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Abstract

For the laser cladding process the temperature and strain—stress fields were numerically calculated for the case of
stellite SF6 coating on the X10Cr13 chromium steel. The effect of the base preheating on microcracking susceptibility of
the coating was considered. A decrease of the strain stress generated in the coating from 1800 MPa for the non-pre-
heated base (20 °C) to the value below the limit of the SF6 tensile strength of 900 MPa for the case with preheating (500
°C) was observed. For comparison with experiment the coatings were prepared by laser cladding with and without
preheating of the base. Cracks were observed in photographs of the sample for the non-preheated case. Preheating at
temperatures above 500 °C resulted in production of crack-free coatings, in agreement with the calculations.
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1. Introduction

The laser cladding of metal powders for production
of protective coatings of enhanced mechanical proper-
ties and also for repair of worn-out machine parts rep-
resents a cost-effective alternative to conventional
techniques, such as plasma spraying, mechanical pro-
cessing and moulding. In particular, the laser cladding of
cobalt-based alloys (stellites, tribaloys) is of interest for
the industrial applications, because these coatings ex-
hibit a relatively high wear resistance, microhardness
and a fine-grained, homogeneous microstructure [1-6].

It follows from the literature that the microcracking
susceptibility of the laser-cladded layers represents a
serious problem, which still limits a wider application of
the considered technique [1,2]. In the extreme case the
cracks may lead to disconnection of the coating from the
base material. Recently, results of numerous investiga-
tions aimed at solving the problem were reported. The
preheating of the substrate prior to the coating prepa-
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ration is one of the widely discussed solutions [1,4,7].
However, the available data indicate that the modelling
and description of the effects involved are quite complex
due to laser interaction with a multiphase environment
and fast melting of different materials (base and coat-
ing).

In this work the time-dependent temperature and
stress fields developed during laser cladding are investi-
gated in order to explain the cause of microcracking of
the laser-cladded metallic coatings. The effect of base
material preheating on the cracking susceptibility is
taken into account. An efficient approach is proposed,
allowing one to calculate numerically the thermal and
strain-stress distributions. Results of calculations are
compared with the experiment and discussed.

2. Formulation of the thermal and stress problems

The problem of the temperature distribution and the
stress field was studied in connection with laser cladding
realized by direct remelting of metal powders. The
geometry of the laser beam—material interaction region
is shown schematically in Fig. 1.
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Fig. 1. Scheme of the one-step laser cladding of metal powders;
the material is supplied co-axially with the laser beam.

The heat transfer processes: conductivity, convection,
radiation and also the latent heat were taken into ac-
count. The input data required for numerical calculation
by means of the ADINA code [8] were taken according
to the experimental conditions, together with the
respective values of the material constants characterizing
the base plate and the metal powder to be melted. The
base and the powder materials were the chromium steel
X10Cr13 (13% Cr, 0.6% Ni, 0.6% Mn, 0.6% Si, 0.12% C,
bal. Fe), and the Co-based stellite SF6 alloy (19% Cr,
13.5% Ni, 7.5% W, 3% Fe, 2.3% Si, 1.6% B, 1% Mn,
0.7% C, bal. Co), respectively. The thermal and strength
properties of both materials are given in Table 1.

The other thermal and material properties of the steel
and stellite were taken as follows:

e Young’s modulus—206 GPa,

e Poisson’s coefficient—0.3,

e convection coefficient—5 W/m? deg (at ambient tem-
perature of 20 °C),

e Stefan-Boltzmann constant—35.7 x 108 (at 20 °C),

e cmissivity coefficient—0.2.

The latent heat of X10Cr13 steel was estimated based
on data available for materials of similar chemical
composition. For Stellite SF6 the linear dependence of
the conductivity and heat capacity on the temperature in
the range 20-1120 °C was assumed and values corre-
sponding to the interaction conditions were used—see
Table 1.

Table 1

The geometry of the interaction zone was defined by
the base plate dimensions of 55 mm X 55 mm X 6 mm,
and these of the coated material. The coating was lo-
cated in the middle of the base surface. It consisted of 20
parallel paths 1 mm wide. The length and height of the
paths were 20 mm x 0.2 mm. For the processing speed
of the laser head (scanning speed) a constant value of
10 mm/s was assumed.

