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ABSTRACT

FABRICATION AND TRIBOLOGY OF COMPOSITE COATINGS
INCORPORATING SOLID LUBRICANT MICRO-RESERVOIRS
by
Canan Gamze GULERYUZ
University of New Hampshire, December, 2009

The tribological behavior of composite coating incorporating solid lubricant
reservoirs has been investigated in this study. A new method, termed “microbeading”
was devised to create microscopic reservoirs on the surface of sputter-deposited hard
coatings. Pin-on-disk tests were used to evaluate the lubricating performance of these
newly devised composite coatings. Three sizes of the reservoirs were investigated: 1.5, 5
and 10 pm. The 10 pm-sized-reservoirs performed better in terms of reducing friction
and extending wear life. These coatings were also evaluated with finite element models.
It was found that during ball-coating surface interaction, the lowest stresses and
calculated work done were obtained at a critical location at the bottom of hole on the
coating with 10 pm holes.

Further investigations were conducted using photolithography to fabricate the
coatings, which allows a more controlled reservoir distribution on the surface. For these
tests, silicon wafer substrates were used with masks prepared by photolithography.
Reservoir diameter (4 and 9 pm) and area coverage (2% and 10%) were the primary
variables, and it was found that the larger diameter reservoirs (9 um) and higher area

coverage values (10%) were more beneficial in providing lubricant storage and

xvi



replenishment in the wear track. These results were correlated with observations of wear
tracks after the tribological tests, particularly the aspects of microreservoir filling and
spreading on the track.

The microbeading coating method was also applied on machining tool inserts and
their performance was investigated by lathe turning tests. Indium was chosen as the solid
lubricant for this test, and hardened 4340 steel was used as the workpiece. All coatings
with indium (with or without reservoirs) showed substantially better wear lives than TiN
alone under wet cutting test conditions, and slightly higher wear life under dry cutting
conditions. Further research was conducted with machining simulation tests and it was
found that the frictional lubricity of the indium coating was lost at high temperatures
(above 600°C). X-ray photoelectron spectroscopy (XPS) was conducted on the surfaces
of the tool inserts after dry cutting, and it was found that some indium was still present.
Based onthese results, indium has been demonstrated to be capable of providing

increased lubricity when cutting under lubricated conditions.
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CHAPTERI1

INTRODUCTION AND LITERATURE REVIEW

Wear, friction and corrosion are materials degradation processes that begin at
surfaces. Failure to control these processes can have a high economic cost, use excessive
energy resources, and even lead to great human catastrophes [1-6]. The goal of our
research is to develop, through the use of coatings, a new technological foundation for
reducing friction and wear at interacting surfaces in engineered components. To help
meet this goal, we have developed and investigated a new method for fabricating
composite coatings incorporating one hard and one soft (lubricious) phase. We expect
hard phase will strengthen the coating, while the soft phase will decrease friction and
reduce wear. We have demonstrated the potential of this new coating method by applying

it to cutting tools for dry machining processes.

Coatings for cutting tools, and other applications requiring good wear resistance
and low friction, have observed steady advances for the last several decades. Intensive
research has resulted in a transition from single layer/single phase coatings to
multiconstituent, multilayer/multiphase, gradient, superlattice and composite coatings [7-

91.

Composite coatings are multiphase/multiconstituent coatings that are tailored to
combine the advantageous properties of several phases, such as combining a hard phase

with a tough phase [7]. The motivation for composite coatings has often been one or



several of the following: to improve adhesion of the coating to the substrate, to decrease
residual stress of the overall coating, to increase the crack arresting capability of coating
structure or to extend the application area of the coating [8,10]. Among composite
coatings, some consists of a hard phase and a soft phase, specifically developed for
tribological applications. While the function of the hard phase is to give the coating
necessary strength and long wear life, the soft phase provides low friction [11,12].
Several different approaches have been used to achieve the aforementioned
multiconstituent/ multiphase/multilayer tribological coatings, which followed the

historical improvements in the general coatings area as summarized in Figure 1.1. [8,13]:

» Multilayered coatings consisting of a soft and a hard phase stacked

sequentially;

»  Multiconstituent/Multiphase coatings designed as a matrix incorporating a
dispersed soft constituent/phase or vice versa. These phases are generally

formed by natural phase separation during deposition of the film.

» Three-dimensionally designed coating structures with an intention to improve
tribological performances for different applications. These coatings are

engineered to create the 3-D structure by some method of surface patterning.



Repeating layers of Aard
phase and soft phase

Substrate

Dispersed soft phase {
particles in hard

phase or vice versa Substrate
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3D architectured Substrate
hard phase

Figure 1.1. Various approaches for achieving tribological composite coatings
[reproduced after 8 and 13].

In one study done by Endrino et.al. [14], WC or TiC and Ag were co-deposited by
magnetron sputtering. Both films exhibited composite structures with separate lubricant
Ag phases in hard WC or TiC phase. Friction tests performed and the results are given in
Figure 1.2. Endrino et.al. showed that it is possible to decrease the friction coefficient
with addition of silver. Significant decreases in friction coefficient were achieved for
WC-Ag films at 21% and 39% Ag containing films, whereas for TiC-Ag films at 51%
and 86% Ag containing films were optimal. The lowest average friction coefficient was
0.25 for WC-Ag composite film with 21% Ag and 0.26 for TiC-Ag composite film with

51% Ag.
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Figure 1.2. Friction test results under vacuum conditions against a steel ball: (a)
WC-Ag films, (b) TiC-Ag films [14].

The silver phase can be observed as bright particles using scanning electron
microscopy (SEM) to examine the wear track. The TiC-Ag film with 51% Ag after
10,000 cycles is shown in Figure 1.3.(a). For this particular film, the friction test was
repeated until failure and the low values of friction coefficient lasted for 33,000 cycles. In
Figure 1.3.(b), elongated silver stripes can be observed on the track exhibiting the
lubricating effect of this phase.

Further investigations on TiC-Ag composite coating system were also performed
by Endrino et.al. [15] where the coating was deposited using a combined magnetron
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sputtering-pulsed laser deposition (MSPLD) process. The silver content in the coatings
was varied from 6 to 46 atomic%. Phase separation was confirmed by XRD analyses. A
nano-crystalline structure for silver was observed. With increasing silver contents (15.4
atomic% and more) larger crystals (about 50-200 nm) on the surface accompanied the
nano-crystalline structure. Pin-on-disk friction and wear test were performed against steel
balls for these samples, and the coefficient of friction versus number of cycles curves are
given in Figure 1.4. for various silver contents. The lowest friction coefficient (about 0.2)
was obtained for the 15.4 atomic% silver content; lower or higher amounts gave higher
friction coefficients. Also for this composition, the coating had the lowest wear value

among the coatings tested.

Figure 1.3. Scanning electron micrograph of the TiC-Ag film with 51% Ag content
(a) after 10,000 cycles, (b) after 33,000 cycles [14].

L 3 Sample #1, 6.1 % Ag
O Sample #2, 10.0 % Ag
A Sample #3, 15.4 % Ag
+ Sample #4, 24.2 % Ag
% Sample #5, 46.3 % Ag
.
o ad

Friction Coefficient

0 2000 4000 6000 8000 10000
Cydes
Figure 1.4. Friction results for TiC-Ag composite films with various silver contents
[15].



The appearance of the coating surface for this specific composition (15.4 at.% Ag
in TiC) is shown in Figure 1.5(a). A non-homogeneous size dispersion was observed for
the silver phases. SEM image of the wear track after 10,000 cycles (Figure 1.5B) showed

extensive silver smearing on the wear track proving the lubricating effect of this phase.

Outside of track s A\ R A .

Figure 1.5. SEM pictures that shows A: dispersed Ag phases in hard coating and
B: smeared Ag on hard coating in pin-on-disk test [15].

More recently, Mulligan et. al. [16] investigated the effect of growth temperature
on the microstructure of CrN-Ag nanocomposite coatings with 22 at.% Ag. Film
depositions were performed with dual reactive magnetron sputtering in a nitrogen
environment. XRD and cross-section inspections showed that the average silver particle
size increased from <25 nm to about 300x300x100 nm’ and to about 600x600x200 nm3,
as the temperature increases from 500 to 600 and 600 to 700°C, respectively. Higher
temperatures caused silver to form lamellar phases. The presence of silver phase changes
the texture of CrN which was (002) for pure CrN. When Ag was added at 500°C, the
(111) texture was also observed together with (002) texture. The reason behind this
behavior was reported to be that the silver phases on the surface are convenient places for
re-nucleation for CrN. When the temperature increased, (111)-texture for both Ag and
CrN phases becomes stronger, which is related with increasing adatom mobility of the

silver. Microhardness measurements show that as the deposition temperature increases,



the overall hardness of the film increases. As the silver content of the film decreases, the
silver segregation to surface increases with increasing temperature, which causes a
hardness decrease of the film. Also, with increasing temperature, the inhomogeneity of
the film increases as observed from more scattering hardness results.

Recent studies have reported attempts to create three dimensionally structured
coatings, i.e. coating properties are changing not only in the cross-section, but also on the
sliding plane [7]. For instance, Voevodin et.al. [7] cut a circular groove (using and IR
laser) matching the center of the track of the counterface-ball in a functional gradient Ti-
TiC-DLC coating, and then sputter-deposited MoS; in this groove and on surface (Figure

1.6.).

base Ti-TiC-TiC/DLC
coating deposition

(@)

hv processing
of grooves

(b)

MoS,, film sputtering

ball-on-disk tests

v o Z (d)

Figure 1.6. (a)-(c): Steps of surface texturing and the appearance of the specimen
surface after each step given on the right. (d) Ball-on-disk test and the wear track after
1,600,000 cycles with 1 GPa contact pressure [7].
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The aim in the grooving process was to aid in the storage and replenishment of
the solid lubricant. This coating was reported to have a longer wear life against a steel
ball than both the plain MoS; coating on steel and on Ti-TiC-DLC coatings in a 50%
humidity environment. This behavior can be followed in Figure 1.7. In Figure 1.7 (a) a
friction test is performed on only a layer of MoS, on steel substrate. The failure level
defined for these tests is a friction coefficient of 0.4 which corresponds to steel on steel
friction and shows the coating is not functioning any more. The wear life of just a MoS;
coating on steel substrate is about 20,000 cycles. When only the functional hard coating
(Ti-TiC-TiC/DLC) was applied on the substrate (Figure 1.7.(b)), the wear life was about
40,000 cycles. After 10,000 cycles, steel material transfer was observed and the coating
failed earlier because of this steel-steel interaction. When MoS, was deposited on the
functional hard coating (Figure 1.7.(c)), low friction values of about 0.08 sustained for
30,000 cycles and the coefficient of friction (CoF) gradually increased afterwards. The
authors claimed that the MoS; layer worn through after 30,000 cycles and the lower
friction was provided by the remaining MoS, at the edges of the ball. When this supply
finished at about 160,000 cycles; steel on steel contact condition occurred with CoF
values of about 0.4. In Figure 1.7.(d) we see the friction response of the grooved
functional gradient coating with MoS; on top. Lower CoF values of about 0.15 persisted
for more than 1,000,000 cycles. The authors also claimed that the saw-tooth behavior
shown in the insert of Figure 1.7.(d) was because of the new lubricant provided from the

groove.
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Figure 1.7. Ball-on-disk test friction results performed against 440C steel at 50%
RH environment: (a) only MoS, layer on steel substrate, (b) Ti-TiC-TiC/DLC coating on
steel substrate, (¢c) MoS; coating on Ti-TiC-TiC/DLC coating, (d) MoS, coating on 3-D
Ti-TiC-TiC/DLC coating (with grooves) [7].

The other aim of their study was to investigate the potential of the reservoirs to
help the coating to adapt different environments in terms of humidity level. Good
tribological performance is often needed in both in humid and dry environments, such as
space shuttles. There is no solid lubricant that performs well at all levels of humidity,
providing low friction with high durability. Therefore, mixtures of the various solid
lubricants with good properties at different environments could be a solution. But each
solid lubricant should be kept in a fresh state (not affected by the unfavorable humidity of

the environment). The reservoirs in the coating could potentially store the solid lubricants

and protect them from environments not appropriate to their use. MoS; provides low



coefficients of friction and has the potential to increase the wear life of the surfaces, but
high humidity environments cause MoS, to oxidize and deteriorate rapidly. On the other
hand, graphite is good for the higher humidity environments; but can not provide low
frictions under dry conditions. With this perspective, Voevodin et.al. thought that the
groove would help to keep MoS; in a fresh state while graphite-like phases provided from
functional gradient coating lubricate the surface under humid environments. When the
humidity decreases MoS, would become active (Figure 1.6.). The following figure (1.8)
shows humidity cyclic wear tests done on this type of coating; it shows the characteristic
coefficient of frictions provided by graphite under humid air (about 0.15) and by Mo$S;
under dry conditions (about 0.02).
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Figure 1.8. Ball-on-disk test results representing environmental adaptation of
MoS; coating on 3D structured Ti-TiC-TiC/DLC coating. Lower graph shows the

humidity level change [7].

In their more recent work, with the help of improving laser technology, Voevodin
and Zabinski [17] used a UV laser to drill micrometer-sized reservoirs (with 10 or 20 pm
diameter and 3-5 um depth) in a TiCN hard coating. The hole size is defined as the
diameter measured at the middle cross-section of the hole. (Figure 1.9., Figurel.10.).
They applied MoS; on top of the hard coating after laser processing either by burnishing

or magnetron sputtering; and performed sliding tests against a steel ball under humid air
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and dry nitrogen environments. They changed the area coverage (in the range of 0.5%-

50%) to determine the optimum structure for providing longest wear life.

Figure 1.9. Example pictures of laser drilled 20 um sized holes in TiCN hard
coatings: (a) 1% area coverage, (b) 8% area coverage [17].

Figure 1.10. Inverted, upside-down profile of a laser drilled reservoir. z-axis scale
is different from x-and y-axes [17].

Voevodin and Zabinski claimed that the reservoirs helped to improve the wear life
of the solid lubricant up to one order of magnitude compared to the samples with no
reservoirs. They also found that 10% was optimum area coverage for 10 um reservoir
size and 15% for 20 um reservoirs size (Figure 1.11.(a)). More interestingly, they
proposed that for optimal results a 50 um spacing reservoirs on the surface should be
used independent of reservoir size (10 or 20 um) (Figure 1.11. (b)). As another aspect of
this research, they investigated the effect of reservoirs on environmental adaptation of the
burnished coating with a mixture of MoS,/graphite/Sb,0j; as a solid lubricant, which they

named a “chameleon” type of coating. Because the reservoirs keep the solid lubricant in
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a fresh state, as in their previous study, the overall coating showed successful adaptation

to both humid and non-humid environments.
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Figure 1.11. Wear cycles before failure occurs for 10 and 20 um reservoirs filled
with MoS;: (a) Wear life versus relative area coverage of the lubricant, (b) Wear life
versus spacing between reservoirs (or dimples) [17].

Rapoport et.al. [18] recently published a study reporting their research on the
effect of laser texturing substrate surfaces on the friction and wear of MoS; as solid
lubricant. This study does not include any hard coating application. Surface hardened
steel surfaces were first textured by a laser technique. 65+15 pm sized shallow (1 or 2
um-deep) reservoirs were obtained after laser processing. MoS; particles with sizes
smaller than 2 pum were applied on the substrate surface by cloth burnishing. They
changed the area coverage of the reservoirs in the range of 10-60%. They tested these
samples with ball-on-flat method with increasing load under an environment of 45%
relative humidity. Wear life was defined as the time period past to reach a coefficient of
friction of 0.3. They recorded the wear life of samples with different area coverage and
they reported a significant benefit in increasing area coverage until about 40% (Figure

1.12).
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Figure 1.12. Wear life results given against various dimple densities achieved on
steel surface [18].

