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Abstract

It is essential to understand and clarify whai causes adhesive
strength between the thermally sprayed deposit and the
substrate. It is known that the adhesive bond strength is
strongly related to the roughness of the substrate surface [1-3],
however, we are yet 10 know why and how the roughness
affects the strength. Although the roughness works as a so-
called anchor or interlocking effect, we cannot show how the
effect quantitatively relates to the strength. Before we use the
word “roughness™, we need to define roughness as a strict
meaning in connection with the adhesive strength to avoid any
ambiguity in expressing the roughness itselt. Seeking the true
roughness to relate to the bond strength, we have introduced a
newly developed roughness indicator correlated closely with
the adhesive strength. This indicator is derived by theory on
the basis of the assumption that the bond strength is primarily
caused by the mechanical friction between the deposit and the
substrate [4]. It was supposed that chemical and physical
adhesions were secondary effects except that the molten
particle, the substrate temperature or both of them are high
enough to form these bonds by thermal interaction.

The increase in contact area between the splat and the
substrate could raise the friction force between them. The
higher substrate temperature could increase the contact area
when the molten particle interacts with the substrate, because
the molten particle could wet better on the high temperature
substrate. The substrate temperature influence on the adhesive
strength was also investigated.

Introduction

The adhesion of thermal spray coatings has been explained by
three primary mechanisms, mechanical anchorage and
physical or chemical interaction. These mechanisms are still
not fully undersiood and have only been explained
qualitatively in strength, not guantitatively. The anchor effect
is the predominant mechanism, except for deposits sprayed in
high contact temperature conditions.
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It is well known that the substrate surface roughness strongly
affects the bond strength. Although studies on morphology of
roughened surfaces have been reported [5 — 8], investigations
that seek numerical relations between the roughness and the
adhesion are still few. Some researchers have attempted
numerical studies on influences of the roughness on the
adhesion. Siegmann et al reported the fractal or area scale
fractal complexity had good correlation with the adhesive
strength [9, 11]. Amada et al also studied the relations
between fractal dimensions of the roughness and the strength
[12, 13]. However, their investigations were still lacking clear
physical interpretations how the roughness affects the strength.
‘We reported a model that characterizes the roughness in a new
way that described the quantitative relation between the
adhesion and the roughness in the previous paper [4].

The basic idea of the model

We assume that the adhesive strength is caused by mechanical
friction force between the deposit and the roughened substrate.
Suppose that a thin object is placed on an inclined plane as
shown in Fig. 1. If pressure P is applied to the interface
between the object and the slope, the friction force f is

characterized as;
f=uPs 1

where “ " and “s ™ are friction coefficient and the contact
area between the object and the slope, respectively. We need
force f, to vertically remove the object from the siope against
the friction force. The separation force f, is expressed as;

f.=fcos8 =uPscosf 2

Equation 2 shows that the removal force f, is proportional to
the projection area ““s cos &” that is obtained by projecting “s "
onto a perpendicular plane.

Let’s think about an ideal surface roughness that is formed by
pyramids as shown in Fig. 2. In the pyramid dimensions, the
height is *“/#™ and a side length of the base is “a ™. Suppose



that the ideal roughened surface is covered with a thermally
sprayed deposit, the force 10 remove the deposit from a slope
plane in a pyramid is shown in Eq. 2. Since the slope area s ™
and cos@ are expressed as the following equations,
respectively, in the case of the pyramid.

3
s=la"h’+a— 3
2 4

Substituting Eq. 3 and Eq. 4 into Eq. 2, we can obtain the
removal force f, as the following equation.

f, = uPscos@ = %pPah S

Since one pyramid has four slope planes, the separation force
to remove the deposit from one pyramid is 47, . The total
force 10 remove the deposit form the ideal rough surface
shown in Fig. 2 is 35xdf, because the surface has 35

pyramids, Since the substrate area is /; x/,, the removal force
on a unit area * F " is expressed as the following equation.

"
‘,p(:ﬂ) 6
a

Since " F ™ means the adhesion strength, we define the term
“2a" mn Eq. 6 as the roughness “ R, ". Then Eq. 6 is
reduced to the following equation,

L 38x4f
(A

F

F = uPR,, 7

We have thus obtained the roughness based on the new idea
that the adhesion relates to mechanical friction force.

If the height or the side length of the pyramid changes, the
roughness will change. The number of the pyramids on the
substrate surface also changes the roughness. We can also
obtain the roughness in which case even vanous types of
pyramids are placed on the substrate. We can easily generalize
the model and apply it to conventional roughness such as a grit
blasted surface.

Generalization of the model
We can apply the basic idea to an actual rough surface,
Suppose that a thermally sprayed deposit covers a rough
surface that is expressed as the following function in
orthogonal  coordinates (O, x,v,2).

:=f(xy) 8
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Fig.l: Schematic illustration of mechanical friction force
applying 1o the interface between a thin object and a slope

Fig. 2: An ideal roughness formed by pyramids.

