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Abstract: TiCrAlN hard films based on TiN or CrN show superior properties in terms of hardness,
wear resistance, and thermal stability due to the addition of alloying elements. AlCrTiN films based
on AlN may have higher thermal shock properties, but the knowledge of AlCrTiN films with high Al
content has been insufficient until now. In this study, two sets of AlCrTiN hard films with different Al
contents of 48 at.% and 58 at.% among metal components were prepared via multi-arc ion plating so as
to investigate the effect of Al content on the phase composition, hardness, and thermal shock resistance
of the films. The same microstructures, morphologies, and thicknesses of the fabricated film samples
were achieved by changing the combination of cathode alloy targets and adjusting the arc source
current during deposition. The surface chemical composition, cross-sectional elemental distribution,
microstructure, morphology, phase composition, surface hardness, film/substrate adhesion strength,
and thermal shock performance of the AlCrTiN films were examined. The obtained results reveal that
the two sets of AlTiCrN hard films are face-centered cubic solid solutions with a columnar fine grain
structure and a preferred growth orientation of (200) crystal plane. The hardness of the AlCrTiN
films can be improved up to HV2850 by properly reducing the Al content from 58 at.% to 48 at.%.
Meanwhile, the film/substrate adhesion performance is strong enough in terms of critical loads
greater than 200 N. Furthermore, the AlCrTiN films maintain high thermal shock resistance at 600 ◦C
when the Al content decreases from 58 at.% to 48 at.%. The optimal composition of the AlCrTiN
hard films is 25:13:15:47 (at.%), based on the consideration of hardness, adhesion, and thermal shock
cycling resistance. This optimal AlCrTiN hard film can be suggested as an option for protective
coatings of hot process die tools.

Keywords: AlCrTiN hard films; multi-arc ion plating; TiN/CrN molar ratio; hardness; phase compo-
sition; thermal shock cycle

1. Introduction

Nitride hard films have been extensively studied and developed for the application to
cutting tools. In ternary nitride hard films, such as AlCrN, AlTiN, and CrTiN, the atomic
substitution of metal components produces substitutional solid solution (MxMy)N nitride
films, which cause lattice distortion and thus increase the film hardness. From the per-
spective of solid solution strengthening, when the crystal structure remains single phase
without forming second phase, the larger the lattice distortion caused by the increase in
the solute fraction, the more apparent the strengthening effect. Based on the stoichiomet-
ric chemical ratio of a (MxMy)N-type nitride film, the maximum solution strengthening
hardness can be obtained at a molar ratio of the metal components close to 1:1 [1–3]. When
accompanied by a crystal lattice distortion, the preferred crystal growth orientation and
even phase composition of the film may also change [4,5].

To increase the hardness of TiN-based ternary nitride films and optimize their com-
prehensive properties, a third metal component is often added to form a quaternary sub-
stitutional (TiXMYMZ)N nitride solid solution hard film. For example, TiAlCrN, TiAlZrN,
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and TiAlNbN hard films generally exhibit high hardness and good comprehensive prop-
erties [6–11]. In consideration of the strong effect of Al on the oxidation resistance of
Al-contained nitride hard films and the service requirements for nitride hard films as
protective coatings of tools and molds, the thermal shock resistance of these films directly
affects their actual utilization [12,13]. In fact, most studies on TiAlCrN hard films examined
CrN-based and TiN-based films, while relatively few reports focused on AlCrTiN hard
films with high Al contents.

Moreover, studies on AlCrN and AlTiN hard films with high Al content have shown
that the AlN content up to 60–70 mol.% in Ti1−xAlxN or Cr1−xAlxN single solid solution
phase with face-centred (fcc) cubic lattice can be retained without an occurrence of hexago-
nal close-packed (hcp) structure [14–16]. Additionally, the hardness of AlCrN and AlTiN
hard films with fcc structure was generally larger than that with (hcp) structure. Similar
results were also validated in the study of AlCrTiN hard films [8,17].

The present work aims to investigate the effects of Al content among metal components
and Ti/Cr ratios on the phase composition, hardness, film/substrate adhesion strength, and
thermal shock properties of AlCrTiN solid solution hard films with fcc structure. Through
the deposition process design of multi-arc ion plating technology, different combinations
of cathode arc source targets were selected, and the corresponding arc source current was
adjusted to ensure the basic consistency of the fabricated film samples in terms of their
surface morphology, cross-sectional morphology, N content distribution, and film thickness.
Additionally, the deposition process was designed to ensure the Al contents among metal
components in AlCrTiN hard films were less than 60 at.% so as to fabricate AlCrTiN solid
solution hard films with fcc structure.

