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A B S T R A C T

Ti interlayer effectively improves the protective performance of Diamond-like carbon (DLC) coatings for Al-based 
alloys, by compensating for their large interfacial mismatch. However, optimization of the Ti interlayer has 
largely remained trial-and-error approaches, because the interface behavior under external loading has not been 
systematically revealed. Here, DLC around 1 μm were deposited on Al alloys with Ti interlayer, whose micro
structure was varied by changing its thickness from 0.15 to 0.97 μm. Results demonstrated that the thickness of 
Ti layer had little effect on the intrinsic structure of DLC, with a critical thickness of 0.75 μm, the Ti can 
effectively reduce the stress and enhance hardness of systems. Interfacial structure analysis after indentation 
testing affirmed that, the plastic deformation ability of Al/Ti/DLC was increased and the cracking of DLC layer 
towards inside was significantly suppressed. However, thin Ti layers failed to alleviate stress concentration at the 
Ti/DLC interface, and Ti layers thicker than the critical value developed the stronger (0002) phase orientation, 
which in turn sacrificed the grain boundary bonding and was destructive to its load-bearing capacity. These 
findings demonstrated that the Ti layer with dense structure was extremely crucial for achieving high- 
performance DLC coatings on Al alloys.

1. Introduction

Owning to the combined advantages of high specific strength, 
excellent formability, and low price, Al alloys have been increasingly 
used to manufacture automobile components to improve their energy 
efficiency [1,2]. Nevertheless, Al alloy components are susceptible to 
accelerated wear and failure in practical applications, owing to their 
inherently low hardness and inferior wear resistance. As effective solu
tion to these challenges, various surface modification techniques have 
been attempted and demonstrated to enhance the comprehensive per
formance of aluminum alloys. For example, Chen and co-workers [3] 
confirmed that Al2O3 ceramic film prepared by micro-arc oxidation 
technique can reduce wear rate of 7A04 aluminum alloy by an order of 
magnitude. Li et al. [4] prepared TC4 titanium alloy coating on 7075 Al 
alloy with laser cladding method, and the coating exhibited both 

improved corrosion and wear resistance. A substantial body of research 
[5,6] found that with the high-energy ion implantation method, the 
surface-modified aluminum alloys exhibited lower and reduced weight 
loss in the wear tests, besides, nitrogen ion implantation can also pro
vide long-term corrosion protection for aluminum alloys.

In particular, diamond-like carbon (DLC) coating is one of the most 
promising candidates owning to its high hardness, solid-lubricant 
properties and excellent corrosion resistance [7,8], which can signifi
cantly broaden the operational limits of aluminum alloy components, 
particularly in severe wear and corrosive conditions. However, the poor 
chemical affinity between C and Al leads to weak adhesion strength 
between DLC and Al alloys. Besides, the high internal residual stress in 
DLC up to several GPa, and its much higher hardness/modulus 
compared to Al alloys can cause premature fracture and adhesion failure 
due to the “eggshell effect” [9]. So, choosing the appropriate transition 
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layer to mitigate the chemical and mechanical misfit between DLC and 
Al alloys is the prerequisite for practical application of DLC coated Al 
alloy.

Considering the combined requirements, Ti buffer layer is antici
pated to enhance the adhesion strength and protective performance of 
the DLC coatings on Al alloys. Firstly, Ti layer has good chemical affinity 
with both Al and C [10–12], in addition, the Ti layer can simultaneously 
form strong metallic bonds with the Al substrate and generate a thin TiC 
transition phase with carbon, thereby promoting robust interfacial 
adhesion. As well as a medium coefficient of thermal expansion (8.6 ×
10− 6/K) between that of DLC (2.3 × 10− 6/K) and Al alloys (23.2 ×
10− 6/K), therefore, the Ti layer can mitigate interfacial thermal stresses. 
Moreover, Ti layer could decrease the distortion of the bond angle and 
bond length [13], catalyze the conversion from sp3 bonding to sp2 

bonding, thereby alleviating residual stress in DLC. For example, Wang 
et al. [14]and Maruno et al. [15] found that the internal stress of DLC 
exhibited about 30 % reduction by introducing Ti layer. Cao et al. [16] 
also reported that with Ti layer, the residual stress of Ti-DLC on Al alloys 
decreased from 12.4 GPa to 2.4 GPa, meanwhile, the adhesion strength 
increased from 12.8 N to 42 N.

