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Abstract: Herein, the deposition of titanium films on complex bowl-shaped workpieces was
conducted using direct-current magnetron sputtering (DCMS) and high-power impulse
magnetron sputtering (HiPIMS) methods, and the differences in the properties of the film
deposited using these methods were investigated. Metallic titanium films were deposited on

the inner (concave) and outer (convex) surfaces of a bowl-shaped workpiece. The deposition

! Abbreviations. HiPIMS: high-power impulse magnetron sputtering; DCMS: direct-current magnetron
sputtering; PVD: physical vapor deposition; XRD: X-ray diffraction; SEM: scanning electric microscopy; EDS:

energy dispersive X-ray spectroscopy



rate, crystal structure, microhardness, and cross-sectional morphology of the titanium films at
different deposition angles with respect to the normal vector of the target surface were
characterized. Results showed that HiIPIMS films exhibited better uniformity in terms of the
crystal texture, microhardness, and microstructure than that of DCMS films, for both concave
and convex surfaces. The differences between the properties of the HIPIMS and DCMS
deposited films can be attributed to the significantly reduced self-shadowing effect in the
oblique incidence deposition provided by HiPIMS. The enhanced energetic bombardment of
depositing species on the substrate in the ionization-rich HiF '*"AS plasma facilitates the
deposition films with uniform crystal structures and propel ‘ies. However, a distinct difference
in the film deposition rates was observed for the differai.* sk.apes of the substrates in both
deposition techniques. The films deposited on cor:ave surfaces showed better uniformity than
that of the films deposited on convex surfaces. yais phenomenon can be explained by
considering both the effect of the substr~*~-.c-target distance, line of sight and the electric
field near the substrate. The results prese. *ad in this manuscript are therefore crucial for the
coating design of objects with cor.p.~x shapes when depositing pure metals using DCMS
and/or HIPIMS for decorative, tribclogical, and tool applications.

Keywords: film uniformity, howl-shaped workpiece; direct-current magnetron sputtering;
high-power impulse nagn >tron sputtering; oblique incidence deposition

1. Introduction

Magnetron sputtering is a widely utilized PVD method that aims to improve properties such
as wear and corrosion resistance in a wide range of products and applications [1]. However,
for conventional DCMS, the effects of oblique deposition and self-shadowing repeatedly exist
when the film is deposited on complex-shaped workpieces [2-3]. Various strategies have been
reported to negate these effects, such as rotating or swinging the workpiece; however, the
oblique deposition effect cannot be completely eliminated. Furthermore, it is often difficult to

sufficiently manipulate large workpieces due to the limited space of the vacuum chamber. It is



commonly known that oblique deposition will affect the growth of films, thereby negatively
influencing the uniformity of the film structure and the properties of the films deposited on
complex-shaped workpieces [4-5]; this ultimately leads to unpredictable and reduced product
performance. Therefore, it is critical to thoroughly analyze the uniformity of the films
deposited on the whole complex-shaped workpiece to evaluate and predict the service life of
the workpiece and/or propose an optimal solution for the weakest area of the film.

HiPIMS is an ionized PVD technique [6], during which sputtered atoms have a high degree of
ionization, and their energy and trajectory can be modulated '5ing an external electric or
magnetic field [7-8]. This makes it possible to deposit dente an 1 smooth coatings on
complex-shaped substrates. Some metal and ceramic fil:»< F.ave been deposited on complex
components, such as trenches [9-10], cutting tools 11, or gear wheels [12], using both
DCMS and HiPIMS methods. Better uniform’cy in terms of the film thickness was observed
in HIPIMS[13]. However, most studies == i, mited to the concave surface of a workpiece, and
those focusing on both the convex and cu.cave surfaces of complex workpieces are scarce.