2. Materials and Methods

AlCrTiN hard films were prepared via multi-arc ion plating (MAD-4B) on high-speed
steel (W18Cr4V, HRC63-64) substrates [18]. The co-deposition of AlCr and AlTi dual-arc
source alloy targets (99.95% purity) with various compositions was performed to ensure the
comparability of the deposited AlCrTiN hard films. The two arc source target currents were
combined in different proportions to vary the film compositions, while other deposition
parameters, such as the gas flow (pressure), deposition time, and deposition temperature,
remained the same so as to ensure the basic consistency of the fabricated film samples in
terms of their surface morphology, cross-sectional morphology, N content distribution, and
film thickness. The coated samples were marked as 1#–6#, as shown in Table 1.

Table 1. Cathodic arc current combination during the deposition of AlTiCrN films (total current = 110–114 A).

Sample No. Cathodic Arc Current (A) Deposition Time (min) Bias (V)

1
Al70Cr30 Al70Ti30

5 + 10 + 35 180
56 54

2
Al70Cr30 Al50Ti50

5 + 10 + 35 180
58 55

3
Al50Cr50 Al64Ti36

5 + 10 + 35 180
59 55

4
Al70Cr30 Al50Cr50

5 + 10 + 35 180
50 60

5
Al50Cr50 Al64Ti36

5 + 10 + 35 180
55 55

6
Al50Cr50 Al64Ti36

5 + 10 + 35 180
58 52
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Double-target arc prebombardment was performed at a relatively high negative volt-
age bias (320–350 V) in an Ar atmosphere (3.0 × 10−1 Pa) for 10 min to clean the substrate
and thus increase the film adhesion strength. The initial temperature of the arc bombard-
ment process was 180 ◦C. After that, an alloy transition layer (deposition time: 5 min, bias
voltage drop: −180 V), low N2 flow film (deposition time: 10 min, bias voltage: −180 V),
and normal N2 flow film (deposition time: 35 min, bias voltage: −180 V) were obtained
(Figure 1). The vacuum chamber temperature at the end of the entire deposition process
was 200 ± 10 ◦C.
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Figure 1. The flow rates of Ar and N2 vs. deposition time. Black line: Ar, and red line: N2. 
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Figure 1. The flow rates of Ar and N2 vs. deposition time. Black line: Ar, and red line: N2.

Surface morphologies and compositions, cross-sectional morphologies, and elemental
distributions of the as-deposited AlCrTiN films were observed with the aid of field-emission
scanning electron microscopy (FE-SEM, S-4800) combined with energy-dispersive X-ray
spectroscopy (EDS). Phase compositions of the as-deposited films were determined by
X-ray diffraction (XRD, X’PertPRO) at a voltage of 40 kV, current of 40 mA, and wavelength
(Cu-K α) of 0.154056 nm. The scanning angle (2θ) varied from 20◦ to 90◦ at a rate of
0.02◦/min and step size of 0.05◦. The obtained XRD data were analyzed by the Jade and
Origin data processing software. The hardness of the as-deposited films was measured by
performing Vickers micro-indentation tests (402 MVD). Three positions in the same field of
view were tested at a load of 0.25 N for 20 s.

The film/substrate adhesion strengths of the prepared AlTiCrN films were determined
by a WS-2005 automatic scratch tester. The maximum limit of the test load was 200 N, the
loading rate was 200 N/min, the scratch speed was 4 mm/min, and the scratch length was
4 mm. A dynamic load method was used during testing, and an acoustic emission signal
was recorded. The surface of each prepared sample film was examined by conducting
3–5 scratch tests.

Thermal shock tests were performed at 600 ◦C in a box-type electrical resistance fur-
nace. A film sample was placed in the uniform temperature zone of the furnace for 10 min,
quickly cooled to room temperature in water, and dried with hot air. The microstructure of
the film layer was observed, and the test was repeated for 16 cycles.

