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Abstract 

The relationship between the cold spray deposition mechanism, microstructure, and strength of the 

resulting film must be understood for this innovative process to be practical. Previous studies have 

suggested that the coating mechanism is reliant on breaking the natural oxide film such that metallic 

bonding occurs through direct contact between the metal surfaces. In this study, the proposed model 

was experimentally verified by a small tensile adhesion test and auger electron spectroscopy 

analysis of the bonding interface. Since shear deformation does not occur at the tip (south pole) of 

the incoming particle, the oxide film is not broken, such that the bonding strength is weak. In 

contrast, at the outer edge of the particle, metallic bonding occurs, attaining a level of strength that 

exceeds that of the base material due to the huge plastic deformation. This phenomenon is known as 

the “south-pole problem,” and can lead to a decrease in the overall adhesion strength despite the 

local adhesion being strong. However, detailed observations revealed, in parts of the deposits, 
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particles that had adhered across their entire surface. This suggests that, provided the collision state 

can be controlled, it is possible to overcome the south-pole problem and improve the adhesion 

strength. 

 

1. Introduction 

The cold-spray (CS) method is a completely new particle deposition method [1–3]. The most 

important feature of this method is that the particles are not melted. That is, metallic particles with a 

diameter of several micro-meters to several tens of micro-meters impact a substrate and, while 

remaining solid, form a deposit that can be built up into a layer with a thickness of several tens of 

micro-meters to several centimeters. The process does not involve the melting of the metal, and 

offers many advantages as a result of being fundamentally different from conventional thermal-

spraying methods. Therefore, it is expected to be adopted as a next-generation surface-modification 

and additive manufacturing technology [4,5]. 

The most interesting aspect of the process is that particles in the solid phase collide with and 

combine, first with the substrate and then with each other, such that a relatively thick layer can be 

formed. Many studies have addressed this deposition mechanism [6–33]． Many of these efforts 

have addressed the elementary process whereby particles impact, deform, and adhere. Various kinds 

of the adhere models have also been proposed. The so-called “oxide break deposition model” has 

been proposed whereby contact occurs between the newly generated surfaces that are formed by the 

destruction and removal of the native oxide film upon impact, as shown in Fig. 1. The kinetic 

energy of the particles, accelerated to high speed, is converted into the large plastic deformation of 

the metallic particles and the substrate material at the instant of the collision. The natural oxide 

films covering the particle and the substrate surfaces are destroyed, and the exposed metallic 

surfaces come into contact with each other to form metallic bonds [34,35]. Previous experimental 

results proved that the oxide film on the substrate is an important factor influencing the deposition 
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efficiency of the cold spray method. We regard this as being a convincing model [35–39]. Another 

phenomenon supporting this model is known as the "south-pole problem” [26,30,40,41]. As can be 

seen in Fig. 1, the particles and the substrate undergo shear deformation at the point of collision. 

At the outer periphery of each particle, the shear plastic deformation that occurs is of such a large 

degree that it forms a plastic flow that is called a “material jet.”  On the other hand, the amount of 

shear plastic deformation falls to zero at the initial point of collision, when perpendicular to the 

substrate material, that is, the south pole part of the particle. For this reason, the oxide film at the 

south pole remains as is without being destroyed. If adhesion with the cold-spray method depends 

on the removal of the oxide film to form new surfaces, which then come into contact with each 

other to form a metallic bond, adhesion does not occur at the south pole of the particle. Although 

this is an analytically understandable phenomenon, it is difficult to discuss based only on the 

experimental results, because the oxide film is too thin to analyze using scanning electron 

microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX) [42]． 

The adhesion strength is one of the most important properties affecting the reliability of the cold-

spray coating and deposition [43–45]. It is impossible to consider this adhesion strength separately 

from the deposition mechanism. Considering the mechanism, including the above-mentioned south-

pole problem, it is unlikely that the particles adhering to the substrate will exhibit a uniform level of 

strength, with the local strength varying greatly depending on the location. Understanding the 

overall adhesion strength of the deposition and establishing a strength prediction model is therefore 

very important if the cold-spray technique is to attract widespread adoption. 

