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Heat Transfer Between WC-Co Coating and
Aluminum Alloy Substrate During High-Velocity
Oxygen-Fuel (HVOF) Spraying

V.V. Sobolev, J.M. Guilemany, J.A. Calero, and F.J. Villuendas

Mathematical simulation of the heat transfer between a WC-Co coating and an aluminum alloy (Al-
4% Cu) substrate during HVOF spraying is provided. This simulation includes the investigation of tem-
perature evolution, coating solidification, fusion and solidification in the substrate interfacial region, and
particular features of the substrate-coating thermal interaction. Optimal thermal conditions for forming
the coating structure are estimated. The results obtained are used in another paper (Ref 15), “Formation
of Structure of WC-Co Coating on Aluminum Alloy Substrate During High-Velocity Oxygen-Fuel
(HVOF) Spraying,” to predict the structural parameters, which agree well with the experimental data.

1. Introduction

CoATING solidification plays an important role in determining
coating structure performance (Ref 1, 2). Solidification behav-
ior depends significantly on the substrate-coating heat transfer
during coating deposition. The substrate-coating interfacial re-
gion, including the substrate interfacial zone and the first coat-
ing layer, is important because in this region adhesive bonds
between the thermal spray coating and the substrate are devel-
oped (Ref 1-5).

An effective tool for the better understanding and improve-
ment of HVOF spraying technology is a realistic mathematical
model of the substrate-coating thermal interaction. Such a
model was developed and used in Ref 3 and 7 to predict the for-
mation of WC-Co and WC-Ni coatings on a steel substrate. It
gives the results, which agree well with the experimental data
(Ref4,7).

This model is part of a general model of HVOF spraying,
which predicts powder particle in-flight behavior as well as
coating deposition and structure formation (Ref 8-12). Simi-
lar models for plasma spraying were developed in Ref 13 and
14.

In this paper, the model is applied to WC-Co powder parti-
cles sprayed on to the face of a cylinder made of aluminum base
alloy (Al-4%Cu). The HVOF system installed in the Centre of
Thermal Spraying in the University of Barcelona (Plasma Tech-
nik 100) was used. A platform with the cylinders was rotated
with a speed of 0.5 ms™ and atime interval of 1.32 s between the
application of the subsequent coating layers.

The results of this paper are used in Ref 15 for the modeling
of coating structure formation during HVOF spraying of the
WC-Co powder on to the Al-4%Cu substrate. The results agree
well with the experimental data (Ref 15).
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2. Mathematical Model

The model is described in detail in Ref 3. Initially a powder
particle agglomerate consists of small carbide WC particles sur-
rounded by the Co-40%W alloy. During particle flight, dissolu-
tion of the WC takes place. The particles impinging on to the
substrate surface contain mainly carbides of diminished size in
the metal matrix alloy Co-W-C (Ref 5).

For this analysis, the impinging mixture of tungsten carbides
and the liquid alloy are considered quasi-homogeneous since
the carbide sizes (1 to 2 um) are markedly smaller than the coat-
ing layer thickness (~15 pm).

The heat transfer model uses two heat conductivity equations
for the substrate temperature, T, coating layer temperature, T,
and associated boundary and initial conditions (Ref 3).

Special attention is paid to the thermal interaction between
the first coating layer and the substrate. This interaction is very
important from the thermal point of view because it constitutes
the main part of the substrate-coating interaction and essentially
contributes to the coating-substrate adhesion and bonding.

On the basis of the calculated temperature fields 77 and Ty,
the criteria 111, 112,121, and I, of the thermal state of the solidify-
ing substances are calculated. They can serve as the indirect cri-
teria of the structure quality for both the first coating layer and
subsequent layers and for the substrate interfacial region (Ref 3,
6, 16).

The /;; and I}, parameters give the mean values of thermal
gradients arising during solidification in the substrate interfacial
region, and particularly in the first coating layer, which is re-
sponsible for the formation of thermal stresses (Ref 3). These
gradients are specifically calculated for the first layer because in
this layer they are higher than in the subsequent coating layers.
The criteria /5y and I, determine the mean values of the solidi-
fying substance residence time in the liquid-solid phase (mushy)
zone in the substrate interfacial region and in the coating layer,
respectively. These values influence the formation of structural
defects (porosity, nonmetallic inclusion, etc.) (Ref 3).

