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To improve the practical property of (Ti,AI)N coating on a high-speed steel (HSS) substrate, a series of
sputtering currents were used to obtain several (Ti,AI)N coatings using a magnetron sputtering equipment.
The phase structure, morphology, and components of (Ti,AI)N coatings were characterized by x-ray
diffraction, scanning electron microscopy, energy-dispersive x-ray spectroscopy, and x-ray photoelectron
spectroscopy, respectively. The performance of (Ti,A)N coatings, adhesion, hardness, and wear resistance
was tested using a scratch tester, micro/nanohardness tester, and tribometer, respectively. Based on the
structure—property relationships of (Ti,AI)N coatings, the results show that both the Al content and
deposition temperature of (Ti,AI)N coatings increased with sputtering current. A high Al content helped to
improve the performance of (Ti,A)N coatings. However, the HSS substrate was softened during the high
sputtering current treatment. Therefore, the optimum sputtering current was determined as 2.5 A that
effectively increased the hardness and wear resistance of (Ti,A)N coating.

Keywords high-speed steel, property, sputtering current, struc-
ture, (Ti,AI)N coating

1. Introduction

High-speed steel (HSS) has excellent hardness, wear resis-
tance, and heat resistance. Therefore, HSS is widely used in metal
cutting and forming fields such as drills, taps, milling cutters, and
broaches (Ref 1, 2). However, in some special practical situations
such as the cutting of a hardened steel using a gear hobbing cutter,
the hardness and wear resistance of HSS cannot satisfy the
requirements. To solve this problem, coatings with higher
hardness and wear resistance should be deposited on an HSS
substrate. Titanium nitride (TiN) coating is one such coating to
improve the performance of HSS owing to its high hardness and
wear resistance and excellent chemical stability (Ref 3, 4).

Recently, better performance (thermal stability, wear resis-
tance, etc.) of TiN coatings was achieved by adding aluminum
(Al), chromium (Cr), molybdenum (Mo), vanadium (V), and
yttrium (Y) by magnetron sputtering (Ref 5-12). For example,
enhanced oxidation resistance (~ 850 °C) and higher hardness
(~ 33, GPa) were achieved by adding Al. Al atoms replace the
Ti atoms in a face-centered cubic structure and change the
microstructure, leading to improved physical, chemical, and
mechanical properties (Ref 13-15). The applications of
(Ti,AD)N coatings in the tool coating field have been widely
studied. However, most studies focused on the effect of Al on
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the properties of (Ti,A)N coatings, but ignored the effect of
substrate (Ref 16-18). The performance of (Ti,AI)N coatings
strongly depends on the mechanical properties of substrate (Ref
19). According to our previous study (Ref 20), the hardness of
an HSS substrate decreased at a high temperature, resulting in
poor adhesion between the coating and substrate. Thus, it is of
great importance to study the overall performance of a coating—
substrate system instead of the coatings.

In our previous study (Ref20), we studied only the effect of trace Al
content on the structure and properties of a TiN coating. The result
showed that trace Al did not change the microscopic structure of the
TiN coating, but improved the hardness and wear resistance of the TIN
coating. In this study, we investigated the effect of a high Al content on
the structure and properties of TiN coating; we further studied the
properties of coating—substrate system to improve the life of (Ti,Al)N-
coated HSS tools. Moreover, different process parameters including
sputtering current and deposition temperature were considered to
evaluate their effect on the structure and properties of (Ti,AI)N coating.
For this purpose, four (Ti,AN coatings were fabricated on HSS
substrates using a medium-frequency reactive magnetron sputtering
equipment at various sputtering currents. The composition, phase
structure, coating—substrate adhesion, hardness, and wear of the
(TL, AN coatings were characterized. The tribological properties were
evaluated using a tribometer. In addition, the effects of Al content and
deposition temperature on the mechanical properties, chemical com-
position, and wear properties of the (Ti,AI)N coatings were evaluated.
This study helps to better understand the relationship between
sputtering current and performance of a coating—substrate system.