What’s more critical, the Ti layer can significantly improve the 
deformation ability and load-bearing capacity of the DLC coated Al al
loys, combined with its moderate hardness and elastic modulus. For 
example, Liao et al. [17] showed that the insertion of Ti layer can 
disperse the contact stress and prevent crack expansion in DLC coated 
2024 Al alloys, with large applied load of 20 N. Similarly, Cao and 
co-workers [18] prepared a multilayer DLC composed of alternating Ti 
and Ti-DLC layers on Al alloy, and the optimized coating displayed a 
large thickness of ~17 μm, low friction coefficient (~0.13), low wear 
rate (1.0 × 10− 7 mm3/Nm) and high adhesion strength of 15.6 N.

Essentially, the deformation behaviors and crack resistance of Ti 
layer greatly decides protective performance of the hard DLC on rela
tively soft substrates. As reported by Jang et al. [19] in the tensile 
testing, compared with columnar Ti layer, the dense Ti layer reduced the 
wear rate and inhibited crack generation of DLC coated ductile sub
strates. Unfortunately, without detailed in-situ interfacial analysis, the 
role of thickness, grain size, and crystallographic orientation of the Ti 
layer on load-bearing capacity and damage mechanism of DLC coated Al 
alloy remains unresolved.

In this paper, to investigate the effect of Ti layer, DLC coatings with 
different Ti layer thickness were deposited on Al alloy by DC magnetron 
sputtering, in regard to thickness-induced microstructural modification 
in the Ti layer, including its important role on interfacial stress, struc
tural continuity, and damage tolerance [20]. The interfacial evolution of 

the DLC coated Al alloy under indentation was systematically investi
gated, the plastic deformation ability and the related damage mecha
nism were discussed. Specifically, the thickness-dependent 
microstructural evolution of Ti interlayers and its direct correlation with 
the interfacial deformation and damage mechanisms was clarified, 
which can provide critical understanding and theoretical guidance for 
transition layer design of DLC-based coatings for Al alloy protection.

2. Experimental details

2.1. Coating deposition

The Ti/DLC coating was deposited on Al (6061-T6) substrates in a 
size of 20 mm × 15 mm × 3 mm and Si wafers with thickness of 500 μm, 
by using linear ion source composited DC magnetron sputtering equip
ment (Fig. 1). Before deposition, the substrates were polished to mirror 
finish, and cleaned in an ultrasonic bath using acetone and ethanol for 
10 min in order to remove the surface contaminants. The base vacuum of 
the deposition chamber was better than 3 × 10− 5 Torr. Substrates were 
etched by Ar ion for 40 min prior to the deposition process to further 
remove surface oxides and contaminants, with Ar flow rate of 38 sccm, 
the pulsed bias voltage of − 200 V and the working pressure of 0.3 Pa. 
Then, the Ar gas (48 sccm) was introduced to the chamber to inspire the 
titanium target (99.99 %) with the DC sputtering power of 1.1 kW, a 
substrate bias of 200 V, and the working pressure of 0.4 Pa for Ti layer 
deposition. All coatings were deposited at room temperature. Based on 
thickness measurements using a stylus profilometer, the deposition rate 
of the Ti layer was approximately 15 nm/min, and its thickness was 
controlled by adjusting the deposition time to 10, 20, 30, 40, 50, and 60 
min, respectively. The DLC coating with an average thickness of 1 μm 
was prepared by linear ion source of 0.24 kW, with a C2H2 flow rate of 
35–38 sccm, a substrate bias of − 100 V and a working pressure of 0.3 Pa. 
During the deposition process, the sample was rotated at 10 rpm to 
ensure high uniformity of the coating.

2.2. Characterization

The surface and cross-sectional morphology of the as-deposited 
coating was analyzed by field emission scanning electron microscopy 
(SEM, Hitachi S-4800). Raman spectroscopy (inVia-reflex, Renishaw) 
was employed to evaluate the carbon atomic bonding states of the 
coatings. The wavelength of the laser was 532 nm and the wavenumber 
range for analysis was from 800 to 2000 cm− 1. The phase composition 
and crystal structure of the as-deposited and annealed coatings were 
characterized using X-ray diffraction (XRD; D8 Advance, Bruker) with 
Cu Kα radiation. The scans were performed over a 2θ range of 5–90◦

with a step size of 0.02◦.
The residual stress of the coatings was evaluated using the Stoney 

equation: 

σ=Es ⋅ ts2 /
[6 ⋅ (1 – νs) ⋅ tf ⋅ R]

where σ is the residual stress of the film, Es and νs are the Young’s 
modulus and Poisson’s ratio of the substrate, respectively, ts and tf 
represent the substrate and film thicknesses, and R is the radius of 
curvature of the substrate. The curvature R was measured using a laser 
reflection method.