The interfacial adhesion strength between cold-sprayed copper and aluminum substrate was 

determined by performing tensile tests. The results of the tensile tests allowed us to identify the 

bonding interface, after which an auger electron spectroscopy (AES) analysis was performed on the 

fracture surface using an AES analyzer [46]. This offered a much better resolution than the SEM-
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EDX method. In this way, the relationship between the adhesion strength and the state of the thin 

natural-oxide film at the interface was evaluated. 

2. Experimental Method 

2.1. Cold-spray conditions 

Water-atomized pure-copper powder (AtW-350, Fukuda, Japan) was used as the deposition 

material. As shown in Fig. 2, the mean diameter of this powder is 37 µm. The substrate material 

was an aluminum alloy (A5052), with dimensions of 50 × 50 × 15 mm. The substrate was not 

subjected to grit blasting before spraying. The powder was sprayed onto the substrate using high-

pressure cold-spray equipment (PCS-304, Plasma Giken Co., Japan) using nitrogen gas. The gas 

was at a temperature of 800°C, and a pressure of 3 MPa. The spray distance was maintained at 20-

25 mm during spraying. The spray conditions are listed in Table 1. A 15-mm deposition was 

formed on the aluminum substrate as shown in Fig. 3. A cross-section of the deposited deposition 

and substrate interface is shown in Fig. 4. The deposition has a very dense structure. Roughness due 

to particle collision is formed at the interface. Although the interface is almost perfectly joined, 

some voids are observed immediately below the attached particles. This gap is thought to be a result 

of the south-pole problem, and is likely to give rise to weak binding. 

2.2. Small tensile adhesion test 

To perform an elemental analysis of the bonding interface of the CS copper deposition, it is 

necessary to separate the deposition from the substrate at the bonding interface. The specimens 

were machined into the dimensions shown in Fig. 5. The copper deposit was positioned at the top of 

the specimen and the aluminum alloy substrate at the bottom. The bonding interface was thus 

located in the center part of the specimen. The gauge length was 5.23 mm, and the diameter of the 

gauge was 1.8 mm. Since the average particle diameter of the powder is about 37 µm, the adhesion 

strength obtained by the small tensile test exhibits sufficient macroscopic characteristics. In this 
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experiment, the adhesion strength was evaluated under a low strain rate of 0.03 mm/min, giving a 

strain rate of about 10-4 s-1. 

2.3. Auger electron spectroscopy (AES) analysis 

Auger electron spectroscopy (AES) involves accelerated electrons being irradiated onto the 

specimen such that auger electrons with an intrinsic element energy are released from the surface 

layer, which is about 0.4–5 nm thick in 50–2500 eV. Auger electrons are detected on the surface of 

the specimen, which provides information on the type and amount of the element to be analyzed. 

An AES analysis of a microscopic region of several tens of nm, an analysis of the element in-plane 

distribution, and the depth direction distribution can be performed. It is possible to analyze the 

composition of the specimen surface, the component surface of the micro precipitate, and the 

vicinity of the interface of the sample having a segregated element and film at the interface. As 

such, this is an effective means of elemental analysis. In the widely used SEM-EDX method, the 

analysis of the thin oxide film covering the surface is difficult, because it has a low resolution in the 

depth direction. However, this can be done when using AES. A scanning AES analyzer (SAM 680, 

