metals m\py

Article

Microstructure, Micro-Indentation, and Scratch
Behavior of Cr Films Prepared on Al alloys by Using
Magnetron Sputtering

Yi Ding !, Fanyong Zhang '*, Shu Yan 2, Hongtao Li 3, Jining He I* and Fuxing Yin 1

1 Tianjin Key Laboratory of Materials Laminating Fabrication and Interface Control Technology,

Research Institute for Energy Equipment Materials, School of Material Science and Engineering,
Hebei University of Technology, Tianjin 300130, China; dingyi931016@163.com (Y.D.); fordjp@163.com (E.Y.)
2 School of Metallurgy, Northeastern University, Shenyang 110819, China; yanshu2504@163.com
College of Materials Science and Engineering, Nanjing Tech University, Nanjing 211816, China;
lihongtao@njtech.edu.cn
*  Correspondence: fany_zhang@163.com (F.Z.); hbgdhjn@126.com (J.H.); Tel.: +86-022-60201845 (F.Z.);
+86-022-60201845 (J.H.)

check for
Received: 5 November 2019; Accepted: 6 December 2019; Published: 9 December 2019 updates

Abstract: In this study, closed-field unbalanced magnetron sputtering (CFUMS) was employed to
deposit pure Cr films on soft substrate of 2024 Al alloy. The effects of deposition powers and biases
on the microstructures and mechanical performance of Cr films were systematically investigated by
using X-ray diffraction (XRD), scanning electron microscope (SEM), micro-indentation and scratch
test. Results showed that all the Cr films had a strong (110) preferred orientation and anisotropic
surface morphology with columnar structures. The size of Cr particles was in the range of 50-350 nm,
increasing with larger target power and higher biases. The hardness of Cr films was between 3.3
and 4.8 GPa, which was much higher than the Al alloy substrate (1.44 GPa). The Young’'s modulus
of Cr film could reach a maximum value of 169 GPa at 2.0 kW/70 V. The critical load increased
when increasing the power but decreased with higher bias, achieving a maximum value of 53.83 N
at 2.0 kW/10 V. The adhesive failure mechanism of Cr film was mainly attributed to the plastic
deformation of softer Al substrate.

Keywords: Cr film; magnetron sputtering; microstructure; micro-indentation; scratch test

1. Introduction

As an important engineering material, Cr has a strong passivation effect in the atmosphere and
can maintain metallic shining for a long time. It has relatively high hardness, good electrical resistivity,
and good chemical stability by the formation of dense chromia layers [1]. Thus, Cr is commonly
employed as protective coating or film for metal parts at aggressive friction condition, corrosion,
and high-temperature oxidation [2]. Generally, Cr coatings are fabricated by electroplating [3,4] and
physical vapor deposition (PVD) [2,5-8]. However, the traditional Cr plating process uses a highly
toxic CrOj electrolyte, and a large amount of waste liquid discharges cause serious pollution to
the environment. In recent years, many countries have introduced laws or strict restrictions on
electroplated hard chromium. Therefore, it is a trend to develop environmentally friendly and fast
depositing methods to produce Cr coatings.

Magnetron sputtering, as one of PVD technique, is a well-established and very effective method of
film deposition. It could provide uniform structure, controllable film thickness, and good film-substrate
bond. Moreover, the target materials come from a wide variety of materials including almost all
metals, alloys, and ceramics. Several studies have reported the feasibility to deposit Cr films by
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magnetron sputtering [5-8]. Compared with CrOj3 electrolyte, metal Cr target could be less hazardous.
The deposition parameters to control the quality of Cr film would be the main concern.

Paturaud [9] employed DC magnetron sputtering (DCMS) to prepare Cr films, with the hardness
varying from 4 to 12.3 GPa. By adjusting deposition conditions such as target power and substrate bias,
the Cr film could be harder than electroplating Cr coating. Generally, Cr film showed a preferred (110)
crystal orientation, but under very low DC power condition, Cr film could be an amorphous structure
and the thickness would be rather thin (<300 nm thickness) [6]. Chiang [10] used plasma-enhanced
magnetron sputtering (PEMS) technique to deposit Cr film and found that higher level of ion
bombardment led to denser and continuous film. The preferred orientation of film also transferred
from Cr (110) to Cr (200) due to increased atoms mobility. Ferreira [11,12] pointed out that deep
oscillation magnetron sputtering (DOMS) could obtain much denser Cr film than DCMS deposition.
By increasing peak power, the hardness of Cr film could reach 17 GPa and the Young’s modulus
always has a close value to bulk material (279 GPa). DOMS provided additional control of the flux of
impinging species, thus minimize the effects of geometrical asymmetries.