A major sector that delivers prodi.ci. with such complex shapes is the decorative market,
which was estimated to have ¢ valu2 of US$ 86 billion at the end of 2019 that further
increased to US$ 112 billio,. in 2021. It is expected to significantly rise by 4.61% per year
between 2021 and 20: 8 [14]. PVD technology holds a significant share in the decorative
coating market.

Although decorative coatings deposited using PVD processes are typically focused on
arc-based processes, new coating processes focus on the HiPIMS and DCMS of
titanium-based targets for more challenging colors. Typical decorative parts coated using
HiPIMS processes include door handles, faucet parts, and other consumer items with 3D
shapes, or freeform surfaces. It is therefore critical to study the thickness, structure, and nature

of growing films on complex-shaped workpieces.



Considering the above points, herein, a bowl-shaped workpiece is utilized as a model
workpiece to study the angular dependence of the structure and the properties of the films
generated during magnetron sputtering. Titanium has advantages of excellent corrosion
resistance and biocompatibility [15-16] and is a major source of cathode material for many
colors in decorative PVVD coating applications. In addition, titanium films are widely used as
buffer layers in many practical applications to improve the adhesive force between ceramic
films and metal substrates [17-18]. For these reasons, titanium films were selected for
deposition on Si-wafers positioned within a stainless-steel bov/l-shaped workpiece. The
deposition angles with respect to the surface normal of the *farg: t continuously changed from
0° to 90°. The films were characterized using their thizk.es, crystal structure, microhardness,
cross-sectional morphology, and deposition rate a* difi. rent deposition angles on the
bowl-shaped workpiece. The uniformity of th< « haracteristics of the titanium film over the
entire workpiece during both DCMS an~ H1,"'MS was evaluated and compared, and the

differences are discussed.

2. Material and methods

The deposition of the titaniu™ 1ilm was performed in a vacuum deposition system, which is
described elsewhere [ ?0]. The high-vacuum deposition system was equipped with four
rectangular unbalancec magnetrons, and the size of the rectangular target (Ti 99.9 %) was 135
mm x 170 mm. The schematic of the deposition system is illustrated in fig.1. During
deposition, the target cathode labeled B ( as shown in fig.1) was powered by a DC or pulsed
power supply, manufactured by the Chengdu Pulsetech Electrical Company (HPS-450D,
China). Although the other three targets was not used in present study, the magnetic field
configuration behind them also plays a role during magnetron sputtering[21-22].

A stainless-steel bowl-shaped workpiece 10 cm in diameter and 1 mm in thickness is selected

as the specimen holder. To investigate the titanium film deposited on the different areas of the



complex-shaped workpiece, seven Si(100) wafers (n-type) were mounted on the surfaces of
the bowl-shaped substrate from the brim to the bottom, as shown in Fig.2. The size of the Si
wafer was 20 mm x 10 mm, and the silicon wafers were labeled L-90°, L-60° L-30° M-0°,
R-30°, R-60°, and R-90°, corresponding to the deposition angles of 90°, 60°, 30°, and 0°,
respectively, where L-, R-, and M- denote left, right, and middle, respectively. Film
characterization was conducted on these Si wafers, and the test results were used to evaluate
the uniformity of films. The distance from the target to the top of bowl-shaped substrate was
set to 60 mm, and the center of the bowl-shaped workpiece \ =s aligned to the target center, as
shown in Fig.2.

Prior to film deposition, the base pressure of the vacur:n. ~humber was set to 1.0 x 10~ Pa.
Thereafter, the argon pressure was adjusted to 0.6 2a n the chamber. For the DCMS process,
the target voltage was set to —300 V with a cu.i« nt of 3 A. For the HiPIMS process, a constant
voltage pulse of =800 V was applied wi*>: a ilse length (1) of 400 ps and a corresponding
frequency (f) of 100 Hz. The operating p..~ameters in HiPIMS were selected to ensure that the
average power applied to the targ:t .~ I,CMS was achieved. The deposition times for HIPIMS
and DCMS were restricted to *'0 ai.d 10 min, respectively. Different deposition times were
used to maintain almost the -ane film thickness at the center position normal to the target in
the DCMS and HiPIN S piocesses. The bias voltage applied to the workpiece was set to —50
V in both the DCMS a'.d HiPIMS processes.