ULVAC-PHI, Japan), shown in Fig. 6, was used. In this AES system, a uniaxial tensile testing 

system is connected to an AES analyzer. They are connected in a vacuum, and the tensile-test 

specimen is transferred to the analysis chamber by the transfer rod. Therefore, it is possible to 

conduct a material strength test on the tensile tester and observe and elementally analyze the 

obtained fracture surface without ever exposing it to an oxidizing atmosphere. In the present study, 

it proved possible to evaluate the extremely thin oxide film remaining at the interface between the 

substrate and the deposited deposition. Regarding the fracture surface after the tensile test, 

observation of the surface shape by SEM imaging, and surface element mapping analysis were 

carried out using the AES apparatus. 
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3. Results and Discussion 

3.1. Adhesion strength of cold-sprayed deposition 

The small tensile tests were conducted on the CS copper deposit and aluminum substrate interface 

specimens using the AES analyzer in a vacuum. These all specimens broke with a brittle fracture at 

the adhesion interface of copper deposit and aluminum substrate. The adhesion strength was 

calculated from the maximum value of the obtained fracture load, divided by the cross-sectional 

area of the gauge. The calculated results are listed in Table 2. The adhesion strength of the interface 

was found to be approximately 93 MPa, with very little variation in the strength, which is in good 

agreement with the results of previous research [44]. 

3.2. SEM observation of fracture interface 

The results of SEM observations of the fracture surface of aluminum substrate side are shown in 

Fig. 7. The fracture surface consisted of a large number of small craters and overall presented a 

remarkably rough surface. These craters are not due to the characteristics of the metallic materials 

such as the dimpling caused by the size of the particles or the brittle fracture behavior. Rather, these 

are impact marks formed by the numerous impacts that occur during spraying. A higher-

magnification SEM observation shows that the sizes and shapes of the craters varied considerably. 

The copper powder was prepared by a water-atomizing method, giving it irregular shapes and a 

large particle size distribution. Moreover, since multiple particles are simultaneously ejected from 

the nozzle, the particles interfere with each other and exhibit a complicated impact behavior. 

Furthermore, we focused on one crater of the aluminum substrate side and examined the fracture 

mode in detail as shown in Fig.8. Fig. 8a shows the SEM observation results for a crater formed by 

the collision of a single particle. In the center of the crater, a relatively smooth region can be 

observed. In contrast, dimples caused by ductile fracture can be confirmed around the outer 

circumference. These observations confirmed the differences in the adhesion state, even though 

they addressed only the surface produced by a single particle. We designated the smooth center part 
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“A” and the outer circumference with the dimples “B.” The results of observing zone A are shown 

in Fig. 8b, while those for zone B are shown in Fig. 8c. 

The dimples, which are caused by ductile fracture, cannot be observed in zone A. The evidence of 

breakage at the time of the tensile test could not be confirmed. Therefore, in the central region of 

the crater, that is, in the south pole part, almost no chemical bond was formed even if the particles 

came into contact with the substrate. Alternatively, after rebounding, a part was separated from the 

substrate to form a void. This is thus a weakly bonded region that does not contribute significantly 

to the adhesion strength of the overall deposition. 

In contrast, based on the results of the observation shown in Fig. 8b (zone B), it is possible to 

divide zone B into two sub-zones according to the bonding state. In the first, a dimple structure 

peculiar to the ductile fracture surface was observed (B-1). The AES spectrum analysis, described 

below, of this B-1 dimple structure, revealed that aluminum was the dominant material. Since the 

dimple structure was also observed at the same position on the deposition side, we can conclude 

that the Al substrate underwent ductile fracture in this region during the tensile test. This means that 

the bonding strength of the B-1 zone is greater than the fracture strength of the substrate (A 5052: 

tensile strength of 175 to 215 MPa). Then, the second region is characterized by small particles 

remaining on the fracture surface of the substrate (B-2). The particles, which elemental analysis 

revealed to be copper, remained to the substrate after fracturing in the tensile test. In that region, the 

substrate oxide film is cracked, and the underlying aluminum is exposed. This result indicates that, 

in zone B-2, a fresh surface is exposed by the destruction and removal of the oxide film, such that a 

large bonding strength is achieved between the particles and the substrate so that, even after rupture, 

particles remain adhered to the substrate. In order to cause fracture failure in the copper deposit and 

to leave copper fragments on the substrate side, the interfacial strength must be higher than the 

strength of the copper and the strength of the copper must be lower than the strength of aluminum. 