2. Experimental

2.1 Preparation of Sample and Process Conditions

The substrate was a M2 HSS with a size of @ 20 x 3 mm. The
substrate was mechanically ground, polished, and ultrasonically
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cleaned with acetone and ethanol. Then, the surface of the sample
was cleaned by argon plasma sputtering. After the argon plasma
sputtering, a 50 nm of Ti interlayer was deposited on the HSS
substrate by ion-plating evaporation. Then, N, was introduced into
the chamber to produce a TiN coating. A (Ti,AI)N coating was
directly simultaneously deposited on the TiN interlayer by ion-
plating Ti evaporation and sputtering TiAl (atomic ratio, 50:50) alloy
withasize 0f240 mm x 100 mm x 10 mm purchased from Antai
Technology (China). Herein, the chemical composition of the
(Ti,AI)N coatings was adjusted by varying the sputtering current (0,
1.5,2.5,and 5 A), and they were named as (Ti,Al)gaN, (Ti,Al); soN,
(Ti,Al)> 54N, and (Ti,Al)saN, respectively. To evaluate the deposi-
tion temperature, a thermocouple thermometer with a display system
was fixed on the vacuum chamber wall near the treated sample,
providing a reference temperature. The other details about experi-
mental parameters are shown in Table 1. The preparation system of
coating was combined with medium-frequency reactive magnetron
sputtering and ion-plating evaporation (Institute of industrial tech-
nology, Sichuan University, China). Ion-plating evaporation was
used to enhance the ionization in the chamber and deposition of TIN
coating. The medium-frequency reactive magnetron sputtering was
used to introduce Al, Ti, Si elements. Compared with conventional
magnetron sputtering, this coating system shows a higher ionization
rate.

2.2 Characterization of Microstructure and Chemical
Composition and Performance Tests

The thickness of coatings was measured using a stylus
profilometer (AMBIOS XP-2, USA). The chemical composition
of (Ti,Al)N coating was determined using an x-ray photoelectron
spectrometer (XPS, XSAMS800, UK), which was calibrated with
the binding energy of Cls (284.6 eV) in graphite. An x-ray
diffractometer (XRD, TD-3500, China) was used to evaluate the
microstructure of the coatings using grazing incidence at an angle
of 3° of the primary beam (Cu Ko radiation). The
micro/nanohardness of the coatings was measured using a
Vickers microhardness tester (TMVP-1, China) and nanoinden-
ter (UMT-2, USA). The adhesion property of the coatings was
evaluated by scratch tests (CSM scratch tester, Switzerland). The
normal load of the indenter was linearly increased from 0 N to
100 N, and the scratch length was 5 mm. Wear tests (CSM
tribometer, Switzerland) were performed to evaluate the tribo-
logical properties of the coatings. During the wear tests, Si3Ny
balls (® 6 mm) were used as the friction partner; the normal load
was 2 N; the sliding speed and laps were 2 cm/s and 6000 cycles,
respectively. The wear tracks of the samples were observed using
an optical microscope (Axio Image Alm, Germany) and a
scanning electron microscope (SEM, Quanta 250, USA).

3. Results and Discussion

3.1 XPS Analyses of (Ti,Al)N Goatings

Figure 1 shows the XPS spectra of Al,,, Tiy,, and N;, at
different sputtering currents. The surface of all the (Ti,Al)N

coatings were etched only 10 nm by Ar" before the XPS
analyses. Therefore, O was clearly detected. As shown in
Fig. 1(a), the intensity of Al,, peaks increases with the
sputtering current, indicating that the Al content in the coating
gradually increased (Ref 21). This is probably because a strong
sputtering current increases the sputtering rate of TiAl. The Ti
evaporating deposition from the evaporation source is limited.
The Al,, peak of (Ti,Al)soN can be split into two peaks at 73.4
and 74.2 eV. The peak at 73.4 eV can be attributed to the
ternary compound (Ti,AI)N, indicating the formation of
(Ti,ADN coating (Ref 22). The higher binding energy
(74.2 eV) component can be attributed to Al-O bond (Ref
23). The trend of XPS spectra of Ti,, in Fig. 1(b) is consistent
with Al,,, ie., the XPS profile of Tiy, almost remained
unchanged when the sputtering current was < 2.5 A. Four
binding energy peaks were observed at 455.4, 457.6, 461, and
463.7 eV, corresponding to TiN, TiOx, TiO,, and Tiy /.,
respectively. When the sputtering current was increased to 5 A,
the XPS profile of Ti,, clearly changed compared with other
current values. One new binding energy peak located at
456.1 eV can also be attributed to TiN. Obviously, the binding
energy of TiN increased by ~ 0.7 eV; this may be caused by a
high Al content (Ref 23). In the XPS spectra of Ny, the binding
energy of N (396.9 eV) shows a decreasing trend with the
increase in sputtering current as shown in Fig. 1(c). This is
because the binding energy of AIN is weaker than that of TiN
(Ref 24). When the sputtering current reached up to 5 A, the
central binding energy of the main peak decreased from 396.9
to 396.4 eV, indicating that TiN and AIN coexist in the
coatings. Moreover, a binding energy peak of 398.2 eV was
attributed to N-O bond.