3. Results and Discussion
3.1. Surface Morphology and Composition of AlCrTiN Hard Films

The surface morphologies of all the as-deposited films were observed by SEM. The
surfaces of all coating layers were very similar and contain distributed “large particles”
(liquid droplets). In general, each coating surface consisted of non-liquid and liquid
droplets. These particles, with sizes below 6 µm, were formed from the micro-droplets
sprayed from the cathode target surface [19,20]. Furthermore, the droplet densities on the
surfaces of samples 1# and 4# were higher than those on the surfaces of other specimens,
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which can be attributed to the higher arc currents and Al contents of the targets used for
preparing these two samples. According to the literature, Al-Cr alloy targets are more
likely to produce larger particles [21,22]. In addition, some scattered micro-pits were also
observed on the film surfaces, owing to the shedding of loosely attached liquid particles
during the deposition process (Figure 2).
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Figure 2. Surface morphologies of the deposited AlCrTiN films. The numbers (a–f) correspond to
samples 1#–6#, respectively.

The surface compositions of the as-deposited films, including the droplet-free areas
and large droplet particles, were determined by EDS. Because the N contents in the droplet-
free areas of different film samples were nearly identical (46–47 at.%, see Figure 3a), the
metal contents in the droplet-free areas could be normalized; then, an intuitive distribution
triangle of the metal component contents could be established, as shown in Figure 3b. It
was found that film samples 1#, 2#, 3#, and 4# exhibited almost the same Al content (58 at.%)
and different Ti/Cr molar ratios, while the Al contents of samples 5# and 6# were equal to
48%. As a result, the AlCrTiN film samples with varied Al contents could be divided into
two groups for the subsequent comparative study.

The droplet compositions on the film surfaces had relatively high uncertainties. Sample
3# is used as an example to illustrate this uncertainty. In the same field of view, the
composition of droplet particles fluctuated significantly (Figure 4). This can be attributed
to the following two reasons. First, it was closely related to the time of droplet attachment
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to the film surface during deposition. Thus, the droplets that attached at the early stage
of the deposition process formed a surface with a composition close to that of the droplet-
free areas due to the subsequent deposition of the film layer [23]. However, almost all
droplets attached at the later stage of the deposition process were metallic. Second, the
compositions of the arc source targets strongly influenced the droplet composition. Because
different droplets could overlap on the film surface, this also increased their compositional
uncertainty.
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Figure 4. Chemical composition of the droplets on the surface of films.

3.2. Cross-Sectional Morphology and Elemental Distribution of AlCrTiN Hard Films

The brittle fracture cross-sectional SEM images of the as-deposited films obtained
at room temperature are shown in Figure 5. The thicknesses of the films were very sim-
ilar (2.1–2.3 µm) and all films exhibited dense and fine columnar crystal morphologies.
Figure 6a–c present the grain growth morphology of the film surface in the droplet-free
region of samples 5#, 6#, and 3#. Nearly the same fine grain growth morphology was
observed in samples 1#–4#, and it was difficult to observe clear crystal grain boundaries.
The possible reason is that film samples 1#–4# contained higher Al contents. In com-
parison, relatively clear grain boundaries were observed in samples 5# and 6#, and the
grains of sample 6# were finer than those of sample 5#, with approximately half the grain
cross-section size. The grain cross-section sizes of samples 1#–6# were between 30 nm
and 60 nm and roughly consistent. The grain size of AlCrN films with an Al/Cr atomic
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ratio from 1:1 to 2.3:1, deposited by the process parameters similar to those used in the
present work, was reported as about 35 nm [24]. The fine columnar crystal microstructure
of multi-component nitride hard films deposited by cathodic arc ion plating at a properly
high bias is a characteristic of the deposition technology [25,26].
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Figure 5. Cross-sectional morphologies of the films. The numbers (a–f) correspond to samples 1#–6#,
respectively.

EDS line scanning was performed to determine the elemental distribution in the film
growth direction. As expected, the sample coatings demonstrated similar distribution
characteristics. The N content in each sample exhibited an apparent gradient in the film
growth direction, while the contents of the other metal components remained almost
unchanged (Figure 7).

Note that the utilized deposition technology and deposition process parameters pro-
duced different effects on the structure and properties of the multi-component nitride hard
films. For example, the negative substrate bias affected the structure, composition, phase
composition, and hardness of the films [27,28]. Meanwhile, the N2 flow rate and substrate
temperature influenced the N content, structure, and hardness of the film layer [29,30].
Although the compositions of the films prepared using different deposition technologies
and conditions were either the same or very similar, the properties of these films differed
considerably [31,32].