When /5; and I, are minimized, solidification is optimized
and minimizes stresses and structural defects in the coating and
in the substrate interfacial region (Ref 3, 6).
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The coating material properties are from Ref 3, and those of
the substrate aluminum alloy are from Ref 17 and 18. For the ba-
sic calculations, the parameters are shown in Table 1.

3. Results and Discussion

3.1 Coating First Layer

This layer is formed by the liquid droplets impinging on to
the substrate surface. Their heat is removed mainly by transfer
into the substrate. The heat exchange beiween the layer upper
surface and the surrounding gas medium in this case is negli-
gible.

Calculation results show that the full solidification time, Ty,
of the first coating layer increases with the layer thickness, 8,
and exhibits nonuniform behavior with respect to the layer in-
itial temperature Toq (Fig. 1). The nonuniformity is due to the
competition between two factors. On the one hand, the growth
of Tp enhances the layer heat content, and this slows down the

Tablel Numerical values of parameters

Substrate thickness 3mm
Coating layer thickness, 3 15 um
Substrate initial temperature, T 20°C

Heat transfer coefficient at the upper surface

of a coating layer, & 1000 Wm 2K ™!
Contact heat transfer coefficient at the substrate-
coating interface, Ot 4x10°Wm2K!

Contact heat transfer coefficient at the layer-layer

interface, Gty 1.3 x 10°Wm™K!
Fluid temperature near a coating layer upper

surface, T, 500 °C
Tungsten volume fraction in a metallic matrix

alloy 0.52
Metallic phase volume fraction 0.68

Layer initial temp.°C
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Fig. 1 Vanation of layer full solidification time with respect to 1ts
thickness and inttial temperature
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solidification process. On the other hand, the increase of Thg
steepens the transverse thermal gradients, which are the driving
forces for the heat removal. Therefore, heat removal increases.
This factor is more important for relatively small 8. Thus, the Ty
parameter at first diminishes with T,q, attaining its minimal
value at Ty = 1495 °C, and then grows. The solidification time,
Tsob increases with the substrate initial temperature, T¢.

Some details of the solidification kinetics of the first layer are
shown in Table 2. At the moments f | and tg, the isotherms of
the liquidus and solidus, respectively, appear at the substrate-
coating interface. They move toward the layer upper surface and
disappear when ¢ = # 5 (liquidus) and t = #55 (solidus). The latter
is the time of the layer full solidification, Tg,).

The time, #;;=0.03 ps, does not vary with T, T3 and
0.Time fg;, which is very near #;, behaves similarly. The ¢ 5
time increases with Tjp and §, and diminishes with T The g
time exhibits the same behavior with respect to Ty and §, and
grows with Tpq.

The parameter, T) = (17 — zu)zgé, defines the time of exist-
ence of the liquidus isotherm. It decreases when T grows and
when 8 diminishes, and varies weakly with T'jq. Table 2 shows
that the liquid phase remains in the first layer during 60 to 80%
of the full solidification time, fg, of the layer. The parameter,
T, = (ts7 — t.2)f55, determines the relative time of existence of
the solid-liquid (mushy) zone state. This value increases with
T»g, decreases with §, and does not vary much with T The
mushy zone state remains in the coating first layer during 20 to

Table2 Variation of characteristic times of solidification
in coating first layer with respect to spraying parameters

T10,°C T5,°C  §,um  tpps  fsp s T T
20 1482 15 247 3.27 0.746 0.245
300 1482 15 2,77 3.67 0.747 0.245
20 1530 15 224 3.61 0.612 0.380
20 1482 25 6.81 8.29 0.818 0.179

Layer initial temp.°C
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Fig.2 Variations of mean thermal gradient, /12, with respect to layer
thickness and 1nitial temperature
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40% of the full solidification time of the layer. The t; parameter
grows with Tpq.