Figure 1.13. Appearance of the surface dimples on the surface with (a) 10% area
coverage, (b) 42% area coverage [18].

Rapoport and Moshkovich et. al. [18] also investigated the effect of melted and
solidified areas around the reservoirs during the laser drilling. They observed that the
samples initially enter into seizure due to the formation of these regions (Figure 1.13 and
1.14). These areas form rings around the reservoirs and causes bulging around them,
which would significantly change contact conditions around reservoirs when surface
interactions occur. They compared the wear life of samples with bulging to the samples
lapped through until the half-way of the bulge and samples lapped until the entire bulge
was gone. They reported that the best wear life was achieved with the samples lapped to
the half-way point. Another aspect of their research was the effect of depth of the
reservoirs. They found that when the amount of solid lubricant provided from the

reservoirs increases, the wear life of the overall surface increases.
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Bulges around reservoirs

Figure 1.14. Schematic profile of laser drilled reservoirs [modified after 18 to
emphasize the appearance the bulges circling reservoirs].

Another recent study that includes coating texturing is the work of Basnyat et.al.
[19]. Texturing of TiAICN coating was achieved by reactive ion etching by using a
stainless steel mask. The shape of the reservoirs is rather rectangular with an edge size of

70 um and the depth of the reservoirs is about 1 um (Figure 1.15).

Figure 1.15. Rectangular reservoirs created by reactive ion etching [19].

Although the study is more focused on adaptive lubrication with mixtures of
MoS,+Ag they also did pin-on-disk friction-wear tests with only MoS, solid lubricant.
The results of these tests performed with silicon nitride ball with 6 mm diameter under
dry air conditions are given in Figure 1.16. Tests were repeated for “only TiAICN” and
“untextured TiAICN” coatings. The benefit of reservoirs, although they are wide and

shallow, was observed as the textured TiAICN coating having about 1.5 times longer
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wear life until the coefficient of friction increased to the values of “only TiAICN

coating”.

Untextured TIAICN-SL.
06 TIAICN

Textured TIAICN-SL

Number of Cycles

Figure 1.16. Pin-on-disk friction-wear tests performed with MoS, as a solid
lubricant (SL) under dry air [19].

Krzanowski et. al. [20] fabricated a 3D-structured hard coating by using
semiconductor patterning processing. The steps of the photolithography process are
shown in Figure 1.17. According to this process, silicon wafers are first spin-coated with
a 1.4 pum-thick photoresist film. After baking, the photoresist film was exposured to
ultraviolet (UV) light. During this step, a mask was also used to cover the some areas of
the photoresist film. The areas that were exposured to the UV light were cross-linked and
remained after development step while other areas dissolved. After development of the
film, the remaining photoresist islands had slightly negative edges as shown in Figure
1.17, which caused shadowing and reduced coverage of the hard coating around the
photoresist islands during the magnetron sputtering. However, this helped lifting-off of

the photoresist after the hard coating deposition. Patterned islands with a 2 um diameter

and 7 pm spacing are shown in Figure 1.18.

15



N N N RN

Developed image having slightly negative edge resist profile which is
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removed

Deposited film ready to lift-off.

Figure 1.17. Steps of photolithography and coating processes to obtain a hard
coating containing reservoirs [13].

Figure 1.18. SEM picture of pattern prepared on silicon samples by
photolithograpy [20].

Krzanowski et.al. [20] fabricated Cr and TiC hard coatings with reservoirs by
using these patterned wafers using this technique and several results are shown in Figure
1.19. The specimens in these images show the deposited Cr coating. Removal of the
patterning islands were achieved by ultrasonic agitation in acetone. Appearance of the

coating after this step is shown in Figure 1.20 (a). They next applied MoS; solid lubricant
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film on top of the sample with TiC reservoirs (Figure 1.20 (b)). Figure 1.20 (c) shows a
wear track after pin-on-disc test. A closer view of this wear track given in Figure 1.20 (d)
shows what was proposed to be MoS, transferred on TiC coating outside the reservoirs,
originated from filled reservoirs. Their study showed that the photolithography process

has a potential to fabricate composite coatings with embedded solid lubricant reservoirs.

Figure 1.19. SEM images of the patterned silicon samples after Cr-coated by
magnetron sputtering process, on the left before cleaning of the mask, on the right after
some cleaning process applied [20].

Figure 1.20. Scanning electron micrographs of TiC-MoS, composite coating: (a)
View after cleaning of mask (a few remaining), before MoS, coating. (b) View after
MoS; coating. (c) Appearance of a wear track after pin-on-disk test. (d) Closer view of
the wear track showing MoS, filled reservoirs.
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In summary, laser drilling is a controllable technique to pattern coatings in terms
of location, spacing, and area coverages of the holes; however it is an expensive method
in general, despite the fact that initial costs have been decreased with improvements in
laser technology. Additionally, the technique itself results in melting and evaporation of
some areas of the coating and creates solidification cracks around the holes as shown in
the recent work of Voevodin and Zabinski [17] (Figure 1.21), which would be expected
to decrease the overall strength of the coating; although the authors report that they
confined the laser affected area from the order of 100-150 um to 30 pm by decreasing the
wavelength and this can be reduced with further developments in laser technology.
Another aspect of the laser drilling is that the cross-section of the reservoirs is not
controllable, because of the melting process. This is illustrated in Figure 1.22, taken from
the study of Rapoport et. al. [18]. The melting process also affects the size tolerances. In
the study of Rapoport et. al. [18], where the reservoirs were drilled on steel substrates

directly, the tolerance is given as £15 pum for 65 um sized holes.

Reactive ion etching is another controllable technique for the locations, sizes and
area coverage. Because there is no melting in this process, the adverse effects of bulging
around the holes do not exist. Nevertheless, reactive ion etching is performed under a
vacuum environment. There is also a need for mask fabrication. Both of these, especially
the ion etching, increase the cost of the production of these coatings with small

IeServoirs.

Photolithography is another technique that was used to successfully fabricate 3D

architectures in hard coatings. Precise size and location tolerances for the reservoirs can
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be achieved with this technique. However, its application area is currently limited to

silicon substrates, and it is also an expensive technique.
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Figure 1.22. Profile of laser processed steel surface with area coverage of 26%
[18].

One potential application of composite coatings is the area of machining.
Coatings for cutting tool inserts are widely used to reduce friction and extend tool life.
However, cutting fluids are still used during machining of metals, and the use of cutting
fluids for machining has become economically and environmentally disadvantageous
[21-23]. Their share in machining costs is high and the management of their waste has
become complex due to the environmental regulations [22,23]. Elimination of the cutting
fluids (dry machining) is a solution, but results in the loss of all benefits provided by

cutting fluids, namely cooling, lubricating and flushing the chips [21,22]. The machining
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environment will become harsher in terms of temperatures and cutting forces without the
help of cutting fluids. To facilitate dry machining numerous research studies have been
conducted, focusing on improving tool materials, tool coatings and/or finding tool
geometries appropriate to conditions of dry machining [21-23]. While TiN and TiAIN
are commonly applied hard coatings for machining applications, solid lubricant coatings
are attractive for further reduction in friction. Although solid lubricants have existed for a
long time, they have generated renewed interest in order to reduce the use of liquid
lubrication [10]. Graphite, along with dichalcogenides such as MoS,, soft metals such as
Pb, In, Sn, Ag, Au, organic polymers such as PTFE and nylon are the most commonly

used solid lubricants [10].

Indium (In) is a soft metal that has been used in tribological applications for its
lubrication capacity [10,24,25]. Fox-Rabinovich et. al. studied the effect of ion
implantation before hard coating on the wear resistance of the machining tool inserts
[24]. In this study, before hard coating (Ti(Cr,N)), they implanted 16 different elements
into the surface of High Speed Steel (HSS) indexable inserts after they were hardened by
ion nitriding. For comparison, again before the Ti(Cr,N)) hard coating deposition by
PVD, other HSS inserts were coated with several anti-friction materials such as a copper
based alloy or a lead based alloy to mix with surface layers after hardening. Turning tests
were conducted and wear life of the inserts (defined as machined distance until 0.3 mm
flank wear) for each implanted element was recorded. This data was compared to the data
taken from the insert only coated with Ti(Cr,N) after ion nitriding. Adhesion of the

coatings was evaluated by scratch tests. Ion implantation was proved to be able to
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provide up to 2-3 fold increase in wear life depending on the element. Indium gave the

optimum adhesion-wear life (2.4 fold in dry machining and 2.1 fold in wet machining).

Additionally, In is also important in terms of being frictionally compatible with
Fe. Here it is necessary to emphasize and explain compatibility concept. ‘Frictional
compatibility’ is the opposite of metallurgical compatibility of metal pairs, and means
when two metals slide against each other, they give low friction and wear [26]. Based on
binary phase diagrams, Rabinowicz provided a metallurgical compatibility chart, see
Figure 1.23 [24,26,27]. Rabinowicz used term ‘metallurgically compatible’ for a metal
pair if they mix at least 1 volume % in liquid state and at room temperate if they dissolve
in each other completely. ‘Partially compatible’ pairs make a solution when they are
liquid, and they only can dissolve in each other between 0.1-1 vol. % at room
temperature. ‘Tncompatible’ metal pairs behave as a two different liquid when they are
molten, and don’t have any practical solubility at room temperature. Partial
incompatibility is defined between partial compatibility and incompatibility. Hutchings
[26] is also related the term ‘tribological compatibility’ with mutual solubility (among
other factors) and accepted guidance of binary phase diagrams, especially under severe
normal load, adhesive wear conditions. Tribological compatibility is ‘reluctance of
opposing surfaces to form an interfacial bond’ according to Hutchings [26]. One can
expect In would also be more resistant to adhesive wear against steels than other
materials that are more metallurgically compatible to steels. With these results, In has a

potential to be used as a solid lubricant coating on machining tools.
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Figure 1.23. Mutual solubility of metals based on the binary phase diagrams, I is
good mutual solubility, IV is low mutual solubility [24].

While solid lubricants such as silver, In and MoS, can reduce friction, their wear
rates can be high, which is why composite coatings are attractive. As discussed earlier,
fabrication of composite coatings can proceed using various methodologies, and the

characteristics of each needs to be fully investigated.

The aim of this project is to investigate the friction and wear behavior of the hard
coatings that incorporate micro-reservoirs that store solid lubricants and replenish them

to the surface. The research method to fulfill the aforementioned goal includes:

- Fabrication of composite coatings that contain micro-holes applied by means of

a “micro-beading method” or photolithography;
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- Inspection of the coatings by scanning electron microscopy (general appearance,
hole aspect ratios, hole sizes, coating thicknesses, chemical analysis of the coatings are

screened);

- Testing of friction performance by pin-on-disk experiments of these coatings

with or without solid lubricants;
- Analysis of the friction tracks with optical microscopy;

- Modeling of the coating with micro-reservoirs by the finite element method

(FEM);

- Testing of machining performance of these coatings in turning operations

(turning of high-strength steel, both dry and lubricated);

- Chemical analysis of the turning tool inserts after machining tests by x-ray

photoelectron spectroscopy (XPS).
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CHAPTER 11

EXPERIMENTAL METHODOLOGY

In this chapter, the coating fabrication method and the experimental procedures
that were used in the scope of this thesis are presented. These includes the microbeading
technique, the coating method, i.e. magnetron sputtering, lubrication materials and
equipment, the friction-wear testing, optical microscopy, scanning electron microscopy,

turning for machining tests and x-ray photoelectron spectroscopy.

IL. 1. Microbeading Technigue

In the microbeading technique, micron-sized glass or silica spheres (provided by
G.Kisker GbR or Duke Scientific Corporation) in ethanol mixtures were sprayed on to
substrates (Figure 2.1). Spraying was first carried out using a mist sprayer in the previous
work [28]. In this study, an “air-brush” has been used to increase the homogeneity of
spray. Initially, compressed air was used as the pressurized gas, later argon gas was
preferred. A homogeneous (in terms of both beads and liquid parts of the mixture), fast
drying, smooth, thin liquid film spread on the specimen surface was achieved in the spray
process after many attempts. This was achieved by optimizing the gas and mixture flow
rates yielding a smooth mist consisting of small droplets of the mixture carrying
approximately the same amount of beads. Any large droplets in the spray created splashes

that would either take too long to dry or dry individually (starting from outside of the
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droplet and proceeding through the inside), both of which would increase agglomeration
of the micro-spheres on the specimen surface. The densities of the bead-ethanol mixtures
were kept constant (1 gram microbeads per 200 ml of ethanol), except for the tests where
the area coverage of the beads were to be increased. Three sizes of the micro-spheres

were used in the tests: 1.5 pm, 5 pm and 10 pm.

Silica or Glass
Beads

25 um

Figure 2.1. Schematic view of the bead spraying technique with an optical picture
of 10 um sized beads on the specimen surface.

After spraying and drying, the specimens were transferred to the vacuum chamber
and glued on the specimen holder with a conductive silver paste. The surfaces of the
samples were protected carefully in Petri dishes so as not to disturb the beads on the
specimen surface. Specimens were coéted by a TiN reactive magnetron sputtering
method (details of the experimental setup will be given later in this chapter). The
thickness of the coating has to be less than half of the bead diameter, otherwise the

micro-spheres may be buried in the coating. The deposition process is shown
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schematically in Figure 2.2 with examples of scanning electron micrographs of 1.5 um

bead sprayed and coated surfaces.

Detail of one coated
micro-particle

Figure 2.2. Schematic view of the magnetron sputtering process on the micro-
particles-sprayed surface. Micro-sphere size used for this sample is 1.5 um.

After the deposition, samples were placed in a container of ethanol within an
ultrasonic cleaning tank for several minutes (Figure 2.3.). This process allows the micro-
particles to detach from the coating structure leaving their places behind as

“reservoirs”(Figure 2.4 and Figure 2.5).
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Ethanol
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Figure 2.4. SE micrograph of reservoirs with a 5 um diameter on the coating
surface.

Figure 2.5. Scanning electron micrographs of reservoirs with a 10 pm diameter on
coating surface.

Having the reservoirs, various solid lubricants were applied on the surface. First,

natural microcrystalline grade graphite powder with a particle size of 2-15 micron,
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provided by Alfa Aesar was used as a solid lubricant. In addition, magnetron sputtered
carbon or indium were also applied to the surface as solid lubricants.

For graphite lubrication, a 2g-per-100ml-dense-mixture of graphite particles with
200-proof-ethanol was prepared to be sprayed on the specimen surfaces with a mist
sprayer. The appearance of the sprayed graphite flakes on the specimen surface is given
in Figure 2.6.

When a multicrystalline block of a solid lubricant with lamellar structure such as
graphite or MoS; is forced onto a flat surface, the platelets detach from the block and
they deposit on the surface as a flat layer [29]. The coefficient of friction (CoF) for
graphite is about 0.1 when it is forced parallel to the lamellas; but if it is forced

perpendicular to the lamellar structure, the CoF of graphite becomes about 0.3 [29].

Figure 2.6. Appearance of the sprayed graphite flakes on the specimen surface.

When samples were involved in surface interaction, graphite particles both were
swept/forced into the reservoirs. When they were entrapped between the counterface and
the surface, they smeared on the surface as a layer which was parallel to the surface
(Figure 2.7). This layer of graphite was expected to provide lower coefficient of friction

values.
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TiN Graphite

———

Graphite

Graphite smeared

reservoirs regions

in wear on wear
track track

Figure 2.7. Filled reservoirs (with graphite) after sprayed graphite particles forced
into the reservoirs (on the left) and graphite sprayed steel sample with wear tracks (on the
right).

