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Physical and technological interpretation of mechanical
properties for single and multi-layer films with properties
of dry lubricants
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The starting point of this research was a project for the Romanian Space Agency regarding improvement of lubrication
properties of the materials used in extreme conditions (e.g. in outer space). As a further idea, this approach is also healthy
for Earth’s environment, by replacing oil lubricants and so, pollution caused by all these will decrease. Another place for
applications can be cutting tools from the industrial domain — where temperatures of both cutting tool and part are
decreased during the machining process by using cooling fluids, which are expensive, can be toxic and produce a
significant waste stream (not healthy). The proposed solution for all of these problems are multilayer films, special coatings
deposited in such a way, under aspect of used materials and deposition conditions, that they become dry lubricants. For
this reason, the research team did some experimental depositions using simple and compound materials (Ti, TiB,, WC,
WS,) through Standard or Reactive DC and RF Magnetron Sputtering Method, in presence or not of N, as a reactive gas.
Probes were then tested and analyzed by the CSM Table Top Platform equipment. All results were taken into consideration
for improving the deposition methodology and for obtaining good multilayer films that have characteristics of dry lubricants.
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1. Introduction

Scratch test technique is an old and proper method for
characterizing mechanical properties of materials.
Although its widespread use and apparent simplicity, a
fundamental understanding of the physical mechanism
underlying this type of test has not been fully developed
[1].

A scratch test is done by drawing a diamond indenter
across a coated surface under an increasing load
(continuous or stepwise) until at a specific load L. —
critical load, a well defined failure event occurs. If coating
detachment represents the failure, then the critical load can
be used for a qualitative measure regarding coating —
substrate adhesion. An entire range of failure modes can
occur and only some are adhesion dependent. Other failure
modes dependent on plastic deformations and fractures
within the coating may be as useful in determining the
coating's  quality  particularities  for tribological
applications [2].

The reliability of the scratch test method was
investigated during an European project, FASTE, where
the conclusion was that the variation concerning the stylus
type shape, due to incorrect radius or damage, is the main
source of uncertainty in this test method [3].

Another research project was set up (REMAST),
having as objectives the development and certification of a
“real world” reference material regarding the verification
of proper scratch test instruments functioning by detecting

deviations in stylus tip shape and errors concerning load,
displacement calibrations or other instrument malfunctions
[4]. As the main conclusion, a considerable improvement
of the scratch stylus quality can be achieved by strict
control of all manufacturing steps. Also, a diagnostic tool
is useful, providing a means of sensitive monitoring for
machine and stylus performance over extended periods of
time.

In another study, P. Lu et al revealed that when
coating delamination occurs, high intensity acoustic
emission (AE) signals can be clearly detected. Tangential
force increases gradually with the normal force and
fluctuates significantly when the critical load for coating
delamination is reached. Authors developed a three-
dimensional (3D) finite element (FE) model with a
cohesive-zone interface for simulating the scratch process
and by comparing the delamination critical load obtained
experimentally, interface characteristic length, the
maximum strength and fracture energy can be determined.
The results indicated that it's feasible to use FE
simulations combined with effective scratch tests in order
to better evaluate the behavior at the coating interface [5].

The mechanical behavior of multilayer coatings
(tungsten — carbon based) was studied by E. Harry et al,
and good adhesion between the hardest and thickest
multilayer coating and the substrate was observed. Also,
it's stated that such coatings having many layers exhibit
resistance to erosion [6].
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In this paper, the authors will thoroughly describe the
manner in which the depositions were made, the tests that
were done (not only scratch tests, but also friction
coefficient determinations, elastic modulus and hardness
testing) and will comment on the obtained results from the
tests, concluding with the influence of deposition
parameters regarding the coating's properties.

These contributions describe a new approach in
designing tribological coatings based on single and multi-
layered structures made of Ti/TiBy/WC/WS,, respectively
TixN,/Ti,B,N,/W,CyN,/W,S,N,. Their properties and
perspectives for application are taken into account based on
author's contributions in several patents [7].