To further obtain the composition of coatings with different
sputtering currents, energy-dispersive Xx-ray Spectroscopy
(EDS) was carried out to analyze the elemental composition
of coatings, and the results are shown in Table 2. As shown in
Table 2, the Ti, Al, and N contents slightly changed when the
sputtering current was increased from 0 A to 2.5 A. When the
current was adjusted to 5 A, the Al and Ti contents increased
from 1.0 to 31.8% and decreased from 58% to 29.6% compared
with those of 2.5 A, respectively. The EDS results are
consistent with the XPS results. Notably, the EDS detection
depth was > 2 pm. Thus, O was undetected.

3.2 Structure of (Ti,Al)N Coatings

Figure 2 shows the XRD patterns of (Ti,A)N coatings
deposited with different sputtering currents. All the XRD
patterns have similar profile, indicating a phase of cubic Bl
NaCl-type (reference code: 03-065-0414) structure. Interest-
ingly, the (111) lattice plane (~ 36.5°) of (Ti,AI)N coatings
showed strong diffraction peaks, but the (200) and (222) lattice
planes of the coatings showed weaker diffraction peaks than
that of (111) lattice plane. In addition, with the increase in
sputtering current, Al was incorporated into the TiN coatings. A
characteristic peak centered at 40.2° was observed and
attributed to the hexagonal phase of Ti,AIN (reference code:
03-065-3496). Another peak centered at 44.6° arose from an

Table 1 Deposition parameters and operating conditions of TiAIN coatings on HSS

Gas flow ratio Pressure Voltage

Deposition temperature

Sputtering current Thickness

Ny:Ar = 4:1 0.5 Pa — 150V

270, 380, 420, 480 °C

0,1.5,25 5A 1.8 £0.2 pm
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Fig. 1 XPS spectra of Al,, (a), Tiy, (b), Ny, (c) at different sputtering currents. The Al,, peaks of (Ti,Al); 5aN, (Ti,Al), suN, and (Ti,Al)suN

were fitted by multipeaks Gaussian fitting

Table 2 Elemental contents of (Ti,AI)N coatings at different sputtering currents

Composition (at.%)

Samples Ti Al N
(Ti,A)pAN 59.0 0.0 41.0
(Ti,Al); sAN 58.5 0.2 412
(Ti,Al)2 5AN 58.0 1.0 41.7
(Ti,Al)saN 29.5 31.8 38.6
kx A

" B x cosf (Fq 1)

- 4 where d, k, A, , and 0 are the crystallite size, Scherrer con-

5 ER 23 stant, x-ray wavelength full width at half maximum (FWHM),

Li, E 2 R R and diffraction angle, respectively. Table 3 shows that the

= Eo grain sizes of (Ti,Al)N coatings under different fabrication
S A —— conditions are in the range of 0-2.5 A; the grain size of

£ ‘ oo (Ti,AD)N coatings increased from 15.9 to 18.1 nm, indicating
= that a proper deposition temperature promotes the growth of

P TiN grains. When the sputtering current was increased to 5

A A, the grain sizes of (Ti,Al)spN rapidly decreased from 18.1

! N R L ! P to 15.2 nm. In addition, the FWHM of (111) lattice plane also
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Position [2Theta]

