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microstructure of a-C:H films, and the microstructure is changed according to coating methods and
parameters. In our previous study, Raman spectroscopy was used to clarify the microstructure of a-C:H
films, and the microstructure of a-C:H films evaluated by Raman parameters (G-peak position
and FWHM(G)) and the mechanical properties of the films were successfully correlated with Raman
parameters. In this study, a-C:H films were prepared on Si wafer using plasma based ion implantation and
deposition technique (PBII&D). Hardness of the films were measured with nanoindentor and surface
roughness was measured using atomic force microscope. Ball-on-disc type tribotester was used to evaluate
friction properties of the films in the air. It was found that the frictional properties of a-C:H films depend on
their microstructure, i.e., polymer-like carbon (PLC), diamond-like carbon (DLC) and graphite-like carbon
(GLC) structures, and PLC and GLC-structured a-C:H films show lower friction coefficients compared to
that of DLC-structured carbon film, which are attributed to surface chemistry and low shear strength of the
films, respectively. a-C:H films with DLC structure showed the highest friction coefficient and the friction
coefficient increases in proportion to their hardness.

Presenter: Junho Choi (choi(@mech.t.u-tokyo.ac.jp)
Corresponding author: Junho Choi (choi@mech.t.u-tokyo.ac.jp)

(MPF8241) Mechanical and tribological properties at elevated temperatures of CrTiSiN composite coating

Yang Tung-Sheng ', Deng Ji-Hong * , Yao shuen-huei * , Chang Yin-Yu * , Chang Sheng-Yi *
'Department of Mechanical and Computer-Aided Engineering, National Formosa University, Taiwan.
*Department of Mechanical and Computer-Aided Engineering, National Formosa University, Taiwan.
*Chang Jung Christian University, Program in Technology Management, Taiwan.

*Department of Mechanical and Computer-Aided Engineering, National Formosa University, Taiwan.
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In this study, a composite-layered CrTiSiN hard coating was grown and evaluated for mechanical and
tribological properties at elevated temperature. A traditional single-layered TiAIN was deposited and used for
comparison. After the coatings were synthesized using a cathodic arc evaporation system, they were
characterized. Then, the elastic-plastic stress-strain behavior, wear performance and friction behavior at elevated
temperature from 100 to 300 °C were evaluated. The stress-strain behavior was derived from the comparison
between load-displacement and pipe-up/sink-in behavior obtained by the finite element analysis and that by the
nano-indentation test. The wear performance was assessed using a wear test. The friction behavior was
investigated using a compressing and sliding test. The results showed that for the CrTiSiN coating, its hardness,
Young’s modulus and tangent modulus increased as the temperature increased. The CrTiSiN coating exhibited
excellent anti-wear and low friction performance at elevated temperatures as compared to the TiAIN coating.

Presenter: Yao shuen-huei (shyao0954(@gmail.com)
Corresponding author: Yao shuen-huei (shyao0954(@gmail.com)

(MPF8263) Effects of SiC microparticles in electrolyte on structure and tribological property of micro-arc
oxidation coatings of Ti6Al4V alloys

Fengbin Liu ! Dachao Sun', Yan Cui
'College of Mechanical and Materials Engineering, North China University of Technology. China.

Ti6Al4V alloy was widely used in the fields of aerospace and biological engineering for many excellent
properties. However, the poor tribological behavior evidently hinders its further application. As an effective
method, micro-arc oxidation technique was extensively carried out to improve the tribological properties of
various nonferrous alloys because of its prominent advantages. Though wonderful effects were achieved by
using micro-arc oxidation method, the typical porous morphology of micro-arc oxidation coating is still a
disadvantage in improving the tribological behaviors.
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Mechanical and tribological properties at elevated temperatures of
CrTiSiN composite coatings synthesized by a
cathodic arc deposition process
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124 Department of Mechanical and Computer-Aided Engineering, National Formosa
University, Taiwan.
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Abstract

