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Abstract: The effect of W-doping on the structure and properties of TiAlSiN coatings was investigated through 
scanning electron microscopy, X-ray diffraction, differential scanning calorimetry, and nanoindentation. Tungsten 
doping in the coatings forms both substitution solid solution of Ti and/or Al in TiAlN and W simple substance. 
W-addition improves the surface quality of the coatings. Ti0.46Al0.45Si0.09N, Ti0.43Al0.46Si0.08W0.03N, and Ti0.41Al0.46Si0.07W0.06N 
present similar hardness of (29.1±0.4), (29.7±1.1), and (30.2±1.0) GPa, respectively. During annealing, 
Ti0.41Al0.46Si0.07W0.06N achieves peak hardness of (35.3±1.0) GPa at 1100 °C, whereas those of Ti0.46Al0.45Si0.09N and 
Ti0.43Al0.46Si0.08W0.03N are only (33.1±0.8) and (33.9±0.8) GPa at 1000 °C. Furthermore, moderate W-addition (3 at.%) 
upgrades the oxidation resistance of TiAlSiN. After oxidation at 1000 °C for 10 h, the oxide thicknesses of 
Ti0.46Al0.45Si0.09N, Ti0.43Al0.46Si0.08W0.03N, and Ti0.41Al0.46Si0.07W0.06N are ~0.70, ~0.52, and ~0.90 μm, respectively. 
Key words: TiAlSiWN coating; cathodic arc evaporation; structural evolution; hardness; thermal stability; oxidation 
resistance 
                                                                                                             

 
 
1 Introduction 
 

Concern about the working accuracy and 
service life of cutting tools under harsh and 
complex conditions has become a core problem in 
modern industry, and as a result considerable 
research has focused on the transition metal nitrides 
(TMN) coatings prepared by physical vapor 
deposition (PVD) that can effectively protect the 
cutting tools [1−3]. Among them, TiAlSiN coatings 
are extensively employed in the machine 
manufacturing field, directly linked to their high 
hardness, excellent thermal stability, age-hardening 
effect triggered by spinodal decomposition, and 
outstanding oxidation resistance [4,5]. Si-existence 
within the TiAlSiN coatings is either substitution 

solid solution of Si in TiAlN or/and nanoscale 
TiAlN crystallites surrounded by amorphous (a-) 
SiNx, which is related to the Si content and 
deposition parameters [6−8]. YU et al [7] found that 
a small amount of Si-addition results in the Si solid 
solution and thereby brings about a slight increment 
in hardness originating from the solid-solution 
strengthening as well as fine-grained strengthening, 
while the formation of nanocomposite with 
increasing Si content in the range of (4−10) at.% 
allows for a significantly increased hardness. 
Compared with TiAlN coatings, the TiAlSiN 
coatings reveal a remarkable oxidation resistance 
due to the delayed anatase-to-rutile TiO2 

transformation and the earlier generation of dense 
Al-rich oxide top-layer [9]. Recently, related studies 
have claimed that the oxidation resistance benefits  
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from the SiO2 generation, which allows to “seal” 
the grain boundaries, pores, and the interfaces of 
the oxide scale to the remaining nitride [10,11]. 
However, alloying with Si decreases the metastable 
solution limit of AlN in c-TiN and promotes the 
wurtzite (w-) AlN formation, which has an adverse 
effect on the mechanical properties [12]. 

Currently, some investigations utilize multiple 
alloying methods to stabilize the cubic growth of 
Ti1−x−yAlxSiyN coatings and further enhance their 
comprehensive performance. Incorporation of Ta 
facilitates the cubic growth of TiAlSiN coatings by 
enlarging the metastable solubility limitation of AlN 
in c-TiN, and thereby leads to an improvement in 
their mechanical and thermal properties [13]. 
Ag-addition into TiAlSiN coatings, which modifies 
the outermost protective oxide layer to delay the 
oxidation failure, has a positive effect on the 
oxidation resistance [14]. ASANUMA et al [15] 
proposed that incorporation of Ce significantly 
improves the thermal stability and oxidation 
resistance of TiAlSiN coatings. 