Fig. 2 X-ray diffraction (XRD) patterns of (Ti,AI)N coatings under
the different fabrication condition

overlapping of peaks of TizAIN (reference code: 03-037-1140)
and Fe (reference code: 00-006-0696). When the sputtering
current was > 2.5 A, the Al content increased rapidly, and the
TizAIN phase formed, increasing the peak strength. Meanwhile,
the temperature of HSS increased due to the high-energy ion
(Ar", N") sputtering of TiAl alloy. Therefore, the position of
(111) diffraction peak showed a slight change in peak width and
peak position; this can be ascribed to the variation in grain size.
The position of (111) diffraction peak shifted from 36.5° to
36.1° with the increase in sputtering current (0-1.5 A), whereas
the position of diffraction peak shifted back to 36.4° at 5 A. The
position of (200) diffraction peak showed a similar change. The
average grain sizes of the crystallites in (Ti,A)N coatings can
be calculated using the Scherrer equation (Ref 25).
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indicates that (Ti,Al); saN has the maximum grain size. In
general, the Al atoms hinder the growth of TiN grains, but
temperature increase can promote the grain growth (Ref 26,
27). Therefore, the grain growth of (Ti,Al)N coatings is con-
trolled by both Al content and deposition temperature. In
other words, the effect of deposition temperature on grain
growth is the main factor when the sputtering current was <
2.5 A. In contrast, the Al content became the main factor
when the sputtering current was > 5 A. In this study, the
maximum grain size of TiN was obtained at a sputtering cur-
rent of 2.5 A.

3.3 Mechanical Properties

In this study, the average thickness of all the (Ti,A)N
coatings was determined as 1.8 & 0.2 pm. This thickness was
controlled by deposition time. Under relatively heavy applied
load conditions (microhardness: 245 mN), the influencing area
of indenter exceeds the thickness of coatings; therefore, the
obtained hardness can be considered as the effective hardness
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Table 3 Relative parameters of TiN(111) under different fabrication conditions

Parameters (Ti,Al)OAN (Ti,Al)LSAN (Ti,Al)z.SAN (Ti,Al)SAN
20 36.5 36.1 36.8 36.4
FWHM 0.52 0.48 0.45 0.54
Grain sizes (nm) 15.9 17.2 18.1 15.2
Table 4 Microhardness/nanohardness and elastic modulus data of (TiL,AI)N coatings

Samples HSS (Ti,Al)QAN (Ti,Al)] .SAN (Ti,Al)z.SAN (Ti,Al)SAN
Microhardness (Hvg g2s) 760 £+ 54 1573 + 90 2073 + 71 1564 + 65 1125 + 62
Nanohardness (20 mN) 20 Gp 24 Gp 25 Gp 24 Gp
Elastic modulus 325 Gp 340 Gp 360 Gp 290 Gp
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Fig. 3 Image of scratch tracks on the surface of (Ti,AI)N coatings

of the coating—substrate system (Ref 28). The results of
micro/nanohardness tests and elastic modulus of all the
(Ti,AD)N coatings with different sputtering currents are shown
in Table 4. As shown in Table 4, the microhardness of bare
HSS is only ~ 760 £+ 54 HV, whereas the microhardness of
the HSS substrate with a (Ti,Al)paN coating was up to
1573 £ 90 HV. This indicates that (Ti,Al))aN coating can
effectively improve the hardness of the HSS substrate. More-
over, (Ti,Al); saN substrate showed a significant increase in
microhardness (2073 £ 71 HV). This is probably because
some Ti atoms in TiN lattice were replaced with Al atoms, and
the radius of Al atom (0.143 nm) is shorter than that of Ti atom
(0.146 nm). This leads to lattice distortion and an increase in
the dislocation density. These changes can improve the
hardness of the coating (Ref 24). In addition, the XPS data
(Fig. 1) show that high-hardness AIN and TiN phases coexist in
the (Ti,AI)N coatings. However, the microhardness of com-
posite coating significantly decreased when using a sputtering
current of > 1.5 A. A high sputtering current increases the
cavity temperature, leading to the softening of HSS substrate
(Ref 29). Therefore, the microhardness of coating—substrate
system decreased. To further obtain the information about
coatings, the nanohardness and elastic modulus of (Ti,Al)N
coatings were measured using an indentation tester. During the
nanohardness testing, the total hardness consists of the hardness

2384 Volume 27(5) May 2018

of coating and HSS substrate because of an indentation depth of
1.1 um (Ref 28, 30). Table 4 shows that both the maximum
nanohardness and elastic modulus of the (Ti,AI)N coating were
25 GPa and 360 GPa, respectively, when the sputtering current
was set at 2.5 A.