In this study, a cathodic arc evaporation process is used to deposit the traditional
single-layered TiAIN and composite-layered CrTiSiN hard coatings. Field emission
SEM 1is used to characterize the microstructure states of the synthesized films.
Adhesion of the TIAIN and composite CrTiSiN films were evaluated using a standard
Rockwell indentation tester. The hardness and Young’s modulus were obtained by
nanoindentation test. The stress-strain behavior such as yielding stress and tangent
modulus of these deposited thin films were directly extracted by the comparison of
load-displacement and pipe-up/sink-in behavior between the finite element analysis
and the nanoindentation test at elevated temperatures. The results show the values of
the hardness, Young’s modulus, and tangent modulus increase as the temperature
mncreases for CrTiSiN film. A wear test was used to determine the antiwear properties
for different temperatures of these two deposited coatings. Pin-on-disk wear tests
were conducted on the two deposited coated SKD61 steel disks using WC balls as
sliding counter parts for different temperatures. The behavior of wear loses and the
wear depths of these coatings were studied. The friction tests such as compressing and
shding test are carried out to investigate the variation of surface roughness and
friction coefficient of magnesium alloy sheet for different temperatures. By
comparison with the TiAIN film, the CrTiSiN composite thin films shows lower wear
depth, surface roughness, and contact friction. Therefore, the CrTiSIN composite
films exhibited excellent hardness, mechanical properties, surface quality, antiwear

and low friction performance at elevated temperatures.

Keywords:hard coating, cathodic arc evaporation process, mnanoindentation,
mechanical properties, wear, friction, surface roughness, finite element

analysis



1. Introduction

Hard coatings are adopted in cutting and forming application for a long time. The
major purpose of hard coating 1s causing the smooth surface, increasing the strength
and toughness, reducing the friction coefficient and increasing the antiwear properties.
Industrial applications of these coatings in a form of single layer and multlayer
synthesized by physical vapor deposition (PVD) are increasing rapidly due to their
advanced tribological, corrosion properties, and high temperature oxidation resistance
[1]. Such coatings can be produced by different PVD techniques, such as magnetron
sputtering and cathodic-arc evaporation (CAE). The cathodic arc deposition technique
possesses good adhesion and high deposition rate due to its high ionization and high
current density as compared with other deposition processes [2]. TiN was widely used
in the tool industry for protective coatings that provide increased wear resistance and
cutting accuracy [3,4]. The demand of TiAIN film is expanding, because TiAIN film
has a high oxidation resistance at elevated temperatures as well as good wear
resistance [5]. The characteristic features of TiAIN coatings could be controlled by
their chemical composition and microstructure, which significantly influence the
mechanical properties of the deposited films [6]. Mo et al. [7] studied the tribological
behaviors of the two commercially available high aluminum content TiAIN and
AICrN monolayer coatings, and they were investigated with focus on friction
behaviors and wear mechanisms. Recently, composite coatings have attracted much
interest because of their excellent mechanical performances, wear resistance, good
thermal and chemical stability. Chang et al. [8, 9, 10] studied composite coatings
synthesized by cathodic-arc evaporation equipment. The structure, mechanical and
tribological property were investigated of these studies.

The well-known Rockwell C indentation test is prescribed by the VDI 3198
norm (Fig. 1), as a destructive quality test for coated compounds [11]. The results
exhibited good, acceptable, and poor film adhesion for HF1 ~HF2, HF3 ~HF4, and
HF5~HF6, respectively. The nanoindentation tests have been used to study the
mechanical properties, such as elasticity, and hardness, of thin films with different
film thicknesses and materials. Chang and Chang [12] used XPMTS nanoindentation
with a Berkovich indenter, under load-unloading condition, and measured as a
function of indenter displacement using continuous stiffness measurement method, to
obtain the hardness and Young's modulus of the films. Recently, finite element
method (FEM) has been widely used for numerical simulation of indentation tests on
bulk and film material in order to analyze its deformation response and investigate the
influence of indenter geometry, friction and material elastic and plastic properties.
Pelletier et al. [13] have investigated the influence of material bilinear elastic-plastic
behavior model for numerical simulation of nanoindentation testing of various bulk
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metals. Pelletier [14] used a comprehensive parametric study of 48 cases was
conducted. They defined two dimensionless equations which link the parameters
extracted from the experimental load—displacement curve with material parameters,
such as Young’s modulus, vield stress and tangent modulus. Bhattacharya et al. [15]
used the finite element method to simulate and solve for an indentation problem with
an axisymmetric cone. They presented an elasto-plastic analysis of axisymmetric
conical indentation, and showed that the shape of the plastic zone strongly depends on
the indenter angle, Young’s modulus of the material, and yield stress. Khan et al. [16]
used nanoindentation test and finite element analysis to extract yield stress and strain
hardening exponent for an Al-clad system. Yang et al. [17] used the finite element
method in conjunction with an nanoindentation test to predict the loading curve and
stress distribution of thin hard coatings. The effects of material properties of thin film
on the stress distribution for loading and unloading in the nanoindentation are also
investigated.