A surface profiler (AMBIOS model XP-2, USA) was used to measure the thicknesses of
deposited films. The crystal texture of the titanium films was characterized using XRD
(PHILIPS PW 3040) with Cu Ka radiation (40 kV, 40 mA). The scanned 20 range was 30°—
48° in the conventional Bragg—Brentano geometry mode. The cross-sectional morphologies of
titanium films were observed using SEM (Jeol JSM-7001F, Japan), and the composition of
deposited films were measured using EDS (FEI Quanta 250 FEG, USA). Microhardness was

measured using an ultra-micro hardness tester (Shimadzu DUH211S, Japan), with a



Vickers-shaped diamond indenter operated at a loading/unloading rate of 0.7316 mN/s, while
the holding time at the maximum load (10 mN) was set to 10 s.

3. Results and discussion

3.1. Film deposition rate

The deposition rates of the titanium films at different deposition angles on the inner and outer
surfaces of the bowl-shaped workpiece are shown in Figs.3a and 3b, respectively. The
deposition rate of HiPIMS is consistently lower than that of DCMS, whether the film is
deposited on the inner (concave) or outer (convex) surface. ~. tese results are in agreement
with the findings of other studies [9]. A prevalent explanat on 1)r the lower deposition rate in
HiPIMS is that most sputtered ionized particles, whick. & rositively charged, will be
attracted back to the target owing to a larger negative atential on the target [23-24]. When a
film is deposited on the concave surface, the ric; osition rate of the films deposited using
DCMS increases with increasing deposi*:nn >ngles. However, for the HIPIMS films on the
concave surface, an opposite trend is obscved, as shown in Fig.3a. For the films deposited on
the convex surface of the workpiece, the deposition rates in HIPIMS and DCMS exhibit the
same distribution trend. The c'strindtion of films using both methods decreases with
increasing deposition angle., as observed in Fig.3b. This is similar to HIPIMS on the concave
surface, but the chang 2 on the convex surface is more pronounced than that on the concave
surface.

The deposition rate is sensitive to the distance from the target to the substrate during
magnetron sputtering [25-26]. It was known that when sputtered atoms (particles) fly to the
substrate, they experience collisions with ambient gases and are decelerated until they are
equilibrated with the gases. With the increase of the target to substrate distance, the number of
collisions between the sputtering particles and the gas molecules increases, , and the transport

manner of the sputtered atoms (particles) will change from “ballistic” to “diffusive” [27]. In

the diffusive transport model, sputtered particles travel randomly and their the flux at the



substrate decreases monotonically with the target and substrate distance[27]. For these
reasons, the deposition rate decreases with an increasing substrate-to-target distance. As
shown in Fig.2a, on the concave surface, the distance between Si wafers and the target
decreases with increasing deposition angles. However, on the convex surface, the distance
increases with increasing deposition angles. Therefore, the distribution of the film deposition
rates on the inner and outer surfaces can be explained using this effect of the
substrate-to-target distance. However, the distribution of the deposition rate for the HIPIMS
film on the concave surface shows a contradictory result as i ~xhibits a slight increase with an
increasing target-to-substrate distance. In the HiPIMS proc=ss, nost sputtered atoms are
ionized particles, so their energy and trajectory will br a*fered by the external electric field
near the substrate. Hippler et al. [28] tested the dic:ribuion of the plasma potential in a
semicircular copper holder during HiPIMS di-u arge. It was found that the drop in the plasma
potential at lower deposition angles was !~ry2r than that at higher deposition angles,
suggesting that more ionized particles we.= attracted to the positions associated with lower
deposition angles (such as M-0° i'1 ri1.2). Additionally, the slightly higher deposition rate at
lower deposition angles can k- exp:ained by considering both the effect of the

substrate-to-target distance, 'ine of sight and the electric field near the substrate.

