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Abstract: Aluminum target material is an important target material and is widely used in preparations
of semiconductor films, integrated circuits, display circuits, protective films, decorative films, etc.
In this study, pure aluminum coatings were deposited on stainless steel substrates by cold-spray
technology as part of an overall project to produce large-size pure aluminum sputtering target
materials. The results show that pure aluminum coatings exhibit high adhesive strength (~98 MPa),
high deposition efficiency (~95%), and low porosity (~0.3%) on stainless steel substrates. The
bonding mechanisms of pure aluminum coatings on stainless steel are a combination of metallurgical
and mechanical interlocking. The evolutions of microstructure and mechanical properties of pure
aluminum coatings under different heat treatments were also studied. With the increase of heat
treatment temperature, it is found that cold-sprayed aluminum coatings become more homogenous in
microstructure, the microhardness is reduced, and the adhesive strength seems to be slightly reduced.
Overall, this study demonstrates significant advantages of cold-spray technology in depositing
high-performance pure aluminum coatings on stainless steels.

Keywords: cold spraying; aluminum; stainless steel; bond strength; heat treatment

1. Introduction

Aluminum target material is an important target material and has a wide range of
applications in preparations of semiconductor films, integrated circuits, display circuits,
protective films, decorative films, etc. [1-4]. With the development of the market industry,
the requirements for the quality of aluminum targets are also increasing. In order to prevent
fracture or rupture in the target preparation or transportation process, the target is usually
connected to a stainless-steel backing tube, which improves the mechanical properties of
the target and also ensures good electrical contact with the target. The traditional methods
of joining aluminum with stainless steel include overlay welding and thermal spraying.
The overlay-welding process is tedious and costly. The heat input is large and easily
produces lots of welding slag and flying chips [5-7]. The thermal-spraying processes, such
as HVOF, are mature technology and have benefits such as unrestricted workpiece size and
high efficiency; however, due to the high process temperature, metallic elements are easy
to oxidize, the coating porosity is relatively high, the microstructural uniformity is poor
due to local corrosion, and thick deposits are difficult due to large residual stresses [8-12].
At present, it is still difficult to prepare high-quality, high-bond-strength pure aluminum
coatings directly on stainless steel surfaces.
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In recent years, cold-spray technology has developed rapidly and has wide application
prospects in the fields of advanced functional coatings and additive manufacturing [13-19].
The main advantages of cold-spray technology are as follows: (1) the particle temperature
is below melting point, and therefore it can effectively avoid oxidation and phase trans-
formation and retain the high purity of feedstock materials; (2) low thermal effect, high
adhesive strength, and high coating density of the deposits; (3) high powder deposition
efficiency (DE), high deposition rate, and thick coatings can be obtained. In the literature,
there are a few studies on cold spraying pure aluminum on different substrates (e.g., Mg
alloys and Al alloys) and their properties. For instance, Bu et al. [20] reported dense and
thick cold-sprayed aluminum coatings on AZ91D Mg substrates and found that the coating
adhesion strength decreases after heat treatment due to the formation of a brittle Al;Mg,
intermetallic layer. Blochet et al. [21] investigated the effect of surface treatment on the
bond strength of cold-sprayed pure aluminum coatings on aluminum alloys and showed
that the bond strength can reach ~35 MPa with the use of coarse grit sandblasting, which is
40% higher than non-blasted or blasted with fine grits aluminum coatings, indicating that
substrate surface roughness has a significant effect on particle adhesion. However, there
are few works in the literature on the cold spraying of pure aluminum coating on stainless
steel surfaces. Due to the high hardness and high strain-hardening rate of stainless steel,
it is generally considered difficult to directly deposit aluminum particles onto it (“soft on
hard” mode) by using cold spray due to the lack of substrate deformation [22]. In this study,
cold-spray technology was used to assess the feasibility of depositing pure aluminum
coatings directly onto stainless steels, and the microstructure, mechanical properties, and
the effects of heat treatment on the above metrics were studied.