In this study, a cathodic arc evaporation process is used to deposit the traditional
single-layered TiAIN and composite-layered CrTiSiN hard coatings. Field emission
SEM is used to characterize the microstructure states of the synthesized films.
Adhesion of the TiAIN and composite CrTiSiN films were evaluated using a standard
Rockwell indentation tester. The stress-strain behavior such as Young’s modulus,
yielding stress, and tangent modulus of these deposited thin films were directly
extracted by the comparison of load-displacement and pipe-up/sink-in behavior
between the finite element analysis and the nanoindentation test at elevated
temperatures. A wear test was used to determine the antiwear properties for different
temperatures of these two deposited coatings. Pin-on-disk wear tests were conducted
on the two deposited coated SKDO61 steel disks using WC balls as sliding counter
parts for different temperatures. The behavior of wear loses and the wear depths of
these coatings were studied. The friction tests such as compressing and sliding test are
also carried out to investigate the variation of surface roughness and friction

coefficient of magnesium alloy sheet for different temperatures.

2. Microstructure and film adhesion analysis

The composite-layered CrTiSIN and single-layered TiAIN hard coatings were
deposited on SKDO1 tool steels by using a cathodic arc evaporation system. Ar and
reactive gas (N2) were introduced through a conducting duct around the target to
enhance the reaction of the plasma and reduce the droplet on the deposited coatings.
Cr(99.9at%) for CrN and Ti/ Si+CrN (50/30 at.%) cathodes were arranged on
opposite sides of the chamber to deposit the composite-layered CrTiSiN coatings. Ar
and reactive gas (N2) were then introduced through a conducting duct around the

3

11



target to enhance the reaction of the plasma and reduce the droplet on the deposited
coatings. The distance from cathode to substrate was 180 mm. The temperature of the
sample during the deposition was controlled at about 200 °C, which was measured by
a thermocouple located near the sample. Base pressure prior to deposition was lower
than 1x10-3 Pa and substrate bias voltage of =120 V and N2 pressure of 2.7 Pa were
used. Next, the samples were mounted on the rotational substrate holder for the
deposition of the composite-layered CrTiSiN coatings. The rotational speed of the
substrate holder was controlled at 4 rpm. Table 1 presents the deposition parameters
of the composite-layered CrTiSiN coatings. In addition, the traditional single-layered
TiAIN hard coatings also deposited using a cathodic arc evaporation system.
Cross-sectional structures of the deposited composite-layered CrTiSiN and
TiAIN coatings were examined in a Joel JSM-7000F high resolution field emission
scanning electron microscope (FESEM) equipped with secondary electron imaging
(SED) and backscattered electron imaging (BEI) detectors. The SEM micrograph
obtained with backscattered electron detector emphasized the dissimilarity between
CrTiSIN and TiAIN films. Figure 2 shows the Cross-sectional diagrams for
composite-layered CrTiSiN and single-layered TiAIN coating, respectively. Total
thickness of composite-layered CrTiSiN and single-layered TiAIN coatings was about
1.5um (including 0.025pum Cr and 0.309pum CrN intermediate layers) and 1.519um,
respectively. Adhesion of the deposited coatings was assessed using a Rockwell-C
indention hardness tester. It uses a standard Rockwell-C ball indenter, causing layered
damage adjacent to the indentation boundary. After indentation, a secondary and
backscattered SEM was used to evaluate the test. The indentation force (1471 N) is
applied to the deposited coatings. Figure 3 shows the typical damage conditions of the
deposited composite-layered CrTiSiN and TiAIN coatings. The failure mode and
adhesion strength of the deposited coatings were evaluated using the damaged
condition around the indentation crater. By comparison with the VDI 3198 norm, the
deposited TiAIN and CrTiSiN coatings possessed HF2 and HF3 fracture mode,
respectively. The TIAIN coating and CrTiSiN coating exhibited good film adhesion

and acceptable film adhesion, respectively.