. d N . . . .
The equation, N - 0—' +.100% , [29] was used to quantitatively evaluate the uniformity of

me <
the film on the entire inner or outer surface of the workpiece. With d_, and d,

representing the minimum and maximum deposition rates on the same surface, respectively,
the uniformity of the film deposition rate on the concave surface of the workpiece was
calculated to be 82.7% and 89.8% for DCMS and HiPIMS, respectively. However, on the
convex surface, this rapidly dropped to 14.3% and 17.6% for DCMS and HiPIMS,
respectively, as shown in Fig.4. The calculated results suggest that the uniformity of the film

deposition rate on the workpiece was significantly affected by the shape of the surface. The



uniformity of the film deposition rate on the concave surface is much better than that of the
film deposition rate on the convex surface. However, on the same surface, the HiPIMS film
always exhibits a slightly better uniformity in terms of the film deposition rate. It is known
that the sputtered atoms in the HIPIMS method have a higher degree of ionization and a more
enhanced particle bombardment effect than those of the sputtered atoms in the DCMS process,
which are beneficial for realizing a uniform film thickness [30]. To better understand the
uniformity for the HiPIMS film, there are other significant aspects that should be considered,
such as the target racetrack region of HIPIMS compared to t.=t of DCMS, and the gas
rarefaction effect in HiPIMS. Both these effects are relatec to ti e deposition rate of films and
thus affect the uniformity of film deposition [20,31].

3.2. XRD and EDS

Fig.5 shows the typical XRD patterns of the t*ia.:ium films deposited on the right side of the
workpiece. The XRD patterns for the le*: siu> of the workpiece are similar to those for the
right side and are therefore not included. >RD results reveal that all films contain
polycrystalline titanium predomirar v with a hexagonal structure; however, the films
deposited under different conc'itions exhibit different preferential orientations of the lattice

plane. The habit plane of tienium corresponds to (100), (002), and (101) for the 26 values in

Ihkl

the range of 30°—45" 1. this study, the ratio, Ry = , was used to determine

|100+ |002+ IlOl

the preferential orientation of the lattice plane, wherein (hkl) takes the values (100), (002),
and (101), and |, is the intensity of the (hkl) plane in XRD patterns. The R, values
obtained from XRD results and those obtained from the International Center for Diffraction

Data (ICDD; Reference code: 00-001-1197) are presented in Table 1. If the value of Ry

calculated using XRD patterns is higher than that obtained from the ICDD (Reference code:

00-001-1197), it implies that the (hkl) plane is the preferential lattice orientation. The higher

the value of R,y the higher the degree of preferential orientations [32]. Table 1 shows the



data of R, related to the preferential lattice orientation, marked with “*”. Overall, the most

prominent are the patterns from the (002) lattice plane. For the HIPIMS process, the titanium
film exhibits a preferential lattice orientation of (002) at each deposition angle on the inner
surface. On the outer surface, it also shows a (002) preferential orientation at lower deposition
angles (such as M-0°) and (100) and (002) preferential orientations at high deposition angles
(such as R-90°). During the HiPIMS process, positively ionized target atoms have a higher
energy and atomic mobility under the external electric field, which is helpful for the
preferential growth of the lattice plane with a low surface eneigv. The (002) crystal plane is a
close-packed plane with the lowest surface energy [33]. Hou.~er, for the DCMS process,
except for the (002) preferential lattice orientation, th: film also shows (100) and (101)
preferential orientations at lower and higher deposi.r. angles, respectively. Hence, HiPIMS
films show better uniformity in terms of crys:al e <ture than that of DCMS films.

