in Fig. 4). As soon as this condition is
reached, the rotation of the specimens is started.
Besides some extended experiments, the first 400
revolutions (about 670 seconds or 37.7 m sliding
distance) of the samples were investigated for this
study. After each run and before opening the vessel,
the media has to be drained until atmospheric pressure
is reached (part (d) in Fig. 4).

Table 1 Constant parameters of all experiments.

Normal force, Fy in N 3

Installed balls 3

Ball diameter, d, in mm 5
Friction radius, 7, in mm 15
Frequency in s~ 0.6
Sliding speed in mm-s™' 56.5
670,

Investigated time in s (if not described differently)

100Cr6 (AISI 52100)
X155CrVMol2-1 (AISI D2)
RT (approx. 296 K)

Material balls
Material disc

Temperature

With Fy =3 N, the Herzian pressure at the beginning
of each experiment (no wear e.g. flattening of the
ball) is around 750 N-mm-2. Hence, there is no plastic
deformation of the balls or the disc but the pressure
is still high enough to receive measurable wear and
to break through the assumed thin surface layer of
residues and oxides.

The used fluids had minimum technical purity
(>99.7 vol%) and were directly extracted from the gas
cylinder via pressure reducer. The LCO, was directly
extracted from the gas cylinder at room temperature
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Fig. 4 Exemplary temperature and pressure curve of an examination
with nitrogen at pr = 6 MPa—(a) four evacuating and three flushing
processes of the vessel; (b) filling process; (c) approx. constant
temperature and pressure for the tribological examination and
(d) deflation process.

via riser pipe. Technical air with a composition
of 20.5 vol% oxygen and 79.5 vol% N, was used
(remaining content of water below 2 ppm). The
connection between gas cylinder and pressure vessel
was evacuated and flushed after every change of the
medium for several times.

2.3 Methods to assess wear

Besides the friction measurements, the wear of the
samples was assessed. Therefore, the diameter of
the flattening of the balls was measured after each
investigation using light microscopy. By means of
these measurements and the known ball radius, the
worn material volume W, can be calculated. In
combination with the measured normal force Fy and
the sliding distance s, the wear rate k can be determined
according to equation (1): k=3 W, (Fys)™.

To assess wear of the discs, the wear tracks were
evaluated and the maximum peak to valley 3D surface
roughness S, was measured after ISO 25178 using
the 3D confocal microscope pusurf mobile (Nanofocus,
Germany). The measuring spot was focused on the
wear track with a spot size of 2.56 mm? The measuring
accuracy can be estimated on the basis of the
measuring uncertainty (calibrated according to German
standard VDE/VDI 2655-1.2) and the repeatability
to a deviation of #0.06 pum. Furthermore, scanning
electron microscope (SEM) images of selected samples
were made.

2.4 Chemical analysis of worn surfaces

To investigate the lubrication effects, chemical analyses
of the worn specimens were performed. As the
measurement of the disc surface would be very
laborious because of space requirements in the
measuring device, only the balls were examined. To
get a better understanding of the processes during the
sliding, energy-dispersive X-ray spectroscopy (EDX)
measurements of the worn ball surfaces as well as of
the formed wear debris were performed. In addition,
X-ray photoelectron spectroscopy (XPS) measurements
of the worn ball surfaces were carried out as they give
more information about the chemical compounds of
the surface. Having said this, XPS yields information
of the upper 5nm to 10 nm whereas EDX reaches
a depth in the micrometer range. For all three, the
SEM, the EDX, and XPS measurements, an Axis Supra
(Kratos - Shimadzu; UK - Japan) was used.

3 Experimental results

3.1 Friction in different media at atmospheric and
high pressure conditions

As mentioned, the friction force F; as well as the
applied normal force Fy was measured continuously
during the tribometer experiments. In accordance
with the Coulomb friction model, the ratio of these
two values is the coefficient of friction (CoF, u), plotted
in Fig. 5 for the different environmental conditions.
For a higher significance, all examinations were
performed at least three times. The faint colored lines
show the curves of the experiment with minimum and
maximum measured CoF (representing the variance),
respectively. The saturated line in the middle represents
the arithmetic mean value of all investigations in this
category in dependence of the time.