Nano-indentation test was performed on G200 equipment with a 
Berkovich indenter using continuous stiffness mode. The Oliver and 
Pharr method was employed to calculate hardness (H) and elastic 
modulus (E) [21]. The residual stress of coatings was calculated by the 
Stoney formula [22]. The curvature of samples was measured by the 
stress tester using a laser reflection method. Vickers indentation test was 
performed on the coatings with 50g external concentrated load, with 
subsequent crack propagation analysis via SEM and transmission elec
tron microscopy (TEM, Talos F200x). The sample after indentation test 

Fig. 1. The schematic diagram of the DCMS equipment.
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for cross-sectional morophology TEM observation was prepared by 
using a focused ion beam (FIB, Carl Zeiss, Auriga).

3. Result and discussion

3.1. Surface and cross-sectional morphology

As shown in Fig. 2, compared with single Ti layer (Supplementary 
Material), the as-deposited coatings present the similar dense surface 
morphology with Ti interlayer deposition time range from 10 min to 50 
min, exhibiting closely packed micro-protrusions (as indicated by red 
circles in Fig. 2e), while, when Ti interlayer deposition time reaches 60 
min, some micro-pores (as marked by red arrows in Fig. 2f) are 
distributed along the few cracks. Usually, the grain size-thickness cor
relation for thin films may cause wide inter-columnar gaps and raise the 
roughness of bottom Ti layer [23,24], the following DLC coating will 

inherit the surface morphology characteristics and its growth process 
may also significantly be influenced by the possible grain coarsening of 
the Ti layer [25].

Fig. 3 shows a cross-sectional view of the DLC coatings on Si wafers. 
The thickness of the Ti interlayer is 0.15 μm, 0.31 μm, 0.46 μm, 0.62 μm, 
0.75 μm, and 0.97 μm, respectively. While the thickness of DLC is 
maintained at about 1 μm. Clearly, all Ti interlayers show typical 
columnar structure, with increasing thickness, the grain size in the Ti 
layer becomes larger and more micro-voids appear. Besides, the Si-Ti 
and Ti-DLC interfaces are intact and dense, indicating well adhesion 
between the coating and the substrate, as shown in the scratch tests 
(Supplementary Material).

3.2. XRD and Raman spectroscopy

XRD patterns in Fig. 4 confirm that only the α-Ti (HCP) structure can 

Fig. 2. Surface morphology of DLC with different Ti interlayer deposition time of (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min, (e) 50 min, (f) 60 min, respectively.

Fig. 3. Cross-sectional morphology of DLC with different Ti interlayer thickness.
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be detected and all samples show strong (0002) preferred orientation. 
The intensities of all diffraction peaks, including weak (10 1 0) and (101 
1) peaks, become evidently as the Ti interlayer thickness increases. The 
preferred (0002) orientation in the Ti layer may result from the 
competition of surface and strain energy during the PVD process. For DC 
magnetron sputtering, the low-ionization plasma yields low adatom 
energy, that leads to a small strain energy of the Ti layer. Therefore, the 
reduction of surface energy could be the main driving force to forge 
crystallographic orientation of the columnar grain. With thickness ris
ing, the Ti layer grows along the plane with the lowest surface energy 
[26], namely, the (0002) plane for α-Ti [27], resulting in strong (0002) 
preferred orientation in the XRD patterns.