The composition of the DCMS and Hi" IV S tms were measured using EDS. Fig.6 is the
typical EDS spectra of the DCMS cnd HiP(MS films. The strongest peak in EDS is a Si signal
since it is from a Si substrate, anc. t'ie uverall Si content was not counted in the present test.
As shown in Fig.6, in additicn o titanium, a few other elements, such as oxygen, nitrogen,
and carbon, are present i.» the films deposited using both technologies. Typically, the presence
of oxygen, nitroge.. ai. rarbon is attributed to the residual gas in the vacuum chamber during
the film deposition piucess or to contamination possibly caused when films are exposed to
ambient air. Additionally, another factor that may contribute to the oxygen signal could be the
oxidized surface of silicon, which is a phenomenon that has been observed in our previous
studies [34-35]. The actual oxygen content in Ti films is therefore not considered to be as high
as that determined using EDS profiles. As shown in Fig.6, it was also found that the amount
of oxygen in the HiPIMS film is higher than that in the DCMS film. The reason for the
difference was related to the film deposition rate. As discussed in Section 3.1, the HiPIMS

film repeatedly has a lower deposition rate than that of the DCMS film, and this lower



deposition rate is more favorable for the residual oxygen within the vacuum chamber to
accumulate on the film [37]. Furthermore, it was also found that when films were deposited
using the same method, whether on the inner or outer surface, their EDS profiles were
approximately the same; hence, they were not included in this report.

3.3. Cross-sectional morphology (SEM)

Fig.7 shows the typical cross-sectional morphology of titanium films deposited at lower and
higher deposition angles on the left side of the workpiece. The resulting images for the right
side of the workpiece are similar to those for the left side; henze, they are not shown here. It
can be observed that the DCMS films at lower deposition ¢ ngle 5 exhibit a columnar structure
perpendicular to the surface of the substrate, as showr ii. Fiys.7a and 7b. However, at higher
deposition angles, DCMS films grow on the subst-ate « t an oblique angle, both on the inner
and outer surfaces, as shown in Figs.7i and 7j e obliquely grown film also shows some
voids in the columnar grain structure, ir2*ca.'ng that these areas of the film are relatively less
dense than those deposited normal to the :2rget. However, for the HiPIMS process, the
titanium film always grows perpe:i0.~tnar to the substrate, both at lower and higher deposition
angles, as shown in Figs.7c, 7°'. 7k, and 7l. These films appear to be very dense both on the
inner and outer surfaces. It . therefore reasonable to consider that the highly porous structure
of DCMS films at higer eposition angles was mainly caused by the self-shadowing effect
during oblique incidenr.e deposition. However, the self-shadowing effect was almost
suppressed during HiPIMS. During HiPIMS discharge, most sputtering atoms are charged
particles, and their trajectory is modulated by the external electric field near the substrate.
Simultaneously, the energy of the incident particles (including metal and argon ions) on the
substrate is also enhanced by the electric field, which increases the adatom mobility and
particle bombardment effect. Both effects contribute to the denser films deposited using

HiPIMS compared to those deposited using DCMS.



3.4. Film hardness

The hardness of the titanium films deposited at different deposition angles on the inner and
outer surfaces of the bowl-shaped workpiece are shown in Figs.8a and 8b, respectively. It is
known that quite a few factors will affect the measured hardness of a deposited film, such as
sputtering power, bias voltage, and even the (nano)indentation techniques used to measure
hardness. There is limited published literature on the hardness of pure Ti films; however, in a
few publications, the reported hardness of Ti-films varies from 2.4~10 GPa depending on the
deposition method, coating thickness and crystallographic o. ‘¢ntation [20,38-45]. It is also
noticeable that DCMS sputtered films being found to have 2 loy ver hardness (~8GPa) than
EB-evaporated films (~10GPa) in the study of Arshi et ' [45] . In this study, as shown in
Figs.8a and 8b, the titanium film deposited by DC'AS « gree with those values previously
published for flat surfaces but decreases with i reasing deposition angle. Interestingly the
films deposited by HiPIMS reach hardn~zs v>lues comparable to those attainable by
EB-evaporation and are much less sensiu -2 to deposition angle. The range of hardness for Ti
film reported in our study therefo e ~lls within the hardness range reported in earlier
literature for Ti-films. The rec-on 1or the range of hardness values recorded, in particular for
DCMS-deposited films can e attributed to the effect of substrate shape (convex and concave)
on the range of morpt olog ies of the resulting films. Such effects have not been considered in
other literature.