The sliding in air environment showed independently
of the fluid pressure the highest measured CoF. At
high pressure, a sharp increase could be determined
in the first 100 seconds of the examinations. In case of
atmospheric pressure, this increase took place as well,
in roughly 600 seconds and thus, significantly slower.
At the beginning of the experiments, the minimum
and maximum values were very close to the mean
value, indicating a reproducible friction behavior.
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Fig. 5 Coefficients of friction measured in different environments
(left row: pr = 0.1 MPa; right row: pr = 6 MPa). The faint colored
lines indicate the variance, as the curves represent the investigations
with minimum and maximum CoF. The saturated line in the middle
shows the arithmetic mean value of all investigations at the same
time and conditions.

In contrast, after approx. 200 seconds at low fluid
pressure and even faster at high pressure, the CoF
was getting more and more unstable; marked by an
oscillation of the CoF of about +0.07 and sudden
steps.

With LCO,, no investigation at atmospheric pressure
was possible (see Fig. 1). In high fluid pressure, a
comparable low CoF was determined. Furthermore,
no significant increase within the investigated time

& Tsinghua University Press

could be seen and the CoF stayed almost without any
oscillation. A similar behavior could be seen when
using GCO, at 6 MPa. With a mean CoF below 0.15,
the lowest values of all investigations, with only slight
increase over time, were measured. By contrast, in a
CO, environment at atmospheric pressure, the CoF
of most of the investigations increased clearly over
time. However, the experiment with the lowest friction
was comparable to the experiments at 6 MPa (LCO,
or GCQO,). The examination in 0.1 MPa CO, with the
highest measured values showed in contrast a friction
behavior comparable to those of N, or Ar.

At the low N, pressure, the friction increased
immediately after the start for most investigations.
Only one experiment showed no significant increase
of the friction over the measuring time. At high N,
pressure, the CoF increased constantly at the beginning
of the examination. After approx. 300 seconds, the
CoF increased significantly again, resulting in a
more unstable regime as well. Here, the trial with the
highest measured friction at 6 MPa fluid pressure
reached values comparable to those in air environment.
When comparing the friction in N, and Ar atmosphere,
a similar behavior was determined. For the two gases,
the friction at high gas pressure tended to be higher
than that at atmospheric pressure.

3.2 Wear of the specimens tested under different
atmospheric conditions

To investigate lubrication effects of the different
pressurized environments, wear of the specimens was
assessed subsequently to the tribometer experiments.
During the experiments, the balls were fixed on the
specimen mount preventing them to rotate, respectively
to roll over the disc. Thus, the balls were flattened at
the contact zone. By measuring this flattening diameter,
the worn volume of the balls could be calculated
(see Chapters 2.3 and 3.2.1). The wear of the discs
was assessed by surface roughness, measured via 3D
confocal microscope (see Chapter 3.2.2).

3.2.1 Wear of the balls

In Fig. 6, the flattening of a ball is shown exemplarily
for each atmosphere. In the case of air condition, the
specimens showed heavy wear and a brownish color
in the contact area. The direction of motion during
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Fluid pressure 0.1 MPa  Fluid pressure 6 MPa

Air

No experiments

CO, possible

liquid

Cco,

gaseous

N,

Ar

Fig. 6 Wear at the specimen balls, worn in different atmospheres,
exemplarily shown for each condition (The arrows indicate the
sliding direction. Note the two different magnifications).

the examinations could be seen by means of the
small brownish debris formation behind the contact
zone. The mentioned observations were even more
pronounced when increasing the gas pressure.

With LCO,, at 6 MPa fluid pressure, small contact
zones were observable compared to other experiments,
indicating only mild wear. Mainly small debris with
a whitish color could be seen. The debris were
primarily located behind the contact zone in sliding
direction like when using GCO,. In GCO,, the size of
the contact zone was, compared to air environment,
distinctly smaller.

In N, atmosphere, at ambient pressure, the debris
had more a metallic appearance, were larger in size

and located all around the contact zone. The flattening
itself was slightly bigger than those worn in CO,
atmosphere, but significantly smaller than those of
air. In high pressure N, atmosphere, the number of
debris, found on the balls, was lower compared to
most other examinations, nevertheless the debris were
bigger in size (rather flakes). In addition, instead of
a clear flattening of the ball a completely reshaped,
rough surface could be seen on a large scale.

Similar observations were made in 6 MPa Ar
atmosphere; only the debris formation was slightly
higher, with a shiny metallic appearance. The debris
were located all around the contact zone. In contrast,
in 0.1 MPa Ar environment, the flattening was visible
and showed whitish, shiny metallic debris around
the contact zone (see Fig. 6).