Generally, the high self-ion bombardment or re-sputtering effect in PVD method would reduce
deposition rate and change the film microstructure. For instance, intense ion bombardment was
reported to induce preferred (200) orientation of Cr films deposited by using arc ion-plating [2].
As reported by Sidelev [7], hot target magnetron sputtering was taken to decrease the re-sputtering
effect during Cr film growing and reduce the loss of deposition rate. The applied bias and high
deposition rate led to the formation of irregular microstructure of Cr films. Recently, Daure [5] found
that Cr film deposited by using unbalanced magnetron sputtering (UMS) and electron beam PVD
(EBPVD) showed obvious preferred orientations and close hardness (~5 GPa), but UMS Cr film showed
similar galling resistance with conventional hard chromium electroplating (EPHC), which was much
better than EBPVD Cr. Daure pointed out UMS would have potential to replace EPHC in some
tribological applications.

However, the above introduction indicates that various PVD techniques result in different film
microstructures. Moreover, the processing conditions such as bias and power play an important
role in controlling the film quality, and thus need to be further explored. With the aim to obtain
more comprehensive information about PVD depositing Cr films, in the present study, closed-field
unbalanced magnetron sputtering (CFUMS) was employed to deposit pure Cr films on Al alloy
substrates. The key parameters of substrate bias and target power were selected to investigate the
effects on microstructures and mechanical performance of Cr film. The failure mechanism of Cr films
during scratching was also discussed.

2. Materials and Methods

A total of 2024 Al alloy disks with 20 mm diameter and 4 mm thickness were used as substrates.
These samples were grounded with silicon carbide paper, polished with diamond abrasive paste,
and ultrasonically oscillated in acetone.

An unbalanced magnetron sputtering ion-plating system (UDP-450, Teer Coatings Ltd., Droitwich,
UK) was used for deposition. The Cr target (purity, 99.999%) was used for depositing. The Al disks
were placed on a rotatable work stage (5 r/min) in the center of the furnace chamber. The distance
of target-substrate was 80 mm. The surface of each Al substrate was parallel to the target plane to
ensure the homogenous deposition. Firstly, the base pressure of the vacuum chamber was evacuated
to 3 x 1073 Pa, then filled with Ar at the flux of 16 sccm. Before deposition, Al substrates were sputter
cleaned for 30 min at a bias of 400 V. Then, the power of the Cr target was turned on and the substrate
bias set to grow Cr films. As displayed in Table 1, in this study, different Cr films (denoted as DC1-DC?7)
were deposited by altering the Cr target power and substrate bias.

The phase structure of Cr films was analyzed by using Bruker D8-Advance X-ray diffraction (XRD)
system with Cu-K« radiation (A = 1.5418 A). Grazing incidence angle was 1.0° and scan range was from
20° to 90° with a 0.06° step. The observation of surface, cross-sectional, and fracture morphologies
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were conducted by using scanning electron microscopy (SEM, JSM-7100F, JEOL Ltd., Tokyo, Japan).
In order to assess the coating fracture resistance and adhesive strength, scratch tests were conducted on
micro-scratch test (WS-2005, Lanzhou institute of chemical physics, Lanzhou, China) with a diamond
tip. The maximum load, loading rate and scratch distance were set at 80 N, 60 N/min, and 3 mm,
respectively. The mechanical properties of Cr films were evaluated by using a dynamic ultra-micro
hardness tester (DUH-211S, SHIMADZU, Kyoto, Japan). The test force and loading speed were
5 mN and 1 mN/s, respectively. The load—displacement curves were obtained to calculate indentation
hardness and Young’s modulus.

Table 1. Deposition parameters of Cr films by using magnetron sputtering.