3.4 Adhesion of (Ti,Al)N Goatings

The adhesion property of (Ti,AI)N coatings was evaluated
by scratch tests, and the normal load of indenter was linearly
increased from 0 to 100 N. With the increase in normal load,
the substrate reached a critical deformation, and the (Ti,Al)N
coatings detached from the HSS substrate at different scratch
forces. Figure 3 shows the image of scratch tracks of (Ti,Al)N
coatings on HSS. A range of failure events occurred along the
length of the scratch track, and the degree of damaged coatings
such as spallation and buckling depends on the adhesion of
coatings. To evaluate the adhesion of coatings, a minimum
critical load that detaches the coatings from the HSS substrate
with full exposure of the substrate should be determined.
(Ti,Al)oaN coating showed edge cracking at a load of 25 N,
and a large-area chipping occurred at 68 N with the exposure of
the substrate. With the increase in sputtering current, the critical
load gradually decreased from 68, 34, and 32-15 N. The
differences in the scratching response for different (Ti,Al)N
coatings are clearly shown. This result indicates that the
increase in sputtering current decreases the adhesion. The
scratch tracks in (Ti,Al)gaN, (Ti,Al); 54N, and (Ti,Al); sAN
coatings showed tensile arc cracks; the failure was mainly due
to the cracking and fragmentation of the coating when the
indenter was depressed on the coating—substrate system.
(TiAl)saN coating showed a large chipping at 15 N; the worse
critical load behavior of (TiAl)spN coating compared with
other samples at a lower puttering current can be attributed to
the softening of substrate during the high-temperature deposi-
tion. Considering the same applied load during the scratch
testing, the plastic deformation of the substrate should be much
higher in the softened substrate because of its low yield
strength. The coating is subjected to a higher strain, increasing
the cracking probability. This distributes these fragments of
coating along the two sides of scratch. In other words, a high
sputtering current not only increases the Al content in coating,
but also softens the HSS substrate. These results indicate the
important parameters (sputtering current, Al content, and
deposition temperature) for the collapse of coatings (Ref 31).
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3.5 Wear Property and Antiwear Mechanism of (Ti,Al)N
Coating

The wear resistance of (Ti,A)N coatings was tested using a
dry ball-on-disk device. Figure 4 shows the friction coefficient
of all the (Ti,A)N coatings with laps. As shown in Fig. 4,
(Ti,Al); 5AN coating had a minimum friction coefficient of 0.54
in the wear stable zone, whereas (Ti,Al), sAN coating had an
average friction coefficient of 0.74. This is caused by a higher
hardness, making velocity accommodation in the sliding
contact more difficult (Ref 32). Unusually, the friction coeffi-
cient of (Ti,Al)spN coating showed a very strong vibration
throughout the testing. Finally, a value of 0.63 was obtained;

1.2r — (Ti,ADgN
—— (Ti,A); 54N

g 1.0 ——(Ti,Al) 5AN
'S (Ti, A5z N
£ 08t
4
3 iy X
= 0.6 ‘ X
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Fig. 4 Friction coefficient of (Ti,Al)N coatings

100 pm

100 pm =94 i 100 um
—_

this value is close to the friction coefficient of (Ti,Al)oaN
coating (0.61). This is probably because poor cohesion causes
the peeling of (Ti,Al)soN coating from TiN interlayer during
the friction force test, i.e., the actual wear test occurs between
the TiN coating and Si3Ny spheres. Therefore, the friction
coefficients of (Ti,Al)saN and (Ti,Al)poN coatings are almost
similar.

Figure 5(a), (b), (¢), (d), and (¢) shows the wear trace on the
surface of HSS substrate, (Ti,AI)N coatings, and Si;N4 balls;
with a sliding distance of 107 m. As shown in Fig. 5(a), typical
deep and wide wear furrows and a clear groove full of black
debris were observed on the HSS substrate; the wear track had a
maximum depth of 1.5 pm and width of 560 pum. Interestingly,
the wear track depth and width of all the (Ti,AI)N coatings
showed a relatively low value compared with those of HSS
substrate. In particular, (Ti,Al)> AN had a minimum depth
value of 0.3 um, indicating that (Ti,Al), sAN coatings have a
higher wear resistance. Notably, the wear resistance decreased
when the sputtering current was set at 5 A, which softens the
HSS substrate at a high temperature. Therefore, the adhesion of
(Ti,Al)spAN coating was weaker than that of (Ti,Al);sAN
coating, leading to a relatively weaker wear property.