The wear of single balls, exemplarily shown and
annotated in Fig. 6, were collected and measured for
all specimens and across all investigations. Therefore,
the wear rate k was calculated (see Eq. 1 in Chapter 2.3)
as shown in Fig. 7. With k = 4.09 x 10~ mm?(N-m)-! in
pressurized air atmosphere, the highest wear among
all other examinations was measured. It is notable
that the wear rate at the high air pressure was more
than four times higher than the one at low fluid
pressure. The standard deviation of these values is
not visible in the graph because of the logarithmic
scale of the y-axis and a high reproducibility of the
experiments.

10 2
' " e Al
a 1 v CO, liquid
- e {- 4= CO, gas
€ e
=z S - @ Ar
;_——105- m =
=
£ -
£ -7 .
Q - //’,
5 -
510’6- ’,” 4
] g _,—"‘
= = e 4
PR
10—7 1 1
01

Pressure in MPa
Fig. 7 Illustration of the wear rate of the specimens worn in
different media and pressure levels (note the logarithmic scale
on y-axis, dashed lines only to guide the eye, and error bars + sample
standard deviation).
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In contrast, the variance for the examinations in Ar
and N, environment were very high. For both gases,
an increase of the wear by increasing fluid pressure
could be assumed. In addition, a lower wear by
using N, compared to Ar could be noted; though, the
differences were not significant as the reproducibility
of those examinations was poor.

Lower wear was measured on the specimens tested
in CO, atmospheres. With k = 5 x 107 mm?(N-m)-,
the lowest wear of all experiments was evaluated in
0.1 MPa GCO, environment. At the higher 6 MPa

Fluid pressure 0.1 MPa

Air
5 mm
No
|CO§ experiments
. possible
CO,
gaseous
5mm
N,
Ar
5 mm
)
5 0 5 (um)

GCO, pressure level the wear was likewise increasing.
By using LCO,, a lower wear compared to the gaseous
state at the high pressure level and slightly higher
than the one at ambient pressure was measured.

3.2.2 Wear of the disc

Although the sliding distance of the specimen balls
is considerably higher (approx. 210:1) than the one of
the counterpart, the wear of the discs was investigated
as well. Therefore, Fig. 8 shows a picture of the whole
disc, a magnified light microscopy image of a part of

Fluid pressure 6 MPa

5 mm

5mm

5 mm

Fig. 8 Compilation of light microscopy images and 3D topographic depictions measured by confocal coherence microscopy of worn
discs, tested in different atmospheres. For reasons of comparability, the same magnitude of all topographic pictures was used, therefore
at very rough surfaces single roughness peaks or furrows are out of range.
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the wear track and a 3D topographic roughness picture
of this area, exemplary for each examined condition.
Comparable to the wear on the balls (Chapter 3.2.1),
the discs tested in air environment showed high wear
and a brownish color of the wear tracks as well.
Especially after testing in high air pressure, a strong
roughening of the surface was determined.

In CO, atmosphere only a faint line of wear was
visible on the disc surfaces. In addition, the 3D images
showed no roughening of the surface.

In case of N, atmospheres, different observations
were made: In 0.1 MPa atmosphere, mainly low wear
was identified; in contrast, at 6 MPa N, pressure, wear
tracks were clearly visible. The worn surface appeared
as glossy bare metal with no discoloration. Deep
scratches, material removals and roughness peaks
with a height of around 8 um demonstrated heavy
wear and a complete restructuring of the surface.

In Ar environment, effects comparable to those
of N, were obtained (potentially higher wear at high
fluid pressure). However, for N, as well as for Ar at
low fluid pressure, also examinations with high
wear occurred and in turn at the high pressure level
experiments with low wear were obtained. Hence,
the low reproducibility, as mentioned, regarding the
wear of the balls and the CoF can be stated for the
assessment of wear of the discs as well.

The previously described wear on the discs (Fig. 8)
can also be illustrated in maximum peak to valley
area surface roughness S, as shown in Fig. 9. The

35 T T -
=~ Air
v CO, liquid
30} _m - 2
- --4-- CO, gas
5_25- & |-+ N,
p --e-- Ar
< .
2 20 + o
2 -
2 15} - .
< -
N
° L & i
ke 10
Reference
Ll B
0 1 1
0.1 6

Fluid pressure in MPa

Fig. 9 Maximum peak to valley area surface roughness measured
on the sliding tracks on discs worn in different atmospheres. For a
better comparability, also the reference level (unused disc surface)
is shown (dashed lines only to guide the eye).

measured values mostly confirm the described
differences between wear in different pressurized
atmospheres. The highest roughness occurred in
air followed by N, and Ar environment. In these
atmospheres, the roughness was significantly increasing
at high fluid pressure. In contrast, in CO, environment,
a lower roughness than the reference was measured
after the experiments and no increase with rising fluid
pressure could be obtained.

