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Characterization of roughened substrate surface on bond strength of thermal spray de-

posits

H. Fukanuma, R. Xie, N. Ohno, Toda/J, Y. Fujiwara, Kawasaki/J, and S. Kuroda, TsukubalJ

Untersuchungen von thermisch gespritzten Schichten unter Beriicksichtigung des Ein-
flusses der aufgerauten Substratoberfliche auf die Haftfestigkeit

Inweweit die Rauheit von gestrahitem Substrat die Haftzugfestigkeit von thermisch gespritzten Schichten beein-
flusst. wurde bisher nicht untersucht. Es wurde ebenso noch keine Methode zum Charakterisieren der Substrat-
rauheit oder Topographie in Abhangigkeit zur Haftzugfestigkeit gefunden. Mit einer neuen Methode wird versucht die
Oberflachentopographie mit der Haftzugfestigkeit zu vergleichen. Die neuartige Charakterisierung der Rauheit er-
folgt mit Hilfe einer dreidimensionalen Oberflachenvermessung mit einem konfokalen Mikroskop. Es wurde ein
Experiment entworfen, um die so gemessene Rauheit mit der Haftzugfestigkeit zu vergleichen, Die Untersuchungen
haben ergeben, dass ein grofier Zusammenhang zwischen der Rauheit von Edeistahl- und Aluminiumsubstraten
und der Haftzugfestigkeit der plasmagespritzten Al,Oy-Schicht besteht

1 Introduction

It is well known that the adhesive strength of thermally
sprayed coatings is greatly influenced by the roughness
or topography of the roughened substrate convention-
ally obtained by grit blasting. It has also been sug-
gested that the adhesive bond strength is caused by
such factors as: 1) mechanical anchorage of molten
particles into cave-like spaces of the roughened sub-
strate, 2) physical interaction of the van der Vaals force,
3) chemical interaction or metal bonds caused by diffu-
sion of molten particles into the substrate or partial
melting of the substrate by hot molten particles [1].
However it has not been made clear how the rough-
ness operates on the adhesion or can be characterized
in connection with the strength, and what kind of factors
or characteristics of the roughness quantitatively influ-
ence the adhesive bond strength.

Studies of how blasting conditions, such as air pressure,

blasting materials, particle sizes, and blasting angles,
influence the roughness of the substrate have been
reported [2-4] Amada et al studied the relations be-
tween the adhesive strength and the substrate surface
roughness that was chracterized by fractal dimensions
[5.6). Siegmann et al also reported that fractal dimen-
sion or area-scale fractal complexity had good correla-
tion with the adhesive strength [7-9]. Their investiga-
tons, however, still lack clear physical interpretations of
how the roughness affects the adhesive strength.

As it is important in the thermal spray industry to obtain
and control high adhesive bond strength, it is essential
to understand how the roughness affects the strength
between the coatings and the substrate, and the parti-
cle interaction process with the substrate. To clarify the
bonding aspect, this study is to propose a new
characerizing method of the substrate surface rough-
ness or topography, under the hypothesis that the
mechanical friction between the coating and the sub-
strate primarily influences the adhesive strength

A confocal scanning microscope was used to measure
three-dimensional surface profiles, and a computing
program was developed for calculation of the numerical
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data measured with the microscope.
2 Modelling

The modelling is proposed under the assumption that
the adhesive strength is caused by the mechanical
friction force between the coating and the roughened
substrate. The reasons are: 1) Although the factor that
has been supposed to be the primary cause of the
adhesive strength is anchor effect (1], the idea of the
anchor effect is a little vague to deal with numerically,
because it is almost impossible to define which is the
anchoring point or how much the point contributes to
the bonding force. Anchor effect is avoided in the model
because of its difficulty to quantify. 2) The micro weld-
ing between the spiat and the substrate during the de-
formation and cooling processes has nothing to do with
the substrate roughness. Taking the metal bonding
effect into account is omitted in the modeling. 3) The
van der Vaals force has also no relation to the rough-
ness. Itis also neglected in the model