The typical G and D peak bonding characteristics of DLC fitted in 
Gaussians mode are probed by Raman spectroscopy, as shown in Fig. 5a. 
For all samples, the asymmetric peak appears in the range of 800~2000 
cm− 1, and the typical D and G peaks lie at near 1350 cm− 1 and 1560 
cm− 1 [28], respectively. The full width at half maximum of the G band 
peak (GFWHM), the G peak position, and the relative intensity ratio of the 
D and G bands (ID/IG) obtained from the ratio of peak area are used to 
describe the structure of DLC. The shift in ID/IG and G peak position 
indicates a change in the average size and quantity of sp2 clusters, the 
GFWHM is a measurement of the bond length and bond angle disorder. In 
Fig. 5b, as the thickness of the Ti interlayer increases from 0.15 to 0.97 
μm, GFWHM, ID/IG, and the position of G peak of all samples practically 
remain stable at almost around 180 cm− 1, 1.1, and 1542 cm− 1, respec
tively, indicating a similar sp2 hybridization percentage, structural dis
order, and the sp2 cluster size in the upper DLC.

Fig. 4. XRD pattern of DLC samples with Ti interlayer thickness from 0.15 to 
0.97 μm, respectively.

Fig. 5. (a) Raman spectra of all samples; (b) GFWHM, ID/IG, position of G peak in the upper DLC.

Fig. 6. (a)Residual stress; (b)Hardness and modulus of samples with different Ti interlayer thickness.
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3.3. Mechanical properties

Due to the mixed sp2 and sp3 C-C and sp3 C-H bonding structures, 
DLC has a high-level intrinsic internal compressive stress, which is one 
of the primary reasons for its brittleness. Fig. 6a shows the residual stress 
of the coatings. As the thickness of Ti layer increases from 0.15 μm to 
0.75 μm, the residual stress first decreases dramatically from its 
maximum value of 5.82 GPa–0.71 GPa, then increases to 2.58 GPa when 
thickness further increases to 0.97 μm. Therefore, Ti interlayer with a 
critical thickness of 0.75 μm can effectively reduce the compressive re
sidual stress of DLC.

Both growth stress and thermal stress are components of residual 
stress. While, the Ti/DLC coatings were deposited at room temperature 
to avoid significant thermal effect, yielding a very weak impact of 
thermal stress, which was further buffered by Ti interlayer [29], there
fore, the effect of thermal stress can be ignored reasonably in this case. 
Generally, due to low adatom energy in DC magnetron plasma and 
diffusivity coefficient of Ti, mobility of Ti atoms is sufficiently low, 
yielding a tensile stress state of Ti layer as a result of grain boundary 
(GB) attraction [30]. Meanwhile, columnar grains rapidly coarsen along 
the preferred (0002) planes in horizontal direction, forming strong 
shadowing effect blocking incoming adatoms, creating micro-voids and 
cracks, as shown in Fig. 2, which in turn releases the tensile stress pro
vided by Ti layer. When thickness exceeds the critical value (0.75 μm), 
tensile stress starts to decrease, leading to the back-bounding of 
compressive stress. Because its microstructure evolves into coarsened 
columnar grains with partial porosity, which relaxes the intrinsic tensile 
growth stress; meanwhile, the less-densified upper region becomes more 
sensitive to ion peening during DLC deposition, causing compressive 
stress accumulation [31]. As a result, the overall residual tensile stress 
decreases and a compressive-stress rebound appears.

Fig. 6b shows the nano-hardness and elastic modulus of all samples. 
Compared with DLC, the hardness of Ti interlayer is low, as shown in 
Supplementary Material. With the thickness of the Ti layer, the hardness 
first decreases from 23.4 ± 0.9 GPa to 22.5 ± 1.5 GPa, then increases to 
24.5 ± 1.0 GPa. The elastic modulus shows the same tendency. In this 
thickness range of Ti layer, the sample with Ti layer thickness of 0.97 μm 
shows lower hardness and elastic modulus (23.7 ± 0.1 GPa and 216.9 ±
7.6 GPa). The sample with 0.75 μm Ti layer has the highest hardness and 
elastic modulus.

The hardness and elastic modulus are impacted by both the stress 

state of the entire coating and the thickness of Ti layers. Firstly, the 
decreasing trend of hardness and elastic moduli as the thickness of Ti 
interlayer increases from 0.15 μm can be rationalized by the decreasing 
compressive stress [32]. When the Ti interlayer thickness further in
creases to 0.75 μm, thickness of the interlayer may overwhelm the 
compressive stress factor. A relatively dense and thick Ti interlayer 
provides strong support for DLC layer, causing dramatic increase of 
hardness and elastic modulus. When the thickness surpasses 0.75 μm, Ti 
interlayer becomes loose, as shown in Fig. 2, so that supporting effect 
drops sharply, leading to an obvious decrement of hardness and elastic 
modulus at 0.97 μm [33].