3.3 Chemical analyses of worn surfaces

To investigate the effects during sliding, chemical
analyses of the worn specimens were performed.
In Fig. 10, the results of the elemental composition
according to EDX measurements are shown in atomic
percentage (at%). In comparison to the reference
(cleaned ball before the experiment), the oxygen
content of the worn surface and especially of the
wear debris increased significantly after the tribotest
in air atmosphere. In a similar relation, the carbon
and iron content of the surface decreased by wearing
in air environment.

The surfaces worn in CO, atmosphere showed
higher amounts of oxygen, too. In contrast, here the
carbon content increased significantly compared to
the reference and all other tested specimens.

Air co, N, Ar
100 ’ : : ‘ -
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Fig. 10 Results of EDX surface analysis for the elements

chromium, oxygen, carbon and iron at different locations of
the specimens, before (reference) and after the tests in various
environments at pr = 6 MPa.
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The chemical composition of the worn specimen
surfaces in N, and Ar atmosphere were very much
alike. In comparison to the reference, the upper surface
layers of these specimens contained more chromium.
Furthermore, no distinct differences between the
composition of the worn surfaces and the wear debris
were detected.

Since the EDX measurements gave fundamental
information on the surface elements, but no further
classifications regarding compounds could be made,
additional XPS measurements were executed. In Fig. 11,
the XPS spectra measured at the worn surfaces of the
balls (contact zone) are shown for the typical areas
of the primarily found elements. The C 1s spectrum
of carbon was fitted by four curves with maxima at
282.4 eV, 284.6 eV, 286.8 eV and 289 eV relatable to
metallic carbides [37], hydrocarbons [38], other carbon
compounds with oxygen [39] and carbonates [40],
respectively. The O 1s oxygen spectrum was split into
three sub peaks, first at 530 eV allocated to metal oxides
mainly Fe,O; and Cr,O; [41]. The second oxygen peak,
related to carbonates (primary FeCO;) was located at

Fe 2p

O 1s

531.9 eV and the third at 533.1 eV was assigned to
different contaminations like SiO,, residual alcohols
or esters [39, 40, 42]. The iron spectra was fitted by
two curves with maxima at 706.3 eV and 709.8 eV,
assigned to bare iron as well as iron oxides and
[42]. In Table 2, the
quantification of the mentioned elements can be seen.

carbonates respectively
Beside these elements, also small amounts of nitrogen,
silicon and steel alloy elements (Cr, Mn, Mo, V)
were found. In the mentioned Table 2 only nitrogen
and chromium are listed additionally, since they are
indicators for material transfers from the disc to the
balls and potential surface adsorption layer. As the
surfaces consisted of a variety of different compounds
as well as atmospheric contaminants and residues
from production process, an exact allocation of the
spectra and compounds within this investigation was
not possible.

In general, a relatively high contamination of
hydrocarbons for all samples was measured. The
specimens worn in air atmosphere showed in
comparison to the other samples the highest amount

C1s

Intensity

T

1 L Il

730 720 710 540

535

530 525 295 290 285 280

Binding energy in eV

Fig. 11
at pp = 6 MPa.

XPS spectra for selected elements (iron, oxygen, carbon) of specimens contact zones worn in different gaseous atmospheres

Table 2 Quantification of the elements (carbon, oxygen, nitrogen, iron, chromium) of ball surfaces worn in different environments at

Ppr = 6 MPa, measured via XPS (data in atom percentage).

Element C C C C (0] (0] (0] N Fe Fe Cr
metallic  hydro-  oxygen  carbo- metallic carbo- carbon bare oxide oxide

Lubricant carbides carbons  comp. nates oxides nates comp.
Air 0.6 25.2 11.5 6 31.1 7.9 34 1.7 0.5 11.5 0.6
GCO, 0.4 39.7 7.5 8.4 20.7 9.8 3.6 1.6 0.3 7.1 0.8
N, 0.4 26 14.1 7.2 26.5 8.1 4.1 3 0.7 8.7 1.2
Ar 0.5 24.1 16.1 5.6 27.4 8 3.8 3 0.8 9.3 1.3
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of metallic oxides and in connection the highest
value of iron oxides. Except of the chromium
content, the other quantities were very similar to the
ones measured on the samples worn in Ar and N,
environment. With over 1.2 atom percentage, the
highest amounts of chromium were measured after
the wear tests in Ar and N, environments. Beside
the mentioned differences, the balls worn in CO,
atmosphere showed —in comparison to the other
specimens—the highest values of hydrocarbons and
carbonates, and in turn the lowest values of metallic
oxygen or rather iron oxides.