This type of fracture was observed only the outer edges of craters. Besides, the thickness of the 

remaining copper is very thin, and the thickness is close to the fine grain region of the deposited 
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particle. At this location, the angle of the joining surface close to the maximum principal stress 

direction. Furthermore, it is weak against shear stress due to the refinement of the grain. In some 

parts of the crater edge where these conditions are met, the fracture occurred in the copper deposit. 

Therefore, in either B zone, the deposited deposition bonds strongly to the substrate. The reason 

why only the outer edges of the craters attained a high level of strength will be discussed in the next 

section, which addresses our evaluation of the remaining oxide film. 

3.3. AES evaluation of oxide remaining on deposition interface 

An AES mapping analysis was carried out to determine element distribution at the substrate and 

deposition interface. The analysis was performed for copper, aluminum, and oxygen. The adhesion 

of the particles at the substrate and deposition interface and the state of the remaining oxide were 

evaluated. We analyzed not only the substrate but also the deposit at the fracture surface. The AES 

observation/analysis position can be confirmed by the coordinate information of the electric 

specimen stage of the AES system, and its coordinates can be represented by angular coordinates 

distance d from the center of the specimen and angle θ. Therefore, the observation position on the 

substrate side can be expressed as d = d analysis,  and θ = θanalysis. In order to find a place 

corresponding to the substrate side observation region, we observed the entire circumference of the 

d = d analysis  of the deposit side specimen. From this all circumference observation result, we could 

find the place that is corresponding by the shape. Detailed analysis and observation were carried out 

in these places. 

The results are shown in Fig. 9. In this figure, the mapping result for the substrate is shown on the 

left-hand side and that for the deposit on the right-hand side. These clearly correspond to each other, 

with there being a mirror-image relationship. 

The crater centers (Zone A) on the substrate exhibit a relatively high oxygen level and large 

amounts of oxide can be observed. In contrast, the amount of oxygen is observed to be low at the 

crater outer edges (Zone B) on the substrate, while the copper and aluminum levels are high. This 
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result points to the following phenomenon. Since the oxide film is not destroyed, the particles and 

base material do not form a chemical bond at the center of the crater. At the outer edges, however, a 

large shear plastic deformation occurs. Since these damages the oxide film sufficiently, the metal of 

the particle and substrate bond to each other satisfactorily. These results clearly indicate that the 

natural oxide film is destroyed by the plastic deformation, and direct contact between the newly 

generated surfaces are the main factors affecting cold-sprayed deposition. 

Even previous research efforts have reported that the degree of plastic deformation is small at the 

points at which collision occurs, but large enough at the edges to form a material jet [13, 21, 23, 

32]. That is, in those regions where the plastic deformation is small, such as at the points at which a 

collision occurs, the oxide film remains as is and the bonding strength is weak. On the other hand, 

in those regions where a large plastic deformation occurs, such as where the edge of a particle 

reaches the substrate, the oxide film is removed to enable the formation of a strong bond, which 

supports the findings of the present study [34,35]． 

3.4. Features of well-bonded region 

The results of an AES analysis of the substrate and the deposit revealed that the bonding state at the 

interface between the substrate and cold-spray deposition is not uniform, with there being no 

bonding in those areas where oxide remains. Since there is a correlation between the remaining 

amount of oxide and the bonding strength, determining the state of the remaining oxide is important 

to enabling an understanding of the overall bonding state. In the actual cold-spray process, since the 

particle size exhibits a distribution and given that the gas flow is non-uniform, the size of the 

particles, the collision direction, and the collision speed all have a varied distribution. Therefore, the 

plastic deformation of the particles and the remaining oxide film also vary. In this section, we 

describe our examination of whether the oxides exhibit a distribution across the entire interface, 

using SEM observations and AES element mapping. 
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Fig. 10 shows SEM images and AES elemental mapping results for copper, aluminum, and oxygen. 