Except for the alloying elements listed above, 
tungsten (W), which can optimize the toughness 
and friction performance of nitride coatings, has 
been published in a large number of literatures 
[16−18]. Alloying with W into TiN coatings induces 
a simultaneous hardening and toughening effects, 
arising from the variation of the bonding character 
[19]. GLATZ et al [20] indicated that incorporating 
up to 10 at.% W into TiAlN delays the w-AlN 
formation during annealing. Furthermore, a special 
Guinier−Preston (GP) zone hardening in W- 
containing coatings with a low Al/(Al+Ti) atomic 
ratio was reported by PSHYK et al [21], benefiting 
from the generation of atomic-layer-thick ordered 
W planes. This structure coherent with the cubic 
matrix is introduced by the atomic arrangement in 
annealing, which strongly obstructs the dislocation 
motion and leads to a continuous increase in the 
hardness of Ti0.53Al0.39W0.08N coating even though 
the soft w-AlN phase has already appeared. 
Moreover, the W-addition improves the melting 
point of the target, and thereby reduces the droplet 
defects induced by the arc evaporation, which 
upgrades the surface quality and coating 
homogeneity [20,22]. 

As mentioned above, W-doping is widely used 
to tailor the surface quality and comprehensive 
performance of coatings, whereas there is little 

research about the effect of W-doping on the 
structure and properties of the TiAlSiN coatings. In 
this work, the influence of W-doping on the 
microstructure, mechanical and thermal properties 
of the TiAlSiN coating was investigated, which 
could provide a promising candidate for protective 
coatings in the machine manufacturing field. 
 
2 Experimental 
 

TiAlSiN and TiAlSiWN coatings were 
prepared with Ti0.40Al0.50Si0.10, Ti0.38Al0.50Si0.10W0.02, 
and Ti0.36Al0.50Si0.10W0.04 targets (99.99% purity) 
using a commercial cathodic arc evaporation 
deposition system (Oerlikon Balzers INNOVA). To 
minimize the possible residual contamination, 
various substrates including low-alloy steel foils 
(200 mm × 200 mm × 0.05 mm), cemented carbide 
(WC−6wt.%Co, 5 mm × 5 mm × 20 mm), W plates 
(11 mm × 11 mm × 2 mm), and polycrystalline 
Al2O3 sheets (25 mm × 5 mm × 0.05 mm), employed 
for structure and properties measurements, were 
subjected to 20 min Ar ion etching under 0.3 Pa Ar 
pressure and −170 V substrate bias. The vacuum 
chamber, which was sealed well and not affected by 
the ambient atmosphere, was pumped down to 
1.0×10−3 Pa and heated to 500 °C prior to 
deposition. The deposition parameters are as 
follows: 3.2 Pa N2 pressure, 500 °C deposition 
temperature, −40 V substrate bias, and 180 A target 
current. 

To obtain the free-standing coating powder, the 
coated low-alloy steel was immersed into 10 mol.% 
nitric acid followed by grinding. Subsequently, 
annealing of powder specimens was conducted by 
STA 409C differential scanning calorimetry (DSC) 
instrument (Netzsch, Germany) in Ar (99.9% purity) 
and synthetic air (79 vol.% N2, 21 vol.% O2, 
20 mL/min flowing rate) atmosphere at target 
temperatures with heating and cooling rates of   
10 and 50 K/min. Coated Al2O3 sheets were 
isothermally oxidized at 1000 °C for 10 h in the 
synthetic air with the same heating and cooling 
rates using the DSC instrument. In addition, W- 
coated plates were annealed in a vacuum furnace 
(COD533R, pressure <1×10−3 Pa) for 30 min at 
specified temperatures (Ta=800−1200 °C in steps of 
100 °C) with a heating rate of 10 K/min, followed 
by natural cooling to room temperature (RT). 