4 Discussion of lubrication effects in
different environments

As described in the previous sections, friction and
wear effects of dry sliding steel contacts at high
fluid pressures could be investigated using a novel
tribometer. It was possible to study the tribology in
technical air, L- and GCO,, N, and Ar environments
at 0.1 MPa and 6 MPa fluid pressure. The friction
measurements as described in detail in Chapter 3.1
show significant differences regarding the environ-
mental media. The lowest CoF was measured in GCO,
at 6 MPa atmospheric pressure (median y = 0.11). In
contrast, the highest CoF was measured in air at 6 MPa
atmospheric pressure (median u = 0.38). In Fig. 12,
the CoF of all measurements over the whole time of
the experiments are summarized. Since the CoF at
the beginning of each experiment is approx. equal
around 0.15, the lower level of the 1.5 interquartile
range (Q1-1.5 IQR; lower level of the mean 99.3%
of the data, see Ref. [43]) for most of the trials starts
around this value. Only the before mentioned
lowest and highest measured CoF in GCO, and
air atmosphere differ significantly from this value,
indicating tribological effects directly at the beginning
of the experiments. In case of air, the rise of the CoF
is fast, so the values around 0.15 are not included
in the 99.3% of here shown data (see variance in
Fig. 5). In case of GCO,, the measured CoF stayed
almost constant below 0.15, indicating a permanent
lubrication. The marked effects are discussed
separately for each media and in more detail
subsequently.
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— 1.51QR
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g Arith. mean

= Arith. mean of last
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0.5 T T T T T T T T T
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©
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Air 0.1 MPa
Air 6 MPa
LCO, 6 MPa -
CO, 0.1 MPar
N, 0.1 MPa
N, 6 MPa

Ar 0.1 MPa
Ar 6 MPa

Fig. 12 Summary of the CoF for the investigated environments
(inertness rising to the right) analyzed over the time of the
experiments and illustrated for different values of statistics
(interquartile range IQR).

4.1 Tribological effects in air environment

In air environment, besides the highest CoF also the
highest wear rate (see Chapters 3.1 and 3.2.1) was
measured. In combination with the results of the
experiments in N,, the essential influence of oxygen
on the tribological behavior is obvious. Since oxygen
has the predilection to adsorb on metal surfaces [15],
the arising surface layers trigger the ejection of wear
debris from the contact zone, leading to increased
wear. Furthermore, oxidation-reductions occur at the
mechanically loaded areas, which is thus a perfect
example for tribocorrosion effects. In first prospective,
metal oxides usually trigger lower CoF values compared
to bare metal surfaces [12, 16, 44]. However, in the
second prospective, oxygen causes a faster removal
of the surface top layer (debris formation), and thus
prematurely results in increasing CoF values [21].
Within the first meters of sliding, several other
investigations identified in low pressure air environment
the highest CoF values as well [16, 24, 45]. Moreover,
the combination of abrasive wear and corrosion is

www.Springer.com/journal/40544 | Friction
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evidently affecting the tribology even when using
corrosion resistant steel, as the passivation layer
(oxide film of 1 to 3 nm thickness) is continuously
damaged and reshaped [46]. At room temperature
and without an electrolyte, the so-called low
temperature corrosion is typically decreasing with
increasing oxide layer thickness and thus limited
to the mentioned upper surface layer. Nevertheless,
during the experiments, the wear debris as well as the
contact surfaces were crushed and furrowed several
times, forming continuously new areas susceptible
for corrosion. In addition, caused by the friction,
approx. 0.01 W heat is generated per wear contact,
which results in relation to the contact area in a total
heating power of approx. 3.5 kW-m™. Taking the real
contact surface at the asperites (microcontacts) into
account, the arising peak temperatures can therefore
influence the wear significantly [47]. Furthermore,
the corrosion itself as an exothermic reaction contributes
to local high temperatures. These reactions could be
retraced in the EDX and XPS measurements as well,
showing an increase of iron oxides. Especially the
wear debris contained more oxygen than iron at
low chromium and carbon content (see Fig. 10 and
Table 2), indicating the formation of Fe,O; (see
brownish color in Figs. 6 and 8). At high air pressure,
the friction increased faster compared to the
experiments at ambient pressure and the wear rate
was significantly higher. This can be explained
by faster ongoing corrosion processes, as at high
pressure more oxygen is present at the loaded surfaces
and in the contact areas. Regarding the wear at the
balls, high wear rates also raised the question of the
consistency of the specimen hardness with ongoing
wear. Nanoindentation measurements at flattened balls
showed no decrease of material hardness even at the
highest occurring wear within this investigation.