CrPower  Bias  Sputtering Time  Sputtering Pressure Argon Flux

Sample " w) V) (h) (Pa) (scem)
DC1 2.0 10 2 0.2-0.3 16
DC2 2.0 30 2 0.2-0.3 16
DC3 2.0 70 2 0.2-0.3 16
DC4 2.0 110 2 0.2-0.3 16
DC5 0.2 70 2 0.2-0.3 16
DCé6 0.8 70 2 0.2-0.3 16
DC7 14 70 2 0.2-0.3 16

3. Results and Discussions

3.1. Phase Structures

Figure 1 shows the XRD patterns of Cr films deposited at different biases and powers. All the Cr
films show a crystalline structure with strong preferred orientation of (110) plane (PDF card, 85-1336) [13].
Weak (211) peaks are also visible at some conditions (Figure 1b). The presence of Al peaks reveals that the
X-ray penetrates through the two Cr films because of the low thickness deposited at low target power
(<0.8 kW). However, it has no effect on the peak patterns of Cr film. Similar (110) texture is also reported
in Cr films produced by other DC magnetron sputtering techniques [11]. This is because the (110) plane in
the bee Cr structure has the lowest surface energy [14]. As seen from Figure 1b, the peak intensity ratio of
Cr (211)/(110) decreases, indicating that the Cr (110) preferential growth is slightly reduced.
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Figure 1. XRD patterns of Cr films on surface of 2024 Al alloy with different depositing conditions:
(a) different power with bias of 70 V, (b) different bias with power of 2.0 kW.

3.2. Top Surface Morphologies

Figure 2 shows the top surface morphologies of Cr films deposited at different target powers.
The images at the left side and right side in Figure 2 were taken from low and high magnifications,
respectively. All the Cr films are made of faceted three-sided pyramided-like columns and the surface
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morphologies look rather anisotropic. The internal voids are apparent between the adjacent columns.
The corresponding column size is described in Figure 3. At low power (0.2 kW), the column is rather
fine (Figure 2a,b) with a size of 50 + 10 nm. With increasing power to 0.8 kW, the column size grows
larger, with an average size of 218 + 31 nm. Ridges are also observed on the pyramidal side of columns,
which might result from the conjugate growth of adjacent columns. When further increasing power
to 1.4 kW, abnormally large columns occur with the size of ~420 nm. The other small columns have
a close size with that at 0.8 kW.

400 nm

Figure 2. Top surface images of Cr films deposited at different power on surface of 2024 Al alloy: (a,b) 0.2 kW,
(c,d) 0.8 kW, (ef) 1.4 kW (the left and right side are low and high magnifications, respectively).
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Figure 3. Average column size of Cr films deposited with different power on surface of 2024 Al alloy.

The top-view micrographs of Cr film deposited with different bias at 2.0 kW are described in
Figure 4. All the Cr films also show three-sided pyramided-like shape, similar with Cr films deposited
at different powers in Figure 2. The corresponding column size is displayed in Figure 5. At low bias
(<70 V), the Cr columns have homogenous size, 178 + 31 nm and 230 + 20 nm for Cr films at 10 V
and 30 V, respectively. It is close to the size of Cr film deposited at 0.8 kW/70 V condition. However,
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with further increasing bias (>70 V), irregular growth becomes obvious and large columns are distinct
on the surface. The average size of Cr columns at 70 V and 110 V are 290 + 76 nm and 353 + 75 nm,
respectively. Actually, the size of small Cr columns at 110 V (~300 nm) is larger than that at 70 V
(~230 nm). According to the results in Figures 2 and 4, it can be inferred that larger target power and
higher bias contribute to the increased size of Cr columns and abnormal growth.

Figure 4. Top surface images of Cr films deposited at different bias on surface of 2024 Al alloy: (a,b) 10V,
(c,d) 30V, (e,f) 70V, (g,h) 110 V (the left and right side are low and high magnifications, respectively).
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Figure 5. Average column size of Cr films deposited with different bias on surface of 2024 Al alloy.
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3.3. Cross-Sectional and Fracture Morphologies

The cross-sectional and fracture morphologies of Cr films deposited at different powers are given
in the left and right side of Figure 6, respectively. Clearly, all Cr films bond well with Al alloy substrate
and have a columnar characteristic with elongated columns extending from the substrate to the top
surface. This is the reason for the valleys of voids as observed in Figures 2 and 4. According to previous
studies [12,14], this columnar microstructure is attributed to the low mobility of the Cr atoms and
shadowing effect. Actually, this is a common feature in magnetron sputtering films due to the primary
non-local growing mechanism [15]. As the target power increases, the thickness of Cr films increases,
ie., 1.3 um (0.2 kW), 2.8 um (0.8 kW), and 4.9 um (1.4 kW). The Cr column width is correlated to the
measured Cr column size from top surface images. As seen from Figure 6b,d,f, the column becomes
wider as the power increases.