The results shown in Fig. 10 were obtained from the craters on both the substrate and deposit sides. 

Both evaluation areas correspond to each other, and are mirror-image symmetrical. This figure 

again shows that the remaining oxide film state is not uniform. Due to the difference in the impact 

behaviors of the particles, the state of plastic deformation during deposition also differs.  

Focusing on the state of the oxide, the state of the oxide remaining on each crater could be divided 

into three types, as shown in Fig. 11.   

In region (i), since a large amount of oxide remains in the center of the crater, it can be deduced that 

there is not much plastic deformation at the point of collision, whereas there are large amounts of 

plastic deformation around the outer edges of the crater. This corresponds to the ideal deposition 

behavior where a CS particle perpendicularly impacts a flat substrate. The bonding strength is not 

actually attained at the point of collision because no newly generated surface is exposed.  

In contrast, in region (ii), craters with almost no remaining oxide were found. In this region, since 

the oxide was essentially entirely removed, allowing the copper to fully bond to the substrate, the 

resulting bonding strength is expected to better. This adhesion behavior is thought to be due to the 

overall removal and breaking of the oxide by following two reasons. First, the copper particles used 

in the present study were irregularly shaped, being prepared by water atomization. There was also a 

region in which the stress concentrates at the center of the point of collision. Seconds. Multiple 

collisions of particles may have formed irregularly shaped craters. A remaining oxide film, which 

could not be removed by the single impact, was entirely removed by the assistance of multiple 

collisions.  

Moreover, craters that were entirely covered in oxide were also identified, as shown in (iii). 

Because this was often found in the case of the smaller-diameter craters, we can assume that the 

kinetic energy at the instant of impact was not high enough to remove the oxide film from the 

substrate. There were some craters that did not exhibit the south-pole problem, as typified by (ii). 
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There is a correlation between the removal amount of the oxide film and the impact velocity of the 

particles, which dominates the critical velocity of adhesion.  Also, in the actual cold spray process, 

there are variations in the particle velocities, and these variations determine the difference in the 

state of adhesion of region (i), (ii) and (iii). In the case of the region (i), the single particle impact 

velocity exceeds the critical deposit condition sufficiently. On the other hand, the region (ii) and 

(iii) do not exceed the critical condition with a single particle collision. However, in the region (ii), 

the oxide film is entirely removed by multiple collisions, and make a satisfactory bond. 

From these, we can assume that the south-pole problem can be mitigated by controlling the particle 

collision conditions and oxide film removal by the assistance of multiple collisions, and the other 

methods such as laser pretreatment.  

3.5. Area ratio of well-bonded zone from which oxide is eliminated 

The luminance value of the AES mapping analysis represents the intensity of the detected signal. In 

the mapping results, those areas with a greater amount of a given element have a higher luminance 

value, and thus appear brighter. To determine that proportion of the area which is bonded, 

binarization processing is performed to divide the luminance value histogram for oxygen into 

regions in which the oxide remains and others from which it has been removed. MATLAB R2017a 

(The MathWorks, Inc., USA) was used for this analysis. Fig. 12 shows the oxygen mapping results 

for the substrate of the CS substrate and deposit fracture surface. A histogram of the luminance 

values obtained for this area is shown in Fig. 13. The horizontal axis represents the luminance, and 

the vertical axis represents the count. The brighter areas have higher luminance count numbers. In 

this histogram, there are two peaks corresponding to the high-brightness area (oxide-covered 

region) and low-brightness area (no-oxide region). Since the maximum luminance value was 233, 

binary processing was performed by adopting, as the threshold value (ThL) a value of 117 (decimal 