Surface and cross-sectional morphologies of 
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as-deposited and oxidized coatings were observed 
by scanning electron microscopy (SEM, Zeiss 
Supra55), and the attached energy dispersive X-ray 
spectroscopy (EDX, Oxford Instrument X-Max) 
was used to test the composition and elemental 
distribution. Phase structures of coatings in 
as-deposited, annealed, and oxidized states were 
investigated by X-ray diffraction (XRD, Bruker 
AXS D8 Advance) with Cu Kα radiation. In light of 
the Oliver and Pharr method [23], hardness and 
elastic modulus of as-deposited and annealed 
coatings on W plates were measured more than 15 
times under a penetration load of 15 mN and a 
holding time of 15 s using Anton Paar NHT2 
nanoindentation equipped with a Berkovich 
diamond tip. The relatively low load was chosen to 
ensure that the indentation depth is less than 10% of 
the coating thickness, which avoids the influence of 
the substrate on the accuracy of the experiments. 
 
3 Result and discussion 
 
3.1 Microstructure and mechanical properties 

The chemical compositions of coatings by 
EDX are Ti0.46Al0.45Si0.09N, Ti0.43Al0.46Si0.08W0.03N, 
and Ti0.41Al0.46Si0.07W0.06N, respectively, corresponding 
to Ti0.40Al0.50Si0.10, Ti0.38Al0.50Si0.10W0.02, and 
Ti0.36Al0.50Si0.10W0.04 targets. The (Ti+Al+Si+W)/N 
atomic ratios are normalized to 1 for easier reading. 
A slight decline in the amount of light Al and Si 
elements compared to that of corresponding targets 
arises from their greater susceptibility to gas 
scattering and re-sputtering effects as well as lower 
ionization rates during deposition [24]. 

Figure 1 shows the XRD patterns of as- 
deposited coatings. A mixed cubic and wurtzite 
structure of Ti0.46Al0.45Si0.09N coating is observed. 
Our previous research indicated that Si-existence is 
both substitution solid solution of Ti and/or Al in 
TiAlN and amorphous SiNx accumulating at the 
grain boundaries [25]. The Ti0.43Al0.46Si0.08W0.03N 
and Ti0.41Al0.46Si0.07W0.06N coatings exhibit a 
three-phase structure of c/w-(Ti, Al, Si, W)N and 
bcc-W. In agreement with the previous TEM 
investigations of the TiSiWN coatings [22], both 
W-solution and W simple substance appear within 
coatings. Additionally, the intensity of w-AlN 
diffraction peaks decreases with elevated W-content. 
This means that incorporation of W into TiAlSiN 
increases the solid solution limitation of Al in TiN. 

 

 
Fig. 1 XRD patterns of as-deposited Ti0.46Al0.45Si0.09N, 
Ti0.43Al0.46Si0.08W0.03N, and Ti0.41Al0.46Si0.07W0.06N coatings 
 

Figure 2 shows the surface and cross-sectional 
fracture SEM images of Ti0.46Al0.45Si0.09N, 
Ti0.43Al0.46Si0.08W0.03N, and Ti0.41Al0.46Si0.07W0.06N 
coatings. A large number of growth defects 
including macro-particles and holes can be 
observed on the surface of the Ti0.46Al0.45Si0.09N 
coating (see Fig. 2(a)). Alloying with W leads to a 
drop in the size and quantity of the growth defects 
(see Figs. 2(b, c)). A significant improvement in the 
surface quality is observed by the Ti0.41Al0.46- 
Si0.07W0.06N coating. 

The process of preparing coatings by cathodic 
arc evaporation equipment usually accompanies the 
inhomogeneous evaporation behavior of the   
target material, where part of the unionized 
macro-particles move towards the substrates with 
the ionized metal vapors. However, these 
macro-particles exhibit low adhesive strength to the 
coating and are prone to spalling under a high stress 
level, resulting in a large number of holes on the 
surface of coatings. In general, the state of 
macro-particles is closely related to the melting 
point of the target material [26,27]. For the 
W-containing coatings, the incorporation of W with 
high melting point is helpful to reduce the melting 
zones of the target during evaporation, which 
avoids the pile-up effect on the target surface. In 
this case, the ejection of huge macro-particles is 
effectively diminished, thereby smoothing the 
surface of coatings. This phenomenon was also 
found by GLATZ et al [20]. 