Suppose that the coating is sprayed on the idealized
rough surface on which pyramids are laid down as
shown in Fig. 1. The side and the height of pyramids
are “a" and “h = n-a”, respectively, where “n" is a
constant and n20. The cross section of the deposit
cut by the C-C plane is shown in Fig. 2-a. The fric-
ton force per unit area along the slope between the
deposit and the substrate as shown in Fig. 2-b is ex-
pressed as

S P (1]

where [, u, P is friction force, friction coefficient
and pressure applied to the interface between the de-
posit and the substrate, respectively. The friction force
apphed to a side triangle surface on the pyramid is the
product of the friction force per unit area and the trian-
gle's area. Since the perpendicular component of the
friction force is described as fcosé and a pyramid
has four triangles, when the slope angle is ¢ as
shown Iin Fig. 3, the least force to Iift the deposit on a
pyramid against the friction force is expressed as:



4xa side triangle's areax f cos @ 2]

Since a side triakgle's area x cos § equals na® /2, Eq. 2 can
be written as 2na’ /. The force “2na’ f * is the adhe-
sive strength per pyramid. Because the substrate area
on which a pyramid is laid is axa, the adhesive
strength per unit area " F " is expressed as:

] :
F=="22_ f=2nf =2nupP (3]
=

Equation 3 means that the adhesive strength is propor-
tional to the total of the perpendicular components of
the side faces' area on unit area of the substrate.

Fig. 1: The idealized rough substrate that pyramids are
laid on,

Deposit

Substrate

Fig. 2. The friction force between the deposit and the
substrate,

To apply this idea to an actual roughened substrate
surface, suppose that the rough surface is expressed
as z=/f(x.y) in orthogonal coordinates (0,x,y,z)
as shown in Fig. 3, then the infinitesimal friction force
df 1o slide the coating on the infinitesimal area ds of
the substrate in paraliel to the slope atthe point Q0 s
expressed as

df = u(Q)P(Q)ds (4]
where u(Q), P(Q) is friction coefficient and pressure
at the point (., respectively. The least infinitesimal

force to perpendicularly remove the deposit from the
substrate at Q is expressed as

df, = u(Q)P(Q)cos Bds 5]
where @ is the angle formed by the : axis and a
tangential line QU of f(x,y) at ¢, and QU ison
the plane formed by the normal line Q¥ of ds and the
z axis as shown in Fig. 3. After integrating Eq. 5 in the

region D(x,y) on the curved surface area S given by
the function f(x,y), the next equaticn holds,

[ &, = [ ulo)Pl@)coslbloNas 6]

Fig. 3: Schematic illustration of the surface element on
the rough surface,

[wim]

350
[m] 00

Fig. 4. The surface profile of the stainless steel sub-
strate blasted by Al,O4 100 grit in S passes.

3504 50
()

Fig. 5: The surface profile of the stainless steel sub-
strate blasted by Al,O, 100 grit in 80 passes.

it u«(Q) and P(Q) are replaced with 7 and P
which are mean values in the domain D, respectively,
the next equation holds.

[ = [ &P coslol@))as 7]

When the area of the region D is G, the removing
force per unit area, namely, the adhesive strength * 7~
is obtained by dividing Eq. 7 by G as follows;
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Fe %’? lcos[ﬂ(Q)]ds = fiPR,, =kR,, (8]

where & is a coefficient The adhesive strength is
expressed as a linear equation of the characterised
roughness R, . R, (Bond Strength Roughness) is
the sum of the projection areas of small surface ele-
ments on the rough surface on unit area of the sub-

strate.
4
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Fig. 6; Schematic illustration of the projection area of
part of the rough surface.