During deposition, the sum of the two arc currents was maintained constant at
110–114 A, and the deposition time was 5 + 10 + 35 min. Meanwhile, the negative bias
voltage of the substrate as well as the argon and nitrogen flow rates at the corresponding
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stages of the deposition process were the same for all film samples. This ensured the
nearly identical distributions of N atoms, microstructures, and thicknesses of all films;
therefore, the prepared samples mainly differed in their compositions, and their phase
compositions were determined by the corresponding film compositions. Finally, the film
and phase compositions synergistically influenced the film performance. In summary, film
composition was a single important factor affecting film characteristics, which allowed
for the examination of the influences of Al content and Ti/Cr molar ratio on the phase
composition, hardness, film/substrate bonding strength, and thermal shock properties of
the fabricated AlCrTiN hard films.
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Figure 7. Cross-sectional elemental distribution in the growth direction of the films (sample 6#).

3.3. Phase Compositions of AlCrTiN Hard Films

All films were investigated by small-angle XRD, and the obtained results were ana-
lyzed by the JADE software. The XRD patterns depicted in Figure 8a,b exhibit similar char-
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acteristics in diffraction peak intensity distribution. According to the standard diffraction
patterns of CrN and TiN (Figure 9a,b), the prepared AlCrTiN films are mainly composed of
the face-centered cubic (fcc) AlCrTiN phase with substitutional solid solution characteristics
and the preferred growth orientation of the (200) crystal plane (tagged with the solid circle
symbol, in Figure 8a). Additionally, a TiAlCr alloy phase (tagged with the diamond symbol,
in Figure 8a) with varied metal element concentrations, resulting from the droplets attached
at the later stage of the deposition process, can be identified. Notably, the fcc AlCrTiN
phase present in films 3#, 4#, and 6# exhibits a diffraction peak smoothing or separation
feature (Figure 8b) due to the high Al and Cr contents [15,16]. However, unlike the phase
transition tendency from fcc structure to hcp structure in Ti1−xAlxN or Cr1−xAlxN films
as the Al content among metal components increases up to 60–70 mol.%, the fcc structure
rather than hcp structure seems easily retained for AlN in the AlTiCrN films. This may be
attributed to the fact that complex lattice distortion due to the addition of Ti atoms into
AlCrN lattice weakens the driving force to form hcp structure of AlN phase, as shown by
the XRD patterns of films 2# and 5#.

Coatings 2023, 13, x FOR PEER REVIEW 8 of 16 
 

 

During deposition, the sum of the two arc currents was maintained constant at 110–

114 A, and the deposition time was 5 + 10 + 35 min. Meanwhile, the negative bias voltage 

of the substrate as well as the argon and nitrogen flow rates at the corresponding stages 

of the deposition process were the same for all film samples. This ensured the nearly iden-

tical distributions of N atoms, microstructures, and thicknesses of all films; therefore, the 

prepared samples mainly differed in their compositions, and their phase compositions 

were determined by the corresponding film compositions. Finally, the film and phase 

compositions synergistically influenced the film performance. In summary, film compo-

sition was a single important factor affecting film characteristics, which allowed for the 

examination of the influences of Al content and Ti/Cr molar ratio on the phase composi-

tion, hardness, film/substrate bonding strength, and thermal shock properties of the fab-

ricated AlCrTiN hard films. 

3.3. Phase Compositions of AlCrTiN Hard Films 

All films were investigated by small-angle XRD, and the obtained results were ana-

lyzed by the JADE software. The XRD patterns depicted in Figure 8a,b exhibit similar 

characteristics in diffraction peak intensity distribution. According to the standard dif-

fraction patterns of CrN and TiN (Figure 9a,b), the prepared AlCrTiN films are mainly 

composed of the face-centered cubic (fcc) AlCrTiN phase with substitutional solid solu-

tion characteristics and the preferred growth orientation of the (200) crystal plane (tagged 

with the solid circle symbol, in Figure 8a). Additionally, a TiAlCr alloy phase (tagged with 

the diamond symbol, in Figure 8a) with varied metal element concentrations, resulting 

from the droplets attached at the later stage of the deposition process, can be identified. 

Notably, the fcc AlCrTiN phase present in films 3#, 4#, and 6# exhibits a diffraction peak 

smoothing or separation feature (Figure 8b) due to the high Al and Cr contents [15,16]. 