In addition, as shown in Figs. 2(d−f),      
the thicknesses of Ti0.46Al0.45Si0.09N (~3.03 μm), 
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Fig. 2 Surface (a−c) and fracture (d−f) SEM images of as-deposited coatings: (a, d) Ti0.46Al0.45Si0.09N; (b, e) Ti0.43- 
Al0.46Si0.08W0.03N; (c, f) Ti0.41Al0.46Si0.07W0.06N  
 
Ti0.43Al0.46Si0.08W0.03N (~3.14 μm), and Ti0.41Al0.46- 
Si0.07W0.06N (~2.98 μm) are essentially the same. 
The competitive growth of cubic and wurtzite 
phases strongly limits grain boundary migration, 
leading to fine crystalline grains [28]. Therefore, all 
coatings present a smooth fracture and featureless 
growth structure. 

The hardness and elastic modulus of 
as-deposited coatings are depicted in Fig. 3. 
Generally, the solid solution hardening of 
Si-substitution and the resistant dislocation 
movement of the a-SiNx interfacial phase induce a 
high hardness for Si-containing coatings [29]. 
However, the hardness of the Ti0.46Al0.45Si0.09N 
coating is only (29.1±0.4) GPa, due to the large 
fraction of soft w-AlN-based phase [30]. Alloying 
with W has no obvious enhancement effect on the 
hardness of (29.7±1.1) GPa for Ti0.43Al0.46Si0.08- 
W0.03N and (30.2±1.0) GPa for Ti0.41Al0.46Si0.07- 
W0.06N. This is in good consistent with Ref. [22], 
where the W-addition brings about the precipitation 
of the bcc-W phase, and thereby the weakening 
effect of the comparatively soft W simple substance 
overcompensates the solid solution hardening of the  

 
Fig. 3 Hardness and elastic modulus of as-deposited 
Ti0.46Al0.45Si0.09N, Ti0.43Al0.46Si0.08W0.03N, and Ti0.41Al0.46- 
Si0.07W0.06N coatings 
 
W-addition as well as the fine grain strengthening 
of the Si-addition [20,31]. Moreover, a drop in the 
fraction of w-AlN-based phase with the W-addition 
gives rise to a continuous increase in elastic 
modulus from (342.9±16.0) GPa for Ti0.46Al0.45- 
Si0.09N to (353.4±12.4) GPa for Ti0.43Al0.46Si0.08- 
W0.03N, and to (365.4±11.4) GPa for Ti0.41Al0.46- 
Si0.07W0.06N. 
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3.2 Thermal stability 
Figure 4 displays the phase evolution of 

Ti0.46Al0.45Si0.09N, Ti0.43Al0.46Si0.08W0.03N, and 
Ti0.41Al0.46Si0.07W0.06N coatings during annealing. 
As shown in Fig. 4(a), the diffraction peaks of the 
Ti0.46Al0.45Si0.09N coating have no visible change at 
Ta of 800−900 °C, except for a gentle shift to a high 
2θ angle triggered by the recovery process [32,33]. 
Upon annealing to 1000 °C, the broadening of the 
cubic (111) and (200) peaks signifies the occurrence 
of spinodal decomposition [34]. Besides, there is 
also a slight increase in the intensity of w-AlN 
peaks owing to the decomposition of the wurtzite 
phase matrix. As the Ta rises to 1450 °C, the 
Ti0.46Al0.45Si0.09N coating has been fully 
decomposed into the stable c-TiN and w-AlN 
phases. 

W-containing coatings behave a similar 
thermal decomposition process with Ti0.46Al0.45- 
Si0.09N (see Figs. 4(b, c)). Only the intensity of 
XRD peaks for the w-AlN-based phase is low 
during annealing. Especially, after annealing at 
1200 and 1300 °C, increasing W content leads to a 
continuous drop in the intensity of XRD peaks for 
the w-AlN-based phase. This hints that the W- 
addition retards the thermal decomposition of the 
TiAlSiN coating, in good agreement with the 
researches in Refs. [20,35]. Besides, the fraction of 
the bcc-W phase also exhibits a growing trend with 
increasing annealing temperature. After annealing at 
1450 °C, the W-containing coatings fully decompose 
into c-TiN, w-AlN, bcc-W, W5Si3, and Si2W phases. 