3 Measurements of three-dimensional surface
profiles

If a three-dimensional profile of the roughened surface
can be measured as three-dimensional numerical data,
Eq. 8 can easly be computed. A confocal scanning
microscope was used to obtain.three-dimensional pro-
file data of the blasted substrate [10]. The measuring
instrument was the type HD-100D produced by La-
sertec Corporation. Typical surface profile examples of
blasted substrates measured by the HD-100D with a 50
power objective lens are shown in Fig. 4 and 5. The
data measured with the confocal microscope are ob-
tained as a set of numerical values given by the formula
z, = f(x,,»,). To calculate Eq. 8 from the numerical
data, as shown in Fig. 6, the point R was determined
by taking the average of =, , z, ., 7., &and 2z,
as : position value, (x, +x,,)/2 as x position
value and (y, +y,,,)/2 as y position value. The
four triangles, Ty, Tz, Ty and T,, can be constructed as
shown in Fig. 6. The area s, of the triangle T, can be
determined, as the three vertices of T, are known.
The angle & between the : axis and the tangential
line QU can be determined, because QU is on the
intersection of the plane formed by the = axis and the
normal line OV of the triangle T, and the T, plane.
Then, cos@-s, which equals T,p, the projection area of
the triangle T, toward plane L, is determined. The pro-
jection areas of the other triangles are determined in
the same manner. Equation 8 can be calculated by the
sum of cosé s Inthe measured region.
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4 Experimental procedures

The two kinds of substrate metal used for the experi-
ment were aluminum and stainless steel. The dimen-
sions of the cylindrical specimens were 20 mm diame-
ter and 45 mm long. Conventional suction type blast-
ing equipment was used with a grit feeding device
newly developed to ensure the accurate feed rate, and
a six-axis robotic device was mounted in the equipment
to control the traverse speed, pitch, stand-off distance
and angle of the blasting nozzle. The blasting matenal
was ALO; 100 grit and the blasting nozzie diameter
was 9 mm. The specimens were blasted under the
conditions that the traverse speed, traverse pitch,
stand-off distance and angle were 1000 mm/sec, 10
mm, 120 mm and 90 deg., respectively. The other
conditions are shown in Table 1. After eleven test
pieces were blasted under each set of blasting condi-
tions, one specimen was used to measure the
three-dimensional surface profile and the other ten
were plasma sprayed for the bonding tests. The
measured area of the microscope was 3504 ym x
350.4 um and the resolution was 1/900 of each side of
the view area. Five places on each test piece were
measured and the average was used as the R, value
because the measuring area was too small to use a
single point value as the representative of the speci-
men.

Table 1. Blasting conditions

No. of TP No. of passes Feed rate [g/min]
#1 1 700
#2 2 700
#3 5 700
#4 10 700
#5 20 700
#6 40 700
#®7 80 700
#8 2 455
#9 5 455
#10 11 455
Table 2. Plasma spray conditions
Arc current 850 A
Arc Voltage 8V
Arc gas Ar 50 PSI
Secondary gas He 100 PSI
Spray distance 100 mm
Powder feed rate 20 g/min

The plasma torch used to spray the specimens was the
type SG-100 of Praxair Surface Technologies, Inc.
White alumina (particle sizes 10 - 44 um ) was used as
the spray material to avoid the possibility of metallic
bonding, all the test pieces were plasma sprayed at the
same time and the coating thickness was approxi-
mately 480 um. The spray conditions are shown in
Table 2. Tensile adhesive strength measurements
were performed in accordance with Japanese industrial
standard H8664.