S Inter-column
void

Figure 6. Cross-section and fracture morphologies of Cr films deposited at different power on surface
of 2024 Al alloy (a,b) 0.2 kW, (c,d) 0.8 kW, (e,f) 1.4 kW (the left is polished morphology and the right is
fracture morphology).

Figure 7 gives the cross-sectional (left side) and fracture morphologies (right side) of Cr films
deposited at different biases. As seen from the backscattered electron (BSE ) images on the left side,
distinct fibrous structure like elongated grains can be observed from Al substrate on the top surface.
The black lines in Figure 7a,c,e,g are identified as inter-column voids, which are related to the valleys
on the top surface (Figure 4). The columnar morphologies are clearly described in the fracture images.
Note that the Cr columns at lower bias (<70 V) have a finer width than that at higher bias (>70 V).
In addition, the latter leads to more tightly packed microstructure. All Cr films at different biases have
flat interfaces with substrate and the thickness of Cr films is 5.8 um (10 V), 5.5 um (30 V), 5.1 um (70 V),
and 5.0 um (110 V), respectively. The increasing bias results in a slight decrease of film thickness,
which might be due to the re-sputtering of Cr atoms. However, higher substrate bias is beneficial to
form more compact films [11].
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Figure 7. Cross-section and fracture morphologies of Cr films deposited at different bias on surface of
2024 Al alloy: (a,b) 10V, (c,d) 30V, (e,f) 70 V, (g,h) 110 V (the left is polished morphology and the right
is fracture morphology).

Based on the above analysis, all the deposited Cr films have a strong (110) preferential orientation
and show anisotropic surface morphologies with faceted pyramidal shapes. The Cr grains grow
like columns with a network of inter-connected voids between the adjacent columns. As reported
in [11,12], these microstructures are primarily determined by shadowing effect. Even increasing the
bias cannot eliminate this effect [16]. The preferentially sputtering etching of other crystal planes of Cr
is responsible for the strong orientation of (110) plane [17]. The relatively high power and bias led
to form dense Cr films because the atom mobility on film surface increases under these conditions.
However, it could induce abnormal growth to form irregular microstructure of Cr films. Ferria [11]
employed DOMS process to overcome the shadowing effect to deposit more uniform films at the cost
of deposition efficiency. Thus, DC magnetron sputtering is still a widely-spread technique.

3.4. Micro-Indentation Behavior

Figure 8 demonstrates the load-depth curves of Cr films and 2024 Al alloy substrate. Table 2 summarizes
hardness (H), elastic modulus (E), and plastic properties of Cr films calculated from these load-unload curves.
The hardness of Cr films deposited at different biases (DC1, DC2, DC3, and DC4) is 3.81, 3.60, 4.56, and 4.87
GPa, respectively. As for Cr films deposited at different powers, the hardness is 3.31 (DC5), 4.19 (DC6) and
4.33 GPa (DC?7), respectively. Thus, the hardness of 2024 Al alloy substrate (1.44 GPa) is enhanced by surface
Cr films. It is clear that higher power and larger bias contribute to the hardness improving of Cr films. It is
in accordance with previous reports that substrate biasing often leads to improving film hardness [18,19].
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However, the film hardness is lower than that of electroplated Cr coating (~10 GPa) since the deposited
films usually have pores or voids.

B ;.

Load (mN)

Depth (um)

Figure 8. Load-depth curves of Cr films under micro-indentation condition.

As seen from Table 2, the Young’s modulus of Cr films increase from 81.5 GPa (DC5) to 164 GPa
(DC7) when increasing the target power. The modulus of Cr films deposited at 10 V and 30 V has
a close value of ~130 GPa. As the substrate bias increases to 70 V, the modulus of Cr films is improved
(167 GPa). The further increase of bias has no obvious change of modulus since the Cr film deposited
at 110 V and 70 V has similar microstructure. However, the modulus of present Cr films is significantly
lower than the bulk Cr (279 GPa), which is due to the large levels of porosity. It is in agreement with
other reports on magnetron deposited films [6,7].