For numerical calculations the ADINA code (Ver.
7.5) was used. The time dependent temperature distri-
bution was calculated using the ADINA-T code devel-
oped for the thermal field analysis. The problem of the
strain-stress field was solved using the ADINA code.
For the heat transfer by conduction in the base and
coating material 20-node finite elements (3D conductive
elements) were applied [9]. Those elements were de-
scribed by quadratic shape functions. For modelling of
the convection and radiation processes considered in the
heat transfer analysis the “Boundary Convection” and
“Boundary Radiation” elements with eight nodes were
used.

Increase of the total mass of the solid material during
the cladding process was taken into account in the
numerical modelling, because a part of the powder
material accumulated on the base plate surface in the
form of a solid layer, resulting in a temporal dependence
of the structure geometry. Accordingly, the “Birth/
Death” option of the code was used in the numerical
calculations. This option enabled a time-dependent
activation and deactivation of the finite elements. It was
used for the elements describing the melted powder
material, and for the elements applied in modelling of
the convection and radiation on the base surface as well.
The “Birth/Death” option was used for description of
new-formed fragments of the build-up. The scheme de-
scribed above enabled changes of the configuration in
arbitrarily selected time instants.

The energy supplied by the moving laser head was
modelled by a code option called distributed heat flux. It
enabled us to define the position of the laser head for
individually defined time functions. The initial thermal
fields of a given specimen were modelled by the option
prescribed temperature. This enabled assuming arbi-
trarily chosen temperatures for selected regions.

In the numerical calculations the relation between the
temperature and material parameters was taken into

Thermophysical properties of X10Cr13 steel and stellite SF6 alloy powder

Density Latent heat Melting tem- Linear expan- Tensile Conductivity  Heat capacity
(kg/m?) J/kg) perature (°C) sion coefficient  strength (W/mdeg) (J/kgdeg)
(1/deg) (MPa)
X10Crl13 steel 7800 272,000° 1460 10.5x10°¢ 680 29.3 460
Stellite SF6 8400 310,000 1350 17.4%x10°¢ 1020 14-45 426-801

# Estimated value.
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account. Also thermal effects associated with the change
of the material phase, i.e. the latent heat were taken into
consideration.

Due to the non-linearity of the above described
problem the equations of motion were solved by back
integration, using the Euler scheme together with the
Newton-Raphson iterative procedure. 400 incremental
time steps with Az = 0.1 s each were used. For each step
the program realized 30 iterations. The discrete model
was described by 2200 equations.

Results of the calculations were obtained in the form
of time-dependent temperature distributions. They were
used next in the calculations for the stress—strain prob-
lem. In this case the materials of the base and cladded
paths were modelled by 20-node finite elements with
three translational degrees of freedom per node. The
cladding process was modelled by the aid of the ““Birth/
Death” option. This option was adopted for all the
considered finite elements, just as in the ADINA-T code.
The thermal fields were used as loads in the consecutive
time steps. It was assumed that the bottom surface of the
plate was fixed.

The numerical model considered had 6600 degrees of
freedom. The problem was numerically solved on a PC
(Celeron 400 MHz processor). The calculation time did
not exceed 1800 s.

3. Results of calculations

The time-dependent temperature and stress were
calculated at arbitrarily chosen points of the discrete
model P, and E;, respectively, for the initial base tem-
perature of 20 and 500 °C, i.e. for a non-preheated and
preheated case. A scheme showing locations of these
points and elements together with the reversal move-
ment trajectory of the laser head is given in Fig. 2. Points
P are placed in the middle of the appropriate elements,
whereas points E are situated in the middle of the bot-
tom surface of these elements—see the right part of Fig.
2. It should be pointed out that the diagrams of the

<R
<SS
S22
SSSESED B2,
2S5

S S et

ZIRSIIZIIIZELIZSISISISISIN,
D S e S o

2I2SLILSLS qm >3
ZILILELELERS ZSXSRIISISR
ISR SIS

2SRRI SESEIIIRIIRIL
2 SRSRIRIIIZILERELSZSESIIIIRIEL )

SRSRIRIREZILETSISLILEII Y
RSIIIIRIRSZHS oSeSe %

RIS S5

QERERSELESEILHERIZ)

RSS2SR
RS
55
N oS
N,

655

temporal dependences are related to the respective
points P, and start from the points they concern, because
the considered points (P1-P4) come into being during
the laser beam passage through these locations. On the
other hand, the stress diagrams begin at a time ¢ = 0, as
the bottom surface of the coating elements is just the
same as the upper surface of the base elements.