2. Experimental procedures
2.1. Materials and process parameters

Substrates: stainless steel plates were used and, before
each deposition, were ultrasonic and glow discharge
cleaned. During the deposition process, the substrates were
in a rotation movement (to obtain a homogenized coating),
20 rot/minute. The substrates were heated at 550 °C and
the bias voltage was set at 0.5 kV during each deposition.

Deposition method: a multifunctional vacuum thin
film deposition system, having four (3 DC and 1 RF — all
with maximum power of 600 W) sputtering magnetrons
(guns). Ar was used as a bombardment gas and N, as a
reactive gas. The distance between the substrate and the
target was set at approximately 10 — 15 cm. This method
allows deposition of multilayer in one working
experimental cycle.

In this paper, depositions of three samples and their
properties will be discussed, one single layer type, the other
two being multilayer coatings:

Sample no. 1 — one layer composed in an unique way
from 4 materials deposited simultaneously:
1 x (Ti + TiB, + WC + WS,);
Sample no. 2 — multilayer having 30 layers, organized in 6
repetitive packages with 5 layers per package, each layer
having a variable composition out of 4 materials:
6 x {5 x [(TixNy + TixB,N, + W,C,N, + W, S\N,); ,
i=1-5]};
Sample no. 3 — multilayer having 20 layers, organized in 5
repetitive packages with 4 layers per package, each layer
having a variable composition out of one material:
5 x (TiNy/ TiyByN,/W,CyN,/W,S;N,).

The working process parameters for the magnetron
sputtering deposition method used to obtain the above
mentioned samples are presented in Table 1.

Table 1. Working process parameters for deposition of samples no. 1, 2 and 3

Material Worki i
Sample aleria’s Zr e g;ses Power injected in the Deposition time \IZZZI;I;E
. r 2 s 0 1
No. Deposited layers [scem] | [scom] gun’s plasma [%oPq] [min] [mbar]
I | Ix(Ti+TiB,+WC+WSy) | 150 | 0 |1x(10+20+20+ 16) 55 3.4x10°
6x[(45+5+5+5)/
6 % {5 x [(Ti,N, + Ti,B,N, + (30 +30+ 10 + 10) /
2 W,C,N, + W, S,N,) , 110 | 80 |(20+45+20+23.3)/|180 (6 min. per layer)| 2.4 x 10
where i =1 5]} (10 +30 + 30 + 25) /
(5+5 +45 + 30)]
3|2 (TIXNYQ‘XSBI{IN)Z/ WCNZT 110 | 80 |5x(15+30+30+20)|100 (5 min. per layer)| 2.4 x 10°
xPOyiNz

2.2. Characterization methods

The mechanical and tribological properties of the
coated samples described above were investigated by the
following methods: Scratch Test Method, Hardness Test
Method and Pin-on-disk Tribometer.

Mechanical and tribological parameters: the analyses
were done using CSM Table Top Platform which includes
the standard Nanoindentation head (NHT2) and the
standard Micro scratch tester head (MST) into a small and
simple-to-use instrument [8, 9].

Scratching method: the micro scratch tester head
(MST) has a Rockwell type indenter. The Micro Scratch

Tester (0 — 30 N) is suited for analyzing thin hard or soft
coatings. It contains a full software package for data
acquisition and analyses of mechanical properties [10, 11].
The Nanoindentation Tester (0.05 — 500 mN) provides low
loads with depth measurement in the nanometric scale.
The system can be used to characterize organic, inorganic,
hard and soft materials.

Tests were done with the Rockwell indenter (100 Cr6
material) having a 100 um tip radius. The linear scratch
was progressive, having the begin load 0.03 N for all
samples, the end load variable — 15 N for sample no. 1, 10
N for sample no. 2, 25 N for sample no. 3 and the loading
rate constant for all samples at 4.99 N/min. AE Sensitivity
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was 9 and the scratch length was 3 mm for each test, only
the speed varied from 1 mm/min for sample no. 1 to
1.5 mm/min for sample no. 2 till 0.6 mm/min for sample
no. 3.