Table 2. Micro-indention results of 2024 Al alloy and Cr films.

Sample H(GPa) E(GPa) W;(m]) W, @) p H/E H3/E?
2024 Al 1.44 90 0.682 0.643 0.94 0.016 0.0003
DC1 3.81 130 0.371 0.322 0.86 0.0293 0.0032
DC2 3.60 129 0.389 0.346 0.89 0.0279 0.0028
DC3 4.56 167 0.314 0.247 0.78 0.0273 0.0034
DC4 4.87 169 0.317 0.292 0.92 0.0288 0.0040
DC5 3.31 81.5 0.518 0.431 0.83 0.0406 0.0054
DC6 4.19 127 0.363 0.297 0.81 0.0328 0.0045
DC7 4.33 164 0.347 0.286 0.82 0.0264 0.0030

Generally, the tribological property of coatings is not only determined by hardness but also on
the reduced Young’s modulus. Thus, elastic strain to failure, which is related to H/E ratio, is more
suitable to evaluate the wear resistance [20,21]. As seen from Table 2, the H/E ratio decreases when
increasing the target power (DC5-DC7). The H/E ratios have similar values under different bias
(DC1-DC4). The relatively large H/E value of Cr films deposited at lower power is probably because of
the smaller crystal size (Figure 4). H3/E? ratio can be used to predict the plastic deformation resistance
of coatings [22-24]. Larger H%/E? value indicates better resistance to plastic deformation and higher
toughness of coatings. As seen from Table 2, the deposition conditions have a similar impact trend on
H3/E? values with H/E values. The H3/E? values are much higher than that of 2024 Al alloy substrate,
indicating Cr coating can be used to strengthen the surface of Al alloy. As for load-depth curves in
Figure 8, the area under the loading curves and the enclosed area by loading and unloading curves are
defined as the total deformation work W; and the plastic deformation work W),. The plasticity factor
1p (Np = Wp/Wh) is also used to further assess the plastic properties. The larger values like 0.94 for Al
(Table 2) indicate easier for plastic deformation. The trend of 7, values for Cr films is consistent with
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that of H3>/E? values. Based on the above analysis, the DC4 film has the highest hardness (4.87 GPa)
and moderate wear resistance and toughness.

3.5. Scratch Behavior

The adhesion behavior of the Cr films deposited on Al alloy substrates by DC magnetron sputtering
at different powers and biases were evaluated by the scratch test. The critical normal load (L¢) is used
to accurately evaluate the adhesive strength of coating/substrate system, which can be determined from
the acoustic emission (AE) signal curves [25-27]. The sudden increase in AE signal usually indicates
the coating failure related to substrate exposure [28,29]. The normal load at this failure event is defined
as Ly, the upper critical load, which can measure the coating “practical adhesion” (adhesion strength).
As seen from Figure 9, the Lc2 values of Cr films increases with increasing the target powers, i.e., 6.8 N
(0.2 kW), 18.0 N (0.8 kW), and 27.2 N (1.4 kW). However, the Lc2 value decreases as the bias increases,
from 53.83 N at 10 V to 44.85 N at 110 V.

(5)un0d) uoissyd dISN0IY

Normal load (N)

1. (51un03) uoissIu dsN0dY

v,
2

o 10 20 30 40 50 60 70 80

Normal load (N)

Figure 9. Acoustic emission (AE) signal corresponding to applied load curves of Cr films deposited at
(a) different powers and (b) different biases.

As reported by Heinke’s study [29], increasing film thickness could reduce plastic deformation
and pile-up of relatively soft substrates, and thus lead to the increase of the critical load. As for thin
Cr film/soft Al substrate system, plastic deformation of Al substrate is easy to occur thus resulting in
fast adhesive failure under relatively lower loads. Hence, Cr films exhibit better adhesion strength at
higher power and lower substrate bias.