However, unlike the phase transition tendency from fcc structure to hcp structure in 

Ti1−xAlxN or Cr1−xAlxN films as the Al content among metal components increases up to 

60–70 mol.%, the fcc structure rather than hcp structure seems easily retained for AlN in 

the AlTiCrN films. This may be attributed to the fact that complex lattice distortion due 

to the addition of Ti atoms into AlCrN lattice weakens the driving force to form hcp struc-

ture of AlN phase, as shown by the XRD patterns of films 2# and 5#. 

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

1

6

In
te

n
si

ty
/a

.u
.

2q / °

2

3

4

5

¨ ·
(2

2
2

)

·
(3

1
1

)

·
(2

2
0

)

·
(2

0
0

)

·
(1

1
1

)

 AlCrTiN

¨TiAlCr

35 40 45 50

1

6

In
te

n
si

ty
/a

.u
.

2q / °

2

3

4

5

TiN AlNCrN
(200)

 

Figure 8. (a) XRD patterns of AlCrTiN films, (b) Partial enlarged detail of the XRD patterns. 

(a) (b) 

））) 

Figure 8. (a) XRD patterns of AlCrTiN films, (b) Partial enlarged detail of the XRD patterns.

Coatings 2023, 13, x FOR PEER REVIEW 9 of 16 
 

 

20 30 40 50 60 70 80 90

In
te

n
si

ty
/a

.u
.

2q / °

CrN

20 30 40 50 60 70 80 90

2q / °

In
te

n
si

ty
/a

.u
.

TiN

 

Figure 9. Standard XRD patterns of CrN and TiN. (a) CrN. (b) TiN. 

The (200) crystal plane diffraction peak of film sample 4# corresponds to the Al(Cr)N 

fcc phase with high Al content and Cr(Al)N fcc phase with high Cr content. The Ti con-

tents of samples 3# and 6# are similar, and these samples also exhibit high Al and Cr con-

centrations, indicating a separation trend. However, their Cr(Al) contents are lower than 

those of sample 4# because some Cr(Al) atoms are substituted by Ti atoms, which weaken 

the separation trend. This resulted in the formation of a single AlCrTiN phase broadening 

the (200) diffraction peak. Therefore, no isolated TiN, CrN, or AlN phases are present in 

the prepared films except for in sample 4#. 

From the results obtained for samples 4#, 3#, 2#, and 1# with the same Al contents, it 

can be concluded that increasing the Ti/Cr ratio promotes the formation of a single fcc 

solid solution. The same feature was observed for samples 5# and 6#, suggesting that the 

AlCrTiN film easily maintains the fcc structure even at high Al contents close to 60%. 

Although the Al contents in all films (except for sample 4#) are as high as 48%–58%, their 

diffraction peaks remain between the standard diffraction peaks of the TiN and CrN 

phases, indicating that the peaks of the (200) crystal plane obtained for these films are 

shifted to smaller angles. 

As shown in Figure 3b, the AlCrTiN film can be seen to be a substitutional solid so-

lution formed by the TiN, CrN, and AlN phases, and their respective proportions are re-

placed by the normalized proportions of metal element concentrations. The ideal lattice 

constants of the fcc solid solution of each group of the fabricated film samples were cal-

culated according to Vegard’s law. Additionally, considering the characteristic diffraction 

peak position of the (200) crystal plane of the AlCrTiN film, the lattice constant of the fcc 

(AlCrTi)N solid solution phase was directly determined using the JADE software. The 

obtained results are shown in Figure 10. The experimentally measured lattice constants of 

all films (except for sample 4#) are significantly higher than the values calculated by Ve-

gard’s law because TiN, CrN, and AlN form a complex fcc solid solution, resulting in large 

lattice distortions and the formation of vacancy defects. Because the conducted film dep-

osition was a non-equilibrium process, point defects and residual thermal stress were gen-

erated in the films, increasing the lattice constant [33]. 

(a) (b) 
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The (200) crystal plane diffraction peak of film sample 4# corresponds to the Al(Cr)N
fcc phase with high Al content and Cr(Al)N fcc phase with high Cr content. The Ti
contents of samples 3# and 6# are similar, and these samples also exhibit high Al and Cr
concentrations, indicating a separation trend. However, their Cr(Al) contents are lower
than those of sample 4# because some Cr(Al) atoms are substituted by Ti atoms, which
weaken the separation trend. This resulted in the formation of a single AlCrTiN phase
broadening the (200) diffraction peak. Therefore, no isolated TiN, CrN, or AlN phases are
present in the prepared films except for in sample 4#.