Figure 5 shows the hardness variation of the 
coatings as a function of annealing temperature. 
The Ti0.46Al0.45Si0.09N coating with mixed cubic and 
wurtzite structure reaches a peak hardness of 
(33.1±0.8) GPa after annealing at 1000 °C. This can 
be attributed to the age-hardening effect stemming 
from the spinodal decomposition. The coherent 
strain between the cubic matrix and nanoscale 
Al-rich as well as Ti-rich domains plays an essential 
role. In addition, as for the wurtzite Ti−Al−N 
coatings, SALAMANIA et al [36] pointed out that 
the forming nanoprecipitates during annealing have 
a semicoherent relationship with the surrounding 
wurtzite matrix, which also assists in the impeding 
glide and motion of dislocation, and thereby results 
in the hardness increment. Further temperature 
increase results in a distinct decline in hardness due 
to the coarsening of the spinodal decomposition 
products and the formation of soft w-AlN, where 
the hardness decreases to (32.9±0.9) GPa at 
1100 °C and (29.5±1.0) GPa at 1200 °C. 

In comparison, increasing W content allows 
for better high-temperature mechanical properties in 
annealing. The Ti0.43Al0.46Si0.08W0.03N and Ti0.41- 
Al0.46Si0.07W0.06N coatings attain their maximum 
hardness of (33.9±0.8) GPa at 1000 °C and 
(35.3±1.0) GPa at 1100 °C, respectively. Except for 
the age-hardening effect as well as retarded w-AlN 
formation discussed in Fig. 4, the Guinier−Preston 
zones formed by atomic-plane-thick W disks 
populating {111} planes in the coatings hinder the 
movement of dislocation, thereby contributing to 

 

 
Fig. 4 XRD patterns of Ti0.46Al0.45Si0.09N (a), Ti0.43Al0.46Si0.08W0.03N (b), and Ti0.41Al0.46Si0.07W0.06N (c) coatings after 
annealing at different temperatures 
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Fig. 5 Hardness of Ti0.46Al0.45Si0.09N, Ti0.43Al0.46- 
Si0.08W0.03N, and Ti0.41Al0.46Si0.07W0.06N coatings as 
function of annealing temperature 
 
the hardness enhancement of W-containing coatings 
during annealing [21]. Furthermore, the coherent 
nanoscale domains of the Guinier-Preston zone and 
cubic matrix, which induce coherency strains   
and Koehler-type hardening [37,38] due to the 
difference in elastic shear modulus of the 
modulation layers, can also counteract the effect of 
softer w-AlN. After annealing at 1200 °C, as a 
consequence of the grain coarsening and the 
increasing phase fractions of soft bcc-W as well as 
the w-AlN formation, the hardness finally decreases 
to (31.6±0.7) GPa for Ti0.43Al0.46Si0.08W0.03N and 
(32.4±1.2) GPa for Ti0.41Al0.46Si0.07W0.06N, which 
are still higher than those of the as-deposited states. 

3.3 Oxidation resistance 
To investigate the oxidation mechanism of 

W-doped TiAlSiN coatings, XRD analyses of the 
powdered Ti0.46Al0.45Si0.09N, Ti0.43Al0.46Si0.08W0.03N, 
and Ti0.41Al0.46Si0.07W0.06N coatings are performed at 
specified temperatures (800−1200 °C) in synthetic 
air. As depicted in Fig. 6(a), the oxidation of 
Ti0.46Al0.45Si0.09N occurs at 900 °C with the 
appearance of a- and r-TiO2 peaks, followed by the 
formation of the α-Al2O3 phase as well as the 
intensified transformation from anatase to rutile at 
Tox=1000 °C [39]. After oxidation at 1100 °C, the 
diffraction peaks of nitride disappear, suggesting 
the total oxidation of Ti0.46Al0.45Si0.09N. Notably,  
the diffraction peaks of a-TiO2 can still be detected 
at Tox=1200 °C since Si-addition postpones the 
anatase-to-rutile TiO2 transformation [9]. 