4.2 Tribological effects in liquid and gaseous CO,

In CO, environment at ambient pressure, two different
friction levels can be observed: First, a typical
friction—-time behavior (see Fig. 5 and Ref. [48]) as
the CoF increases significantly and reaches an almost
constant level after approx. 300 seconds. At the
beginning of the experiment, existing oxidic surface
layers and contaminants mainly define the CoF. If
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this layer is rutted, adhesion effects occur, leading
to increasing friction. In second prospective, the
CoF stays almost constant at low level during the
experiment. In this case, a separation of the counter
bodies by a surface layer can be assumed during the
whole time of the experiments, meaning that no
significant adhesion effects occur. In Ausserer et al.
[49], a similar friction behavior in CO, atmosphere at
ambient pressure is presented. The CO, molecule is
relatively inert and has no electric dipole moment,
so it weakly adsorbs on clean iron surfaces [50, 51].
Nevertheless, the Van der Waals interaction is
comparably high [52] and in combination with oxygen,
e.g. on iron or chromium oxide surface layers, CO,
adsorbs well (see Refs. [53, 54], and exemplarily for
adsorption models Refs. [25, 55]). Since the surface
of the specimens is naturally covered with a thin
metal oxide layer [56] and as described in Mishina [14]
and Huo et al. [57] (in combination with carbon
films), this may lead to a thin recovering CO, surface
layer. If the load of the contact is too high, this layer
is potentially directly ruptured. At high contact
frequencies, the layer cannot recover completely before
the next erosion and is thus removed over time. The
investigations showed that an increase of atmospheric
pressure seems to support the recovering of this CO,
surface layer. The recovering effect was confirmed in
measurements over a sliding distance of more than
100 m, which resulted in no significant increase of the
CoF and wear. In Fig. 13, an SEM image of a worn
specimen, tested in air and one in GCO, atmosphere
(at pr = 6 MPa and after a sliding distance of 90 m) is
shown, respectively. This demonstrates very distinctly
the reduction of wear when using CO, compared to
air atmosphere. However, the wear in CO, increased
with rising fluid pressure as well. Similar to the effects
in air environment, intensified chemical corrosion at
the loaded areas occurred (see Fig. 7), since more CO,
is present at the surfaces. Existing iron oxide may
react with the CO, to iron(Il) carbonate [25]. This
can also be stated by the whitish color of the wear
debris around the flattening of the balls (see Fig. 6).
Furthermore, the EDX measurement of the specimen
worn in CO, (Fig. 10), showed high carbon contents,
especially at the wear debris. Although, the high
hydrocarbon content in the XPS measurements
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Fig. 13 Images (SEM) of the flattened balls and wear debris
after a sliding distance of 90 m in 6 MPa (a) pressurized air
atmosphere and (b) GCO, atmosphere (note the different
magnifications).

(result of low wear, see Table 2) impede the exact C
allocation, an increase of iron carbonates on the
surface is obvious when using CO,. This can be seen in
higher carbon and oxygen combined with lower iron
contents in accordance with the shift in the binding
energies [42]. Investigations regarding ongoing
Fischer-Tropsch processes at the metal surfaces in
high pressure CO, atmosphere (see Ref. [58]) could
explain high hydrocarbon contents, but no evident
hydrogen source was identified to support this
hypothesis. Since the iron carbonate forms primarily
from limited iron oxide, the corrosion decreases over
time and is, in comparison with the behavior in air
environment, significantly lower. Furthermore, the