Fig. 3: Schematic illustration of friction force applied to an
infinitesimal element on 4 rough surface.,

Then, the force “df, ™ to vertically remove the deposit on the

infinitesimal area “ds ™ of the surface is expressed as the
following equation,

df, = uPdscos@ 9
where “ 6" is the angle :OU as shown in Fig. 3.



Line OV is the normal line of ds, line OU is on the plane
formed by line OV and Oz and tangent to the surface element
“ds ™ at the point “ O ", The least force to scparate
perpendicularly the deposit from the rough substrate domain
“ D" is expressed as the following equation,

_Ldj, = L 1P cos Bds 10

where “§ " is all the roughened surface area within the domain
“ D", Since both friction coefficient ** u" and pressure * P™ are
actually functions of “x™ and * ¥ ", the integration of Eq. 10 is
impossible until the real function forms of * 4" and “ P™ are
obtained. If we can replace “ #" and ** P” with average friction
coefficient 77 and pressure P on the surface area “S"™ in the
domain “ D", the next equation holds,

Laf, - L P cosbds = pFL cos Bds 1

The adhesive strength per unit area “ F ™ is expressed as the
following equation.

. j'ow, g pFL cos Ol
D D

If we can obtain three dimensional data of the surface profiles
of the rough surface, the integration term in equation 12 can
be calculated, and, we have thus obtained a method to predict
theoretically the adhesive strength of the thermal sprayed
deposit on the roughened substrate. We introduce the
roughness indicator ** Ry, " defined as follows,

12

I cos &ds
R =i 13
D
then, substituting Eq. 13 into Eq. 12, Eq. 12, the next
expression is obtained.

F = iPR,, 14

We give the name “bond strength roughness™ to “ R, ™.
Roughness measurement

If we can obtain “ R, ™ of the substrate, we can evaluate the
roughness in connection with the adhesive strength. To obtain
“R,, ", we have to measure the surface profile with three
dimensional measurement methods and  use  computer
processing for the results. There are several measuring
techniques of surface roughness, contact or noncontact method
[8]. Confocal scanning microscopy has advantages in
measuring such degrees of roughness for the substrate
preparation by grit blasting before thermal spray [14]. The
measuring method is a noncontact process with high
resolution and high measuring speed. To compute * Ry, ™ from
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3.D measurements with the confocal microscopy, new
program code was developed [4].

Experiment procedures and results

Grit_blasting: Aluminum and stainless steel specimens were
used for grit blasting and tensile bond test of plasma spray
deposits. The specimen dimensions are 20 mm in diameter and
40 mm in length, Conventional suction type blasting
equipment was used with the newly developed grit feeder to
secure feeding rate accuracy and reproducebility. A six-axis
robot was mounted on the equipment to control the traverse
speed, pitch, stand-off distance and nozzle angle. The grit
material was #100 alumina, and the nozzle intemal diameter
was 9 mm. The grit blasting conditions are shown in Table 1
and the specimen conditions are also shown in Table 2.

Table 1: Blasting conditions

Traverse speed 1000 mm/sec
Traverse pitch 10 mm
Stand-off distance 120 mm
Nozzle angle Rectangular
Feed rate 700 g/min.
Blasting air pressure 0.5 Mpa
Table 2: Specimen r<nditions
Test Number of Specimen Number of
number | blasting passes matenial specimens
#1 2 Aluminum 20
#2 5 Aluminum 20
#3 10 Aluminum 20
74 20 Aluminum 20
#5 2 Stainless steel 20
#6 5 Stainless steel 20
#7 10 Stainless steel 20
#y 20 Stainless steel 20

One of twenty test pieces in each condition was measured for
3.D morphology with the Lasertec confocal microscope,
HDI100D (Lasertec Inc. Yokohama, Japan). Five places on
cach specimen were measured. Then, data processing was
carried out and the average of five measured results was
adopted as bond strength roughness “ R, . The measurement
area was about 350x350 u m and the resolution was 0.42 u m.
The resolution of the height was 001 u m. Confocal
microscopic images of test piece #1 and #4 are shown in Fig. 4
and 5. We can see that #4 apparently has much more
complexity in surface morphology than #1. Specimen #4 was
blasted in 20 passes while #1 was 2 passes.