5 Results and discussion

The relations between the tensile adhesive strength
and the number of blasting passes on stainless steel
and Al substrates are shown in Fig. 7 and 8, respec-
tively. These graphs show that the strength on stainless
steel increases as the number of blasting passes until
40 passes, on the other hand, the strength rise on Al
stops at 10 passes. These results show that grit blast-
ing has a limitation for obtaining further topegraphical
complexity to contribute to the bond strength in thermal
spray coatings. To obtain greater strength, another
preparation process may need to be developed. From
the graphs, it also appears that soft metals such as Al
are roughened faster than hard metals. Fig. 9 and 10
show the relations between the characterized rough-
ness R, and the number of the blasting passes.
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Fig. 7. The relationship between the adhesive strength
of WA and the number of blasting passes on stainless
steel,

The curves in Fig. 7 and 9 show a similarity, and Fig. 8
and 10 also show the same trend, The relations be-
tween the adhesive strength and R, on stainless
steel and Al are shown in Fig. 11 and 12, respectively.
These graphs show the strong correlations between the
adhesive strength and Bond Strength Roughness R, .
R,, shows much better correlations compared with the
relations between the strength and Ra roughness
shown in Fig. 13 and 14. In particular, the correlation
between the strength and roughness Ra shows greater
deviation in the higher bonding region. Both correlation
curves shown in Fig. 11 and 12 are slightly quadratic,
whereas the model shows linear relations with the
strength and R, . This may imply the measurements
with confocal microscope lack accuracy in describing
the real topography of the rough surface or there are
other factors, excepting friction force, to be considered
in linking with the strength
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Fig. 8: The relationship between the adhesive strength
of WA and the number of blasting passes on Al.
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Fig. 9: The relationship between R, and the number
of blasting passes on stainless steel
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Fig. 10: The relationship between R, and the number
of blasting passes on Al
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The maximum strengths on Al and stainless steel are
nearly 9.0 and 30 MPa, respectively, as shown in Fig.
11 and 12. The maximum strength on Al is nearly one
third less than that on stainless steel, though R, on Al
Is larger than that on stainless steel. Since the strength
is shown as the formula F = ZiPR,, , the differences of
the bond strength between stainless steel and Al come
from the difference from the friction coefficient or the
pressure applied to the substrates. The pressure on Al
might be larger than that of stainless steel, because the
thermal expansion coefficient of Al is larger than that of
stainless steel. It appears that the friction coefficient on
Al is smaller than that on stainless steel, or that the
deposit on Al easily separates from the substrate be-
cause Al metal readily deforms during tensile test. Pro-
vided that the fiction coefficient between the deposit
and Al is small, the splat contact area on Al may be
smaller than that of stainless steel because the higher
thermal conductivity causes the splat not to wet the Al
substrate as thoroughly during the flattening and cool-
ing processes.

adhesie strength [ MPa )
¥

os ! L3 4 e L 2 2 b

R“onsus

Fig. 11. The relationship between the adhesive
strength and R,, on stainless steel.

The fact that the adhesive strength of the deposits on
the one pass blasted substrates was zero MPa for
stainless steel and smaller than one MPa for Al, as
shown in Fig. 7 and 8, respectively, shows that the van
der Vaals and chemical interaction forces do not con-
tribute to the strength in the extent of this experiment,
because the zero or nearly zero strength of the depos-
its on the slightly roughened substrates means that
these forces which must fundamentally cause the ad-
hesive strength of the deposit even on a flat and
smooth substrate are nil or negligibly small. The sharp
rise of the bond strength with the number of passes or
the roughness R,,, as shown in Fig. 7, 8, 10 and 11,
also intensifies that only substrate roughness causes
adhesive strength,
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Fig. 12: The relationship between the adhesive
strengthand R, on Al
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Fig. 13: The relationship between the adhesive
strength and Ra on stainless steel.
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Fig. 14. The relationship between the adhesive
strength and Ra on Al



6 Conclusions

A new method characterizing blasted substrate surface
was developed under the assumption that the bonding
strength is caused by friction force between thermal
sprayed deposit and the substrate. Bond Strength
Roughness R, was introduced from the model and it
was shown that R, had a strong correlation with the
adhesive strength.

Although R&,, on Al substrate was larger than that on
stainless steel under the same blasting conditions, the

adhesive strength on stainless steel was much stronger
than that on Al.
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