formed iron carbonates have a lower material hardness
compared to the iron oxides and can thus act like a
solid lubricant [59]. The adsorbed surface layers in
combination with the formation of carbonates trigger
mild wear and can explain the decrease in surface
roughness of the disc in CO, environment, like a
polishing effect (see Fig. 9). Comparable effects and
only low adhesive wear were also investigated by
Zhang and Jourani [16] who examined the tribological
behavior of dual-phase steel in 0.1 MPa CO, atmosphere.
The experiments in LCO, showed a tendency to
slightly higher CoF and lower wear compared to the
gaseous state at 6 MPa fluid pressure. An explanation
can be the increased viscosity and shear stress of
the fluid. In addition, as discussed before, the arising
peak temperatures at the contact surfaces have a
direct impact on adhesion phenomena. Since CO,
has a comparatively high heat capacity at 6 MPa, the
temperatures could be significantly lower in comparison
to other fluids and therefore result in a different
tribological behavior. When using LCO,, rising
temperatures inside the interstice may lead to
evaporation processes. Though, so far, no significant
differences in tribology could be determined regarding
the state of CO, at 6 MPa fluid pressure in this
investigation. Nunez et al. [25] and Demas and
Polycarpou [28] also investigated the lubricity of CO,
at high pressure levels for the use as a refrigerant
and determined lower friction and wear at elevated
pressure and temperature levels (even in the area
of the gas-liquid transition line in the p-T phase
diagram). In contrast, to reduce friction and wear,
Wu et al. [59] identified an optimum CO, pressure
regarding friction and wear at 0.02 MPa to 0.05 MPa,
arguing with an increased wear at higher pressures.
Even though the results of this investigation showed
also slightly higher chemical wear with increasing
pressure, significantly lower CoF were measured. Thus,
higher CO, fluid pressures seem to be advantageous
for lubricating processes like dry deep drawing.

4.3 Tribological effects in nitrogen environment

The tribological behavior in N, showed completely
different characteristics than that in air environment.
This can be attributed to the absence of oxygen. In
Mishina [14, 15] and other studies [60, 61], a comparable
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behavior is shown in low atmospheric pressure
(vacuum). The tribological behavior is driven by
adhesive effects, as the wear debris stay in the friction
zone and no adsorbed surface layer forms. Thus,
usually the CoF is at high and the wear rate at low
level at this point. With increasing environmental
pressure, the CoF decreases counteractively to
increasing wear, as atmospheric molecules adsorb on
the surfaces and benefit the removal of the debris
from the contact zone. At some point with rising
pressure and dependent of the adsorption effects, the
growing surface layer is sufficient to decrease wear
again. In comparison to the previously discussed fluids
(air/oxygen and CO,), N, has a weak adsorption
activity on metals [15]. Thus, it was assumed that a
high environmental pressure is needed [62] to reduce
friction and wear effectively. Having said this, our
measurements showed even at the high pressure
level of 6 MPa, no reduction of the CoF or the wear
compared to ambient pressure. Therefore, N, seems
to form no tribological effective adsorbed surface layer
before condensation occurs. Transferred to effects in
deep drawing [10] and LN, cryogenic machining [63]
this means a lubrication only driven by temperature
drop and flow properties of the medium. For chemical
reactions of iron and N, usually temperatures above
800 K are required. Thus, as expected, the EDX and
XPS measurements (see Fig. 10 and Table 2) showed
comparable results to the reference or to the
experiments in Ar environment, indicating that no
significant chemical changes of the material occurred
during wearing in N, environment. The increased
amount of chromium is caused by transfer e.g.
adhesive effects from the disc to the ball, since the
chromium content of the disc steel (X155CrVMo12-1)
is considerably higher. Thus, the chemical analysis in
combination with the shown unstable wear effects
(see Fig. 7) and comparably large debris size (see
Ref. [21]) lead to the assumption of a high influence
of adhesion wear in N, environment. In addition, no
clear indications of an adsorbed surface layer could
be found. At 0.1 MPa environmental pressure, the
measured CoF and wear tended to be lower than that
in high pressure atmosphere. This may be explained
by a higher influence of the approx. 300 nm thick oxide
surface layer and contaminations (mainly aliphatic
carbon and water) of the specimens at the beginning
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of the experiments [56]. Overall, a high similarity of
the tribological behavior in N, and Ar environment
was determined, comparable to the results of Zhang
and Jourani [16] at low fluid pressure. It can be
suggested that N, environment pressures considerably
higher than 6 MPa are needed to effectively reduce
friction and wear at room temperature.