From the behavior of 1] and 1y, in the case of the aluminum
alloy substrate, the coating first layer remains in a liquid or
mushy zone state during much of its solidification time. These
results differ from those obtained when the same WC-Co or
WC-Ni coating was formed on a steel substrate (Ref 3, 6). For
example, in the latter case (WC-Ni coating), the liquid phase and
the mushy zone state remain in the coating first layer during 20
to 30% and 70 to 80%, respectively, of its full solidification time.
The percentages with respect to T3 and 1 in the case of the alu-
minum alloy substrate are almost reversed.

From Fig. 2, the mean thermal gradient, I}, in the solid phase
growing during the solidification of the layer increases with
layer thickness, §, and initial temperature, T5q, as both of these
factors enhance layer heat content.

Increasing the substrate initial temperature, T, decreases
heat removal from the coating layer, diminishes the thickness of
the solidifying solid phase, and smoothes its temperature distri-
bution. The competition between these factors causes the
nonuniform behavior of /15 with respect to Ty (Fig. 3).

As mentioned, the minimal values of Ij; correspond to the
minimal thermal stresses developed in the first coating layer
during thermal spraying. Note that the probability of stress for-
mation here is higher than in the subsequent layers. From Fig. 2
and 3, when 8 = 15 um, the minimal thermal stresses are likely
to occur if Tj9=200 °C and Tyg= 1497 °C. The maximum
stresses seem to arise when T = 300 °C. Thus, the substrate in-
itial temperature, T, is a critical parameter for the development
of thermal stresses.

Figures 3 and 4 show that the mean value of the solidifying
alloy residence time in the mushy zone, /55, varies nonuniformly
with respect to 8, Tjg, and Ty The optimal layer structure
formed during its solidification corresponds to the minimal val-
ues of I, and it is possible to predict that this structure can arise
under the following process parameters: 8 = 10 to 15 um, Tjo=
20°C, and Thg= 1510 °C. Asignificant change in the structure is
expected when 8 = 20 um, Ty = 300 °C, and T,9= 1550 °C.

Sometimes different conditions must be fulfilled to obtain mini-
mal values of Iy and I; in the same process (Ref 16). The signifi-

_ 220 350
£

< <
S S
ANAS >
— Q
g' 340 g_
5; -~
£ 214 + é
& —
£ =
< 330 5
o] n
s

210 L L L 325
0 100 200 300 400

Substrate 1nitiat temp.°C

Fig. 3 Vanations of mean thermal gradient, /{5, and mean residence
time, /57, with respect to substrate initial temperature
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cance of the different coating structural defects in each particu-
lar case must be estimated to select the most critical defects (for
example, thermal stresses) and to minimize them. In our case,
such conditions for minimal stress correspond approximately to
8=10to 15 um, T1g= 200 °C, and Ty = 1500 °C.

3.2 Substrate Interfacial Region

Due to heat transfer from the coating layer, the substrate in-
terfacial region undergoes melting and subsequent solidifica-
tion. The times for these processes are presented in Table 3.
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Fig. 4 Variation of mean residence time, I73, with respect to layer
thickness and initial temperature
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Fig. 5 Variation of substrate solidification times with respect to
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Liquidus isotherm h ,um

Solidus isotherm hg,pum
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Fig. 6 Variation of position of liquidus isotherm in substrate with respect to time
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Melting starts when the solidus isotherm T = T appears at
the substrate-coating interface at the moment ¢ = tg; = 0.31 pm.
It moves into the substrate with a parameter, kg (equal to the dis-
tance between the interface and the position of the solidus iso-
therm), determining its displacement with respect to the
interface. Displacement is maximal when kg has the maximal
value hgpy, defining the substrate melting depth.

The liquidus isotherm appears at the interface at =1y,
which is very near tg), and moves into the substrate. Parameter
hyp gives its displacement with respect to the interface. Its maxi-
mal value, Ay, is the upper limit of the solid-liquid zone in the
substrate interfacial region.

After melting is completed, solidification starts. At first, the
liquidus isotherm begins to move toward the interface at r = 11 5,
reaching itat = # 3. Later, at ¢ = g, solidus isotherm movement
starts, and this isotherm comes to the interface at r = tg3. The pa-
rameters Tz = (f 3 — th)t§§ and 14 = (fs3 — t57)75, are the relative
times of movement of the liquidus and solidus isotherms, re-
spectively.