For each sample, three scratch tests were done using
the same settings for each measurement.

After carrying out the tests, the critical loads could be
established: Lc; — the load when the first cracks are
noticed, Lc, — the load necessary for the first delamination
(the first section of film removed from the substrate), Lc;
— load necessary for removal of more than 50% of film
from the scratch track.

Nanoidentation technique: NHT2 - the standard
Nanoindentation head, mounted on a stainless steel
cantilever is used in order to obtain good statistics.

Nanoindentation measurements were performed with a
diamond tip Berkovich indenter, penetration depth being
constant (no greater than 10% of coating estimated
thickness, in order to minimize the effect of the substrate
on the results) [12]. It is specified that the estimated
thickness of coatings was taken into consideration because
thickness measurements done using CSM Table Top
Platform have no good precision in case of coating's
thicknesses lower than 800 nm.

Between 6 and 8 measurements were performed on
each sample, with the following protocol:
loading/unloading speeds of 100 nm/min with a pause of
2 s between the loading and unloading stages.

The penetration depth was constant during tests done
on each probe: for sample no. 1 the penetration depth was
73 nm £ 1%, for sample no. 2 it was 100 nm + 1% and for
sample no. 3, 75 nm + 4%.

All samples (1 to 3) were indented using the Auto
Indent Mode option, allowing to set up the number of the
lines, columns and the space between them.

Tribometer method: a sphere, a pin or a flat section is
loaded onto the test sample with a precisely known force.
The probe is mounted on a stiff lever, designed as a
frictionless force transducer. The friction coefficient is
determined during the test by measuring deflection of the
elastic arm. Wear coefficients for the pin and disk
materials are calculated from the volume of material lost
during the test. This simple method facilitates the study of
friction and wear behavior of almost every solid material
combination with or without lubricant.

On each sample, 2 or 3 tests were performed using
6 mm 100 Cr 6 steel balls as counterparts, in rotation
mode, normal load being 1 N. Atmospheric conditions
were constant during all tests, 24 °C temperature, 32%
humidity, acquisition rate being 200 Hz. The variable
parameters were the Radius [mm] (8/6 mm for sample no.
1, 6/10/12 mm for sample no. 2, 12/10 mm for sample no.
3), the Linear Speed [cm/s] (6 cm/s for sample no. 1 and
20 cm/s for samples no. 2 and 3) and the Stop Condition
[m] meaning the length of the wear track (1/3 m for
sample no. 1, 3 m for sample no. 2 and 6/4 m for sample
no. 3). No lubricating solutions were used for these
measurements.

3. Results and discussions
3.1. Adherence: scratch tests

For sample no. 1, Lc; values varied from 0.37 N to
0.55 N, mean value being calculated at 0.466 N + 20%
measurement error. L¢, variation started at 0.55 N up to
0.84 N, mean value being 0.683 = 23% and Lc; from
6.67 N up to 7.52 N, with a mean value of 6.96 N + 8%
error.

8

IN]

v IVT/I

lc1l Lc2 Lc3

Fig. 1. Scratch test’s results, sample no. 1

Fig. 2. Critical loads for sample no. 1 (Lcy, Lcy)

Fig. 3. Critical loads for sample no. 1 (Lca)
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For sample no. 2 scratch tests weren't relevant,
because the points where first crack and delamination
occur couldn’t be established with precision (Fig. 4 and 5
state this fact). Lc; varied from 5.73 N up to 6.79 N, mean
value being calculated at 6.396 N + 10%.