During the course of attempts to increase the area coverage of the reservoirs on
the coating, a modified “dipping” process was devised; this method is described below.
The reported friction-wear test results involving the micro-beading method use primarily
the spray technique. Nevertheless, several turning tool inserts were applied micro-beads
by dipping method. Samples labeled as lower density were fabricated by spraying micro-

beads, whereas samples labeled as higher density were fabricated by submerging the

insert into a bead-ethanol suspension.

In the dipping method, substrates were submerged into homogeneously mixed
bead-ethanol suspension by means of a perforated container which lets the mixture flow
in and out (Figure 2.8). Micro-beads settled onto the surface of the substrates due to
gravity and samples were drained without disturbing bead settlement. Excess ethanol
evaporated quickly and beads became immobilized with their layout fixed. TiN was then

deposited on the samples by magnetron sputtering as previously stated.
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Ultrasonic
Waves

Figure 2.8. Schematic explanation of the “Dipping Technique .

I1. 2. Coating Deposition

The coating system used was a custom-designed and custom-made magnetron
sputtering chamber incorporating power, vacuum, heating and mass flow-meter and
cooling units (Figure 2.9). The base vacuum level was about 5.0 x 107 torr, which is in
the range of a “high vacuum”. Before deposition, a rough vacuum is first reached by a
mechanical pump (up to 1.0x10™ torr); then high vacuum levels are achieved by a turbo
pump as shown in Figure 2.9. The system has a deposition rate monitor next to the
substrate holder (Figure.2.10.). The coatings applied in the scope of this thesis are TiN,
amorphous carbon, indium, with the majority of them TiN. A typical setup for these
depositions uses two titanium targets to achieve maximum deposition rates, argon as the
sputtering gas and nitrogen as the reactive gas. A heating rheostat unit embedded in
substrate holder is used for high temperature depositions (Figure 2.10. and Figure 2.11.).

Details of the different sample types and the deposition conditions are given in Table 2.1.

30



dwng
nj

C
/ armetadwus | \
suny Joj

ARIEY A5NENUO|
3Uo00 )
Joue]

aepdsi(g

1

Appdsi(] 2nssal |

WSS Ogan | -
“dungg peoeydd)
10] [duR ] [01U0))

Noeq dyLIEB
Iaquuey Si[jonuo )
MOL SSeIN

"walsAs unopnds uonsuden ‘¢z 231

jOLUO)
Buneapy

\

SIOPUL[A)
N

©q oyl e

SSOUNDR | WL
u- psoda(g
_S_Q [eIs i)

sunty 10j
SI0[joNuUo.)
100,

31



‘uonisodap SuLmp sma1A JpIs pue Juol) yim oqueyo Juuennds uonasuSe ‘(g 2131

RILRIBXRILN

onnyy
/ AR PINYS
uswnoady

TRULDY I] uney junt)
sodo(]

MIIA IPIS MIIA JUOI]

32



Figure 2.11. Substrate holder of the magnetron sputtering system with two of the
440C stainless steel and a silicon sample after TiN coating.

Table 2.1. Samples and Deposition Conditions used in the scope of this thesis.

Vacuum
. Level/ o ..
Samples Size Targets Deposition Temperature, °C | Bond Layer Deposition
Gases
Stainless
Steel $25 mm or 300 185 Wfor2 Ti
(440C or ¢35 mm Pressure targets,
316 type) before any . -150V
Silicon, Semx2em deposition 2 {Lt%%e‘t; substrate bias,
first .| <5x10° torr 200 W 75-120 min
squares 2 Ti .. and -50V "
batch Deposition . deposition
Silicon, Gases: substrate bias, time
second 2cmx2;:;n Ar: 20 sccm 150 th3igk11]:: s depending on
batch Squar N,: 2 sccm the thickness
Carbide desired (0.7-
Turning SPG4822 300 1.5 um)
Inserts P

I1. 3. The Friction-Wear Tests

A schematic view of the pin-on-disk friction-wear tester is shown in Figure 2.12.,

and the picture of the system is shown in Figure 2.13. The counter-face used for testing

was a 6.35-mm diameter ball. Depending on the purpose of the test, the ball was chosen

from different materials, including stainless steel, alumina (Al,O3) or aluminum. There

were several rotational speeds and weight options. The majority of the tests were

performed at 200 rpm and with 1 N dead load on the ball. Several other tests were

performed at 200 rpm speed with 2.2 N dead load or at 67 rpm with 0.5 N dead load.
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Higher loads are employed to the determine strength of the coatings or to examine the
performance of lubricants under higher loading conditions, but most of the time the load
was chosen to get comparable wear amounts within reasonable time periods. The
lubricant properties and tribological behavior of the solid lubricant materials can be
affected by the humidity level of the environments as previously mentioned in Chapter 1.
For instance, Mo$S, is a very good lubricant in a space environment where there is no air
and humidity; but it loses these good properties in a short period of time under humid air
environments [30,31]. Substantial research has been conducted to solve this problem. The
reverse of this problem is true for graphite: while it is a good lubricant in a humid
environment, it cannot provide its low friction in dry environments [29-31]. Because the
tester is in a closed chamber, the humidity level can be adjusted in a range of 25%-65%
relative humidity (RH) levels. In the scope of this thesis, the humidity level was kept low
at 25% relative humidity for most of the experiments in order to obtain comparable
results. Dry air or nitrogen gas was used to decrease the humidity if the room humidity is
higher than 25 % RH. Several high relative humidity experiments have been performed to
observe the characteristic behavior of the graphite; the humidity increase was provided by

a glass container with deionized water agitated with dry air bubbles.

Wear Track

Figure 2.12. Schematic view of the pin-on-disk friction-wear tester.
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Figure 2.13. Friction-wear testing chamber.

I1. 4. Microscopic Inspections

Optical microscopy was used at every stage of this study:
- Observation of bead settlement on specimen surface after spraying beads,
- Control of reservoir formation after coating and sonication,
- Observation and evaluation of wear and the function of reservoirs to compare
specimens after friction-wear tests.
Optical microscopes can provide micrographs with magnifications up to 1000x. When
higher magnifications or high depth of field images were necessary, scanning electron
microscopy (SEM) was used. The thickness measurements of the thin films, flat or tilted
cross-section and surface apperance inspections of the films with reservoirs were carried
out using an Amray 3300FE SEM. For thickness measurements and cross-section
inspections, silicon substrates deposited together with the other specimens were scratched
on the back side with a diamond scriber and broken into two pieces; one of the broken
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pieces was placed in a vertical inspection microscope holder. Flat surface inspections
were performed on the whole specimens glued on a SEM 1-inch diameter stub with
conductive silver or carbon paste. In the scope of this study, the accelerating voltage used
for the Amray 3300FE SEM was 7,000 V. Magnifications used depended on the feature

sizes of the coatings examined, and were typically in the range of 50x-50,000x.

I1. 5. Machining Tests

One common and wide application area of tribological coatings is machining
tools and inserts. The performance of the coatings with reservoirs developed at our
laboratories were also evaluated under turning conditions. A schematic representation of
an insert during machining and a SEM picture taken after machining are given in Figure
2.14. These tests were performed at McMaster University Laboratories under the
supervision of Dr. German S. Fox-Rabinovich and Prof. Stephen C. Veldhuis. The
coatings on the SPG422 type turning inserts were deposited in our laboratory using the
equipment described in Section 2 of this Chapter. The rake face of the turning inserts was
beaded with either the spraying or submerging beading techniques. The inserts were then
coated with their rake face on top by magnetron sputtering similar to the case of stainless
steel substrates. Machining tests were conducted on a Nakamura SC 450 turning center

either with or without cutting fluids.

The work material cut was AISI 4340 steel with a hardness of 50 HRC. The
cutting speed was chosen as 180 mm/min as it could provide traceable wear rates with
comparable tool lives. The feed rate was 0.11 mm/rev and axial depth of cut was 0.25

mm. The progress of the wear at the flank of the tool inserts were measured
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intermittently. A SE micrograph of a sample with flank wear is shown in Figure 2.14; a
typical flank wear vs. testing time curve is shown in Figure 2.15(a) with a schematic

representation of the flank wear in Figure 2.15(b).

Workpiece

Flank

wear

Figure 2.14. Schematic view of the turning insert while machining, on the left; a
SE micrograph example of a worn tool insert from this project, on the right.

VB* VB: ﬁcﬁxo{ﬁlﬁmm
Fnitial T: cutting time

(@) (b)

Figure 2.15. (a) Sample flank wear graph showing important stages of the tool
wear from Ref.[32], (b) schematic representation of the flank wear on a tool from Ref.

[33].
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During machining, some samples of the chips were also taken for inspection.
Wear marks on the surfaces of tested tool inserts were also evaluated by JEOL JSM-
7000F SEM equipped with an EDS (energy dispersive spectroscopy) unit at McMaster

University by the same research group.

I1. 6. Machining Simulation Tests

The effect of temperature on the surface interaction of some chosen coatings and
work material was investigated. A special apparatus designed to simulate the heavy
adhesive interaction at the tool-workpiece interface was used for these tests. It is known
that adhesive interaction controls wear performance during cutting as explained in Ref.
[34].

A coated pin sample of the tool material (cemented carbide with hard coating)
was rotated between two polished work material samples (Figure 2.16 [34,35]). The
workpiece material (steel 4340) was heated to different temperatures in the range of 150-
1200°C. A normal load which causes plastic strain in the contact region was applied to
the pins. The shear strength of the adhesive bonds between tool and the work material (¢
or T,,) was recorded. The ratio of this strength to the normal stress applied (P,) is
defined as “coefficient of friction” (CoF) in this work (Equation 2.1). This value can not
directly be comparedv to CoF values obtained from traditional pin-on-disk friction-wear
testing values. In Ref.[34] it is proposed that when the CoF calculated here is equal or
higher than 0.38-0.35, seizure occurs between contacting couple. Accordingly, it is better

for a tribo-couple to have a lower CoF value to be far from seizure [34].

T
CoF =— 2.1
7 2.1

rm
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Figure 2.16. Schematic view of the equipment used to simulate adhesive
conditions at machining (1: Workpiece material, 2: Sample made of tool material, 3:
driving rope, 4: driving disc, 5: electrical contact wires, 6: isolation system (Ref.
[34,35])).

I1. 7. X-Ray Photoelectron Spectroscopy (XPS)

Film composition analyses on some bf the selected samples were performed with
XPS on a Kratos Axis HS XPS instrument using a MgK,, X-ray source. In order to clean
the surfaces from contaminations and to obtain film composition, samples were first ion
etched with Ar" ions for 10-15 min. Calculations of atomic percentages were carried out
using the relative sensitivity factors supplied with the Kratos instrument software.
Typical film composition obtained when reactive TiN deposition was performed is 55%
Ti, 43% nitrogen and 2% oxygen. Composition evaluations were periodically conducted

on Si wafer substrates coated along with steel and turning tool insert samples.

Some chosen turning insert samples were also analyzed after machining with the
XPS system. On these samples, film composition determination and depth profiles were
carried out. The x-ray source used was also MgK, operating at 15 kV. Depth profiles
were conducted by ion etching at 4 kV and 10 mA for steps of 1-10 minutes. Scans were

run at a pass energy of 160 eV and a step size of 1 eV. XPS results from regions on the

39



rake surface, but away from the cutting affected zone, were obtained for comparison.
These regions were etched and depth profiles of the traces of the surface elements were

followed.

II. 8. Other Techniques

There are also some techniques which were used occasionally in the scope of this
thesis. One of them is X-ray diffraction analysis which was used to determine the
structure of the films. This analysis showed that TiN coatings deposited in this study had
a B1 rocksalt type structure. The typical hardness of the TiN films deposited at 300°C
was determined by nano-indentation using a Berkovich indenter, and was found to

average 19 GPa.
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CHAPTER III

FABRICATION OF HARD COATINGS WITH EMBEDDED SOLID

LUBRICANTS BY MICROBEADING AND TRIBOLOGICAL EVALUATIONS

The objective of fabricating tribological coatings with embedded solid lubricant
reservoirs is to form or to help/support the formation of a sustainable protective and/or
low friction interface on the hard coating. A technique, “Microbeading”, devised in our
laboratory [11,12,28] was used to introduce solid lubricant pockets to the coating
structure as described in Chapter 2. This method was further developed to decrease the
agglomeration and to increase the area coverage of the microbeads. In addition, the
effects of the various sizes of the reservoirs, counter-faces and solid lubricants on the

friction and wear resistance of the coatings were investigated.

1I1.1. The Micro-beading Method and Agglomeration Effects

The Microbeading method was outlined in chapter 1. The first step in this method
is to spray a solution containing microparticles onto the surface of the substrate.
However, agglomeration of the micro-particles often occurs before the ethanol is
evaporated (an example is shown in Figure 3.1). It is not clear whether these particles had
already are already agglomerated in the spray droplets in which they are being carried, or

if they agglomerate on the surface after spraying. While the use of an air brush with an
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adjustable air flow to the system brought about better spraying control, it was still

unlikely that the fine mist created would carry only one bead per droplet with this system.

Figure 3.1. SEM pictures showing the agglomeration on a 1.5 um sized particles
sprayed sample (after TiN coating).

Dispersed particles in a liquid media have natural tendency to agglomerate [36].
There are attraction forces between particles traveling in the liquid [36]. The total surface
energy decreases with a decrease in surface area, and as a result multiple particles adhere
and form a clump. Because the surface to volume ratio increases with the decreasing size
of the particles, the severity of the agglomeration problem is likely to increase. Therefore,

the most severe agglomeration cases have been observed on the specimens that were
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sprayed with 1.5 pm beads; and severity decreased through 5 pm then 10 pum beads

(Figure 3.2.).

Figure 3.2. Optical micrographs showing agglomeration for a: 1.5 um beads-, b: 5
pm beads-, c: 10 pm beads-sprayed sample. Pictures were taken after beads were
removed from coating.

The water present in the sprayed ethanol-microbeads mixture was found to delay
the evaporation substantially, increasing the agglomeration of the micro-beads. Before
this was realized, the mixtures were prepared from 50mg/ml dense water suspensions
provided by G.Kisker GbR. Therefore, we decided to evaporate the water from the
suspension on a hot plate to reduce water content in the spray mixture. Later, dry

borosilicate glass particles from Duke Scientific Corporation were used to prepare the
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spray mixtures. Previously, the spray gas used was pressurized air provided by a
compressor; to avoid moisture contamination to the spray mixture, we changed to
pressurized argon. Additionally, because the evaporation rate is important when spraying,
all the spraying parameters such as gas pressure, flow rate of the mixture, air gun speed
passing over the sample were adjusted to promote formation of a fast evaporating thin
liquid film on the sample which would not allow particles to migrate and gather. As a
result, some improvements with better homogeneity were obtained; although further

improvements are still needed.

Adding surfactants to carrier mixture is a common conventional solution to
agglomeration problem. However, any chemical residue may affect the adhesion of
coating to substrate surface, which is vital to good coating performance. Therefore no

research on application of surfactants was done in the scope of this thesis.

I11. 2. Results and Discussion

1I1.2.1. The Results for Specimens without Reservoirs

Initial testing was conducted to establish a reference using the pin-on-disk (POD)
tests on the samples with no coating and the sample with TiN without reservoirs; the tests
were conducted with an alumina ball as a counterface. Tests results are given in Figure
3.3 as friction coefficient against number of cycles. The friction coefficients (FC)
obtained for stainless steel substrate is in the range of 0.5-0.6. TiN coating in the dry
condition (without lubricants) gave a friction coefficient value of about 0.3-0.4. When
graphite lubrication was applied, the FC decreased to a value about 0.2. The optical
microscopy picture of the wear track after the test with graphite is shown in Figure 3.4.