3. Mechanical properties
3.1 Young’s modulus and hardness of film at elevated temperatures

Young’s modulus and hardness of the thin film were obtained using
Nano-indenter test (T1 950 Tribolndenter) with a Berkovich indenter for different high
temperature. The maximum penetration depth was controlled at approximately 10%,
therefore, the influence of substrate is negligible. The hardness of CrTiSiN film is

20.419 GPa, 29.1433 GPa, and 32.602 GPa at different elevated temperatures,
4
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respectively. While the hardness of TiAIN film is 35.35 GPa, 29.94 GPa, and 28.64
GPa at different elevated temperatures, respectively. The Young’s modulus of
CrTiSiN film 1s 356.71 GPa, 424.51 GPa, and 439.94 GPa at different elevated
temperatures, respectively. While the hardness of TiAIN film is 494.16 GPa, 449.21
GPa, and 594.58 GPa at different elevated temperatures, respectively. The values of
the hardness and Young’s modulus increase as the temperature increases for CrTiSiN
film. In general, hardening of CrTiSiN film can be contributed to the introduction of
silicon for high temperature, and decrease of grain sizes. The values of the hardness
decrease as the temperature increases for TiAIN film. In addition, the hardness of
CrTiSiN film is smaller than TiAIN film at 100°C, while the hardness of CrTiSiN film
is greater than TiIAIN film at 300°C. Table 2 lists the measured Young’s modulus and

hardness of CrTiSiN and TiAIN thin film for different high temperature.

3.2 elastic-plastic stress-strain behavior of film at elevated temperatures

Figure 4 shows the FE-model of the film-substrate system on the nanoindentation
process simulated in DEFORM-2D. An axisymmetric cone with half-included angle
of 70.3° in which the conical indenter has the same area function as a Berkovich tip
was used. The movement of the indenter is constrained to within the thickness-
direction of the film metal. Nanoindentation is performed under precise and
continuous load and depth measurement during the loading and unloading process
(Fig. 5 (a)). Figure 5(b) presents the stress-strain curve with bilinear constitutive law
of a film material where E is the elastic modulus, Y is the yield stress, and ET is the
tangent modulus. The analyses assume that the substrate and indenter are
elastic-plastic and rigid. Only half of the indenter and bulk material was simulated
since both the indenter and material were symmetrical. The nodes along the axis of
rotation can move only along the y-axis and all nodes on the bottom of the mesh are
fixed. Figure 6 shows the simulation of loading and unloading process for different
bilinear stress-strain behavior can obtain the approximate loading-displacement curve.
Hence the solution of stress-strain curve to obtain the loading-displacement curve is
not unique. Finally, the stress-strain behavior such as Young’s modulus, yielding
stress, and tangent modulus of these deposited thin films was directly extracted by the
comparison of load-displacement and pipe-up/sink-in behavior between the finite
element analysis and the nanoindentation test for different high temperature. Figure 7
shows the experimental and simulated load-displacement curve and sink-in/pipe-up
curve for the CrTiSiN film of 100°C temperature. Fig. 7(a) shows different bilinear
stress-strain behavior can obtain the approximate loading-displacement curve. Fig.
7(b) and (c) shows the solution of bilinear stress-strain curve can be directly extracted

by the comparison of pipe-up/sink-in curves between the finite element analysis and
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the nanoindentation test. The obtained result of bilinear stress-strain curve is about
E=356.71GPa, Y0=29.4 GPa, ET=100GPa. Figure 8 shows the experimental and
simulated load-displacement curve and sink-in/pipe-up curve for the CrTiSiN film of
200°C temperature. Fig. 8(a) shows different bilinear stress-strain behavior can
obtain the approximate loading-displacement curve of 200°C temperature. Fig. 8(b)
and (¢) shows the experimental and simulated sink-in/pipe-up curve. By the
comparisons of these curves, the solution of bilinear stress-strain curve can be directly
extracted between the finite element analysis and the nanoindentation test. The
obtained result of bilinear stress-strain curve is about E=356.71GPa, Y0=29.4 GPa,
ET=100GPa for the CrTiSiN film of 200°C temperature. Figure 9 shows the
experimental and simulated load-displacement curve and sink-in/pipe-up curve for the
CrTiSiN film of 300°C temperature. Fig. 9(a) shows different bilinear stress-strain
behavior can obtain the approximate loading-displacement curve of 300 C
temperature. Fig. 9(b) and (c¢) shows the experimental and simulated sink-in/pipe-up
curve. By the comparisons of these curves, the solution of bilinear stress-strain curve
can be directly extracted between the finite element analysis and the nanoindentation
test. The obtained result of bilinear stress-strain curve is about E=439.94GPa,
Y0=30.75 GPa, ET=430GPa for the CrTiSiN film of 300°C temperature. Figure 10
shows the extracted bilinear stress-strain curve of CrTiSiN film for 100°C, 200°C and
300°C. The effective stress increases as the temperature increases for the same
effective strain. The results also exhibited the explanations for the hardness increases
as the temperature increases (Table 2).