Fig. 5. Scratch test finalization, sample no. 2

Fig. 8. Critical loads for sample no. 3 (Lca)
For sample no. 3 scratch tests weren't totally

conclusive regarding first crack appearance — critical load 3.2. Hardness indentation and elastic modulus
Lc, (see Fig. 7 and 8) couldn’t be established. . ' '
Lc, values varied from 0.39 N to 0.54 N, mean value Eight indentations were performed on sample no. 1.

being 0.486 + 20% determined measurement error and Lc; Hardness values varied from 11464 MPa to 12808 MPa,
had a variation starting at 5.23 N up to 6.67 N, calculated mean value being 12040.75 MPa + 6.5% error.
mean value being 6.073 £ 14%.

8 13000

12800 o]

T 12600 - o
12400 -

12200 4 I}

[MPa]

12000 o
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Fig. 6. Scratch test’s results, sample no. 3 )
Fig. 9. Hardness test's results, sample no.1
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Elastic modulus had values starting at 169.02 GPa up
to 212.48 GPa, its mean value being calculated at
195.9175 £ 14%.

210 1 [o]

200 o

190 1

[GPe]
0

180 -

L

T2 s 4 s & 1 s
Fig. 10. Elastic modulus results, sample no.1

For sample no. 2, only six indentations were done.
Hardness varied from 3394.8 MPa to 3610.5 MPa, having
a mean value of 3516.117 MPa + 3.5%.
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Fig. 11. Hardness test's results, sample no.2

Values for elastic modulus started at 204.98 GPa and
ended at 244.69 GPa, mean value being 221.7133 GPa +
10% error.

250

240

230

[GPa]

220 A

210 s

200 \ T \
Fig. 12. Elastic modulus results, sample no. 2

Six indentations were performed for sample no. 3 also.
Hardness variation was between 4489.4 MPa and
5789.4 MPa, mean value being 5011.483 MPa + 15%.
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Fig. 13. Hardness test's results, sample no. 3

Elastic modulus values varied from 164.89 GPa up to
211.9 GPa, mean value being calculated at 195.655 GPa +
16% error.
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Fig. 14. Elastic modulus results, sample no. 3
3.3. Friction coefficients

On sample no. 1 only two wear tests were performed.
W min coefficient didn't vary at all, having values between
0.146 and 0.149, its mean value being 0.1475 £ 1% error.
I max coefficient varied between 0.214 and 0.285, having a
mean value of 0.2495 + 14%. [ 4yerage coefficient started at
0.177 up to 0.231, its mean value being calculated at 0.204
+ 13%.

0,30

0,25 4

0,20

0,15 1

0,10

0,05 -

0,00
M min U average U max

Fig. 15. Friction coefficients, sample no. 1
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Fig. 16. Wear track for sample no. 1 (length 1 m)

Two wear tests were done for sample no. 2 also. [ min
coefficient values varied from 0.195 to 0.291, its mean
value being 0.243 £ 20%. W . coefficient varied between
1.012 and 1.086, mean value being 1.049 + 2% error.
Waverage CO€fficient had values starting at 0.642 up to 0.67,
its mean value being calculated at 0.656 + 3.5%.

1,2

1,0 A

0,8 1

0,6 1

0,4 4

0,2 1

0,0 ? T
Hmin H average W max

Fig. 17. Friction coefficients, sample no. 2

For sample no. 2 friction coefficient's values don't
vary so much, but W .yeme has rather a large value (a
significant inconvenient for dry lubrication purposes).

Fig. 18. Wear track for sample no. 2 (length 6 m)

On sample no. 3 three wear tests were performed. W i,
coefficient had values between 0.037 and 0.238, with a
mean value of 0.15 + 75% (error generated by the lowest
value registered). pu . coefficient varied from 0.866 to
1.244, mean value being calculated at 1.0276 + 21%.
I average coefficient variation started from 0.587 up to
0.661, having a mean value of 0.6173 £ 7% error.
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Fig. 19. Friction coefficients, sample no. 3

For sample no. 3, W average coefficient has a rather large
value (around 0.6) being an inconvenient for dry
lubricants.