44



Most of the graphite was swept away from the wear track, yet occasionally we observed a
crater formed in the wear track that functioned as a lubricant reservoir (in terms of
storage and replenishment of graphite.) This demonstrates the concept we are pursuing
that involves using patterned surfaces that will provide lubrication in a more controlled

manner than relying on coating defects or surface roughness to act as lubricant reservoirs.

0.8 - o .
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£ 06 Steel Substrate
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Figure 3.3. Reference pin-on-disk tests performed on the plain stainless steel
substrate, TiN coating without any reservoirs or lubricant, and with graphite lubrication.

. 50 um .

Figure 3.4. Opticél miérogréph of the wear track after the test on TiN with
graphite lubrication. Coating failures can behave as reservoirs that store and replenish
graphite.
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111.2.2. Results for the Tests with Graphite Lubrication and Various Reservoir Sizes

Pin-on-disk tests were performed on the coatings with 1.5 pm, 5 ym and 10 pm
reservoir sizes with and without the use of lubricant. In Figure 3.5, representative friction

curves are given for many of the specimen tests.
0.8

0.7

5 um, no graphite

T e L

Friction Coefficient

s 4B

" 10 um (best)

0 2000 4000 6000 8000 10000 12000
Number of Cycles

Figure 3.5. Pin-on-disk results for various sizes of the reservoirs: highest curve
belongs to dry test (no graphite) others are all with the graphite application.

When coatings with reservoirs were tested without graphite, the {friction
coefficient curves of all type of reservoirs show similar results to the curve of coating
with 5 pum reservoirs. Most likely the coating wears through soon after the interaction
starts. This suggests that the existence of the reservoirs decreases the integrity of the

coating when there is no solid lubricant.

When graphite lubrication applied, in the case of 1.5 um reservoirs, the friction
coefficient is about 0.4, which is similar to dry TiN. As can be seen in Figure 3.2, in the
case of 1.5 um reservoirs, there is agglomeration that results in the formation of wide
reservoirs. For 1.5 um beads, the coating thickness is also limited to 0.5-0.7 pm, which
would result in shallower reservoirs. Because of extensive agglomeration, the reservoirs
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are large yet shallow for 1.5 um beads, which would not seem to be effective in storing
and replenishing of the graphite. When the tracks were evaluated after the test, it can be
seen that they are not worn through as in the case of dry TiN; there are cracks in the

coating but also the reservoirs are still present as shown with arrows in Figure 3.6(a).

vow . . . -~ T P

Figure 3.6. Optical image of the wear tracks after POD test on coatings with (a)
1.5 pm, (b) 5 pm, (c) 10 pm reservoirs. In (a) there are still filled holes despite the
damages, in (b) filled holes (A) in the track and the empty holes (B) at the edge of the
track are marked.

For 5 pm reservoirs, the FC is about 0.3 which is slightly lower than that of 1.5
pm reservoirs. When the wear tracks were examined after the test of the 5 um samples,

there were both worn through areas and areas covered with graphite. As in Figure 3.6,
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one can identify filled reservoirs in the track. These images will be discussed further in
section I11.2.5.

The 10 um beads (the largest size investigated) gave the lowest FC values, about
0.2. Repeated experiments showed some variation in results; for example the best result
for the 10um case is shown in Fig. 3.5 and exhibits a FC near or below 0.1 up to about
11,000 cycles. The wear track after the test as can be seen in Figure 3.6 and shows a good
spread of graphite on the track.

11.2.2.1. Area Coverage Study using 10 pm Beads In one attempt to increase area

coverage of the reservoirs, the density of the bead suspension was doubled to 1 gram per
100 ml ethanol. An area coverage of 2.3% was obtained in comparison to a sample with
area coverage of 1.4%, which was sprayed a mixture of 1 gram glass particles per 200 ml
ethanol; however, agglomeration also increased. Wear test results for these samples are
given in Figure 3.7. In detailed area coverage inspection of randomly taken optical
pictures of these samples, only 44% (68.5 holes) of the total reservoirs (156.5 holes) were
single holes for the sample with higher area coverage, while 70% (143 holes) of the total
reservoirs (204 holes) were singles for the sample with lower area coverage. The
substantial difference was in mostly number of triplet-holes on two samples subject to
comparison.

Dry wear test results are similar to the 10 pm samples when comparing the
increased area coverage. However, the sample with higher area coverage and more
agglomeration could not maintain the low friction coefficient for a long time and the wear
track was worn through at the end of the test. The sample with lower area coverage and

less agglomeration kept the low friction coefficient for a longer period of time and it was
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not worn through at the end. These results suggest that it is not only the size of the

reservoirs, but their dispersion within the coating that is important.

Dry tests (no lubrication) Higher area

:f: o coverage with
E o6 more
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0 2000 4000 6000 8000 10000 12000
Number of Cycles

Figure 3.7. POD friction-wear test results for two 10 pm samples having two
different area coverage and agglomeration levels (The unmarked dry test belongs to
sample that has lower area coverage with less agglomeration).

I11.2.3. Results for the Specimens with Sputter-deposited Carbon

The use graphite lubrication on samples with micro-reservoirs allows the graphite
flakes to be swept along the wear track and fill the reservoirs. While this happens, the
TiN coating wears (and possibly fractures) until the surface is covered by graphite. If the
surface is covered by carbon before the coating fails, good frictional behavior can be
obtained. Alternatively, a deposited carbon film should provide filling of the reservoirs
before the surface interaction starts, limiting the need for in-situ filling of the reservoirs.
To test this concept, TiN coatings with 10 pm reservoirs, were tested dry and with a
carbon film. The curves are given in the Figure 3.8 for tests performed with an alumina
ball. The carbon coating was deposited by magnetron sputtering. With this film, the
friction coefficient curve starts around 0.1, then decreases to about 0.05 and stays at a
slightly higher value until it starts to increase again at 40,000 cycles. Because this low FC

was not observed with the graphite spray, this decrease can be attributed to the carbon
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coating itself. Between 40,000 and 50,000 cycles FC increases to about 0.15, and then
stays there for 10,000 cycles. It is proposed that during the increase (40,000-50,000
cycles) the carbon coating wears, and between 50,000 and 60,000 cycles the reservoirs
become effective, as in the case of graphite spray samples in Figure 3.5. After 60,000

cycles, the coating failure occurs and the coating wears to the steel substrate.
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Figure 3.8. Pin-on-disk test results of a sample with 10 pm reservoirs with and
without carbon coating.

111.2.4. Results for the Pin-on-Disk Tests with Aluminum Ball

In addition to the tests performed with alumina ball some additional tests were
conducted with an aluminum ball on coatings with no reservoirs and 10 pm reservoirs.
For these tests, high friction coefficient values were obtained for the tests done with and
without reservoirs when graphite lubrication used (Figure 3.9). As a soft material
compared to alumina, aluminum is worn from the beginning of test; debris of aluminum
ball fills reservoirs together with the graphite. Aluminum is transferred on wear track;
thus surface interaction occurs only between aluminum ball-aluminum on the track.
Aluminum (or compounds of aluminum) in reservoirs and on the surface degrades
lubrication provided by graphite. Therefore, high friction coefficients were obtained. No

benefit of reservoirs was revealed (Figure 3.9).
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Figure 3.9. Pin-on-disk test results on a sample with no reservoirs (dry or
lubricated with 2% graphite) and 10 pm reservoir sample with 2% graphite lubrication.

When carbon deposition was applied, the character of the wear tests changed as
- shown in Figure 3.10; the application of the carbon by magnetron sputtering is more
effective than graphite. Although there were fluctuations, some decrease in FC (to a value
about 0.2-0.3) was observed when carbon coated/no reservoir sample was tested with
aluminum ball. The substantial decrease was obtained for the pin-on-disk test on the 10

pm reservoir sample after carbon sputtering; FC is about 0.1 for more than 8000 cycles.
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Figure 3.10. Pin-on-disk experiment results on no reservoir in dry and lubricated

with carbon sputtering and 10 pm reservoirs coating with lubrication with carbon
sputtering.
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Figure 3.11. Detail of first 500 cycles of POD experiment results on no reservoir
in dry and lubricated with carbon sputtering and 10 um reservoirs coating with
lubrication with carbon sputtering (Detail of the graph given in Figure 3.10).

When first 500 cycles were evaluated in detail (Figure 3.11), all three curves start
with the same slope, they all increase to a FC of 0.4; after 100 cycles they differentiate.
Therefore, in the beginning the behavior is independent of the substrate, and should be
more related to the running-in process - initial wear on the aluminum ball. While of the
sample with no reservoirs, in the dry condition continues to increase to about 0.5;
samples tested with the carbon film show a decrease in the FC after first 100 cycles. A
decrease occurs between 100-150 cycles, and the coating with no reservoirs stops
decreasing at above 0.2 and then starts té increase again, while the coating with reservoirs
drops to 0.1. Transfer films are most likely forming between 100 and 150 cycles. It is
proposed that for the no-reservoir-sample the transfer film loses its effectiveness after
150 cycles, while the coating with reservoirs has more effective transfer film because of

the replenishment provided.
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I11.2.5. Examination of the Wear Tracks

Pin-on-disk (POD) wear tracks were inspected after the tests to identify the stage
of the wear in the tracks and to check if the solid lubricant had filled the reservoirs.
Optical micrographs were taken to document wear tracks for future reference.

Three different characteristic regions were identified after the inspections on the
specimens with the tracks after the tests with alumina ball and graphite:

1) A region outside of the interaction between ball and the coating surface;
therefore both the coating and the graphite flakes were not affected. Graphite flakes on
the surface appear randomly dispersed by spraying.

2) A region clear of graphite flakes, but the coating and the reservoirs seem intact
and not filled with graphite.

3) The actual wear track which is typically 150 um in width.

Inspection of the alumina ball revealed two different regions on the ball: a region in the
middle with no visible transfer and the sides of this region covered with loose graphite
particles. Therefore it can be deduced that the graphite flakes next to the wear track
region were transferred to the ball.

The images of the wear tracks after the POD tests were shown in Figure 3.6.
Figure 3.6 (a), showing the coating with 1.5 pum reservoirs, one can both see the filled
holes and the cracks perpendicular to the track direction. Also there are some holes in the
lower section that are not filled. The friction coefficient of this track at the end of the test
was 0.33. Because the effective sizes of the reservoirs are big and the reservoirs are also
shallow, it can be concluded that the lubrication observed in the track is not sufficient to

protect the overall coating from damage and failure.
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In Figure 3.6(b) the wear track after the POD experiment with alumina ball and
graphite lubrication can be seen. The reservoirs in the track are filled as marked with “A”
and reservoirs at the edge but outside of the track are not filled as marked with “B”.

Another important observation from some of the tracks should also be mentioned
here that reservoirs may function better with some surface roughness on the TiN, because
these can act as secondary smaller-scale reservoirs. The benefit of having higher surface
roughness was emphasized before in studies on friction behavior of sputtered MoS, [37-
38].

When the coating with 10 pum reservoirs (Figure 3.6(c)) was examined after POD
test, it was found that the track was covered with graphite, both filling the reservoirs and
smearing on the coating surface. The friction coefficient recorded for this track at the end
of the test, which corresponds to this micrograph, was 0.14.

The wear tracks of pin-on-disk tests performed with aluminum ball and sputtered
carbon were also inspected by optical microscopy. Some tests were repeated for a short
time in order to understand the progress of the interaction. Figure 3.12 shows optical
pictures from the tests on the specimen with 10 um reservoirs: On the left, the wear track
of the test conducted for a full period of time (Figure 3.10), on the right, the wear track
after 2000 cycles can be followed. The loss of the carbon coating on the track after full
period (8500 cycles) shows that almost all carbon around the reservoirs is gone. This can
be followed in Figure 3.13 more detailed, but the reservoirs are still filled to provide
lubrication and to keep the FC low. Figure 3.13 also shows the detail of the wear track of
the 2000 cycles test. Again the reservoirs seem to be filled with carbon and there is a lot

of carbon on the surface: some are smeared on the surface, some are in particle shape.
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Figure 3.12. Optical views of the wear tracks of the POD experiments with
aluminum ball and sputtered carbon coating lubrication after 2000 cycles (on the left),
and 8500 cycles (on the right). The carbon coating around the holes was completely worn
on the track after 8500 cycles.

After 2000 cycleg

%
3

Figure 3.13. Optical views of the wear tracks of the tests performed with
aluminum ball on the samples with 10 pum reservoirs and carbon coating (These views are
from the same tracks in Figure 3.12, left track is the left one and right track is the right
one).

II1.3. Discussion

In this part of the study, a new method to form a hard coating incorporating solid
lubricant has been further developed following the work of Zimmerman et.al. [11,28].
Previous methods applied to create composite coatings with reservoirs include
photolithography [20], laser processing [17] and reactive ion etching [19]. Our newly
developed method has some advantages over previous methods. It is likely to be more

economical the methods listed above. Also, it avoids the cracks melted areas common to
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the laser processing methods. Our new method, which is termed “microbeading” creates
smooth transitions from the reservoir to the coating structure without any defects or
cracks. Basically, the micro-spheres only act as placeholders on the substrate surface
before coating. In this study the placement of the micro-spheres was performed by
spraying these spheres in a solvent to the surface. Agglomeration of the micro-beads
(especially for the smaller sizes) became a problem by increasing the effective reservoir
size and by decreasing distance between reservoirs. This problem was reduced by
adjustments in spray parameters such as gas pressure and sprayed liquid amount.
Currently, the agglomeration is not a significant problem for 5 and 10 um spheres but it is
still a problem for smaller sizes. Smaller sizes create another problem: Because the
micro-beads should not be buried into the coating, they limit the coating thickness by
their radius. The practical sizes to be applied in this method should be larger than 3 pm.
Suspensions with 22.5 um-sized-beads (also commercially available) were also prepared
to apply. However, because they are heavier than the others, it was not possible to retain

a homogeneous suspension during spraying.

For the tests performed with graphite as a lubricant, a general behavior was
observed: As the size of the reservoirs increases the friction coefficient decreases. In
order to show this result quantitatively, average friction coefficients were calculated from
each test. The overall average friction coefficient was also calculated for each reservoir
size both for unlubricated and lubricated with graphite cases (Figure 3.14). In Figure
3.14, a small decrease was visible for the unlubricated samples. However, for the samples
lubricated with graphite, a significant decrease in friction coefficient was observed as the

applied bead size decreases. Results in Figure 3.14 are consistent with the optical
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inspections of the wear tracks. The best lubrication was observed in wear tracks of the

samples prepared with 10 pm beads (Figure 3.6(c)).
0.6

= Unlubricated
Q
8 05t
&
8
O
g§ 047 . . .
£ b Lubricated with 2% Graphite
£ Spray
e 03 r ®
& '
[}
2

02

0.1 i L 1 i

1.0 3.0 5.0 7.0 9.0 11.0
Bead Size, um

Figure 3.14. Applied bead size vs. average friction coefficient data for
unlubricated and lubrication with graphite samples.