Figure 11 shows the experimental and simulated load-displacement curve and
sink-in/pipe-up curve for the TiAIN film of 100°C temperature. Fig. 11(a) shows
different  bilinear  stress-strain  behavior can obtain the approximate
loading-displacement curve. Fig. 11(b) and (c) shows the solution of bilinear
stress-strain curve can be directly extracted by the comparison of pipe-up/sink-in
curves between the finite element analysis and the nanoindentation test. The obtained
result of bilinear stress-strain curve is about E=494.16GPa, Y0=27.6GPa, and
ET=300GPa. Figure 12 shows the experimental and simulated load-displacement
curve and sink-in/pipe-up curve for the TiAIN film of 200°C temperature. Fig. 12(a)
shows different bilinear stress-strain behavior can obtain the approximate
loading-displacement curve of 200°C temperature. Fig. 12(b) and (¢) shows the
experimental and simulated sink-in/pipe-up curve. By the comparisons of these curves,
the solution of bilinear stress-strain curve can be directly extracted between the finite
element analysis and the nanoindentation test. The obtained result of bilinear
stress-strain curve is about E=449.2GPa, Y0=17.25 GPa, and ET=275GPa for the

TiAIN film of 200°C temperature. Figure 13 shows the experimental and simulated
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load-displacement curve and sink-in/pipe-up curve for the TiAIN film of 300°C
temperature. Fig. 13(a) shows different bilinear stress-strain behavior can obtain the
approximate loading-displacement curve of 300°C temperature. Fig. 13(b) and (c)
shows the experimental and simulated sink-in/pipe-up curve. By the comparisons of
these curves, the solution of bilinear stress-strain curve can be directly extracted
between the finite element analysis and the nanoindentation test. The obtained result
of bilinear stress-strain curve 1s about E=594.58GPa, Y0=18.0 GPa, and ET=260GPa
for the TiAIN film of 300°C temperature. Figure 14 shows the extracted bilinear
stress-strain curve of TiAIN film for 100°C, 200°C and 300°C. The tangent modulus

decreases as the temperature increases for the same effective strain.

4. Tribological properties at elevated temperatures

4.1 wear of the CrTiSiN and TiAIN coatings

The wear experiment was carried out using a ball-on-disc wear tester. The
rotating speed was 200 rpm, and the applied normal load was 40 Kg. The sliding
distance was about 18.84 m. A WC ball was employed as the pin counterpart. A wear
tester was employed to evaluate the level of cumulative wear on the CrTiSiN, and
T1AIN coated test pieces (the substrate i1s SKD61) caused by abrasion for different
high temperature. The weight loses and wear depth calculating by white light
mterferometry was used for evaluating the wear between the WC ball and the film
deposited on SKD61 material. Table 3 presents parameters of wear test at elevated
temperatures.

Figure 15 shows the weight lose and wear depth of CrTiSiN film and T1AIN film
at different elevated temperatures. The weight lose was about 1.2mg and 1.6mg for
CrTiSiN film and TiAIN film under 100°C, respectively. The wear depth was about
2.78 um and 2.96 um for CrTiSiN film and TiAIN film under 100°C, respectively. The
weight lose was about 1.8mg and 4.2mg for CrTiSiN film and TiAIN film under
200°C, respectively. The wear depth was about 3.39 wm and 4.59 um for CrTiSiN film
and TiAIN film under 200°C, respectively. The weight lose was about 5.8mg and
7.8mg for CrTiSiN film and TiAIN film under 300°C, respectively. The wear depth
was 15.7 wm and 22.61 wm for CrTiSiN film and TiAIN film under 3007,
respectively. The weight loses and wear depths of the CrTiSiN film were less than that
of the TiAIN at elevated temperatures. The results indicated that the CrTiSiN coating
possessed antiwear properties at high temperature by comparing with the TiAIN

coating.