2. Materials and Methods
2.1. Experimental Materials

The substrate material was 304 stainless steel plates with the size of 100 mm x 100 mm
x 1.8 mm. The substrate surface was slightly polished with #180 sandpaper, ultrasonicated
to remove surface dirt, rinsed with acetone, and then blown dry. The feedstock powder
was pure aluminum powder (XCLL401.1, Institute of New Materials, Guangdong Academy
of Sciences). Figure 1a,b show the Scanning Electron Microscope (SEM) morphology of
Al powders at 500x and 2000 x magnifications. Most of the powder particles have high
sphericity, with a small number of irregular satellite particles being present. The particle
size distribution of the Al powder measured by a laser particle size analyzer is shown in
Figure 1c. The particle size range is Dv (10) 15.4 pm, Dv (50) 25.0 um, and Dv (90) 44.4 um.
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Figure 1. (a) 500x SEM, (b) 2000x SEM, and (c) particle size distribution of the Al powder.
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2.2. Coating Preparation

The coating deposition was carried out using a high-pressure cold-spraying system
PCS 800 (Plasma Giken Co., Ltd., Hiroshima, Japan), which is located at the Institute
of New Materials, Guangdong Academy of Sciences. A plastic nozzle was used which
was specifically designed to deposit pure aluminum coatings. Nitrogen was used as the
carrier gas. The gas pressure and temperature are two key process parameters for cold
spray. In previous trial tests, we studied a wide range of process parameters to cover
the entire spraying window of aluminum on stainless steel. Therefore, in this study, we
report only the four representative parameters and the deposit performance. For the ease
of comparison, we only vary one parameter in each condition, and the 4# is the highest
parameters possible to deposit aluminum without any nozzle-clogging issue. The specific
process parameters are shown in Table 1.

Table 1. Process parameters for cold spray of Al powder.

. Gas Pressure Gas Temperature Spray Distance
No. Carrier Gas (MPa) e (mm)
1# N 3 400 20
2# N, 4 400 20
3# N, 5 400 20
4# N, 5 600 20

2.3. Sample Characterization

The DE was calculated by the weight of powder deposited on the substrate divided by
the weight of powder over the substrate. The coating cross-sections were observed using
an optical microscope and a field-emission SEM (Gemini SEM300, ZEISS, Jena, Germany).
The coating porosity was determined according to the ASTM E2109 standard and was
calculated using Image]J software. The coatings were also etched by Keller’s reagent for
15 s to reveal the particle boundaries and grain features. The coating microhardness was
measured using a Vickers microhardness tester with a load of 50 g and loading time of 15 s.

In this study, the coating bond strength was measured using two different methods.
The first is the usual ASTM C633-2013 method in which coating specimens were sectioned
into 25.4 mm diameter cylinders. Then the specimen and the counterpart were glued
together with E7 epoxy resin adhesive and then cured at 110 °C for 4 h in fixture; after that,
tensile tests were carried out using a universal testing machine (GP-TS2000M, Gopoint,
Shenzhen, China). However, this method can be limited by the strength of the epoxy itself
(the specified maximum strength of E-7 epoxy adhesive is ~70-80 MPa, and such values
also depend on coating materials being tested, surface conditions, curing process, etc.).
The second method is a micro-tensile setup reported by our group previously, which was
designed to measure the bonding strength of highly adhesive coatings, as shown in Figure 2.
In the test, cylinders with the same material as the substrate are machined into the special
geometry, as shown in Figure 2a. The coating is then deposited onto the substrate, and
then the entire setup is subjected to tension pull-off tests. The failure at the interface is
considered to be the coating bond strength and is then calculated as the force (F) divided
by the area of the conical end surface.

After the cold-spraying treatment, a heat treatment was also carried out in and argon-
atmosphere-protected tube furnace, and samples were heated to 300 °C, 400 °C, and 500 °C
and held for 4 h. After the heat treatment, the coatings were etched to show the microstruc-
ture, and the microhardness and bonding strength of the coating were characterized.
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Figure 2. Schematic of the micro-tensile test: (a) coating is deposited on the test assembly made of
substrate material, (b) micro-tensile test is carried out to pull the test assembly apart.

3. Results and Discussion
3.1. Microstructure and Microhardness

Figure 3 shows cross-sectional microstructures of pure aluminum coatings that were
cold sprayed at different parameters. At lower parameters (3 MPa 400 °C), there are a few
visible pores and defects in the coating. With the increase of gas pressure and temperature,
the number and size of pores and defects within the coatings are significantly reduced.
The 4# coating (5 MPa 600 °C) is almost dense and free from obvious defects. It is also
observed that the interfaces between pure aluminum coatings and stainless steel substrates
are continuous and intimate in all scenarios. There are no obvious defects such as cracks
and oxides observed, and the substrate is barely deformed at all parameters.
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Figure 3. Cross-sectional microstructure of cold-sprayed Al coatings. (a) 3 MPa 400 °C; (b) 4 MPa
400 °C; (c) 5 MPa 400 °C; (d) 5 MPa 600 °C.