From the results obtained for samples 4#, 3#, 2#, and 1# with the same Al contents,
it can be concluded that increasing the Ti/Cr ratio promotes the formation of a single fcc
solid solution. The same feature was observed for samples 5# and 6#, suggesting that
the AlCrTiN film easily maintains the fcc structure even at high Al contents close to 60%.
Although the Al contents in all films (except for sample 4#) are as high as 48%–58%, their
diffraction peaks remain between the standard diffraction peaks of the TiN and CrN phases,
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indicating that the peaks of the (200) crystal plane obtained for these films are shifted to
smaller angles.

As shown in Figure 3b, the AlCrTiN film can be seen to be a substitutional solid
solution formed by the TiN, CrN, and AlN phases, and their respective proportions are
replaced by the normalized proportions of metal element concentrations. The ideal lattice
constants of the fcc solid solution of each group of the fabricated film samples were
calculated according to Vegard’s law. Additionally, considering the characteristic diffraction
peak position of the (200) crystal plane of the AlCrTiN film, the lattice constant of the fcc
(AlCrTi)N solid solution phase was directly determined using the JADE software. The
obtained results are shown in Figure 10. The experimentally measured lattice constants
of all films (except for sample 4#) are significantly higher than the values calculated by
Vegard’s law because TiN, CrN, and AlN form a complex fcc solid solution, resulting in
large lattice distortions and the formation of vacancy defects. Because the conducted film
deposition was a non-equilibrium process, point defects and residual thermal stress were
generated in the films, increasing the lattice constant [33].
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The texture characteristics of a multi-component nitride film are strongly related to
the utilized deposition technology and process parameters. The Cr1−xAlxN film prepared
by multi-arc ion plating technology, which is similar to the fabrication method used in the
present study, exhibited similar properties (a B1-NaCl-type fcc structure was formed below
x = 0.6, and its preferred growth orientations corresponded to the (200) and (111) crystal
planes) [34]. However, the AlxCr1−xN film produced by unbalanced magnetron sputtering
with two sputtering sources at 0.31 ≤ x ≤ 0.71 had a preferred orientation of the single
(111) crystal plane [35].

In this work, the single composition change did not change the phase composition
or crystal structure of the AlCrTiN films, owing to the consistency of the deposition
process. All films (except for 4#) were composed of the single AlCrTiN substitution fcc solid
solution phase and had the same preferred growth orientation corresponding to the (200)
crystal plane. Therefore, it can be concluded that the performance difference of these films
originated from composition changes. This effect mainly involved solution strengthening
caused by lattice distortion.

3.4. Hardness and Adhesion of AlCrTiN Hard Films

The microhardness test data obtained for all film layers of droplet-free areas are listed
in Table 2. It shows that the hardness values of AlCrTiN samples 1#–4# with equal molar
ratios of AlN (~58%) are lower than those of the AlCrN and AlTiN films with the same AlN
molar ratio [16,35]. These results indicate that the hardness of the AlCrTiN films formed
by adding Ti or Cr atoms to AlCrN or AlTiN films with high Al contents is relatively low.
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However, with a decrease in the molar ratio of AlN to 48%, the hardness values of the
AlCrTiN films 5# and 6# increase as compared with those of films 2# and 3#.

Table 2. The microhardness of AlCrTiN films.

Sample No. AlN/mol % TiN/mol % CrN/mol % TiN/CrN Microhardness (HV) Adhesion (N)

1 57.14 33.39 9.44 3.54 2680 ± 200 >150
2 58.14 30.67 11.2 2.74 2650 ± 200 >200
3 58.67 16.88 24.47 0.69 2620 ± 200 >200
4 57.40 0 42.6 0 2750 ± 200 >130
5 48.06 27.6 24.36 1.13 2850 ± 200 >200
6 47.54 20.33 32.13 0.63 2730 ± 200 >200

Under the premise of maintaining the fcc structure of a ternary substitutional solid
solution nitride film (such as AlCrN, TiAlN, and TiCrN), as the content of the second metal
component increases, the lattice distortion will increase, and then the hardness of the film
layer tends to increase [3,34,36]. The hardness maximum value is reached when the metal
component ratio is close to 1:1.