When 1.5 um beads were used, the thickness of the coating applied is less than
the others, because the removal of beads could become difficult or the beads could
become buried into the coating. Another phenomenon is the higher severity of the
agglomeration for this bead size. The resultant reservoirs are wide and shallow. These
reservoirs are not effective in capturing and storing of the solid lubricant which is
graphite particles within 2-15 pm size range. Other bead sizes used in reservoir
fabrication are 5 and 10 pm. Among these 2 sizes, 10 um ones gave better results;
therefore 10 pum samples had the best performance of all samples. After careful
considerations of the size and the cross-section of the reservoirs, it is reasonable to
conclude that there should be an optimum size and aspect ratio or cross-section for the
capture and the storage of solid lubricants. When graphite particles are used as solid
lubricant there is an in situ lubricant filling into the reservoirs. Before this occurs, the
reservoirs can act as locations where failure initiates. Therefore, the reservoirs (unfilled)

are not generally beneficial to the mechanical integrity of the coating. Nevertheless once
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the reservoirs are filled, it appears they are no longer failure initiators, and the mechanical
strength of the coating is sufficient. The region around the reservoirs are mostly covered
with lubricant, depending on the size of the reservoirs; if there is good coverage there is
no direct contact between the ball and the hard coating (TiN). From the friction-wear test
results together with optical evaluations of the wear tracks, a reason the 10 pm samples
show the lowest friction could be that the 10 um reservoirs perform best in capturing the
solid Iubricant. However it should be noted that this not necessarily a general result, but
only for graphite. Each lubricant needs to be individually tested to determine optimal
reservoir size. The reason for the good results with the sputter deposited carbon film
could be related to lack of a need for in situ filling action, since the solid lubricant is

already in the reservoirs.

How the reservoirs affect the overall coating integrity is important aspect of these
coatings. Under dry conditions, all of the coatings show higher than expected friction; but
when the holes are filled with the lubricant this weakness disappears. It is likely that the
coatings, when run under dry conditions, wear through in the early stages of the tests due
to the decohesion between coating and the substrate. Because high amounts of residual
stresses are often a problem for sputter-deposited coatings, one may postulate that the
existenée of discontinuities should help relax stresses, therefore reduce the likelihood for
decohesion. However, the reservoirs (especially the ones which are the result of the
agglomeration of the beads), can cause stress concentration around their edges which
would cause early failure under load. At this point it is not possible to conclude which of
these effects dominate the behavior; but obviously there are several unfavorable effects of

the reservoirs competing with the favorable ones.

58



When the wear tracks examined under optical microscope, almost all of the
reservoirs appear to be filled with the solid lubricant. Nevertheless, statistically, the
density of the reservoirs can differ from one track to another. Increasing the density of the
reservoirs, which will mean to have more lubricant supplied per unit area, would be
beneficial in order to further decrease friction and extend wear life of a coating. Some of
the variations obtained in repeating similar experiments could be because of the
probability of having more or less reservoirs in a single track. If the number of the
reservoirs is not sufficient, the track even could fail before observing the benefit of
graphite, because the behavior of the coating under these tribological conditions is more

similar to dry contact between coating and the counterface.

The performance of the coatings with reservoirs created with micro-beading
method depends on the materials involved, especially the solid lubricant. The solid
lubricant should have some plasticity to be pushed into the holes; if they are not in the
holes already as in the case of sputter-deposited lubricants. When a carbon coating is
deposited as a film, its mechanical properties may vary; carbon coatings can be soft or
hard. However, in both cases they have low friction coefficients. The most appropriate
candidate as a solid lubricant here would be a soft material with a low friction capacity.
Unfortunately, the number of known solid lubricants is limited. All have finite wear lives;
some of them are vulnerable to oxidation, and some age over time depending on
environment and surface interaction conditions [8]. The replenishment of solid lubricants
is not as easy the liquid ones. The function of coatings with reservoirs is to provide
dynamic replenishment during surface interaction, providing a period with low friction

allowing the wear life of the component to be extended.

59



I11. 4. Finite Element Model for Surface Interaction between

Composite Coating and a Pin

The interaction between a rigid sphere and a coating with reservoirs was modeled
using a commercial finite element package, namely MSC.Marc Mentat. The sphere has
6.35 mm diameter and it is the counterface (ball) of a pin-on-disk friction-wear tester.
Two dimensional (2D) models with a plane strain assumption of interacting sphere-
coating system were designed to investigate the effects of reservoir size, i.e. reservoir
profile on the stresses occurred during the interaction. Coatings with one of the three
sizes of reservoirs (2, 5 or 10 um) were taken into account for each model. The coating
thickness is about 1 um as in the actual samples.

The pin-on-disk test was simulated by calculating the stresses for different
positions of the ball as the ball passed over the holes. This is a quasi-static simulation but
neglects factors such as heat generation and plastic deformation. Nonetheless, it can
provide useful insight into the nature of the stresses developed in the coatings during the
surface interactions.

Models are 300 pum long and 16 um (15 pm-thick-substrate and 1pm-thick-
coating) high. General views of models are shown in Figure 3.15. All of the models
represent graphite-lubricated condition. Each model has multiple reservoirs in coating.
Modeling on only one reservoir would neglect the effect of neighboring reservoirs and
area coverage. Double and triple reservoirs were also added to 2 and 5 pm-models to
represent profiles that are result of agglomeration. All profiles at each model were

assumed to be the same, i.e. half cross-section of reservoirs.
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Area coverage values of models are listed in Table 3.1. These values are in the
range of possible area coverage values for each reservoir size. Area coverage obtained
experimentally for 1.5 pm-sized-reservoirs is about 8-10%; and for 5 pm- and 10 pm-
sized-reservoirs is about 1-2%. Because reservoirs are randomly distributed, area
coverage values vary substantially from one point to the other in the microscale. It is
assumed that the higher the area coverage, the higher the structural strains in coating.
Therefore the lowest possible area coverage was applied to the model of 2 pum-sized-
hole’s (representing 1.5 pm-sized-holes), in order to obtain least critical case for this size
to compare with other sizes. For 5 uym and 10 um, area coverage values differ slightly,
because number of holes possible to incorporate in each coating model depends on the

size of the reservoirs and to the length of the model.

Table 3.1. Finite element models and their area densities.

Reservoir size (um) Area density represented (%)
2 8
5 2
10 1.5
(2)

(b)

©
Figure 3.15. General view of model with: (a) 10 pm reservoirs, (b) 5 pm
reservoirs, (¢) 2 um reservoirs (Views were taken from MSC.Marc Mentat).



Because deposition of the coating takes place in line-of-sight form in the
magnetron sputtering technique, a shadowing effect of the beads on the surface defines
the profile of the resultant reservoirs. Therefore the end profile of the reservoirs is a result

“of bead size and shadowing effects. This effect and the designed sample profile geometry

are shown in Figure 3.16.

Substrare

Figure 3.16. Geometry of the reservoirs in our models (on the right) designed
according to the actual coating (SE micrograph is on the left).

I11.4.1. Geometry of the Model Coatings with Reservoirs

In this section, details on the design process for a coating model with 10 pum
reservoirs are reviewed. Shadowing effects change the reservoir geometry so that the
opening of the reservoir has the diameter of the applied bead, but the profile actually
follows a virtually larger sized bead whose diameter is defined by both applied bead size
and coating thickness (1 pm). The model is schematically shown in Figure 3.17 with the
calculation of the virtual bead diameter for 10 um-sized-beads by using Pythagorean

Theorem for right triangles.
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Figure 3.17. Geometry of the 10 um reservoirs and calculation of the virtual bead
diameter.

The necessary angles for creation of this geometry in the MSC.Marc Mentat
program are shown in Figure 3.18 with their calculations. The reservoirs are assumed to
have an (y = 2 pum) opening of substrate at the bottom of the cross-section, which is in
agreement to the micrographs of the 10 pm reservoirs. A sample of the end model with

10 um reservoir opening is shown in Figure 3.19.

tanﬂ:ilzﬂ=22.62°
)

Subswate tan7=L:>}’=18.22°

Figure 3.18. Calculations of the necessary angles used for 10 pm model.
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Ball

Figure 3.19. A view of the model with 10 pm reservoir diameter.

Models with 5 um and 2 pum reservoirs were designed with the same approach
keeping the coating thickness the same. Geometrical parameters defining all reservoirs
are given in Table 3.2. Contours of a 2 ym and a 5 pm hole are shown in Figure 3.20 (a)

and (b).

Table 3.2. Geometrical parameters defining holes designed in the model coatings.

Parameter 2 pm S5 pm 10 pm
Radius of the virtual circle 1 um 3.625 pm 13 pm
B 90° 43.6° 22.6°

¥ 14.9° 7.78° 18.2°

Y 0.513 um 0.98 um 2 pm

(a) (b)

Figure 3.20. Profile of a hole for: (a) 5 um-sized-hole (b) 2 pm-sized-hole.
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HIL.4.2. Modeling of the Contact between Coating and the Counterface-Ball

For all models used for numerical evaluations, the ball was taken as a rigid body
which has a deformed and worn shape of counter-face-ball-as shown in Figure 3.21.
Bottom profile of the ball was modeled as flat. The length of this section is about 110 pm
being comparable to the final width of wear tracks obtained experimentally. The coating
was deformable body in the models. The actual geometry of the ball is comparably much
larger than the modeled section of the coatings. Therefore, only the contacting section of

the ball was plotted.

r=3.175 mm

i
Figure 3.21. Geometry of the counterface-ball-in the models.

111.4.3. Material Properties Selected for Modeling

As the counterface was taken as a rigid body, no material properties were
necessary for this component. Both coating and the substrate were modeled as isotropic
elastic materials; for substrate material properties of 440C stainless steel was used; for
coating properties of TiN was used. Necessary material properties are given in Table 3.3
[39,40]. Applied friction coefficient between the ball and TiN coating was 0.1
corresponding to graphite lubrication [29,41]. Here it is assumed that both surfaces were

covered by graphite and friction takes place in graphite.
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Table 3.3. Applied material properties in modeling.

Material E(MPa) |v
440C Stainless Steel 200,000 | 0.285
TiN coating 300,000 |0.22

111.4.4. Boundary Conditions, Surface Interaction, and Evaluations

The left and right sides of models are symmetric in the x-and z-directions because
the material continues in those directions by restricting displacements on side lines.

The modeled action starts with the application of a load of 1 N for a short time.
The load is distributed on the bottom nodes. This load is kept constant during surface
interaction and represents a dead load applied on pin-on-disc tester. The action of the ball
is controlled by controlling its position during sliding. The boundary conditions applied

are shown in Figure 3.22.

Figure 3.22. Symmetry axes and distributed load applied are shown on the model
with 10 um holes.
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After solutions were performed by Marc Mentat, stresses at the bottom of holes
on opposite side of ball action were collected for the entire motion (Figure 3.23). There is
direct correlation between surface and hole bottom stresses. In fact, the highest stress
components are expected on surface, because ball-reservoir interaction takes place on
there. However, because the geometry of the ball and reservoirs were simplified, virtual
instantaneous peaks are possible. Besides, it is reasonable to expect that after many
repeated cycles of ball-coating interaction, there is a high probability of local catastrophic
failure of coating to start from the shown locations. Because of the same geometric
simplifications, quantitative levels of stresses are not meaningful; they have only
comparative meaning. Comparisons of collected stresses of models were performed and

results are given in the following section.

Ball

Figure 3.23. Location of stresses followed on a hole (with 2 pm opening size).

1I1.4.5. Results and Discussion

Compared holes are chosen to be analogues in terms of being single and being at
similar locations in the models. Horizontal locations of these reservoirs are around mid-
section of each model. Stress components taken into account are o3, 612 and 62. Oy iS
Oxx, O11 1S Oyy and Oy, is shear stress. Positive axes directions for these stresses are shown
in Figure 3.22. All stresses can be tensile or compressive depending on the position of the

ball. Stresses at each reservoir vary in a wide range because of the action of the ball.
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In Figure 3.24, shear stress curves belonging to one reservoir at each model are
given. Here, we show only the parts of the curves where ball-hole interaction takes place.
Higher shear stress levels are observed at hole bottoms, as hole size increase. The curves
have U-shape with higher shear stresses at the beginning and the end of surface action.
Applied stresses are balanced when the middle of the ball is interacting with hole surface;

therefore stress curves has a minimum.

For comparison, the average stress and standard deviation was calculated for these
curves, and the results are shown in Figure 3.25. Standard deviations were given as a
representation of scatter around averages. The lowest average shear stress was calculated

for 10 um hole with a lower variation in values around average.
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Figure 3.24. Shear stresses (o12) at bottom of holes while ball interacts with this hole.

68



2500

g

shear stress (kPa)
%
8

g

500 -

4] 2 4 6 8 10 12
hole size {um)

Figure 3.25. Average shear stress values (o)) with upper and lower limits during ball-
hole interaction.

o11 and 62, show a similar characteristics with shear stress and their average stress
vs. hole size curves are presented in Figure 3.26 and Figure 3.27. The lowest average and
standard deviation values are collected for 10 um holes for both o1; and o, stresses as in

shear stress.
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Figure 3.26. Average o); stress values with upper and lower limits during ball-hole
interaction (values are negative, i.e. stresses are compressive).

69



-1000
-800
-800 1
-700 -
-600

-500 [ ]

22 (kPa)

-300

-200

-100 -

o 2 4 4 8 10 12
hole size {um})

Figure 3.27. Average oy, stress values with upper and lower limits during ball-hole
interaction (values are negative, i.e. stresses are compressive).

Wear is a phenomenon that is related to the work done by stress during the course
of surface interaction. Although stresses shown here are for hole bottoms, there is direct
correlation between surface and hole bottom stresses. Work done over one hole by each
stress component was calculated by integrating this stress over displacement of ball; for
example, this integration of shear stresses corresponds to the area under the curves given
in Figure 3.24. Commercial software-Grapher 8- was used in order to carry out these
integrations. Results are shown in Figure 3.28 for shear stresses, in Figure 3.29 for oy
stresses and in Figure 3.30 for o2, stresses. Because of the simplifications done on
geometry of the ball and reservoirs, work values are only comparative, not quantitatively

meaningful. Work done by each stress component is the lowest for 10 pm holes.
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Figure 3.28. Calculated work vs. hole size curve based on shear stresses.
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Figure 3.29. Calculated work vs. hole size curve based on o; stresses.
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Figure 3.30. Calculated work vs. hole size curve based on 6, stresses.

Previously, 10 um holes were discussed to be better in capturing and feeding
graphite when surface interaction occurs; because coatings with 10 um-sized-holes gave
the lowest friction coefficient values. Because wear taking place during friction tests
causes an increase in friction coefficients in tested coatings, keeping lower friction
coefficients for longer periods is an indication of less wear. Finite element analysis (FEA)
results showed that coating having 10 um-sized-holes with achieved densities also have
lowest stresses at a critical location and lowest calculated work done by these stresses.
Therefore coatings having 10um-sized-holes are strained less among others, which

supports having less wear.

I11.5. Conclusions

In this part of the research, composite coatings with embedded solid Iubricant
micro-reservoirs were fabricated. These reservoirs are intended to store and replenish

solid lubricants when surface interaction takes place. It was shown that these micro-
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reservoirs function as they are intended. But appropriate size, distribution and area

coverage should be provided.

Ceramic or glass micro-beads were used as placeholders. They were successfully
removed via ultrasonic agitation. However agglomeration is a problem by increasing both
reservoir size and average distance between reservoirs. Arrangements in spray technique
helped to decrease agglomeration and improved more homogeneous distribution. Esp.

with 10 um sized beads there were almost no agglomeration.

Unless solid lubricant is implemented, micro-holes are detrimental to coating
structure since fast failure occurs. When graphite lubrication was applied, friction
coefficients were in the range of FC for graphite alone (0.1) and FC for TiN alone (0.3-

0.4). Lowest friction coefficients were obtained with 10 pm-sized-reservoirs among

tested range (1.5-10 pm).

When carbon film was deposited on TiN with micro-holes by sputtering, a long
wear life for coating was obtained. This is mostly attributed to C coating. However it is
thought that lubricant served by micro-holes postponed catastrophic failure. Pin-on-disc
tests against Al ball on TiN with 10 um reservoirs and C topcoat showed lower FC and

longer wear life than a similar coating without reservoirs.

Optical microscopic examinations of wear tracks revealed that the micro-holes act
as reservoirs for graphite. However micro-holes function together with surface roughness.