From Figs.8a and 8b, It can also be observed that the hardness of HiPIMS films at each
deposition angle is consistently larger than that of DCMS films, both on the inner and outer
surfaces. Furthermore, the hardness of DCMS films considerably decreases with increasing

deposition angles. This variation was less significant in the HIPIMS deposited films.

min

The equation, N = x100% , was used to quantitatively evaluate the uniformity of film

max

hardness, where H_ and H,  represent the minimum and maximum hardness on the same



surface, respectively. The hardness uniformity values of the DCMS films on the inner and
outer surfaces were calculated to be 36.4% and 41.0%, respectively. Those of the HIPIMS
films on the inner and outer surfaces were calculated to be 83.3% and 90.5%, respectively, as
shown in Fig.9. The calculated results indicate that the hardness uniformity of HiPIMS films
is very high and considerably better than that of DCMS films, on both the inner and outer
surfaces. Additionally, for films prepared using the same method, the hardness uniformity of
the film on the convex surface is slightly higher than that of the film on the concave surface.
The mechanical properties of a material are also influenced i\ its microstructure and crystal
texture. As mentioned in Sections 3.2 and 3.3, HiPIMS filr s st ow a uniform and compact
microstructure. They exhibit a uniform preferential or’ei.*at’on of the (002) plane, which is a
close-packed plane. However, DCMS films show * poi jus structure at higher deposition
angles because of the self-shadowing effect ir u’lique incidence deposition. Their preferred
orientation crystal plane also changes w**" uonosition angles. The above factors provide a
clear explanation as to why HiPIMS filn.. have higher hardness and better uniformity than

those of DCMS films when deposit+ & on complex surfaces.

4. Conclusions

The uniformity of the titar jum films deposited on the inner (concave) and outer (convex)
surfaces of a bowl-shar ed workpiece using both DCMS and HiPIMS methods was
investigated. The deposition rate, crystal texture, microhardness, and microstructure were
studied. Among these characteristics, the uniformity of the deposition rate on the bowl-shaped
workpiece was most significantly affected by the surface shape of the substrate. This study
showed that the uniformity of the film deposition rate on the concave surface was much
higher than that of the film deposition rate on the convex surface in both DCMS and HiPIMS
methods. The effect of the surface shape on film uniformity is a combination of the

substrate-to-target distance, line of sight and the electric field near the substrate. Considering



the different deposition methods, HiPIMS films exhibited significantly better uniformity than
that of DCMS films in terms of their deposition rate, film hardness, crystal texture, and
microstructure, on both the concave and convex surfaces. The reason for the difference
between the HiIPIMS and DCMS films is that the HIPIMS method can significantly reduce the
self-shadowing effect in oblique incidence deposition. This enhances the particle
bombardment effect on the substrate, subsequently increases film densities, and eventually
enhances deposited films through increasingly uniform structures and beneficial properties on
complex-shaped workpieces.

This study contributes to the full analysis of the uniformity of t1e thickness, structure, and
other properties of a film on a complex-shaped workp:ec~ v ith both convex and concave
surfaces. It is not only very helpful to correctly ev-luau the service life of the film-modified
workpiece, but it can inspire us to propose a sun tion for the weakest area of film. As
discussed in Section 3.1, when a film is Z~pc~ited on the concave surface, it is found that the
deposition rate when using both the HiP1. 1S and DCMS methods exhibits different
distribution trends. The depositio’ 1 .*a of DCMS films increases with increasing deposition
angles but that of HIPIMS filr~ s exaibits an opposite trend. Therefore, we propose that films
being alternately depositea <ing DCMS and HiPIMS should be a feasible solution to
improve the uniformifv o1 the film thickness on a concave surface.