Results of calculations are shown in Figs. 3-5. The
first temperature and stress peaks shown in Fig. 3 cor-
respond to the laser beam passage across the element in
which points P1 and El are located. The consecutive
peaks are generated as a result of the heat transfer from
the laser beam passing along adjacent traces. The time
difference between the first and second peaks is equal to
about 4 s, which coincides with the distance of 40 mm

2000 - ) .
— ] T without preheating
g 1600 4 base preheating to 500°C
§ 1200 -
g 800 - R =1020 MPa
=
k5

t[s]

Fig. 3. The time dependences of the temperature (point P1) and
reduced stress (point El) for the base initial temperatures of
20 °C (dots) and 500 °C (solid line).

Fig. 2. A discrete model of the laser—material interaction zone. A view of the build-up 40 s after starting the process, and points

selected for presentation of the calculation results.



656 R. Jendrzejewski et al. | Computers and Structures 82 (2004) 653-658

2000 | without preheating
600 —— base preheating to 500°C
1200 -

effective stress [MPa]
B ®
g 8

o
1 1

Fig. 4. The temporal changes of the temperature (P2) and re-
duced stress (E2) calculated for the base initial temperatures of
20 °C (dots) and 500 °C (solid line).

passed by the laser beam at the scanning speed of 10
mm/s. The laser beam is then crossing the next ele-
ment—the last in the second trace. The heights of the
first temperature peaks for both considered cases, i.e. for
the preheated and non-preheated base, exceed 1500 °C.
This indicates that the condition of melting of both the
coating and base materials is fulfilled, and a proper
bonding between them can be obtained. The effective
stress diagram reveals two marked peaks, which tem-
porally coincide with temperature peaks. The value of
tension induced in the coating made without preheating
exceeds the value of the tensile strength of stellite.
Therefore microcracks are expected in that case. This is
evident from the observation of the first and second
peaks of the dotted line in the upper part of Fig. 3. On
the other hand, the reduced stresses shown for point El
in the case of cladding on a preheated base material do
not exceed 900 MPa. That value is smaller than the limit
of tensile strength of the investigated stellite. In this case
microcracks should not appear in the cladded material.

The first temperature peak illustrated in Fig. 4 cor-
responds to the laser beam passage through the element
containing point P2. The temperature exceeds 1500 °C
and this assures melting of both materials. Other peaks
appear as an effect of the thermal field generated by the
laser beam passage of the neighbouring points. The
upper diagram illustrates the effective stress changes.
Several peaks are revealed. The highest peaks in dotted
and solid lines correspond to the laser head passages
across the element including point E2. Other peaks
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Fig. 5. The time dependences of the temperature and reduced
stress at P3 and E3 (a), and at P4 and E4 (b) respectively, for
the base preheating temperatures of 20 °C (dots) and 500 °C
(solid line).

correspond to the beam passage along the paths located
close to this element. Values of stresses induced in the
sample made on the non-preheated base exceed the value
of the stellite tension strength, both during the beam
passage through the considered element and along paths
located close to this element. Therefore microcracks are
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expected in this element, while the maximum stress in
the coating on the preheated base reaches 880 MPa,
which is below the tensile strength limit for the melted
material.

A similar decrease of the effective stress in the coat-
ings on a preheated substrate was observed for the fol-
lowing points, and the example diagrams for two of
them are presented in Fig. 5. It is worth noting that the
maximal values of stresses in the middle of the coating,
i.e. about 1400 MPa (non-preheated base) and 700 MPa
(preheating applied) for points E3 and E4 are smaller
than those calculated for points E1 or E2 close to the
coating border (about 1800 and 900 MPa in the non-
preheated and preheated case, respectively). This means
that the coating borders located close to the starting
point of the process reveal a higher cracking suscepti-
bility. This is due to the larger temperature gradients in
the initial stage of the cladding process. Moreover,
according to the results shown in Fig. 5 the areas near
points P1 and P2 are almost not affected by the laser
beam passage across points P3 and P4. This conclusion
is based on the fact that after about 15 s the change of
the effective stress is negligible. The above consideration
indicates that conclusions regarding the cracking sus-
ceptibility at the chosen locations can be correct even for
coatings of larger dimensions than those modelled here.