part rounded up) which is half the maximum value. Fig. 14 shows a binary image of the AES 

mapping result for oxygen. The white regions indicate those areas where the oxygen level is low, 
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that is, those regions from which the oxide was removed allowing a strong bond to form. The size 

of the area from which the oxide had been removed, relative to the overall observation area, was 

measured by counting the number of pixels in the white part and dividing that by the number of 

pixels in the entire analysis area. The value obtained for the white area ratio was only 36%, that is, 

the area in which good bonding was attained was smaller than the oxide-covered area. For this 

reason, the overall adhesion strength of the deposit is 90 MPa, even though some parts of the region 

exhibit a bonding strength exceeding the mechanical strength of the substrate. As mentioned above, 

if we can control the impact conditions, the south-pole problem would be mitigated, thus increasing 

the size of the area with good bonding and thus improving the adhesion strength. 

The above clearly illustrates that the amount of remaining oxide film is a very important factor 

affecting the adhesion strength of a CS deposition. In the future, we hope to quantitatively 

understand how the presence or absence of the oxide film affects the CS adhesion strength, by 

evaluating the local degree of difference in the strength of these weakly bonded well-bonded 

regions through ultra-small strength evaluation tests [47]. 

4. Conclusion 

The interfacial adhesion strength of a cold-sprayed copper deposition on an aluminum substrate was 

measured by performing tensile tests. These tests exposed the bonding interface, produced by the 

adhesion tests, with the results being superior to those of elemental analysis. 

Elemental analyses were performed on the fracture surfaces using an AES analyzer, which offers a 

much better resolution than the SEM-EDX method, and the relationship between the state of the 

thin natural oxide film at the interface and the adhesion strength was evaluated. 

To understand the relationship between the adhesion strength and the oxide film remaining on the 

surface of the aluminum substrate onto which the copper deposition is cold sprayed, tensile 

interfacial adhesion strength measurements, AES elemental mapping, and SEM evaluations were 

carried out. The findings obtained are summarized below: 
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The overall adhesion strength between the CS copper deposit and the aluminum substrate was 

approximately 93 MPa. Craters of various sizes and shapes are formed at the bonding interface, and 

the bonding state varies greatly depending on the location. However, within a single crater, the 

center acts as the south pole and is covered by a native oxide film, hence is not bonded. In contrast, 

an oxide-free metallic area is found at the edge of each crater, allowing a strong bond to form. 

Moreover, this region has a strong adhesion strength that exceeds that of the copper deposit. 

Comparing the sizes of these regions, we found that those where the oxide film had been removed, 

enabling the formation of a strong bond, were relatively small. Therefore, the overall adhesion 

strength is smaller than the local strength of the well-bonded region. Given these facts, we can say 

that the remaining oxide film is one of the key factors affecting the CS deposition mechanism. Also, 

with some craters, there was no south-pole problem due to the collision history during the cold-

spray deposition process. When parameters such as the particle shape and size can be optimized, 

and the collision state can be controlled and oxide film removal by the assistance of multiple 

collisions, and the other methods such as laser pretreatment, it is possible to overcome the south-

pole problem. Our goal is to overcome the south-pole problem and thus obtain a deposit with a 

better adhesion strength. Moreover, in the future, we hope to quantitatively understand the effect of 

the presence or absence of remaining oxide film on the CS adhesion strength. 
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Fig. 1 Deformation of particle upon impact, and break-up of oxide films. [34] 

Fig. 2 SEM image of copper powder. 

Fig. 3 Cold-sprayed copper deposited on aluminum substrate. 

Fig. 4 Typical cross-sectional SEM image of interface between cold-sprayed copper deposit and 
aluminum substrate, a) lower magnified view, b) higher magnified image of gaped 
interface between substrate and attached particle. 

Fig. 5 Detail of small tensile adhesion strength specimen. The adhesion test was performed in a 
high-vacuum AES chamber connected to the tensile testing system, a) schematic and b) 
images of the specimen. 