Smaller grooves in rough surfaces may act as reservoirs as reported previously for MoS,.
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Because reservoirs cause failure in the absence of lubricant, it is important to trap

or fill lubricant to reservoirs before damage occurs.

A limited (not exhaustive) plane strain finite element modeling of surface
interaction of a pin with TiN with 2, 5 and 10 um sized grooves under lubricated
condition was performed. Coating with 10 pm sized reservoirs showed lowest stresses
and lowest calculated work done at a critical location during surface interaction, which

may result in less wear.
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CHAPTER1V

TRIBOLOGICAL STUDIES OF PATTERNED COATINGS

The investigation of the coatings fabricated using the micro-beading method
(presented in Chapter 3) demonstrated the importance of the effects of reservoir size and
area coverage on the friction and wear behavior of the coatings. However, controlling the
surface density and area distribution of the reservoirs was difficult. Therefore, a study
was carried out using patterned silicon wafers in order to have a better control of the
shape, size and the area of the reservoirs. As described in the Introduction (Chapter 1),

the patterning required the use of silicon wafers as substrates.

IV.1. Experimental

Silicon samples with controlled patterns were fabricated by the photolithography
process at Rochester Institute of Technology. Patterns for the silicon samples were
planned in order to identify the effect of the reservoir size and the area coverage, as
shown in Table 4.1. The samples coded as 4-7 in Table 4.1 are previously fabricated

samples on which we conducted our preliminary tests.
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Table 4.1. Properties of the patterned samples.

Sample Coding | Reservoir Size (um) | Reservoir Spacing (um) | % Area Coverage

4-7 2 7 26

IV.1.1. Preliminary Samples

Samples prepared by photolithography process explained in Chapter 1 were cut
from the silicon-wafer by a diamond saw from their back side in desired shapes about 30
x 30 mm? squares. Because the pattern (placeholders) on the samples is sensitive to any
mechanical interaction, we did not apply any cleaning operation before the deposition
process. The samples were mounted on the magnetron sputtering deposition holder with
silver paste, and the holder was placed into the sputtering chamber. The specimens were
coated TiN by reactive magnetron sputtering at 200°C. This temperature was optimized
as a temperature close to the deposition temperature of the beaded samples (300°C), but
allows the mask still keeps its integrity. During the coating process, an initial 30 nm thick
Ti bond layer was deposited to improve adhesion, followed by a TiN film approximately
0.7 pum thick. After the deposition, in order to clean the mask and to form reservoirs in
the hard coating, specimens were immersed into an acetone bath agitated by an ultrasonic
cleaner. Scanning electron microscope (SEM) images of uncoated silicon specimens with
pattern are shown in Figure 1.18 [20]. SEM images of the Cr coated samples (from

earlier studies) are shown in Figure 1.19 [20].

Following the preliminary friction-wear testing of these silicon samples, it was

decided additional samples with different reservoir sizes and spacing would be useful.
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These additional samples were requested from the group at Rochester Institute of
Technology. However, the process used to make the original samples was no longer in
use. Details of this new process and adjustments necessary to the sample preparation

process are described in the following section.

IV.1.2. Tests on Additional Patterned Specimens

These tests were conducted on a new set of silicon samples. Surface of these
samples were patterned by photolithography. An improved technique for the mask (in
terms of lift-off ability and feature resolutions that can be created) was applied at the
Rochester Institute of Technology. For the new silicon wafers, each individual
photoresist island has 2 layers: one is the lifi-off layer that has a smaller diameter and the
other is the main photoresist layer. The purpose of the lift-off layer is to alter coating
coverage around the perimeters of the photoresist islands during the hard coating
deposition process. Because magnetron sputtering is a line-of-sight deposition method;
the step intentionally created under the top photoresist layer is not covered by the coating
(Figure 4.1). This lack of coverage around islands helps us to remove photoresist islands

after the coating deposition. The remaining spaces are the reservoirs for solid lubrication.

Main photoresist layer

Lift-off layer

Figure 4.1 Schematic view of surface layers applied to form reservoirs [42].

When fabricating the photo-resist islands on the wafers, a layer of LOR (Lift-Off-
Resist) was first laid on the surface by spin-coating, and then a second photoresist layer

(OiR 620) resist was put down. Pre- and post-baking steps were then applied. When
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developing, the underlayer develops faster and this resulted in an undercut (or step) that
should help the removal of the photo-resist after hard coating deposition (Figure 4.1)

[43].

Samples for friction-wear testing were cut from the 150 mm-diameter-Si wafer by
a diamond saw. Specimens were cut to a square shape about 30 x 30 mm?. Because the
initial coatings suffered from peeling and flaking problems, a cleaning bath containing
ethanol was added to the preparation process before the deposition. The remaining
preparation and deposition processes were the same as the preliminary test samples
except that the deposition temperature was chosen to be 150°C, since it was not clear the

new photoresist would withstand 200°C exposure.

These newly fabricated patterned silicon samples were inspected by SEM.
Because the photo-resist islands become intensely charged by the electron beam, it was
not possible to get an image without coating with platinum or gold. Therefore, samples
cut from the silicon wafers were first coated. SEM images of each type of silicon

patterned sample after short time coating are given in Figure 4.2(a), (b) and (c).

()

Figure 4.2(a) SEM images of the 4-25 type silicon samples.
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Figure 4.2. Images of 4-11 type silicon samples in (b) and images of 9-11 type of
silicon samples in (c).

After the deposition process, specimens were first polished using 6 pm diamond
on a cloth until the hard coating covering the photoresist islands opens. Several smears
applied by hand on the cloth were usually sufficient to just opening the caps- there was
no need to rotate the polishing disk covered by the cloth. Individual specimens may differ
in terms of polishing times depending on how hard it is to remove the caps. The samples
were then immersed into several baths to remove photo-resists (Table 4.2). The removal
process was provided from MicroChem Corp. [44]. Cross-section images of coated

samples are shown in Figure 4.3, Figure.4.4 and Figure 4.5.
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Table 4.2. Cleaning procedure [44].

Bath Content Agitation/Duration
1% Bath Remover PG (N-Methyl Pyrrolidinone) Ultrasonic Cleaner/1 min.
2" Bath Remover PG (N-Methyl Pyrrolidinone) Ultrasonic Cleaner/5-10 min.
3" Bath Isopropyl Alcohol -
4" Bath DI water -

Figure 4.3. Scanning electron microscope images of the 4-25 sample after

coating: upper corner is before cleaning pattern mask, others after cleaning the mask.

Figure 4.4. Scanning electron microscope images of the 4-11 sample after coating

and cleaning of the mask.
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Figure 4.5. Scanning electron microscope images of the 9-25 samples after
coating and after cleaning of the polymer mask.

After removal of the mask material and formation of the reservoirs, silicon
specimens coated with TiN were sprayed with graphite (in ethanol mixture) by means of
a mist sprayer. Pin-on-disk friction-wear tests were performed on the specimens with
alumina or 440C steel balls with 6.35 mm diameter. Tests were conducted with 1 N dead
weight and rotational speed used was 200 rpm. Circular tracks created during the
experiments were 1-2 cm in diameter. Friction coefficient versus number of rotations

graphs were plotted after each test.
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IV.2. Results and Discussion

IV.2.1. Preliminary Tests on Previously Fabricated Patterned Si Samples

Friction coefficient data recorded during the pin-on-disk friction-wear tests of
sample 4-7 are shown in Figure 4.6. These tests were conducted against an alumina ball.
The FC graphs of tests performed with 1 N of normal load are shown in Figure 4.6 (a).
For the dry test (no lubricant was applied) FC first increases to a value close to 0.4; then
decreases gradually until about 2000 cycles; after 2000 cycles FC starts to increase again
until terminal failure of the film occurs at 7000 cycles. Here, failure is identified by
decrease in FC to characteristic of silicon wafer. Test result of silicon was given also in
graph (Figure 4.6 (a)). The initial increase in the FC is expected to be because of the wear
of the coating. The initial decrease in FC is probably because of the first openings of
some small area of the silicon surfaces start to become dominant. As the TiN film wears
through, the alumina ball interacts with the Si surface more which actually reduces the
FC. Thus, the ball indents into surface, edges of the ball interacts with the fresh TiN
coating, and this results in an increase in the FC once more until the permanent failure of
the coating occurs, which decreases of FC again. The pin-on-disk test was also applied to
the silicon substrate to obtain reference FC values for when failure of the TiN coating
occurs. Failure can be identified with the FC suddenly or gradually reaching 0.2-0.25
corresponding to the FC of silicon-alumina ball interaction. For the dry conditions, it is
accompanied by a lot of debris, which causes saw-tooth appearance of the FC graph.
When the load was increased to 2.2 N; the interaction of two dry surfaces becomes so

severe that permanent failure occurs before 2000 cycles.
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Figure 4.6. FC graphs for pin-on-disk test of TiN coatings and silicon substrate
with: (a) 1 N normal load and (b) 2.2 normal load.

Figure 4.7. Optical micrograph of the coating after full term of pin-on-disk test
with 1 N normal load. Graphite smeared areas are the edges of the wear track.

In the presence of graphite, during the initial interaction of dry surfaces becomes

less and less severe with the graphite smearing and partly covering the surface.
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Simultaneously, reservoir filling occurs, which will provide further graphite supply for
later in the test. For the normal load of 1 N, indeed, at the end of the test, after 11,000
cycles, there is no trace of coating failure as can be seen in optical micrographs in Figure
4.7. The smearing regions on these pictures are the evidence of the graphite deformation
with its layers parallel to the surface [28]. The sustained FC during the course of the test
(after initial interaction) is slightly higher than 0.1. In the case of 2.2 N-normal-load
(Figure 4.6 (b)), a friction coefficient of less than 0.05 was observed for more than

10,000 cycles until the failure occurs.

1V.2.2. Results for Additional Patterned Si Samples (Second Batch)

IV.2.2.1. Pin-on-disk Tests against Alumina Ball (First Group) Results of the first

group pin-on-disk tests performed with alumina ball are shown in Figure 4.8, Figure 4.9
and Figure 4.10. These tests were conducted with higher rotational speed (200 rpm) and
I N load. There were two specimens for each coating type. Each coefficient of friction
(FC) curve is presented with a different color. Curves belonging to one specimen have
close colors. Dry friction tests were conducted once for each sample. Lubricated tests
were repeated when results of two specimens did not match and when curves presented
fluctuations.

Friction behavior for dry conditions are similar for all patterns: All friction
coefficient (FC) curves make a peak about 0.6 at the beginning of the tests; then FC
decreases to 0.4-0.5 following another peak about 0.5 between 200-300 cycles; most of
the graphs slowly decrease although some of them have another peak right after initial
ones. Only one of the 4-25 tests continues to increase at the end of the test, probably to

have a late third peak.
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Figure 4.8. Friction-wear tests on two 4-25 on silicon patterned samples. Results
of one sample are shown with green color: dry test is marked with dark green, one
lubricant test is bright green and other lubricant test is light green. For the second sample,
dry test is marked with brown; three lubricant tests are marked with orange and yellow.
Lower graph shows the detail of first 500 cycles of only the tests performed with
lubrication.

In the dry tests, coefficient of friction first increases to a value of 0.55-0.6; then
after a drop increases again to 0.5-0.55. Permanent failure of the coatings occurs after
600 — 1200 cycles with a decrease of friction coefficient. The decrease in the FC curves is
because of the continuous wear of the TiN coating with increasing exposure of the base

substrate material which has a FC about 0.35-0.4.
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Figure 4.9. Friction-wear tests on 4-11 on silicon patterned samples. Results of
one sample are shown with blue color: dry test is marked with dark blue, lubricant test is
light blue For the second sample, dry test is marked with red color; three lubricant tests
are marked with dark or light pink. Lower graph shows the detail of first 500 cycles of
only the tests performed with lubrication.

When the graphite lubrication was applied, a shift to lower values in all friction
coefficient curves was observed for all specimens as shown in Figure 4.8, 4.9 and 4.10.
There are still initial peaks for most of the experiments, decreasing after first 100-150

cycles for 4-25 samples and first 75 cycles for 9-25 samples.
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Figure 4.10. Friction-wear tests on 9-25 on silicon patterned samples. Results of
one sample are shown with blue color: dry test is marked with dark blue, lubricant test is
greenish blue. For the second sample, dry test is marked with brown; lubricant test is
marked with red. Lower graph shows the detail of first 500 cycles of only the tests
performed with lubrication.

For two of the 4-11 samples the initial peak drops down after 150 cycles. The
other two tests show postponed drops with gradual decreases (one is after 300 cycles; the
other is after 350 cycles-profile of this test is more like dry tests-). The FC decreases to a
value between 0.1-0.25 for 4-25 specimens and slightly lower than 0.25 for 9-25
specimens. The FC values achieved at the end of the drop decreases as the initial peak
drops faster. As we follow the graphs, the tests with faster dropping behavior at the

beginning also keeps the lower values they achieved for longer cycle times. Two of this
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type of tests keeps lower FC value at 0.2 for at least up to 2000 cycles. For the other two
tests: one of them worn through faster than others and the other provided lower FC (0.25-
0.3) values for only about 200 cycles and the coating couldn’t provide a good lubrication
as FC started to increase again after 500 cycles, then the test was stopped in order to
prevent failure. The two FC curves of 9-25 specimens match almost exactly. The lowest
friction coefficients for these specimens are between 0.20-0.25. Both specimens also

provided lower friction coefficients up to almost 2000 cycles.

All initial peaks are lower than the peaks of the dry tests, except the test with
highest peak, which belongs to one of the 4-11 samples. The coating was worn through
quickly for this test. 9-25 samples showed lowest initial peaks. Initial peaks are indication
of the dry TiN-alumina interaction; some wear may occur with this interaction as in the
case of dry tests. Nevertheless, during this time, the graphite smearing on the surface
accompanies to this initial wear. Therefore, the initial peaks do not increase as high as
dry test peaks (as long as no detrimental failure of the coating occurs, which is
accompanied by an increase to dry test values of the FC). Besides, these peaks generally
are confined to a lower number of cycles, which shows that the lubricant effect of
graphite becomes dominant after a while and the FC decreases. At this point, interaction
of the TiN with alumina ball is partly or totally inhibited and most of the contact occurs
between smeared graphite on the sample surface and transferred graphite layer on the
alumina ball. During the course of the tests, earlier increases in FC graphs (as in one of
the specimens of the 4-25 and 4-11 types) show that the graphite smeared on the surface

and fed to the surface by the reservoirs was not enough to protect surface or initial
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coverage of the surface with graphite at the beginning of surface interaction was not fast

enough to prevent a detrimental failure initiation to start.

More scatter in FC curves (fluctuations at each individual curve) under lubricated
conditions was observed in 4-25 samples and this tendency decreases some for 4-11
samples. The most consistent FC curves were provided by 9-25 samples. Average percent
standard deviation values for each sample type are presented in Figure 4.11. First, percent
standard deviations were calculated for each curve; these were averaged to obtain a
comparison values for each type. Because of the scatter observed, pin-on-disc tests were

repeated with lower speed and dead weight.
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Figure 4.11. Average percent standard deviation values for each specimen type.