The present AlTiCrN substitutional solid solution films were formed by adding Ti
atoms to AlCrN fcc structure and replacing some of the Al and Cr atoms because the ratio of
N/Metal is the same and almost equal to 1:1. In this case, three solid solution combinations
were produced: a combination of AlN and TiN, a combination of AlN and CrN (both
of which have high AlN fractions), and a combination of TiN and CrN. Therefore, the
hardness of the AlTiCrN solid solution film was reduced because the AlCrN and AlTiN
films with high Al contents exhibited low hardness values. Only when the addition of
Ti atoms reached a certain fraction among the metal components and the AlTiCrN solid
solution was gradually transformed into a combination of AlN/TiN and AlN/CrN, both
with a small concentration difference, did the film hardness increase, as shown by films 5#
and 6#.

According to previous studies, the hardness of the Cr0.66Al0.34N ternary film is
28.5 GPa. With the addition of the Ti component at f Ti = 5% and 10%, the hardness
values of the resulting Cr65Ti5Al30N and Cr61Ti10Al29N films increase to 34 and 40 GPa,
respectively. When f Ti is further increased, the hardness begins to decrease slowly. When
the Ti content reaches 64%, the hardness of the Cr26Ti64Al10N film decreases to 29 GPa [37].
However, the hardness of the Ti0.17Al0.53Cr0.30N, Ti0.23Al0.36Cr0.4N, and Ti0.46Al0.20Cr0.34N
films prepared using different combinations of the TiAl, Cr, and Al targets monotonically
increases with a decrease in the Al content and increase in the Ti content [17]. The work to
investigate the effect of bias on the composition and hardness of TiAlCrN films shows that
as the bias increases from 100 V, 150 V, 200 V to 250 V, the composition of the films is suc-
cessively changed into Ti23Al18Cr20N, Ti27Al16Cr21N, Ti20Al14Cr29N, Ti23Al12Cr31N, and
the hardness is successively changed into HV2800, HV5100, HV4650, HV4650V [38]. Thus,
it can be concluded that the hardness values of the TiN-based TiAlCrN and CrN-based
CrTiAlN films are generally higher than that of the AlN-based AlTiCrN film.

In addition, the N/metal ratio of nitride hard films directly affects their hardness,
which decreases when this ratio deviates significantly from the stoichiometric ratio of
1:1 [39,40]. Therefore, the N content in the hardening film layer is generally maintained
between 45 and 52 at.%, which is close to the ideal chemical ratio required to maximize
the hardness of the nitride film. The N contents in the hardening surface layers of the
as-deposited AlTiCrN solid solution films prepared in this study amounted to 47%–48%,
which ensured their maximum hardness at various ratios of the metal components.

The film/substate adhesive strength values of the AlCrTiN hard films (Table 2) suggest
that the adhesion between the film and substrate is relatively strong, except for film samples
1# and 4# (the other films layers withstood critical loads exceeding 200 N). Previous studies
have shown that designing the N gradient distribution in nitride hard films is an effective
method for improving the film/substrate adhesion performance [41,42]. For example, the
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adhesive strength of a (TiAlNb)N film with N gradient distribution prepared was much
larger than that of a (TiAlNb)N film without an alloy transition layer and N gradient
distribution [11,43].

In the present study, the ion bombardment of the high-speed steel substrate prior
to film deposition and subsequent deposition of the alloy transition layer prevented the
separation of the film from the substrate and increased the film adhesive strength. Opti-
mizing the gradient distribution of the N element in the film growth direction inhibits the
accumulation of growth stress and produces a gradient of the thermal expansion coefficient,
which helps improve both the adhesion [41,42] and thermal shock performance of the film.

3.5. Thermal Shock Cycling Performance of AlCrTiN Hard Films

The cutting tools and dies coated with nitride hard films are generally required to have
long service lives and good machining properties under hot and cold cycling conditions.
Therefore, the corresponding hard films must possess high thermal shock resistances.