Fig. 6 High-vacuum tensile testing system connected to AES apparatus. 

Fig. 7 SEM image of fracture surface of the aluminum substrate side. (a) Low-magnification 
image of overall fracture interface, (b) magnified collision craters. 

Fig. 8 SEM observation results of collision crater of the aluminum substrate side, that 
corresponds to following AES evaluation. (a) overall evaluated crater, (b) higher-
magnification image of center of impact crater, (c) higher-magnification image of edge of 
impact crater. 

Fig. 9 SEM image and AES mapping results of fracture interface between substrate craters and 
deposition particles. 

Fig. 10 SEM image and AES mapping results of fracture interface between substrate and deposit. 

Fig. 11  Three different oxide covering patterns for crater. 

Fig. 12 Oxygen AES mapping result for the fracture surface of substrate. 

Fig. 13  AES signal intensity luminance histogram and threshold value of binary processing. 

Fig. 14 Binary AES mapping result for oxygen corresponding to Fig. 13. The white parts are 
those regions from which the oxide has been removed. 

 

 

Table 1 Cold-spray conditions. 

Table 2 Results of tensile adhesion tests 
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Table 1 Cold-spray conditions. 

Equipment 
PCS-304 

(Plasma Giken Co., Japan) 

Gas  

    Type Nitrogen 

    Pressure 3 MPa 

    Temperature 800 °C 

Spray Distance 20–25 mm 

Traverse speed 20 mm/s 

Powder  

    Material Pure Copper 

(AtW-350, Fukuda, Japan)  

    Mean diameter 37 µm 

    Process Water atomized 

Substrate  

    Material Aluminum A5052 
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Table 2 Results of tensile adhesion tests. 

Specimen Adhesion strength 

No. 1 85 MPa 

No. 2 90 MPa 

No. 3 103 MPa 

Average 92.7 MPa  

Standard deviation 9.29 
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Fig. 1  Deformation of particle upon impact, and break-up of oxide films. [34] 
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Fig. 2  SEM image of copper powder. 

  

Comment	[YI1]:	[Response 5] 
In order to clear the size of powder, the SEM image is 
exchanged. 
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Fig. 3  Cold-sprayed copper deposited on aluminum substrate. 
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Fig. 4  Typical cross-sectional SEM image of interface between cold-sprayed copper deposit 

and aluminum substrate, a) lower magnified view, b) higher magnified image of gaped 

interface between substrate and attached particle. 
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Fig. 5  Detail of small tensile adhesion strength specimen. The adhesion test was performed 

in a high-vacuum AES chamber connected to the tensile testing system, a) schematic and b) 

images of the specimen. 
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Fig. 6  High-vacuum tensile testing system connected to AES apparatus. 
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Fig. 7  SEM image of fracture surface of the aluminum substrate side. (a) Low-

magnification image of overall fracture interface, (b) magnified collision craters. 

Comment	[YI2]:	[Response 7] 
We indicate the image is substrate side. 
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Fig. 8  SEM observation results of collision crater of the aluminum substrate side, that 

corresponds to following AES evaluation. (a) overall evaluated crater, (b) higher-

magnification image of center of impact crater, (c) higher-magnification image of edge of 

impact crater. Comment	[YI3]:	[Response 7] 
We indicate the image is substrate side. 
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Fig. 9 SEM image and AES mapping results of fracture interface between substrate craters 

and deposition particles. 
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Fig. 10 SEM image and AES mapping results of fracture interface between substrate and 

deposit. 
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Fig. 11  Three different oxide covering patterns for crater. 
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Fig. 12  Oxygen AES mapping result for the fracture surface of substrate. 
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Fig. 13  AES signal intensity luminance histogram and threshold value of binary processing. 
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Fig. 14 Binary AES mapping result for oxygen corresponding to Fig. 13. The white parts are 

those regions from which the oxide has been removed. 