The onset temperature of oxidation for 
Ti0.43Al0.46Si0.08W0.03N decreases to 800 °C with the 
appearance of tiny a- and r-TiO2 diffraction peaks 
(see Fig. 6(b)). Also the intensity of α-Al2O3 

diffraction peaks for Ti0.43Al0.46Si0.08W0.03N at 
1000 °C is stronger than that of W-free Ti0.46- 
Al0.45Si0.09N. In general, more protective α-Al2O3 
formation is profitable for the oxidation resistance 
[10,40]. Therefore, the terminal oxidation 
temperature of the Ti0.43Al0.46Si0.08W0.03N is delayed 
to 1200 °C, and the oxide products consist of r-TiO2, 
α-Al2O3, and Al6Si2O13 phases. Among them, the 
new oxide Al6Si2O13 is formed by the sintering of 
SiO2 and α-Al2O3. However, the higher W content 

 

 
Fig. 6 XRD patterns of Ti0.46Al0.45Si0.09N (a), Ti0.43Al0.46Si0.08W0.03N (b), and Ti0.41Al0.46Si0.07W0.06N (c) coatings after 
oxidation in synthetic air at different temperatures 
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Fig. 7 Fracture cross-sectional SEM images and corresponding EDX line scan profiles of Ti0.46Al0.45Si0.09N (a), 
Ti0.43Al0.46Si0.08W0.03N (b), and Ti0.41Al0.46Si0.07W0.06N (c) coatings after isothermal oxidation at 1000 °C for 10 h 
 
doping instead leads to the deterioration of the 
antioxidant properties. As shown in Fig. 6(c), 
Ti0.41Al0.46Si0.07W0.06N exhibits the highest intensity 
of r-TiO2 and the lowest intensity of α-Al2O3 in the 
temperature range of 800−1000 °C. Subsequently, 
Ti0.41Al0.46Si0.07W0.06N experiences a full oxidation 
at 1100 °C with the oxidation products of r-TiO2, 
α-Al2O3, and Al6Si2O13. 

Cross-sectional SEM images and EDS line 
scan profiles of Ti0.46Al0.45Si0.09N, Ti0.43Al0.46Si0.08- 
W0.03N, and Ti0.41Al0.46Si0.07W0.06N coatings on 
Al2O3 substrates after oxidation for 10 h at 1000 °C 
are shown in Fig. 7. All coatings present a bilayer 
oxide structure consisting of a dense Al-rich 
top-layer as well as a porous (Ti,Si)-rich sublayer 
with thickness of ~0.70 μm for Ti0.46Al0.45Si0.09N, 
~0.52 μm for Ti0.43Al0.46Si0.08W0.03N, and ~0.90 μm 
for Ti0.41Al0.46Si0.07W0.06N, respectively. This is in 
good accordance with the above results, where the 
Ti0.43Al0.46Si0.08W0.03N coating obtains the best 
oxidation resistance. 

As for the TiAlN-based coatings, the growth of 
the Ti-oxide-rich sublayer is usually accompanied 
by the anatase-to-rutile TiO2 conversion with an 
undesired volume shrinkage, which has a 
detrimental impact on the oxidation resistance [6]. 
Compared with the Ti0.46Al0.45Si0.09N coating, 
alloying with 3 at.% W causes the earlier generation 
of a- and r-TiO2 during the initial oxidation stage. 
Nevertheless, the promoted α-Al2O3 formation 
effectively obstructs the inward diffusion of oxygen 
as well as the outward diffusion of metallic ions, 
which overcompensates the passive effect of the 
transformation from metastable a-TiO2 to stable 

r-TiO2. It can be found that the Ti0.43Al0.46Si0.08- 
W0.03N coating shows the thinnest (Ti,Si)-rich 
sublayer. However, the higher W-addition does not 
allow early α-Al2O3 formation in the Ti0.41Al0.46- 
Si0.07W0.06N coating. Accordingly, the oxidation rate 
of Ti0.41Al0.46Si0.07W0.06N is much faster than that of 
Ti0.43Al0.46Si0.08W0.03N. Moreover, due to the higher 
amount of bcc-W phase in the Ti0.41Al0.46Si0.07- 
W0.06N coating, the transformation from the bcc-W 
toward WO3 and the subsequent sublimation of 
WO3 results in a more severe volume expansion 
(Vα-W=9.95 cm3/mol and VWO3=31.83 cm3/mol), 
which breaks the Al-rich protective top-layer, 
leading to a noticeable decline in the oxidation 
resistance [41−43]. 
 