The fabricated AlCrTiN hard films were subjected to thermal shock cycles at 600 ◦C,
and the changes in the surface morphology were observed after each cycle. After eight
cycles, no significant changes in the film surfaces were detected by SEM with a 2000×
magnification. The surface changes of two samples, 1# with more droplets and 5# with
fewer droplets, are given as examples, as shown in Figure 11. To observe the film surface
more carefully, the magnification was increased to 10,000×. During the entire eight thermal
shock cycles, the observable change in the surface morphology was that the surface of
droplet particles became coarse, and some very small particles appeared. In contrast,
negligible morphological changes occurred in the droplet-free areas. This indicates that the
surface oxidation rate of the droplets was significantly higher than that of the droplet-free
area. After the eighth cycle, neither cracking or shedding of droplets nor cracks on the
surface of the droplet-free area were detected in any of the samples. Figure 12a,b show the
surface changes of samples 2# and 3#, respectively.
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After the 16th cycle, inconsistent changes were observed on the film surfaces with
different compositions (Figure 13). For films 1# and 4#, no obvious changes in the film
surface morphologies (the droplet-free areas) were observed, as shown by the red circle
in Figure 13a,d. However, a few of cracks formed on the surfaces of droplet particles. For
films 2# and 3#, the obvious growth of the cross-section grain size of the film layer (the
droplet-free areas) was observed up to about 200 nm and 300 nm, respectively, as shown by
the red circle in Figure 13b,c. Meanwhile, a few cracks were observed on droplet particles.
For films 5# and 6#, on the film surface of the droplet-free areas, the grain boundaries
became blurred and the cross-section size of grain in film 5# seemed to be larger than that in
film 6#, as shown by the red circle in Figure 13e,f. Additionally, no visible cracks formed on
the surfaces of droplet particles. In general, all films exhibited no cracks in the droplet-free
area through 16 thermal shock cycles. This means that the prepared film samples possessed
high thermal shock resistances.
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Figure 13. Surface morphologies of film samples after 16 thermal shock cycles. The numbers (a–f)
correspond to sample numbers 1#–6#, respectively. Red circle region: droplet-free area.

The Al element has a relatively high oxidation resistance because it easily forms a dense
oxide (Al2O3) layer that covers the film surface during thermal shock, thus preventing
oxygen atoms from further penetrating the film and resulting in the oxidation of the film
layer [44]. However, the Cr element can promote the oxidation of Al atoms and accelerate
the formation of Al2O3 [45]. Therefore, a film with high Al content typically exhibits high
thermal shock resistance. In the present study, all film layers of the droplet-free areas
with high Al and Cr contents demonstrated high thermal shock resistance. Because the
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thermal shock cycling temperature was 600 ◦C, which is lower than the preferred oxidation
temperature of Al [46–48], films 1#–4# with higher Al contents, in comparison with films
5# and 6#, did not exhibit obvious advantages in terms of thermal shock resistance.

4. Conclusions

In this study, two sets of AlCrTiN hard films with different Al contents among metal
components were prepared. All of the films exhibited almost identical surface morpholo-
gies, cross-sectional microstructures and morphologies, thicknesses, and N content distri-
butions because the combination of alloy targets and parameters of the deposition process
were adjusted for each sample. The main conclusions from the obtained results are summa-
rized below.

1. All AlTiCrN hard films (i.e., droplet-free areas, the same below) consist of the fcc solid
solutions with a columnar fine microstructure and the preferred growth orientation
of (200) crystal plane at high Al contents from 48 up to 58 at.%. AlCrTiN films easily
maintains the fcc structure even at high Al contents up to 58 at.% due to the complex
lattice distortion.

2. The hardness of AlTiCrN films with an Al content of 58 at.% is significantly lower
than those of TiCrAlN and CrTiAlN hard films with high Ti and Cr contents, and
varying the Ti/Cr ratio does not increase hardness of the AlTiCrN films.

3. The hardness of AlCrTiN films can be improved up to HV2850 by properly reducing
the Al content from 58 at.% to 48 at.%. Meanwhile, the film/substrate adhesion
performance is strong enough in terms of critical loads greater than 200 N.

4. AlCrTiN films maintain high thermal shock resistance at 600 ◦C even when the Al
content decreases from 58 at.% to 48 at.%. In the droplet-free area of the film surface,
no crack appeared through 16 thermal shock cycles. The thermal shock failure of the
films is typically manifested as a rupture and droplet particles falling off.

5. The optimal composition of AlCrTiN hard films is 25:13:15:47 (at.%), which is deter-
mined from the results of hardness, adhesion, and thermal shock cycling resistance
measurements. This optimal AlCrTiN hard film can be used as an option for protective
coatings of hot-pressure die tools.
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