89



IV.2.2.1.1. Evaluation of the First Group Friction-Wear Tracks by Optical

Microscopy Optical micrographs taken after the tests performed with higher speed and
weight are given in Figure 4.12, Figure 4.13 and 4.14. Only the tracks that are not worn
through can provide information about the reservoirs; therefore only those pictures are
provided. All sizes of reservoirs have shown a good capacity to catch and store lubricant
(holes are filled). Since the tests shown were stopped during the increasing values of FC
to about 0.35-0.4 as these pictures show the case close to, but prior to terminal wear. First
4-25 sample has some graphite smear on the track, but this amount obviously is not
enough to provide a stable low FC; thus FC fluctuates up and down before the test ended.
The second 4-25 sample does not have much graphite on the surface except the holes and
the edges of the track. Therefore, early increases in FC can be attributed to this evidence.
Pictures also shows that 4-11 specimen has the ability to inhibit coating-ball interaction
with the help of more reservoirs per unit area, which could be the reason 4-11 samples
has longer wear lives, compared to 4-25 samples. No 4-25 sample among 5 lubricant test
could reach 2000 cycles without wearing through. Also, 2 of the tests for 4-11 samples
provided stable FC curve up to 2000 cycles. There is no long time stable behavior in the
FC curves belonging to 4-25 samples. The first 4-11 sample shown in the micrograph has
a slower drop of FC and a quicker second increase. A slower drop to FC values of
graphite increases the chance of hard coating-ball interaction. More damage in coating
should be expected. This could be the reason for the higher FC during graphite action and
the earlier increase in FC. Smeared graphite on the wear track appears to be more
reservoir-based. The second test belonging to 4-11 samples was stopped after 4500

cycles. Although there is substantial damage in wear track, there is still graphite spread
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on the track. Areas ploughed by the counter-face become secondary reservoirs for both
graphite and excessive wear debris in the track. This function of the damaged areas may
postpone further damage of the coating by providing some lubricant and also by storing
wear debris that may behave as third body particles in the contact region. These third
body particles can cause catastrophic failure of the coating both by suppressing lubricant

action and by abrasive wear they may produce if they are hard particles.

Pictures of the lubricated wear tracks so far (tests with higher values of speed and
weight applied) on 9-25 specimens are given in Figure 4.14. These tests have gone long
times (5800 and 2300 cycles) until they have higher FC about 0.35-0.4. In the mid-track
region, the first test still has some graphite in and around the holes. As mentioned
previously for one of the 4-11 wear track, because there is some damage in the track
around the reservoirs, one can guess that some wear debris was also accumulated in the
reservoirs. At the edges of the track, there is more graphite-covered-area. The second test
has a narrower track because of the shorter test time. Both tracks have two regions which
would match different contact areas under the ball as we can guess: The region with
cracks and not much lubricant except the holes is the region right under the ball, which is
with more applied stress. The second region has more graphite around the holes and the
surface; this region coincides with the one side of the ball. The holes with graphite
smearing in both samples show better spread per one hole. In Figure 4.15, the interaction
between ball and the one single hole is shown schematically. It is also obvious that even
if the smear occurs from one hole, the area covered by graphite would be higher for
bigger holes. This is important because the contact area is very narrow and the number of

the holes coinciding with the contact area is limited.
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Figure 4.12. Optical micrographs of wear tracks of two 4-25 samples showing
details of the reservoirs (the tests performed with higher speed and weight).
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Figure 4.13. Optical micrographs of wear track on two of the 4-11 samples belong
to the tests performed with higher speed and dead weight.

Figure 4.14. Optical micrographs of wear track on the 9-25 samples belong to the
tests performed with higher speed and dead weight.
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(a) (b)

Figure 4.15. Schematic view of a single reservoir-counterface interaction: Scheme
on the left, (a), shows how the counterface (ball) would transport graphite from the
reservoirs and how the graphite smears on TiN surface. Scheme on the right, (b), shows
that smearing area would be larger for each bigger-sized-reservoir. '

[V.2.2.2. Pin-on-disk Test Results against Alumina Ball for the Second Group

(Lower Speed and Weight) and Optical Microscopic Evaluations of the Wear Tracks Pin-

on-disk tests against alumina ball were repeated at lower speed and lower weight under
lubricated conditions. 1t is aimed to decrease the severity of the dry TiN-alumina ball
interaction decreases with decreasing load. And more time was provided for graphite
smearing and hole-filling actions. Figure 4.16 shows results of initial short time tests.
These tests were performed twice for 4-25 and 4-11 samples and once for 9-25 sample
for longer time periods (2000 cycles) (Figure 4.17 and Figure 4.18).

The initial peak observed in FC curves of other lubricated tests did not show up. It
is related with having less harsh conditions in terms of surface interactions. And there is
more time for lubricant to contribute to this interaction. Under these conditions all
specimens showed similar behaviors initially (first 500 cycles). Friction coefficient

values provided are about 0.1-0.2 at the beginning.
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Figure 4.16. Pin-on-disk lubricated friction test results obtained under lower load
and speed conditions.

The first separation from the group was shown by 4-25 sample with fluctuations
up and down, in one of the tests at as low as 200 cycles. After about 500 cycles, 4-25 and
4-11 samples showed a passage to follow substantially higher values of FC. This can
indicate that the graphite amount in the contact region was not enough to keep low
values. Nevertheless there are sudden drops in the curve, which could be taken as some
trials to turn back to the lower values. At these moments, probably the system was
provided some graphite from a source that could be the edges of the track or edges of the
ball surface in contact with the coating. Interestingly, the longer test with 9-25 sample
exhibited low values of FC about 0.12-0.15 or more than 2000 cycles with a smoother
curve. Among these three samples, 9-25 one has shown the most fulfilling function in

terms of storing and feeding the graphite.
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Figure 4.17. Pin-on-disk lubricated friction test results obtained under lower load
and speed conditions.
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Figure 4.18. Pin-on-disk lubricated friction test results obtained under lower load
and speed conditions. These tests are repeats of the tests shown in Figure 4.15.

Coatings for all type of the samples were intact after 500 cycle tests. For the tests
performed for longer periods of time, example microscopic appearances of the tracks are
given in Figure 4.19, 4.20 and 4.21. FC curves of these tests were given in Figure 4.17.
The amount of lubricant spread over the wear track is less in 4-25 samples according to
microscopic examination. The most consistent reservoir based lubrication was succeeded
by 9-25 sample; although there were some worn areas in the track. Half of the wear circle
belongs to the one of two 4-25 sample (sample shown in Figure 4.18) tested for 2000

cycles was worn through.
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Figure 4.19. Optical micrographs of wear tracks of 4-25 samples belong to the
tests performed with lower speed and dead weight (2000 cycles).

Figure 4.20. Optical appearance of the wear track of 4-11 sample after the test
with lower speed and dead weight (2000 cycles).

Figure 4.21. Optical appearance of the wear track of 9-25 sample after the test
with lower speed and dead weight (2000 cycles).
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When we take 4-11 and 4-25 curves into account, as 4-11 sample having higher
density of the reservoirs, we can’t see a beneficial effect of having more reservoirs on the
surface at the beginning process; because graphite coverage of the surface is almost as
slow as the wear of the coating process. The reason for that is having very few reservoirs
in a narrow track in when alumina ball is used as counterface. The alumina ball showed
minimal wear during the surface interaction. Nevertheless, as the track gets slightly wider
further in the test, some benefit of having more holes filled with graphite could be
mentioned; because the less dense samples in terms of having reservoirs (4-25 type) have
shown earlier fluctuations in FC than denser samples (4-11 type). These fluctuations
indicate unstable interaction at the contact region. For the tests with higher load and
speed, no 4-25 sample reached to 2000 cycles without wearing through, while 2 out of 5

lubricant tracks on 4-11 samples provided lower values of FC at least up to 2000 cycles.

When 4-11 type samples are compared to 9-25 type samples (4-11 type and 9-25
type samples both have the same area coverage), in the tests with higher speed and load,
having bigger reservoirs in the TiN coating has provided faster graphite smearing of the
surface and it has also prolonged the low FC period. This could be also because of the
reason previously explained (Figure 4.15). For the lower load and speed tests, most
probably because there were no initial increase and possible wear accompanying to that
did not exist, all samples provided similar friction coefficient values. But again, 9-25

sample provided lower value of friction for longer time.
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IV.2.2.3. Pin-on-disk tests against Steel ball The results of the pin-on-disk friction

tests are given in Figure 4.22; tests were performed with graphite lubrication and 440C
stainless steel balls and at higher speed and load levels. Higher load and speed were
preferred in order to obtain data comparable to first group of specimens tested with
alumina ball under the same load and speed conditions. Both 4-25 and 4-11 type
specimens, esp. 4-25 samples did not show consistent friction coefficients on those tests.

Steel ball might change this behavior.

According to Figure 4.22, the behavior of the 4-25 sample is distinctively
different from other two; i.e. 4-25 sample was worn through quickly after the tests started
and the positive effect of graphite was not observed. For the case of 440C martensitic
steel ball, some wear of the ball accompanies to the coating. Because of this wear, the
tracks are wider, which alters the contact conditions in favor of reservoir function;
because there are more reservoirs in the area. Obviously, increase in the number of
reservoirs was detrimental for 4-25 sample. Both 9-25 and 4-11 specimens showed some
kind of peak at a higher value of FC, and then friction decreases down to a value less than
0.2. Until more than 1,100 cycles there was no other change for 4-11 test, but some
increase for both 9-25 samples. Decreases in FCs are evidently because of the lubricating
action of the graphite on the contact surfaces (Figure 4.23). In fact, one of the 9-25
sample was tested more than 11,000 cycles, although the friction became unstable with
fluctuations further in the test; the wear track was in a good condition with high amount

of lubricant on the surface coming out of reservoirs after the test (Figure 4.24).
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Figure 4.22. FC data recorded for the tests against 440C steel ball: Full range of
the tests were shown on the left, only first 500 cycles were shown below.

101



25 pm 50 um

Figure 4.23. Optical micrographs of the tracks after friction tests of (a) 4-11
specimen after wear test, (b) 9-25 specimen after wear test.

Figure 4.24. Optical micrographs of the tracks taken after friction test kept going
until about 12,000 cycles for one of the 9-25 specimens.
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1IV.3. Discussion

Incorporation of the reservoirs in the hard coating with the technologically
advanced photolithography process was successful. Although this new two-layer-
photoresist-mask was specially developed to help lifting off the mask after the coating
process; high points around the holes were present after removal of the mask resulting in
high FC. This was overcome by polishing the samples after the hard coating deposition.

In dry conditions, the reservoirs decreased the structural integrity of the coating
and caused fast failures. When graphite was applied as a solid lubricant, a general
decrease in friction coefficients was observed. Nevertheless, the tribological performance
of the coating was affected by the size and the area coverage of the resérvoirs. In case of
alumina counterface, smaller sized specimens with lower area coverage have shown the
most scattered results under lubricated condition. For alumina ball tests, because the wear
amount of the ball is small the matching wear track on the specimen is also narrow. In
this narrow area, the probability to have reservoirs may be scattered, too, which would
cause different friction behaviors depending on number of the reservoirs in the track. It is
not surprising to see any of the 4-25 samples couldn’t reach 2000 cycles under high load
and speed conditions.

The most consistent results were observed for 9-25 samples. This is attributed to
two phenomena: increased solid lubricant provided by higher area coverage of the
reservoirs and increased lubricant amount per hole in the interaction with the counterface
(Figure 4.15). These are confirmed by the microscopic inspection of the wear tracks after

tests.
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I1V.4. Conclusion

Pin-on-disk tests conducted with graphite on coatings with controlled patterns
achieved by photolithography showed holes with 9 pm size (with 25 um spacing) has the
ability to provide faster decreases to lower friction coefficients and stable lower friction
coefficients for longer periods of time. Faster decrease to low FCs compared to 4-11
samples having the same area coverage indicates that 9 um sized reservoirs performed
better when surface interaction takes place. The reason could be the ability of bigger
holes to serve more lubricant per hole. This could be explained by

— ease of capturing graphite particles having 2-15 pm sizes

— simply storing more lubricant per hole

— serving to protuberances of a counterface easier reaching to lubricant.

Increase in area coverage of the reservoirs provided longer wear lives when samples

with same size but different area coverage of reservoirs were compared (when 4-11 and
4-25 samples were compared). In the tests performed with alumina ball and higher speed
and load on samples with lower area coverage (4-25 samples) couldn’t reach 2000 cycles.
This result is more obvious for the test performed with steel ball, where wider tracks

occur. Tracks on 4-25 sample was worn through quickly.
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CHAPTER YV

MACHINING PERFORMANCE OF TiN COATINGS

INCORPORATING INDIUM AS A SOLID LUBRICANT

The machining performance of TiN coatings incorporating indium as a solid
lubricant was investigated as a practical application of the patterned coatings. In the
present work, the coatings were deposited on cutting tool inserts by means of the
“Microbeading” method described in Chapter 3. Machining tests on these coated tools
were performed on a turning center with and without coolant and flank wear was
measured intermittently. Flank wear data of various coatings were collected. Further
investigations were performed to explain the differences in wear life data of selected
coatings, namely, machining simulation tests, chemical evaluation by X-ray
photoelectron spectroscopy (XPS) and morphologic inspection of collected chips with

scanning electron microscopy (SEM) [45].

V.1. Experimental

In this part of the study, indium was used both as a thin film overlaying the TiN,
as well as a separate indium phase within the TiN coatings. SPG 422 type cemented

carbide inserts were used as substrates to allow us to conduct machining tests. Coatings
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were applied on only the rake (top) faces of insert samples. The reason is that rake
surface includes tool tip where cutting takes place and also metal chip flows on rake
surface. Another reason is to decrease coating cycles. In PVD method, only surfaces
facing to target is coated effectively (Figure 5.1). To coat other surfaces, (namely the side
or flank faces) coating cycles should be repeated or rotated on multiple axes during
deposition. During machining operation, high forces and temperatures are applied on a
very small area (tool tip). Improving tribological conditions only on rake surface was

expected to contribute overall wear life of insert tools substantially.

Ti or In target

!

i insert [

Figure 5.1. Position of rake and flank surfaces when TiN and In deposited.

Application of the micro-beads on the surface and the coating parameters are
given in Chapters 2 and 3. Two different methods were used for “Microbeading”. One
was the spray method and the second is the dipping (or submerging) method. Details of
the techniques are also given in Chapter 2. Samples and their fabrication techniques are
presented in Table 5.1. Area coverage values obtained on steel samples by the spray
method were repeated here on insert samples. Higher values were achieved by the
submerging method. Attempting even higher surface coverages would cause an increase

in agglomeration when using these methods.
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Table 5.1. Cutting insert samples tested at turning operation.

TiN coated inserts
Sample Relative Diameter of the Application Area
Name Density Microbeads (um) Method Coverage
TiN - - - -
TiN-In - - - -
TiN-In5L lower 5 Spraying 1%
TiN-InSH higher 5 Submerging 3.8%
TiN-In10L lower 10 Spraying 1%
TiN-In10H higher 10 | Submerging 2.3%

Optical micrographs of specimen surfaces taken after TiN deposition are shown in
Figure 5.2. Inserts were then transferred to the vacuum chamber once more for solid

lubricant-indium-deposition. A 1.5-2 pm thick indium film was deposited at room

temperature onto substrates.

Micro- . . Submerging into Bead-Ethanol
bead size Bead Spraying Technique Suspension Technique

3 pm

10 pm

Figure 5.2. Pictures of rake face of the insert specimens after cleaning the micro-
beads from the surface; micro-beads left the empty reservoirs behind.
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V.2. Results and Discussion

V.2.1.Pin-on-disk friction tests

Before conducting machining studies, pin-on-disk tests were run and results for
coatings that were applied on the rake face of the tool inserts are shown in Figure 5.3. To
perform these tests, the inserts were glued on steel stubs horizontally with rake faces on
top. An alumina ball was used as the counterface. The friction coefficient curves all start
with a rapid increase to 0.6 followed by a sharp decrease to 0.5. Subsequently, the
coatings with reservoirs show a further decrease to less than 0.5 and keep this value until
500 cycles. The TiN coating with 5 pm microreservoirs filled with indium kept this lower
friction coefficient for more than 1000 cycles. Optical micrographs of the wear tracks are
given in Figure 5.4. In the case of coating with reservoirs, in the pictures we can see that
reservoirs can be used to store the indium; as many small particles spread on the wear
track and some indium are in the reservoirs. These results demonstrate the potential for
microreservoir-structured coatings to help reduce friction and extend wear life. Similar
improvements in tribological properties were found in studies with TiN/graphite coatings

[121.
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Figure 5.3. Friction coefficient graphs during pin-on-disk tests for the TiN coating

without reservoirs; TiN coating with 5 pm reservoirs and TiN coating with 10 pm
IESErvoirs.
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Figure 5.4. Optical micrographs of the wear tracks on indium coated inserts
(a) with no reservoirs, (b) with 5 um reservoirs and (c) with 10 um reservoirs.