The gas temperature and pressure are two key factors that affect the in-flight speed
of particles. The higher the pressure and temperature, the faster the in-flight speed of
particles. Therefore, higher particle velocity and, thus, higher kinetic energy promote the
plastic deformation of particles, enabling the particles to elongate into an oblate shape along
the vertical direction of spraying; therefore, particle-substrate interfaces are continuously
closely bonded, and the as-sprayed coatings are dense [23,24].

The coating porosity was characterized, and the results are shown in Figure 4a. The
coating porosity of 1# is ~5.33%, the coating porosity of 2# is ~2.42%, the coating porosity
of 3#is ~0.83%, and the coating porosity of 4# is as low as ~0.26%. The coating porosity is
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consistent with Figure 4a, and it monotonically decreases with the increase of the process
parameters. The porosity of the coating is one of the important indicators of the performance
of cold-sprayed coatings. Generally speaking, the lower the porosity, the higher the
bond strength of the coating. Moreover, to obtain a better sputtering performance for the
aluminum target, lower porosity of the coating is preferred.
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Figure 4. Key metrics of cold-sprayed Al coatings: (a) porosity, (b) deposition efficiency, and
(c) microhardness.

The DE results were measured and are shown in Figure 4b. DE indicates the ease
with which a powder can be deposited by cold spray. A higher DE for a powder would
significantly increase the production efficiency and cost-effectiveness during production.
The results show that the DE of Al powder increases with the increase of process parameters.
The highest DE of Al powder on 304 stainless steel is 95.11% at process parameters of 5 MPa
and 600 °C.

Figure 4c shows the Vickers microhardness of pure aluminum coatings that were cold
sprayed under different parameters. The hardness of the 1# coating is 32.1 &= 1.96 HV)y.5, the hard-
ness of the 2# coating is 32.5 & 1.81 HV)y.¢5, the hardness of the 3# coating is 28.6 &= 1.50 HV.¢s,
and the hardness of the 4# coating is 30.9 & 1.64 HVy.5. For reference, the Vickers microhardness
of aluminum powder, as measured, is ~23 HV.0;. Hence, the cold-sprayed aluminum coating
is a more work-hardened state compared with the Al powder. It is also noted that the coating
hardness at higher parameters is lower than it is at lower parameters. Generally, with the increase
of gas pressure and temperature, powder particles could achieve higher in-flight velocity, leading
to higher particle plastic deformation and more pronounced work-hardening effects [25]. This
abnormal phenomenon should indicate that dynamic recrystallization of Al powder occurred at
higher process parameters [26].

3.2. Bond Strength

As the key mechanical property index of the coating, the bonding strength deter-
mines the service performance and application range of cold-sprayed coatings. The
bonding-strength results of the pure aluminum coatings on the 304 stainless steel sub-
strate are reported in Figure 5a. The bond strength was firstly measured by ASTM
C633-2013 standard, and all glue failures were observed, as shown in Figure 5b. The
bonding strength of the 1# coating is 33 & 7 MPa, that of the 2# coating is 45 4+ 7 MPa,
that of the 3# coating is 50 &= 8 MPa, and that of the 4# coating is 68 & 7 MPa. Although
glue failure is not the true coating bonding strength, these results still could be indicative
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of the relative coating adhesive strength based on our previous experience with pure
aluminum coatings. Moreover, to obtain the true adhesive strength, the modified micro-
tensile tests were performed to the strongest adhesive coating, #4. The micro-tensile
setup is shown in Figure 5¢, and the adhesive strength of the 4# coating, as measured, is
as high as 98 &+ 5 MPa.
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Figure 5. Bond strength results (a) and different testing methods of cold sprayed Al coatings:
(b) ASTM C633 standard, (c) micro-tensile test.