4 Conclusions 
 

(1) Tungsten doping in the coatings forms both 
substitution solid solution of Ti and/or Al in TiAlN 
and W simple substance. The Ti0.43Al0.46Si0.08W0.03N 
and Ti0.41Al0.46Si0.07W0.06N coatings exhibit a  
mixed c/w-(Ti, Al, Si, W)N and bcc-W three-phase 
structure. Meanwhile, W-addition optimizes the 
surface morphology of the TiAlSiN coating. 

(2) Incorporation of W into TiAlSiN coating 
has not obvious effect on the hardness of (29.1± 
0.4) GPa for Ti0.46Al0.45Si0.09N, (29.7±1.1) GPa for 
Ti0.43Al0.46Si0.08W0.03N, and (30.2±1.0) GPa for 
Ti0.41Al0.46Si0.07W0.06N. 

(3) Alloying with W into the TiAlSiN coating 
has a positive effect on thermal stability. The peak 
hardness values during annealing are (33.9± 
0.8) GPa for Ti0.43Al0.46Si0.08W0.03N at 1000 °C and 
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(35.3±1.0) GPa for Ti0.41Al0.46Si0.07W0.06N at 
1100 °C, while that of Ti0.46Al0.45Si0.09N is only 
(33.1±0.8) GPa at 1000 °C. 

(4) Moderate W-doping (3 at.%) promotes 
Al2O3 formation and improves the oxidation 
resistance of TiAlSiN coating. The oxide 
thicknesses of Ti0.46Al0.45Si0.09N, Ti0.43Al0.46Si0.08- 
W0.03N, and Ti0.41Al0.46Si0.07W0.06N after oxidation at 
1000 °C for 10 h are ~0.70, ~0.52, and ~0.90 μm, 
respectively. 
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W 掺杂对 TiAlSiN 涂层显微组织、力学及热性能的影响 
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摘  要：通过扫描电子显微镜、X 射线衍射仪、差示扫描量热仪和纳米压痕仪等设备研究 W 掺杂对 TiAlSiN

涂层结构和性能的影响。W 在 TiAlSiWN 涂层中以固溶和单质 W 的形式混合存在。添加 W 改善了 TiAlSiN

涂层的表面质量。沉积态 Ti0.46Al0.45Si0.09N、Ti0.43Al0.46Si0.08W0.03N 和 Ti0.41Al0.46Si0.07W0.06N 涂层的硬度分别为

(29.1±0.4)、(29.7±1.1)和(30.2±1.0) GPa。在退火过程中，Ti0.41Al0.46Si0.07W0.06N 涂层在 1100 ℃时的峰值硬度为

(35.3±1.0) GPa，而 Ti0.46Al0.45Si0.09N 和 Ti0.43Al0.46Si0.08W0.03N 涂层在 1000 ℃时的峰值硬度仅为(33.1±0.8)和

(33.9±0.8) GPa。此外，适量的 W 掺杂(3 at.%)有利于改善 TiAlSiN 涂层的抗氧化性。Ti0.46Al0.45Si0.09N 和 Ti0.41Al0.46- 

Si0.07W0.06N 涂层在 1000 ℃下氧化 10 h 后的氧化层厚度分别为~0.70 和~0.90 μm，然而 Ti0.43Al0.46Si0.08W0.03N 涂层

的氧化层厚度仅为~0.52 μm。 

关键词：TiAlSiWN 涂层；阴极弧蒸发；结构演变；硬度；热稳定性；抗氧化性 
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