4.2 Friction test at elevated temperature
The friction tests including compressing and sliding conditions are carried out to
7
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investigate the variation of coefficient of friction and surface roughness of magnesium
alloy sheet at clevated temperatures. The CrTiSiN coating, TIAIN coating and absent
coating are used in the friction test. The schematic diagram of compressing test was
shown in Figure 16. The normal force is applied to the die and the magnesium alloy
sheet is stationary. The normal force is 1 1800N, 8980N, and 6120N for 100°C. 2007,
and 300°C, respectively. The normal force is applied continuously for 1 minute. The
three conditions of SKD61 die surface were CrTiSiN coating and TiAIN coating, and
absent coating. The graphite lubricants applied to the contact surface between die and
magnesium alloy sheet. Table 4 lists the parameters of the compressing test at the
different elevated temperatures. Figure 17 shows the surface roughness ratio of
magnesium alloy sheet under the compressing test at different elevated temperatures.
The variation of surface roughness ratio (Ra’/Ra) of magnesium alloy sheet was
mvestigated under the compressing test. The Ra is defined as the initial surface
roughness, while the Ra’ is defined as the surface roughness after compressing
process. Fig. 17(a) shows the surface ratio of magnesium alloy sheet was 0.649, 0.693,
and 0.909 for CrTiSiN film, TiAIN film and absent coating under the condition of
100°C temperature and 11800N normal force, respectively. Fig. 17(b) shows the
surface ratio of magnesium alloy sheet was 0.663, 0.842, and 0.9503 for CrTiSiN film,
T1iAIN film and absent coating under the condition of 200°C temperature and 8980N
normal force, respectively. Fig. 17(c) shows the surface roughness ratio of magnesium
alloy sheet was 0.825, 0.913, and 1.006 for CrTiSiN film, TiAIN film and absent
coating under the condition of 300°C temperature and 6120N normal force,
respectively. The results shows the surface roughness ratio of magnesium alloy sheet
was CrTiSiN < TiAIN < absent coating at the elevated temperatures. The CrTiSiN
film shows the good surface quality of magnesium alloy sheet under compressing test.
The schematic diagram of sliding test was shown in Figure 18. The normal force
is applied to the die and the magnesium alloy sheet moved with lateral velocity. The
normal force is 11800N, 8980N, and 6120N for 100°C, 200°C, and 300°C temperature,
respectively. The lateral velocity is 10 mm/min and sliding distance is 10 mm. The
three conditions of SKD61 die surface were CrTiSiN coating and TiAIN coating, and
absent coating. The graphite lubricants applied to the contact surface between die and
magnesium alloy sheet. Table 5 lists the parameters of the sliding test at the different
elevated temperatures. The variation of surface roughness ratio (Ra’/Ra) of
magnesium alloy sheet and the contact friction were investigated under the sliding test.
Figure 19 shows the surface roughness ratio of magnesium alloy sheet under the
sliding test at different elevated temperatures. Fig. 19 (a) shows the surface roughness
ratio of magnesium alloy sheet was 0.672, 0.705, and 0.842 for CrTiSiN film, T1AIN

film and absent coating under the condition of 100°C temperature and 11800N normal

8

16



force, respectively. Fig. 19 (b) shows the surface roughness ratio of magnesium alloy
sheet was 0.691, 0.742, and 0.887 for CrTiSiN film, TiAIN film and absent coating
under the condition of 200°C temperature and 8980N normal force, respectively. Fig.
19 (¢) shows the surface roughness ratio of magnesium alloy sheet was 0.693, 0.835,
and 0.877 for CrTiSiN film, TiAIN film and absent coating under the condition of
300°C temperature and 6120N normal force, respectively. The surface roughness ratio
of magnesium alloy sheet was CrTiSiN < TiAIN < absent coating at different elevated
temperatures. The CrTiSiN film shows the good surface quality of magnesium alloy
sheet under sliding test.