From Table 3, # 5, fs), 113, and tg3 increase with 8, Ty, and
Typ The 13 parameter diminishes as Tjg grows and Tpg de-
creases, and does not vary much with 8. The increase of Tygand
Ty gives rise to t4. This parameter decreases with 8. The sub-
strate interfacial region remains in the mushy state during a sig-
nificant portion of its solidification time.

Table3 Variation of characteristic times of solidification
of substrate interfacial region with respect to spraying
parameters

T10,°C T0,°C S, pum 1,5 f5p,Ps fLa,Us Loy s T3 T4
20 1482 15 330 434 1066 1353 0544 0.679
300 1482 15 782 1421 2875 4699 0444 0.700
20 1530 15 35.1 46.5 1149 1458 0.547 0.681
20 1482 25 73.7 98.3 2320 2909 0.544 0.662
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Fig. 8 Variation of susbtrate melting depth with respect to layer
thickness and substrate initial temperature
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The values of # 3 and 153 increase with the layer thickness, d,
and substrate initial temperature, T (Fig. 5). The difference be-
tween 7, 3 and rg3rises with Tjgand weakly varies with 8. These
times also grow when the layer initial temperature, T, in-
creases.

The general view of the liquidus and solidus isotherms corre-
sponding to their maximal penetration into the substrate inter-
facial region during melting is shown in Fig. 6 and 7. Their zones
of penetration widen with increasing 8, T, and T3¢ and narrow
with increasing o.. The maximum values of A and hgy, in-
crease when the parameters 8, Tyg, and Thq grow (Fig. 8). The
difference between Ay, and hgy, which determines the extent of
the mushy zone region, increases with T and weakly varies
with 8.

An understanding of the formation of the substrate structure
in its interfacial region during solidification requires knowledge
of the variation of the mean thermal gradient, [}, in the solidify-
ing solid phase and the mean residence time, I71. The [} parame-
ter diminishes with increasing & and Ty (Fig. 9). It exhibits
nonuniform behavior with respect to T;g, having a minimal
value at Trg = 1510 °C. The criterion, I3}, grows with Thgand be-
haves nonuniformly when & and Tjg increase. It has minimal
values at 8 = 15 to 22 um and Tjo= 200 °C. Thus, thermal
stresses are expected to be minimized when Thg = 1510 °C, and
the optimal structure in the substrate interfacial region seems to
develop if & = 15 to 22 um and 779 = 200 °C.

3.3 Subsequent Coating Layers

The influence of the subsequent coating layers on heat trans-
fer, particularly in the substrate-coating interfacial region, es-
sentially depends on the thermophysical properties of the
substrate and coating materials. References 3 and 5 show that,
for the HVOF sprayed WC-Co coating on a steel substrate, the
influence of the second layer is very weak and that of subsequent
layers decreases, nearly vanishing with the fourth layer. Thus, in
that case, the interfacial heat transfer is determined mainly by
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Fig. 9 Variation of mean thermal gradient /j] with respect to layer
thickness and substrate initial temperature
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Fig. 10 Variation of maximum temperature at interface and different
characteristic distances in substrate with respect to layer number

the thermal interaction between the substrate and the first coat-
ing layer .

The situation is different when the WC-Co coating is formed
on the aluminum alloy substrate. Due to the thermophysical
properties of this alloy, the subsequent coating layers markedly
influence the heat transfer as well as the structure formation. The
second layer has the most influence because the contact heat
transfer coefficient between layers, 0.y, is higher than that of 0
at the substrate-coating interface. Because of splashing by im-
pinging droplets, forming of pores, etc., the coating layers are
rougher than the original substrate and, therefore, have a higher
o
Calculations show that the time for full solidification of the
second layer, T, is about 25% greater than that for the first
layer because 0y > Oy The second layer also influences the
depths Ay , and kg, of the isotherms of liquidus and solidus dur-
ing the melting process in the substrate interfacial region. These
parameters grow by about 10% of the values for heat transfer
from the first layer. Thus, the heat transfer from the second layer
leads to the remelting of the substrate interfacial region and its
subsequent repeated solidification.