Representative SEM micrographs of the scratch track are displayed in Figure 10, which can be
used to clearly describe the failure events during scratch test. Figure 10a shows the whole track
morphologies of DC3 film from the front cracks to the end exposure. The detail morphologies of typical
parts (I, IL, I1I, IV) are given in Figure 10b—i. At the start of sliding (Figure 10b), radial cracks occur
on the Cr film and the propagations are nearly along the sliding direction since the load is relatively
low. The inter-column separation of Cr films in Figure 10f indicates only cohesive failure of Cr film at
this stage (I). As the load increases, dense conformal cracking and scratch groove are observed in the
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sliding surface (Figure 10c). This reveals ductile failure for Cr films. At the edge of sliding surface
(Figure 10g), break-off chips of Cr columns and partial exposure of substrate are visible due to the
plastic deformation of Al alloy substrate. Thus, both cohesive and slight adhesive failure occurs in this
stage (II).

ratch direction

Exposure

200 jm

(I (II) (IIT) (IV)

Figure 10. Representative morphologies of scratch track of Cr films deposited at 2.0 kW/70 V: (a) whole
track, (b,f) partial track of I, (¢,g) partial track of II, (d,h) partial track of III, (e,i) partial track of IV.

When the loading further progresses, the Cr columns bend toward the sliding direction (Figure 10d)
due to compressive stress along with the radial tensile stresses. This leads to buckling failures of Cr
film (Figure 10h), thus resulting in partial peeling on the sliding surface (Figure 10d). Both cohesive
and adhesive failure is severe at this stage (III). As the load increases to the upper critical load (Lc3),
large area of peeling occurs on both the central and edge of the sliding surface (Figure 10e), thus the
underlying substrate is exposed. At this stage, the severe plastic deformation of central Al substrate
squeezes the edge of the track, leading to large area of direct separating of Cr films from substrate
even without bending failure of Cr columns (Figure 10i). Thus, severe adhesive failure of Cr film/Al
substrate is a dominant feature at stage IV.

Actually, the scratch resistance of films is mainly related to both the intrinsic properties of films
and substrate. At the initial stage (I), the Cr film maintains the column feature but the pyramidal shape
is flattened under the compressive stress (Figure 10f). At this time, the film is still firmly adhered to the
substrate. Tensile cracking occurs (Figure 11a) because the dynamic contact between the indenter and
the film induces tensile stresses behind the indenter [30]. As the load progresses (II, III, IV), cracking in
the track center and spallation at the track edge become more and more pronounced. These failure
events could be attributed mainly to the softer nature of Al alloy. Due to the progressive load, severe
plastic deformation of Al substrate under the Cr film occurs primarily, which is evidenced by the ridges
in Figure 11b. This generates simultaneous fragmentation and cracking in the Cr film (Figure 11b).
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Tensile cracking
Behand the indenter-=¥,

Figure 11. Detailed SEM observations in the scratch track: (a) tensile cracking, (b) plastic deformation
of Al substrate, (c) columns buckling, (d) pushing down columns.

Meanwhile, the increasing load also leads to column break-off (Figure 11c). The loading indenter
gets these fragments and break-off chips pushed down into the substrate (Figure 11d). Then, the Cr films
are completely removed from the substrate and the adhesive failure occurs. This failure mechanism
often happens in hard coatings/softer substrate systems [31,32]. Hence, according to the above analyses,
the consecutive failure events of Cr film under a progressive scratch load can be well described
in Figure 12.

Cohesive failure of Cr film Adhesive failure of film/substrate

Load
- r Indenter

Plastic deformation

Crack propagation i ili j g ’

LU IO T T T AT

Figure 12. Schematic failure mechanism of deposited Cr films under scratch testing.

4. Conclusions

In this paper, unbalanced magnetron sputtering was employed to deposit Cr films under different
target powers and biases. All the Cr films showed a crystalline structure with strong preferred
orientation of (110) plane. The bias had no obvious change on this crystallographic orientation.
The Cr films grew a columnar structure with well-faceted three-sided pyramidal tops. A network of
interconnected voids was developed at the inter-columnar structure due to shadowing effect. As the
target power and bias increased, the Cr crystallized, had an abnormal growth, and the columns became
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wider. Higher substrate bias was also beneficial to form more compact films. The hardness of Cr films
was enhanced with increasing power and bias. The Cr film (2.0 kW/70 V) had good comprehensive
mechanical properties due to its highest hardness (4.87 GPa) and moderate wear resistance (H/E ratio,
0.0288) and toughness (H3/E? ratio, 0.004). The adhesion strength of Cr films increased with higher
power and lower substrate bias. As the scratch load was lower than Lc2, the failure behavior of Cr
films was dominated by cohesive strength. When the load reached Lc2, the failure mechanism was
shifted to adhesive failure resulted from the severe plastic deformation of softer Al substrate.
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