Figure 20 shows the friction coefficient between die and magnesium alloy sheet
under the sliding test at different elevated temperatures Fig. 20(a) shows the friction
coefficient between of die and magnesium alloy sheet under the sliding test was 0.09,
0.13, and 0.15 for CrTiSiN film, TiAIN film and absent coating under the condition of
100°C temperature and 11800N normal force, respectively. Fig. 20(b) shows the
friction coefficient between of die and magnesium alloy sheet under the sliding test
was 0.13, 0.15, and 0.16 for CrTiSiN film, TiAIN film and absent coating under the
condition of 200°C temperature and 8980N normal force, respectively. Fig. 20(c)
shows the friction coefficient between of die and magnesium alloy sheet under the
sliding test was 0.14, 0.16, and 0.18 for CrTiSiN film, TiAIN film and absent coating
under the condition of 300°C temperature and 6120N normal force, respectively. The
friction coefficient between the die and magnesium alloy sheet was CrTiSiN < TiAIN
< absent coating at different elevated temperatures. Thus, the CrTiSiN film shows the

small friction between die and magnesium alloy sheet under sliding test.

5. Conclusions

In this study, CrTiSiIN and TiAIN coatings were synthesized by cathodic-arc
evaporation. Rockwell-C adhesion test results indicated the criterion HF2-HF3
fracture mode of the deposited coatings, and exhibited sufficient film adhesion.
Nanoindentation test results showed the hardness of CrTiSiN film was 20.419 GPa,
29.1433 GPa, and 32.602 GPa at different elevated temperatures, respectively. While
the hardness of TiAIN film was 35.35 GPa, 29.94 GPa, and 28.64 GPa at different
elevated temperatures, respectively. The values of the hardness increased as the
temperature increased for CrTiSiN film. The values of the hardness decreased as the
temperature increased for TiAIN film. In addition, the hardness of CrTiSiN film was
smaller than TiAIN film at 100°C, while the hardness of CrTiSiN film was greater
than TiAIN film at 300°C. The stress-strain behavior such as Young’s modulus,
yielding stress and tangent modulus of these deposited thin films were directly
extracted by the comparison of load-displacement and pipe-up/sink-in behavior
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between the finite clement analysis and the nanoindentation test at eclevated
temperatures. The results show the values of the hardness, Young’s modulus, and
tangent modulus increase as the temperature increases for CrTiSiN film. The wear
analyses of the CrTiSiN and TiAIN coatings deposited on SKD-61 tool steels was
revealed by ball-on-disc wear tester with a WC ball as the pin counterpart. It showed
the CrTiSiN coating possessed excellent antiwear properties as compared with the
TiAIN coating at different clevated temperatures. The friction tests such as
compressing and sliding test are carried out to investigate the variation of surface
roughness and friction coefficient of magnesium alloy sheet. By comparison with
TiAIN coatings, the CrTiSiN film shows the good surface quality and low friction

coefficient at different elevated temperatures.
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Table 1 deposition parameters of the CrTiSiN coatings

Coating type CrTiSiN
Cr(99.9at% )for CrN,
Target 50Ti-50S81+CrN
Reaction gas N,
Distance between cathode to 180

substrate (mm)

Evaporate current (A) 60
Substrate bias (V) -120
Substrate temperature ('C) 200
Deposition time (min) 40
Rotation (rpm) 4

Table 2 experimental results of hardness and Young's modulus (nanoindentation test)

Hardness(H) Young's modulus (E)
Test pieces
100°C-CrTiSIN 20.419 GPa 356.71GPa
200°C-CrTiSiN 29.1433 GPa 42451 GPa
300°C-CrTiSiN 32.602 GPa 439.94 GPa
100°C -TiAIN 35.35 GPa 494.16 GPa
200°C-TiAIN 29.94 GPa 449.21 GPa
300°C-TiAIN 28.64 GPa 594.58 GPa

Table 3 Parameters of wear test at elevated temperatures

100°C 2007C 300C
normal force 40Kg 40Kg 40Kg
rotation speed 200rpm 200rpm 200rpm
material of pin wC WC wWC
sliding distance 18.84 m 18.84 m 18.84 m

Table 4 Parameters of the compressing test (sheet is stationary)

—_

— 100C 200C 300C

normal force 11800N 8980N 6120N

time of 1 min I min 1 min
continuous force
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Table 5 Parameters of the sliding test