3.4. Indentation behavior and damage mechanism of coatings

In consideration of the “eggshell effect”, the deformation behaviors 
of Ti layer is one of the main factors to determinate the load carrying 
ability of the hard DLC coating. To reveal the related damage mecha
nism, three typical samples with small (0.15 μm), medium (0.75 μm) and 
large (0.97 μm) Ti interlayer thickness are selected for Vickers inden
tation testing.

Overall, the DLC layers exhibit unambiguously brittle behaviors due 
to the covalent nature of C-C and C-H bonding, in addition, the DLC top- 
layer has much higher elastic modulus, so effect alike stress shielding 
[34] is thus rendered and causes stress concentration inside DLC layers 
and the consequent cracking. From the surface micrographs of in
dentations in Fig. 7a, b, and 7c, the three samples display similar 
tetragonal pyramidal shape, the distances between the indentation 
boundaries and the central point are 7.5 μm, 8.43 μm, and 7.37 μm, as 
indicated by the white lines, meanwhile, two types of cracks, namely, 
annular cracks (indicated by the purple arrows circle) at the edge of the 
indentation and central cracks (indicated by the black circle) at the core 
area of the indentation can be observed. Besides, compared with sample 
with 0.75 μm Ti layer, the two samples with 0.15 μm and 0.97 μm Ti 
layer exhibit pronounced material pile-up at indentation peripheries.

In Fig. 7d, e, f, the corresponding cross-sectional morphology of the 
indented area is taken from the right part of the imprint for direct 
observation of the cracking behavior. Comparable indentation depths of 
3.18 μm, 3.15 μm, and 3.20 μm are recorded for the three specimens 
respectively, suggesting the distinct edge deformation of Al alloy, Ti 
layer, and DLC coating. Besides, the annular cracks primarily initiate 
from the surface of DLC layers, due to the concentration of tensile stress 

Fig. 7. The surface and cross-sectional morphology of indentation of sample with Ti layer thickness of (a), (d) 0.15 μm, (b), (e) 0.75 μm, (c), (f) 0.97 μm, respectively.
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combined with severe vertical shear facilitated by the bending of the 
indentation edge under the surface tension, as indicated by the purple 
circle. While, the central cracks propagate in an extremely wide manner, 
and are more concentrated in the interfacial zone, as indicated by the 
black circle, where the cracks first initiate at the Ti/DLC interface and 
grow up through the DLC layer, as a result of the maximum shear sliding 
of the DLC layer to deform coordinately with the indenter that press 
downward during the loading process.

Though, the Ti interlayer cannot prevent cracking initiation in the 
top of DLC layer, but to some extent, it effectively suppresses cracking 
propagation and promotes step formation at the Ti/DLC interface, as 
shown by the red arrow in Fig. 7d–f. With the minimal thickness of Ti 
layer in Fig. 7d, the interfacial region exhibits more curved structures 
and moderate extrusion of the Ti layer. For the sample with a thickness 
of 0.97 μm Ti layer, significant extrusion of the Ti layer appears at the 

Ti/DLC interface in Fig. 7f. For the sample with moderate thickness of 
0.75 μm Ti layer, the highest density of cracking and steps can be 
observed at the interface, which may result in its best performance.

To systematically investigate the interfacial microstructure evolution 
induced by indentation, the coated Al alloy before and after indentation 
testing is investigated by TEM. For the as-deposited samples, in Fig. 8a, 
the 0.15 μm Ti interlayer has a dense and fine ungrown structure, with 
some abnormal grown grains, as marked by red frames, and few nano- 
sized voids appear, indicated by red arrows. Comparatively, the 0.75 
μm Ti layer in Fig. 8b shows a distinct V-shaped columnar morphology 
resulted from speeding-up growth along (0002) planes, with few opened 
GBs or cracks formed in the interfacial region. As the Ti layer thickness 
reaches 0.97 μm (Fig. 8c), the columnar grains grow coarser, and a 
number of voids and cracks are formed between GBs due to shadowing 
effect.