To further analyze the antiwear mechanism of (Ti,A)N
coatings, three coatings, (Ti,Al)oaN, (Ti,Al)> 54N, and (Ti,A-
)saAN were investigated using SEM and EDS. The morphology
of wear tracks and EDS spectra of (Ti,Al)N coatings are shown
in Fig. 6 and 7, respectively. The EDS spectra (Fig. 7) show the
presence of O in the wear tracks of these three coatings,
indicating that oxidation occurred during the test. The main
morphologies of (Ti,Al)poN and (Ti,Al), 5N coatings are
shown in Fig. 6(a) and (b), respectively. The accumulated
debris was distributed along the edge of wear tracks. This

100 pm
—

Fig. 5 Wear traces of HSS substrate with TiN and (Ti,A)N coatings. (a) HSS substrate, (b) (Ti,Al)oaN, (c) (Ti,Al); saN, (d) (Ti,Al), 54N, and
(e) (Ti,Al)saN. The white contour line in each image represents line-scan; the pictures of lower-left quarter zone show SizNy
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Fig. 7 EDS spectra of wear tracks. (a) (Ti,Al)gaN, (b) (Ti,Al), 54N, and (c) (Ti,Al)saN

phenomenon shows that the debris can be easily ejected from
the friction zone. Regarding the wear mechanism, the SEM
image of (Ti,Al)paN coating shows an uneven surface and
micro-islands in the center of the track related to the continuous
and repetitive plastic flow of coating and debris. Along the EDS
scanning direction from the edge (zone A) to the center of the
wear track (zone B), the elemental composition shows a slight
variation from the bulk to the wear track center. This result
shows that (Ti,Al)gsN coating is not damaged. The main wear
mechanism can be explained by abrasive wear for (Ti,Al)gaN
coating. In addition, for (Ti,Al), s4N coating, many paratactic
scratch grooves along the sliding direction were observed on
the wear track surface; they can be attributed to the brittle
fracture of the coating itself. The fractured hard coating and the
debris from the ball on track acted as scratch indenters under
the action of vertical acting load, forming the grooves. Herein,
the wear mechanism can be explained by the abrasive wear and
oxidation of (Ti,Al), 54N coating.

Figure 6(c) and 7(c) show the SEM image and EDS spectra
of (Ti,Al)soN coating, respectively. The SEM image shows that
the coating is worn by plowing and mechanical domination
wear. This type of damage is not caused by a gradual wear
process, but it is caused via a brittle failure mechanism. Along
the wear trace direction, severe irregularity was formed in the
friction zone. In other words, some zones had incomplete
coating, but other zones lost the coating completely. Brittle
failure mechanism may play the role of a third body in the
tribological system. Along the EDS scanning direction from the
edge (zone E) to the center of the wear track (zone F), the Al

2386—Volume 27(5) May 2018

content decreased, but the O signal suddenly increased at the
edge of wear track. This result shows that (Ti,Al)spN coating is
partially damaged. The mechanism of (Ti,Al)saN coating
consists of a mixture of abrasive wear, oxidation, adhesive
wear, and brittle failure (Ref 33).

4, Conclusions

(Ti,Al)N coatings were deposited on HSS substrates by
combined plasma-enhanced magnetron sputtering and ion-
plating evaporation technique. The effects of sputtering current
on microstructure and properties were investigated. Multiple
characterization and testing techniques were used to establish
the structure—property relationship of (Ti,AI)N coatings. XPS
characterization indicated that the coating consisted of a
mixture of TiN and AIN when the sputtering current was 5
A. However, the main composition was TiN when the
sputtering current was < 2.5 A. The XRD data indicated that
both the grain size and growth of (Ti,Al)N coatings were
affected by sputtering current. The effects of structure on the
properties of (Ti,AI)N coatings such as hardness, adhesion, and
tribological and antiwear properties were investigated. The
results show that a suitable sputtering current was beneficial to
improve the performance of (Ti,A)N coatings on HSS
substrates. In addition, the HSS substrate could be softened at
a high sputtering current, leading to poor hardness and antiwear
properties. Hence, the optimal value of sputtering current for
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the deposition of (Ti,A)N coating was determined as 2.5 A
using our technique.
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