V.2.2. Turning Tests

The flank wear data, measured intermittently during the turning tests, on the tool
inserts coated by TiN with or without the indium are shown in Figure 5.5. These tests

were conducted in the presence of cutting fluids. The plain TiN coating had the shortest
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wear life among the coatings tested; the longest wear life was observed for the TiN-In (no
reservoirs) and as well as TiN-In-5H. Wear lives of these coatings are more than 4 times
longer than TiN alone. Except TiN-In10H, other coatings with embedded indium had 4

times longer wear lives than TiN.

In general, these results demonstrate the beneficial effects of the In topcoat, with
or without the microreservoirs. Because the flank face was not specifically patterned
with microreservoirs, it is not surprising that the flank wear is not dependent on their
presence. However, even though the sputter deposition process is primarily line-of-sight,
i.e. the coating deposits mainly on surfaces facing to material source (rake surface), some
In will deposit on the flank faces, with the effect of reducing flank wear compared to the

sample coated with TiN only (See Figure 5.1).

The performance of following coatings were also investigated under dry
machining conditions: the insert sample with 7iN, which gave the shortest wear life in
wet machining, the sample with the TiN coating(no reservoirs) and the insert specimen

with TiN-In5L. The flank wear results of these experiments are presented in Figure 5.6.
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Figure 5.5. The progress of the wear during machining tests performed in the
presence of cutting fluids on various coatings: TiN coating without any embedded
lubricants (TiN), indium film on TiN coating without any reservoirs (TiN-In) and TiN

coatings with lower or higher density of the 5 or 10 um-sized-reservoirs and embedded
lubricants in them (TiN-InSL, TiN-In5H or TiN-In10L and TiN-In10H).

The TiN-InSL sample has shown about 15% longer wear life compared to the
plain TiN coating. Using criteria of 0.1 mm of flank wear, the TiN-In5H sample reached
this point after about 5000 m length of cut. However, both the TiN and TiN-In samples
reached this threshold after less than 2000 m length of cut. In addition, the insert with the
plain TiN coating showed extensive chipping due to excessive cratering after the
experiment, while the insert of TiN-InSH was in a far better condition. Micrographs taken
after 1600 meters length of cut, of the cutting nose for the insert of TiN-In5L and the
insert with TiN are shown in Figure 5.7. The pictured regions were cleaned by ion
etching to reveal the extent of the wear. TiN insert showed more cratering and also

regional flaking through the path of the chip flow.

111



0.5 -
-TiN

-a- TiN-In
0.4 4 —« TiN-InSH

Flank wear, mm

T T

O - > | T T T "
0 2000 4000 6000 8000 10000
Length of cut, m

Figure 5.6. Flank wear results of dry machining experiments performed on three
samples: tool insert with just TiN coating (TiN), tool insert with indium on TiN without
any reservoirs (TiN-In) and tool insert with indium on TiN with high density of 5 um
reservoirs (TiN-InSH).

Because of the intimate contact between chip and the tool faces, one can analyze
the interaction between these two by evaluating the morphology of the chips formed
during the cutting operation. The morphology of the collected chips from the early stages
of the wet machining experiment is shown in Figure 5.8. The SEM pictures of the chips
from the wet turning operations reveal that there is a smoother interaction between the
chip and tool with the coating of TiN-In5L compared to that of the only TiN coated tool.
Generally, a smoother surface indicates a less wear and damage to the cutting edge of the

tool.
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Figure 5.7. Rake surface appearance of the turning inserts after machining

experiments: (a) Only TiN coated insert, (b) Insert with indium on TiN with 5 pm
TESErvoirs.
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Figure 5.8. SEM micrographs of the collected chips for (a) the tool with plain TiN
coating and (b) for the tool with indium layer on TiN with 5 pm reservoirs.

V.2.3.Tribological Simulation of the Machining Operation

The purpose of theseﬂ experiments (the details of these experiments are explained
in Chapter 2) was to simulate adhesive interaction between chip and the coated tool
during machining operation. This test gives 7,/P,, values, defined as coefficient of
friction for the interaction of workpiece-coating. Two sets of pins were coated for this
experiment, one with TiN only, and the second with TiN/5um holes/In. The spray
method was used to create the microreservoirs in the latter sample, but the hole density

could not be determined because the hemispherical shape of the surface provided limited
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optical microscope imaging capabilities. The results are plotted in Figure 5.9 as 7,,/P,
versus each test temperature. For the temperatures lower than 600°C, the coefficient of
friction for plain TiN coating are higher than the values for the TiN-In5; after 600°C, the
coefficient of friction is lower for the TiN coating. These results can explain the
performance of the plain TiN vs. TiN-InS under dry and wet machining conditions. In
wet cutting, temperatures are lower than dry cutting, and In can reduce friction and
extend wear life. However, for the dry cutting, higher temperatures are present, where the
plain TiN coating becomes advantageous in terms of friction coefficients. It is proposed
that this effect is due to oxidation of the In, resulting in the loss of its low-friction

capabilities.
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Figure 5.9. Friction coefficient values obtained from the tests conducted at
various temperatures for Pin sample coated with indium film on top of TiN with 5 pm
reservoirs, and for Plain TiN coated pin sample [45].

V.2.4. XPS Analyses on Tool Inserts

An insert sample with indium on TiN with 5 um reservoirs that had been tested
under dry turning conditions for 1600 m was also analyzed by XPS (X-ray Photoelectron
Spectroscopy) after the tests. The point of 1600 m is in the first quarter of dry cutting
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tests and there is substantial amount of wear corresponding to this point of tests. Analyses
were performed on the rake surface of the tool inserts approximately 0.6 mm from the
edge. In Figure 5.10, sample outputs of the analyses are presented: (a) after 4 min.
etching and (b) after 14 min. of ion etching on the rake surface. Both graphs show that
there is iron transfer from workpiece to the tool surface. After 4 min. etching, indium can
be traced, after 14 min. it is not traceable anymore, instead, there is substantial amount of
titanium and nitrogen originated from TiN coating. Both the amount of carbon and

oxygen atoms decreased after 14 min. etching; carbon amount was decreased more.

The depth profile of each element traced near the cutting tool tip is given in
Figure 5.11. On the very surface of the tool tip, there is mostly a high amount of carbon
because of the contamination. More interestingly, the highest amount of indium, 7% was
detected on the surface. This shows that the indium was traceable after first quarter of
cutting operation. Because In was detected after some machining, one can say that In
contributed to the tribological interactions at least for the first quarter of the machining
operation. As etching continued, the concentration of indium decreased and could not be
detected after 9 min. etching. After this depth Ti and N started to be detectable and their
quantity increased substantially after 24 min. etching, where other elements had their
lowest amounts. Iron transfer to the tool surface was detected as iron content was
recorded on the surface and near surface regions. The amount of iron is comparable to
indium at the surface, but into the surface the iron content increases substantially,
becoming 50% after an etching time of 9 min; further etching revealed that this trend is

decreasing after 9 min.
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Figure 5.10. XPS outputs from a region near cutting edge of tool insert that were
tested in dry machining: (I) is after 4 min. etching, (II) is after 14 min. etching.
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Figure 5.11. Atomic concentration changes through depth of surface layers of dry
machined insert coated by indium layer on TiN with 5 um reservoirs.
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According to Trent [46] there is intensive interaction between tool and workpiece
during cutting, which results in formation of seizure zone. This leads to very unfavorable
frictional conditions and very intensive wear rate that is typical for cutting. These
frictional conditions are typical first of all for continuous cutting conditions, i.e. turning
operations. A way to improve frictional conditions is to use lubricant that can sustain
heavy load/temperature conditions under operation. In this part of the study, we have
examined the use of indium as a lubricant, as well as the effects of microreservoirs within
the TiN coating. Micro-reservoirs that are filled ‘with indium can supply solid lubricant to
the frictional surface and in this way isolate (fully or partially) the workpiece and tool
surface. The results presented here for wet machining demonstrate an increased tool life
in samples incorporating indium. However, we did not observe a substantial difference in
flank wear between the samples with microreservoirs vs. those without. This can be
attributed to the fact that the flank face was not fabricated with microreservoirs, only the
rake face. For dry machining, the microreservoir-coated sample did show some initial
reduction in flank wear, but overall the flank wear rates for dry machining were greater
than wet machining. The damage to the rake face was reduced for samples incorporating
the microreservoirs (Figure 5.7), indicating they can be beneficial in this manner. The
presence of In, detected on the rake surface of sample TiNIn-5H in the XPS experiments,
is also of note since the absence of the microreservoirs may impact the ability of In to
remain on the surface during cutting. A more detailed examination of In-coated samples
both with and without microreservoirs will be necessary to reach a final conclusion.
However, even with effective operation of the microreservoirs, the primarily limitation of

indium is its thermal stability and likely transformation to In oxide. As can be seen from
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CoF vs. temperature curves (Figure 5.9) at the temperature above 600°C, In-based tribo-
films lose their stability and efficiency of the lubricant is strongly diminishing. It is
obvious that this is a result of using indium as lubricant. Indium is not appropriate to high

dry cutting temperatures.

V.3. Conclusion

1. In this part of research, microbeading method, was implemented on only rake face of
turning tool inserts. Indium was used as the solid lubricant. TiN-In coated inserts were
tested by measuring flank wear in wet machining, and showed up to 4 times longer wear
life than a TiN coating without indium. Examination of chips taken during cutting

showed a smoother surface, indicating lower wear at the cutting edge.

2. TiN, TiN with In and TiN with In and 5 pm microreservoirs were tested in dry
machining, and the coating with the 5 pm microreservoirs exhibited the least wear for
most of the test period. However, wear performance was still inferior when compared
with wet machining. This behavior was explained by measuring coefficient of friction
under simulation tests. Below 600°C, coatings incorporating In had a lower coefficient of

friction, but at higher temperatures, the TiN coating had the lower CoF.

3. The tool tested run under dry machining conditions for a 1600 m cutting distance was
further investigated after the test with XPS. The presence of the indium near the tool tip,
where the chip flows on the rake face, was confirmed, indicating that indium may be a

useful solid lubricant under certain limited conditions.
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CHAPTER V1
CONCLUSIONS

In this research a new method to fabricate composite coatings incorporating micro-
reservoirs has been developed, and experiments have been carried out to gain an
improved understanding of how these coatings function. These micro-reservoirs can
provide storage for solid lubricants and to replenish them during surface interaction and
wear. To fabricate these coatings, ceramic/glass beads were used as placeholders during
coating deposition and then subsequently removed. The success of the micro-reservoir
function depending on size, distribution and area coverage. Agglomeration of beads was
an important fabrication issue, because it affects reservoir size and distribution (by
increasing inter-hole distance and areas without reservoirs). While agglomeration cause
some initial coatings to perform poorly, this issue was overcome by improvements in the

spray technique.

In the absence of a solid lubricant, the incorporation of micro-holes in the coatings
resulted in rapid failure during pin-on-disc tests. When graphite was applied, the lowest
friction coefficients (below 0.1) were obtained with 10 um-sized-holes (over the tested
range of 1.5 to 10 um). To further understand coating behavior, plane strain finite
elements models of coatings with 2, 5 and 10 um-sized-holes were prepared. Coatings

with the 10 pm-sized-holes had lowest stresses and calculated work done at the critical
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location of a hole profile during surface interaction with a pin, which would reduce the

probability of failure.

Hard incorporating micro-reservoirs and an indium topcoat as a solid lubricant were
deposited on the rake face of tool inserts. During machining with cutting fluids, the flank
wear was measured up to four times greater tool life was obtained for most of the tools
with micro-reservoirs and the In topcoat. However, the coating with In topcoat and no
microreservoirs also performed in a similar manner. In dry machining, TiN with 5 pm
reservoirs and an In topcoat had slightly less flank wear for most of the test compared to
TiN alone and TiN+In, however, overall, the composite coating with micro-reservoirs
and an indium topcoat did not show an outstanding performance. This is attributed to
instability of In above 600°C under adhesive wear conditions that was believed to control
surface interactions between the tool and the workpiece. XPS analysis performed near the
cutting tip of a sample tested under dry machining conditions for 1600 m indicated that
there was indium still present on the surface. These results suggest that indium may only

be useful for limited temperature applications during dry cutting.

To further understand the behavior of micro-reservoirs in hard coatings, homogeneously

distributed micro-holes were fabricated on silicon substrates using photolithography.
Samples with 9 um holes spaced 25 upm apart (9-25 sample) demonstrated fastest
transition to lower friction values (against and alumiuna pin) compared to samples with 4
um holes/25 pum spacing (4-25 sample) or 4 um holes/11 um spacing (4-11). The
microreservoirs in the 9-25 samples helped provide stable FCs for longer periods of time
on the tests carried out with a 200 rpm speed and 1 N load. The 4-11 samples have the

same area coverage with 9-25 samples, but they showed more scatter in friction
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coefficients. Besides having highest scatter values in FCs, the 4-25 samples could not
reach 2000 cycles without wearing through. This indicates that both reservoir size and
area coverage of the 4-25 samples were not sufficient to provide a stable transfer layer
and prevent excessive wear. Optical microscope evaluations revealed that 9 pm-sized-
holes showed the best lubrication provided from the microreservoirs. When a steel
counterfaces was used, which increases the interaction area of pin on the substrate, the
effect of size and area coverage became more prominent. The 4-25 samples wore through
quickly but micrographs of 9-25 samples showed a good spread of lubricant from
reservoirs. When graphite lubrication was used, larger (9-10 pm) reservoir sizes
functioned better in samples made using both the microbeading method and the
photolithography method. Possible reasons include a better lubricant capturing capacity
of the larger reservoirs, a higher lubricant storing capacity of the larger reservoirs, and

the ease of reaching lubricant in reservoirs.

This work has shown that there can be a benefit to incorporating microreservoirs
within had coatings, as long as they have a sufficient size (9-10 pm-sized-holes are
suggested here) and surface density. Used in conjunction with a solid lubricant, these
coatings can result in decreased friction and extended wear lives Lubricant choice is

important, particularly for high-temperature applications, such as cutting tool inserts.
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CHAPTER VII

FUTURE WORK

Microbeading method can be further improved and modified to control agglomeration

and increase area coverage values.

Other soft metals such as silver could be future candidates for a better lubrication for
both tool inserts and other coating applications. Silver is also frictionally compatible

with iron. Therefore it can be a good choice for machining applications.

Microbeading method can be applied on other manufacturing tools with wide, flat
surfaces such as mold components working under high friction and wear conditions.
Surface interaction of composite coatings fabricated by microbeading with wide, flat

surfaces may increase effect of replenishment from reservoirs.

Further investigations can be made on silicon samples patterned by photolithography

on wider wear tracks provided by steel counterfaces.

Reservoirs bigger than 10 um can be fabricated in coatings using photolithography.

And there may be benefits of further increasing size of reservoirs.

Most of the coatings deposited by magnetron sputtering process have high amounts of
residual stresses. Because a micro-reservoirs is a discontinuity in a coating structure,
it may decrease residual stresses. The effect of micro-reservoirs on residual stresses

can be investigated.
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