Fig. 20. Wear track for sample no. 3 (length 3 m)

3.4. Comparative discussions

As illustrated in Fig. 21 to 23 there is a big difference
between values obtained for Lci/Lc, and Les for all
samples, due to lubricant properties of the coatings.
Practically, Lc; value is more than 20 times higher than
Lcy/Lc, values. Also, values of critical loads (Lc;, Lcy,
Lcs3) are lower comparing to the values reported for TiN
[12]. The highest values of Lc;, Lc,, Le; were obtained for
sample no. 1 (single-layer) when deposition process took
place without nitrogen at the lowest total working gas flow
(150 sccm). As one can see from Table 1, the reactive gas
(N;) has not participated at increasing the total pressure
(sample no. 2 and 3) because it is incorporated in the
deposited film.
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Fig. 21. Scratch test’s comparative results
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Fig. 22. Lc, scratch test’s comparative results
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Fig. 23. Lcs scratch test’s comparative results

Hardness test's comparative results for all the samples
revealed highest hardness obtained for sample no. 1,
containing a unique layer of 3 compound materials (WC,
TiB, and WS,) and 1 metallic material (T1), without N,.

14000
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Sample no. 1 Sample no. 2 Sample no. 3

Fig. 24. Hardness test’s comparative results

Values of elastic modulus for all samples were very
close one to another, as shown in Fig. 25.
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Fig. 25. Elastic modulus comparative results

Obtained values of hardness and elastic modulus for all
samples are a little higher than the values reported in the
literature [13-18] for most part of the component materials
deposited as individual unique thin films (TiN, WC and
TiB,); they have similar values with those obtained for
WS, and are lower than the values reported for Ti, as it is
presented in Table 2.

Maximal values of friction coefficient were obtained
after removal of coating material from substrate (because
of low coating's thickness) and in this case, the maximal
friction coefficient ([ ) corresponds to friction between
steel ball and substrate; for this reason only p
coefficient is analyzed and its values are lower than the
ones reported in literature and presented in Table 2.

Table 2. Reference values for hardness, elastic modulus and friction coefficients

[GPa]

Measured Individual constituent materials Sample no.

Parameters WS, Ti TiN wC TiB, 1 2 3
Hardness [GPa] 122 Hﬂ 24-34[15] | 31[16] [14.6-23.6[17] 22-2[18] | 12 | 35 5
Elastic modulus | cory30 | 100 - 125 [157] 300 - 400 [16] [ 259 - 350 [17]| 570 - 360 [18] | 195 | 222 | 196

Friction coefficient

0.62-0.78 [13 -
(Hmin) [ ]

0.65 - 0.70 [19](0.15 - 0.35 [17]/0.75 - 0.80 [18]| 0.145

0.255 |0.145
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Fig. 26. Friction coefficients comparative results
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Fig. 27. 1 min coefficient’s comparative results
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Fig. 28. U nmax coefficient’s comparative results
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Fig. 29. W average COEfficient’s comparative results

4. Conclusions

Friction coefficient obtained for all samples prove that
lubricant properties are present for all coating structures
and process parameters that were used (see Table 1).
Sample no. 1 having a single layer of 3 compound
materials (WC, TiB, and WS,) and 1 metallic material (T1)
deposited without nitrogen as a reactive gas, has the best
mechanical characteristics (hardness and elastic modulus)
as also the best lubricant properties (the lowest value for
friction coefficient). The decreasing of the mechanical
characteristics, by reduction of the hardness and increasing
of the friction coefficient especially for sample no. 2,
comparative with the sample no. 1 is due to the reactive
gas N, that at high deposition temperature (550 °C)
introduces stress in the deposition films that reduce the
mechanical properties of the films, especially their
adherence to the substrate. Also, it is considered that
insignificant modification of the reactive deposition
process parameters (when N, was used) for a short period,
(because this process is not as stable as a non-reactive
deposition process) could produce significant modification
of the mechanical characteristics of the deposited films.
This means that the deposition parameters of the reactive
deposition processes must be carefully observed and
stabilized for the entire process period.
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