Fig. 8. (a), (b) and (c): TEM Cross-sectional morphology of as-deposited sample with Ti layer thickness of 0.15 μm, 0.75 μm, 0.97 μm, respectively; (d), (e) and (f): 
Cross-sectional morphology of indented samples with Ti layer thickness of 0.15 μm, 0.75 μm, 0.97 μm, respectively; (d-1), (e− 1) and (f-1) correspond to the 
magnified images shown in Figures (d), (e), and (f).
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After indentation testing, Fig. 8d, e, and f show the corresponding 
deformation structure, which clearly demonstrates that the brittle DLC 
layer deforms via cracking, while the ductile Ti layer and Al alloy 
basically deform in a typical plastic manner. To facilitate a clearer 
observation of the crack morphologies and propagation path, key re
gions are magnified in Fig. d, e, f and designated them as Fig. d-1, e− 1, f- 
1. There are two types of cracking source, from the Ti/DLC interface 
(indicated by the black circle) and internal cracks in the Ti layer (indi
cated by the purple circle). In Fig. 8d and d-1, the sample with thinnest 
Ti interlayer shows most severe cracking morphology with respect to 
crack numbers and length, with longest crack more than 500 nm initi
ated from Ti/DLC interface, especially. The interfacial cracks along 
boundary between Ti layer and DLC, and the lateral cracks in the DLC 
become smaller and shorter as Ti interlayer grows thicker, as shown in 
Fig. 8 e, e− 1 & f, f-1.

According to the mechanical properties, and interfacial evolution 
during indentation testing, the deformation behaviors and damage 
mechanism of DLC coated Al alloy should be discussed from its growth 
characteristic and morphology of Ti layer with increasing thickness. For 
deposition of Ti layer, the preferred (0002) planes in horizontal direc
tion are promoted with increasing thickness, as shown in XRD Fig. 4, 
besides, more voids and cracks are formed, due to the columnar grain 
growth characteristics of Ti layer, as shown in Fig. 8a and b and c, which 
in turn releases the tensile stress provided by Ti layer in Fig. 6a.

While, within the thinnest Ti interlayer, its dense structure and few 
nano-sized voids may result in more curved structures at the Ti/DLC 
interfacial region, but this Ti layer is too thin to prevent extrusion of the 
Al alloy substrate with large plastic deformation, and the following large 
deformation of Ti layer can cause large-scale cracks (red arrows) along 
Ti/DLC interface. During the subsequent successive growth of Ti layer to 
around 0.75 μm, the Ti layer can mitigate interfacial stress concentra
tion from extrusion of the Al alloy substrate, moreover, with increasing 
Ti layer thickness, the preferred (0002) planes leads to lateral growth of 
columnar grains and formation of V-shaped columnar crystals in the Ti 
layer to a lesser extent, but the Ti layer still has relatively dense struc
ture, some cracks can be formed insides the Ti layer and at the Ti/DLC 
interfacial region to reduce internal stress, and the top DLC possesses a 
relatively intact structure, resulting in enhanced load-bearing capacity. 
When the Ti layer exceeds a certain thickness, the excessively large 
grains cause much more cracks at grain boundaries in the Ti layer, as 
marked by green arrows, and the indentation process will result in more 
and large cracks both in Ti layer and DLC layer, exhibiting deteriorated 
performance. The damage mechanism diagram of DLC coated Al alloy 
with various Ti layer thickness is illustrated in Fig. 9.

4. Conclusion

In this work, we perform comprehensive investigations and in-depth 
discussions on the effects of Ti transition layer thickness on the me
chanical properties and deformation mechanisms of the Al alloy-Ti/DLC 
coating system. The results show that Ti interlayers can effectively 
buffer the chemical and mechanical mismatch between DLC and Al al
loys, leading to concurrent relief of residual stress and increase of 
hardness within a critical thickness. Whereas, Ti layers deposited by DC 
magnetic sputtering tend to form loose columnar GBs as a result of 
highly preferred (0002) growth and low adatom mobility, that are 
destructive to the load-bearing capacity of Ti interlayers. Therefore, a Ti 
interlayer with optimal thickness and dense structure is necessary for 
acquiring improved mechanical performance for DLC coatings for Al 
alloy protection, which could be achieved via tuning crystallographic 
orientation and microstructure of Ti layers using high-ionization depo
sition. The current results clarify the impacts of thickness and micro
structure of Ti interlayers on Al alloy/DLC coatings and provide 
guidance for metallic interlayer design of hard protective coatings for 
soft metal substrates.
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