4.4 Tribology in argon atmosphere

As previously mentioned, in Ar environments,
comparable effects like in N, atmosphere occurred.
The inert gas prevents chemical reactions between
the specimen surfaces and the environment during
the tribological experiment. Furthermore, at room
temperature no adsorption layer is probable. Thus,
the chemical changes (see Fig. 10) of the surfaces are
exclusively caused by mechanical wear effects. The
increase of chromium and nitrogen is again a result
of adhesive wear and material transfers from the disc
to the ball (see Chapter 4.3 and Table 2). These effects
also cause the slight decrease of the carbon content
since previous surface contaminants were removed.
As long as the surface top layer of oxides and
contaminants is intact, low friction and wear values
were measured. However, as soon as this layer was
disrupted, strong adhesion occurred leading to high
friction values (see Fig. 12 arith. mean of last 100 s)
and deep furrows in the specimen discs (see Fig. 8),
comparable to tribology in vacuum [15, 33, 61]. This
is characterized by high CoF and moderate wear
because of dominating adhesive tribological effects,
which can be seen also in the big error bars of the
wear rates in Fig. 7. The CoF as well as the wear rate
measurements lead to the assumption of increasing
values with increasing fluid pressure, comparable to
the effects in N, environment. Since no significant
adsorption effects of Ar on the surfaces are probable
at room temperature, consistent severe friction and
wear was expected [15]. It is supposed that this
increase is caused by viscosity increase of the fluid
and by the decreasing effect of the previous surface
layer (dilution effects). Nevertheless, as discussed, the
adhesion effects lead to a high inconsistency of the
experiments and thus allow no clear conclusion about
the influence of the fluid pressure on tribological
behavior in Ar environment.
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5 Conclusions

The influence of different fluid environments at
ambient and high pressure level on tribological
behavior of dry sliding steel contacts was investigated
using a novel high-pressure tribometer. Regarding
the impact of the fluid on the tribological behavior
in ambient pressure, fundamental differences were
revealed:

In air environment, the oxygen content triggers
tribo-corrosion effects at the loaded surfaces, as shown
in increasing amounts of iron oxides. The hardness
of the particles is comparable to the disc material,
leading in turn to enhanced abrasive wear. Within
this study, no lubrication effects of the debris could
be determined.

In CO, environment, adsorption processes are
suggested, leading to a self-recovering surface layer,
reducing the direct contact of the solids and thus result
in low CoF and wear values. At ambient pressure,
the recovering is usually not sufficient to create a
long-term stable tribolayer. If the surface oxide layer
is reduced due to wear, the recovery decreases. Thus,
the CoF frequently increases continuously over the
time. Furthermore, the formation of carbonates
acting as a solid lubricant at the loaded surfaces
could be observed. However, tribo-corrosion showed
no significant influence and the wear stayed on a
low level, resulting in the lowest measured wear of
all experiments.

In N,
tribological behavior was observed. The gases trigger

and Ar environments, almost similar
no chemical reactions on the surfaces and even with
N, no significant effect of an adsorbed surface layer
was measurable. As soon as the original surface oxide
layer was rutted, strong adhesion between the solids
occurred, leading to tribological effects comparable
to those of clean metal surfaces in vacuum.
Dependent on the described tribological behavior
at ambient pressure, these were enhanced by an
increase of the fluid pressure up to 6 MPa. Since in air
environment more oxygen is present inside the friction
zone at higher pressure level, intensified corrosion
effects were measured leading to significantly higher
CoF and wear. In contrast, in CO, environment
increasing fluid pressure led to a reduction of the
CoF since the recovering of the adsorbed surface

layer appears to be enhanced and an increased
formation of carbonates was measurable. In turn,
this reaction also led to intensified chemical wear.
At 6 MPa, the lowest CoF was measured in GCO,
atmosphere, the lowest wear in LCO,, though no
significant differences regarding the state of CO,
could be measured within this investigation. In
case of N, and Ar, increasing pressure showed no
significant influence on the tribological behavior. Thus,
it is suggested that especially for N, higher fluid
pressures are required to reduce friction and wear
measurably.

Regarding the ability of the different media to
lubricate dry deep drawing processes, air seems
highly unfavorable because of high CoF and wear
rates. As long as the surface oxide layer stays intact,
CoF and wear in N, and Ar environment is tolerable
for deep drawing processes. Nevertheless, at high
contact pressures, this layer gets disrupted and the
tribology is characterized by adhesion effects. Thus,
for slightly loaded processes, these gases can be an
opportunity, but for high loaded contacts, they seem
disadvantageous. The most promising results were
achieved using CO,. Especially, at high fluid pressure
like during deep drawing processes, the use of CO,
is beneficial. Thus, CO, lubrication can contribute to
low friction values, resulting in high drawing depths
and an extended tool life.
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