To identify the bonding mechanisms of cold-sprayed Al powder on 304 stainless steel,
the failure region after the micro-tensile tests was characterized. Figure 6 shows SEM
images of the tensile failure section of the 4# coating at the substrate side, and Figure 6b,c
show the EDS elemental mapping. The results show there is a certain amount of Al residuals
(44.19% in area) on the failed surface, and the substrate surface seems smooth and barely
deformed after deposition. Thus, it is reasonable to estimate that strong metallurgical
bonding occurred to Al residuals on the stainless steel surface (44.19%), while the rest of
the Al coating remained in a state of mechanical interlocking.

Defects

Figure 6. Fracture morphology of cold-sprayed Al coating: (a) SEM and (b,c) EDS (yellow, Fe; red, Al).

3.3. Heat Treatment

Considering that the #4 coating has the best overall performance, it was then subjected
to heat-treatment studies. Figure 7 shows the etched-coating microstructure after different
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heat treatments. In Figure 7a, when the coating is at the as-sprayed state (RT), the particles
are visibly severely deformed, and numerous particle-particle interfaces are clear and
obvious. With the increase of heat treatment temperature (300 °C to 500 °C), the coating
gradually becomes more homogenous, and the particle—particle interface gradually disap-
pears. This is due to the diffusion of the Al element at evaluated temperatures to minimize
the surface energy by “healing” the interfaces. However, at 500 °C (Figure 7d), there seems
to be obvious phase or defect formation (in dark contrast) along the coating—-substrate
interface, and this is discussed in the next section.

100 pm

Figure 7. As-etched microstructure of Al coatings: (a) RT, (b) 300 °C HT, (c) 400 °C HT, and (d) 500 °C HT.

Figure 8a shows the microhardness of the #4 coating after heat treatment. In general,
the coating hardness decreases continuously with the increasing heat-treatment tempera-
ture. The hardness of the coating after 4 h of the 500 °C heat treatment is almost identical
to that of aluminum powder. The decrement of coating hardness after heat treatment is
the combined effect of the release of residual stress, elimination of dislocation density by
recovery and recrystallization, grain growth, etc. [27].

36 30
(a) B2 R (b) glue failure LRt
Mr 22 200°C uT B2 200°C HT
27 300°c HT 73 EZZ3300°C HT
— 32 el I 22 400°c HT
3 130.90 22 400°C HT ~ 70 70 B s00°C HT
S 30 / S sooccHT| 8 6 S
& =
Em/ 28 _27.22 o ‘g’b
§ 26 7 S 60 60
S =]
T23.70 7]
g 24 / ] qan : \
g2 7 g
R} M 50
= 2
" % \ 7
16 '/ 40 /

Figure 8. Mechanical properties of Al coatings after heat treatment: (a) microhardness and (b) bond-
ing strength.

Figure 8 shows the effect of heat treatment on bonding strength, using ASTM C633-
2013. Again, the failure mode for all coatings is glue failure. Glue failure means that, after
tensile tests, the fracture occurs within the epoxy; thus, the actual coating strength should
be higher than the measured value. However, based on our previous experience, such
results are still representative of the relative coating bonding strength. The results show
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that the bonding strength increases slightly with a 200 °C heat treatment and then gradually
decreases with the increase of the heat-treatment temperature. The slight increase of the
coating bonding strength appears due to the recover phenomenon to release the internal
stress. At higher temperatures, as shown in Figure 9, the interdiffusion layer between
Al and stainless steel becomes obvious, as well as defects, e.g., cracks at the diffusion
layer/ Al coating side, and this is speculated to explain the gradual decrease of the coating’s
bonding strength.

coating

sion layer

Figure 9. Diffusion layer after heat treatment at 500 °C.

4. Conclusions

In this study, cold-spray technology was used to deposit pure aluminum powder onto
a stainless steel substrate as part of an overall project to prepare a large-size aluminum
target. Parametric studies were carried out, and the coating microstructure and mechanical
properties were characterized. The main conclusions are as follows:

(1) Using Nj as the carrier gas, pure aluminum coatings with excellent interfacial bonding
were successfully prepared on the 304 stainless steel surface. The coating has good
overall performance under the process parameters of 5 MPa 600 °C, the bonding
strength is ~98 MPa, the DE is ~95%, and the coating porosity is ~0.3%.

(2) With the increase of heat treatment temperature, the cold-sprayed aluminum coating
becomes more homogenous in the microstructure, its microhardness is reduced, and
the adhesive strength seems to be slightly reduced.
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