The influence of the third and subsequent layers is markedly
smaller than that of the second layer. Figure 10 shows variation
of maximum temperature at the substrate-coating interface and
of characteristic distances in the substrate with layer number.
These temperatures diminish with the increase of o, and the
layer number. Their variation is most pronounced at the inter-
face and in the substrate interfacial region 10 pm from the inter-
face. Figure 10 shows that substrate remelting at 10 |Lm ceases
starting from the third layer and that the interface remelting
ceases from the fourth layer.

The variation of the maximum temperature at the interfaces
between the first and second layers (7(,,1 ’2)), second and third lay-

Journal of Thermal Spray Technology

1000 —

Max. temperature,°C
(82}
o
o

WO——"""72"% 8 10

Number of layers

Fig. 11  Variation of maximum temperature at interfaces between
different layers with respect to layer number

ers (TZ), and fifth and sixth layers (7)) with respect to the
layer number is shown in Fig. 11. These temperatures decrease
with increasing layer number and o. The Tﬁi) temperature is
changed mainly under the influence of four subsequent layers
while T and T$® undergo their main variations under the in-
fluence of three subsequent layers. Thus, thermal interaction be-
tween the different coating layers is more substantial near the
substrate-coating interface and decreases with increasing layer
number.

The influence of this interaction on the structure formation is
discussed in Ref 15.

4, Conclusions

¢ The full solidification time of the first coating layer in-
creases with the layer thickness and initial substrate tem-
perature. It varies nonuniformly with respect to the initial
layer temperature.

¢ The first coating layer during solidification remains in the
liquid or liquid-solid (mushy) state during much of its full
solidification time: 60 to 80% in the liquid state and 20 to
40% in the mushy state, respectively.

e  The mean thermal gradients in the layer with a solidifying
phase, responsible for the development of thermal stresses,
increase with layer thickness and initial temperature. They
vary nonuniformly with initial substrate temperature.

e  The minimal thermal stresses in the first coating layer
(where they are higher than in the subsequent layers) are
likely to occur when T1o= 200 °C and T2o = 1495 to 1500
°C. The maximal stresses seem to arise when 710 = 300 °C.

e The mean value of the solidifying alloy residence time in
the mushy zone state varies nonuniformly with layer thick-
ness, initial layer temperature, and initial substrate tem-
perature.
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e The best structural integrity in the coating layer is expected
when 8 = 10to 15 um, T19= 20 °C, and T20= 1510 °C, and
the worst is expected when § = 20 um, T19= 300 °C, and
T2 = 1550°C.

e  The substrate interfacial region remains in the mushy state
during much of its solidification. The zones of penetration
of the liquidus and solidus isotherms into the substrate in-
terfacial region during its melting increase with 8, T1¢, and
T20and decrease with 0. The maximum values of AiLmand
hsmincrease when 8, Tig, and Too grow. The difference be-
tween 2Lm and Asm, which determines the extent of the
mushy zone region, increases with T1g and varies weakly
with §.

e  The mean thermal gradient in the solidifying substrate in-
terfacial region diminishes with increasing layer thickness
and temperature and varies nonuniformly with respect to
the initial substrate temperature. The minimal thermal
stresses are expected when T20= 1510 °C.

e  The mean value of the residence time of the solidifying alu-
minum alloy in the mushy state grows with the initial layer
temperature and varies nonuniformly with the layer thick-
ness and initial substrate temperature. The optimal struc-
ture formed after solidification in the substrate interfacial
region is expected when & = 15 to 22 ym and T10= 200 °C.

e  The time for full solidification of the second layer is about
25% greater than that for the first layer. Heat transfer from
the second layer causes remelting of the substrate inter-
facial region and then its resolidification The influence of
the third and the subsequent layers on the substrate-coating
interfacial region is markedly smaller.

e  The thermal interaction between different coating layers is
more essential near the substrate-coating interface and de-
creases with increasing layer number.
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