It is known that gas pre¢ ssure changes the ion energy distribution which hence could influence
the uniformity of the deposited films[37]. The the effect of working gas pressure on the
uniformity of film (including metal films and ceramic films) deposited on complex
bowl-shaped workpiece is an on-going study, and the related results will be reported in a
subsequent article.
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Table i. Ratio of R, = hig_ —|~-for the XRD patterns shown in Fig.5

|100+ ou. o101

Lattice plane
Pasiti.n
(100) [ (002) (101)
DCM.S(inner)-M-0° 0.40* | 0.51* 0.09
DCMS(inner)-R-60° 0 0.61* 0.39
DCMS(inner)-R-90° 0 0.25* 0.75*
DCMS(outer)-M-0° 0.39* 0.51* 0.1
DCMS(outer)-R-60° 0.48* 0.43* 0.09
DCMS(outer)-R-90° 0 0.24* 0.76*
HiPIMS(inner)-M-0° 0.04 0.94* 0.02
HiPIMSS(inner)-R-60° 0.05 |0.92* 0.03




HiPIMS(inner)-R-90° 0.05 0.93* 0.02
HiPIMS(outer)-M-0° 0.07 0.87* 0.06
HiPIMS(outer)-R-60° 0.51* 0.49* 0
HiPIMS(outer)-R-90° 0.53* 0.47* 0
ICDD(Ref.Code. 00-001-1197) 0.22 0.22 0.56

Figure Captions

Fig. 1. Schematic of the vacuum deposition system

Fig. 2. Experimental arrangement and location of Si watc:2 (L for left, M for middle, and R
for right; figures indicate the deposition angle witi. rest ect to the surface normal of the
cathode). (a) Inner and (b) outer surfaces of tfe sowl-shaped workpiece

Fig. 3. Distribution of the film depositi~.. -at. 9n (a) inner and (b) outer surfaces of the
bowl-shaped workpiece using DCMS ana HiPIMS, respectively

Fig. 4. Uniformity of the Ti film e’ ~ition rate on the inner and outer surfaces of the
bowl-shaped workpiece using DCMS and HiPIMS

Fig. 5. XRD patterns of titar..:'m films deposited at different deposition angles on the inner
and outer surfaces of \he v orkpiece using (a) DCMS and (b) HiPIMS

Fig. 6. EDS profiles n* the titanium film for (a) DCMS (outer)-M-0° and (b) HiPIMS
(outer)-M-0°

Fig. 7. Cross-sectional morphology of titanium films deposited using DCMS at (a) inner
surface M-0°, (e) inner surface L-60°, (i) inner surface L-90°, (b) outer surface M-0°, (f) outer
surface L-60°, (j) outer surface L-90°, and deposited via HIPIMS at (c) inner surface M-0°, (g)
inner surface L-60°, (k) inner surface L-90°, (d) outer surface M-0°, (h) outer surface L-60°,

and (I) outer surface L-90°, respectively




Fig. 8. Distribution of the film hardness on (a) inner and (b) outer surfaces of the bowl-shaped

workpiece using DCMS and HiPIMS, respectively

Fig. 9. Uniformity of the film hardness on the inner and outer surfaces of the bowl-shaped

workpiece
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Highlights

e Titanium films were deposited via DCMS and HiPIMS on bowl-shaped workpiece.

e Surface shape (Convex or concave ) influence the uniformity of film deposition rate.
e HiPIMS films showed better uniformity in properties compared to DCMS films.

e HiPIMS reduced the self-shadowing effect in oblique incidence deposition.