The bond strength roughness * R, ™ versus the number of
blasting passes is shown in Fig 6. The graph shows that “ R, "
increases as the number of blasting passes increases. The

aluminum test pieces were roughened faster than the stainless
steel,



Plasma spraying: After the specimens were grit blasted, about
S00 ¢ m of white alumina was deposited on them. The
specimens were preheated to investigate the influence of the
substrate temperature. The test pieces in every group of
blasting passes were preheated to room temperature, 100 C,
200 C, or 300 C. The deposited test pieces were measured for
adhesive strength in accordance with Japanese industrial
standard H8664,

Table 3: Plasma spray conditions

Plasma torch Praxair SG-100
Arc current 850 A
Arc voltage BV
Arc gas Ar 50 PSI1
Secondary gas  He 100PSI
Traverse speed 1000 mm/sec
Traverse pitch 4 mm
Stand off distance 100 mm
Powder feed rate 20 g/min
Spray material White alumina 1044 z m
Table 4: Conditions of intemal fracture of the deposits
Test piece Number of Preheating | Fracture
material blasting passes | temperature | interface
20 200°C
2
Aluminum 5 300°C Deposit
10 inside
20
Staimnless steel 20 300°C

The experimental results of adhesive strength (the averages of
every five specimens) versus the roughness indicator “ R, "
with substrate temperatures are shown in figure 7 and 8. All
the fracture interfaces on aluminum sprayed at 300 “C were
within the deposits (cohesive failure), and the deposits on the
substrate with 20 passes of blasting and at 200°C of preheating
temperature were also broken in the insides of the coatings.
The deposits on the stainless steel specimens with 20 passes of
grit blasting and at 300 "C of preheating temperature were also
broken within the coatings. The other fracture interfaces were
between the substrate and the deposit. The conditions in which
intemal fracture occurred are shown in Table 4, when the
tensile bond strength tests were carried out. Figure 7 and 8
show that the adhesive strength on both aluminum and
stainless steel substrates increases as “ Ry, " increases except
the cases in which intemal fracturing took place.

Figure 9 shows that the adhesive stirength on aluminum
substrate is greatly influenced by the preheating temperature.
The higher substrate temperature produces higher bond
strength of aluminum oxide on aluminum substrate, while the
bond strength on stainless steel appears to be insensitive to the
substrate temperature as shown in Fig. 10, To obtain higher
bond strength on stainless steel, temperatures higher than
300°C could be necessary. The strength on the aluminum
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substrate at room temperature is lower than that on the
stainless steel substrate. The maximum adhesive strength on
aluminum is nearly the same as that on stainless steel,
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Fig. 6: The relationship between the bond strength roughness
“R,," and the number of blasting passes on aluminum and

stainless steel substrates.
Discussion

The experimental results seem to show the bonding strength
roughness * R, " has strong correlation with adhesive strength,
thus it appears to be correct that adhesive strength mainly
derives form mechanical friction force. Linearity is lacking in
the relations between the adhesive strength and the roughness
“ Ry, " in graph 7 and 8. This could be because of physical or
chemical effects or both, or because of the influence of voids
that cannot be measured with confocal microscopy. The
characterization method of the morphology on the roughened
surface in this model appears to be able to clarify the
understanding of the bonding mechanism of thermal spray
coatings. To further explain whether the assumption is correct
or not, more precise bond strength experiments are necessary
with various spray materials on many kinds of substrate
materials. We used only aluminum oxide in these experiments
and avoided metal materials at this time because of our
intention to minimize chemical and physical mechanisms.

As shown in Fig. 6, the roughness “R, ™ on the aluminum

substrates is larger than that on the stainless steel, but the bond
strength on the aluminum is lower than that on the stainless
steel sprayed at room temperature and 100°C. The contact arca
between the alumina splats and the aluminum substrate could
be smaller than that between the splat and the stainless steel
causing the friction coefficient on aluminum to be smaller than
that on stainless steel. The reason might be that the aluminum
substrate has less wettability because of the high heat
conductivity of aluminum.
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Fig. 7: The relationship between adhesive strength and the bond

strength roughness “ Ry, ™ on the aluminum substrates with the
preheating temperature.
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Fig. 9: The relationship between the adhesive strength and
the aluminum substrate with the number of blasting passes

The adhesive strength on the aluminum substrate is much
more temperature sensitive than that on the stainless steel as
shown in Fig. 9 and 10. The reason could be that the
wettability of alumina splats on aluminum strongly depends
on the substrate temperature, because the aluminum substrate
quickly absorbs heat inside the splats due to its high thermal
conductivity so that the splat temperature could rapidly drop,
then, the splats do no easily wet the substrate. On the other
hand, since the thermal conductivity of stainless steel is much
lower than that of aluminum, the splats on stainless steel wet
the substrate well with small dependence on the substrate
temperature.
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Fig. 8: The relationship between adhesive strength and the
bond strength roughness * Ry, ™ on the stainless steel substrates

with the preheating temperature.
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Fig. 10: The relationship between the adhesive strength and
the stainless steel substrate with number of blasting passes

Conclusions

The roughness indicator “ Ry, " shows good correlation with
the adhesive bond strength of the alumina deposits on the
aluminum and stainless substrates. This model appears to be
effective for evaluating substrate roughness in relation to bond

strength,

The bond strength of the alumina on the aluminum substrate is
greatly influenced by the substrate temperature.



Fig4: Image of roughened aluminum surface after two blast passes,




Fig. 5: Image of roughened aluminum surface after twenty blast passes.,




Confocal scanning microscopy is useful o measure the 3-D
profile on roughened substrate surface because of its high
resolution, surface noncontact method and high measurement

speed.

L
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