100C 200C 300C
normal force 11800N 8980N 6120N
sliding distance 10mm 10mm 10mm
sliding velocity 10 mm/min 10 mm/min 10 mm/min
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Acceptable failure Unacceptable failure VDI 3198 test

indemxg'on load

Failure marks

microcracks
BN

delamination

Tum WD 10.1mm SEI 15.0kV  X20,000 Tpm

(a) CrTiSiN (b) TIAIN
Figure 2 CrTiSiN and TiAIN cross-sectional diagram by SEM

SEI 150KV X100 100pm WD 10.2mm MDU

(a) CrTiSiN film (b) THAIN film
Figure 3 CrTiSiN-SEM images and TIAIN-SEM images of
Rockwell indentationof Rockwell indentation
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(a) simulated loading-displacement curve  (b) different bilinear stress-strain curve
Fig. 6 simulation of loading and unloading process for different bilinear stress-strain

behavior can obtain the approximate loading-displacement curve
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(b) experimental and simulated sink-in/pipe-up curve (Y,=4.2GPa-21GPa)
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(c) experimental and simulated sink-in/pipe-up curve (Y(=25.2GPa-37.8GPa)
Fig. 7 Comparison of experimental and simulated load-displacement curve and
sink-in/pipe-up curve for the CrTiSiN film of 100°C temperature
(Result: E=356.71GPa, Y0=29.4 GPa, ET=100GPa)
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(b) experimental and simulated sink-in/pipe-up curve (Y,=5.0GPa-25GPa)
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(c) experimental and simulated sink-in/pipe-up curve (Y,=30.0GPa-45.0GPa)

Fig. 8 Comparison of experimental and simulated load-displacement curve and

sink-in/pipe-up curve for the CrTiSiN film of 200°C temperature
(Result: E=424.51GPa, Y0=35 GPa, ET=200GPa)
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(c) experimental and simulated sink-in/pipe-up curve (Y;=30.0GPa-45.0GPa)

Fig. 9 Comparison of experimental and simulated load-displacement curve and

sink-in/pipe-up curve for the CrTiSiN film of 200C temperature
(Result: E=439.94GPa, Y0=30.75 GPa, ET=430GPa)
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Fig. 10 extracted bilinear stress-strain curve of CrTiSiN film for 100°C-300C
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(c) experimental and simulated sink-in/pipe-up curve (Y(=27.6GPa-41.4GPa)
Fig. 11 Comparison of experimental and simulated load-displacement curve and
sink-in/pipe-up curve for the TiAIN film of 100°C temperature
(Result: E=494.16GPa, Y0=27.6 GPa, ET=300GPa)
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Fig. 12 Comparison of experimental and simulated load-displacement curve and
sink-in/pipe-up curve for the TiAIN film of 200°C temperature
(Result: E=449.2GPa, Y0=17.25 GPa, ET=275GPa)
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Fig. 13 Comparison of experimental and simulated load-displacement curve and
sink-in/pipe-up curve for the TiAIN film of temperature
(Result: E=594.58GPa, Y0=18.0 GPa, ET=260GPa)

22

30



600

FEM:E=594.68GPa Y0=18GFa ET=260GPa
----- FEM:E=449 21GPa Y0=17 25GPz ET=2T6GPa
o | — — — FEM:E=494.16GPa Y0=27 6GPa ET=300GPa

E=Elastic Modulus
Y0=Yield Stress
ET=Tangetmodulus

Stress (GPa)
1
2
=)
=
A .
A\

200 —| L \
-

0 T [ T ] T
0 04 0.8 1.2
Strain (nm/nm)

Fig. 14 extracted bilinear stress-strain curve of TiAIN film for 100°C-300C
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Fig. 15 Weight lose and wear depth of CrTiSiN film and TiAIN film at different
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(c) 300°C temperature and 6120N normal force

Fig. 17 Surface roughness ratio of magnesium alloy sheet under the compressing test

at different elevated temperatures
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Fig. 18 Schematic diagram of sliding test

27

35



1) 100 °C-11800 N
CITiSiN
i TiniN 0.842
0.8 - absent
E 0.672 O:745
é 0.6 —
=
o -
0.4 —
0.2
0

(a) 100°C temperature and 11800N normal force

1.2
4| 200°c-8980 N
] CrTiSiN
15 TiAIN
— I absent 0.887
0.8 0.742
i 0.691
P LUl
£ 0.6
(=4
0.4 -
0.2 —
0

(b) 200°C temperature and 8980N normal force

300 °C-6120 N
CITiSiN
I miaw

4[] absent 0.835 0.877

0.693

(¢) 300°C temperature and 6120N normal force
Fig. 19 Surface roughness ratio of magnesium alloy sheet under the sliding test at

different elevated temperatures
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(c) 300°C temperature and 6120N normal force
Fig. 20 Friction coefficient between die and magnesium alloy sheet under the sliding

test at different elevated temperatures
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