In contrast to the stress data, the values of the cor-
responding temperature peaks are comparable to each
other, despite different initial temperatures of the base
material. This result is due to the reduced value of the
laser beam flux applied for calculation of the case with
preheating.

4. Comparison with experiment

In order to check the correctness of the model
assumptions and the calculated results, experimental
investigations were carried out. Samples of coatings
were produced by means of a 1.5 kW cw CO, laser
equipped with a numerically controlled XYZ manipu-
lator. Positioning and feeding of the samples were en-
sured by a processing table. During the process, the
powder material was delivered into the processing zone
in a stream of carrier gas (Ar) by means of a multi-
stream nozzle, as shown diagrammatically in Fig. 1.
Two additional Ar streams were applied for shielding of
the focusing optics and preventing production of oxides
and contaminations. The laser stand has been described
in detail elsewhere [2,6].

For the coatings the stellite SF6 powder, character-
ized by grains of spherical shape and diameter of about
60 pm was used. 6 mm-thick plates of X10Cr13 steel
with a composition similar to that used for steam tur-
bine blades were used as substrates. The single trace
width was equal to about 1 mm and the laser beam

scanning speed relative to the base material was kept at
10 mm/s. Coatings of 2 x 2 cm? area and thickness in the
range from 0.15 to 0.3 mm, depending on the powder
feed rate, were produced. The sample and modelled
coatings had equal volumes.

The samples were prepared with and without pre-
heating of the base material. Preheating temperatures in
the range from 450 to 600 °C were applied prior to the
laser cladding in order to diminish or eliminate crack
development in the deposited coatings. The temperature
of the heated base material was controlled by means of a
Kleiber 270B fast infrared pyrometer (15 ps response
time).

Two constant laser irradiation levels of 1100 and 800
W were adopted for production of coatings on the cold
and preheated bases. The laser beam was focused by
means of a lens optics (ZnSe, f = 127 mm) into a spot of
about 0.3 mm at the nozzle outlet, while on the base
material, placed 7 mm below the focal point, a constant
diameter of 1 mm was maintained. This resulted in
changes of the beam intensities between the nozzle and
the substrate from 8.6 x 103 to 9.4 x 10* W/cm? for the
laser beam power P =800 W, and from 1.2x10° to
1.3x10° W/em? for P = 1100 W. Powder melting oc-
curred at intensities between these limits, whereas values

SUEm
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Fig. 6. A cracked stellite coating on the non-preheated base
material (a), and a crack-free cross-section obtained on the base
material preheated at 500 °C (b).
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on the base surface were lower, but sufficient to melt the
substrate and fuse it with the impinging coating parti-
cles. The values of the laser beam intensities used for
powder melting, multiplied by the absorption coefficient
of 11% taken from the literature [10], corresponded to
the heat flux values assumed for modelling.

The experimental results were compared with the
calculated data. An inspection of the sample surface and
cross-sections was performed by means of the optical
and scanning electron (SEM) microscopes. Fig. 6a
shows cracks in the coating cladded on the cold base i.e.
without preheating. The cracking susceptibility was
evidenced in all samples processed under the conditions
mentioned. However, it was found that the number of
cracks decreased with an increase of the base preheating
temperature and the crack-free coatings were obtained
for temperatures starting from about 480 °C—see
example on Fig. 6b. The extended SEM revealed a well
remelted, dendritic structure of the stellite coating,
characterized by a metallurgical bond between the sub-
strate and the laser remelted material. This experimental
result confirms the conclusion from the temperature
fields calculations, where maximal temperatures
exceeding the melting point of both substrate and stellite
materials were evidenced.

5. Conclusions

Numerical calculations of the time-dependent tem-
perature and stress fields induced during laser cladding
were performed. For the thermal and stress problems a
discrete model was applied and the solutions were ob-
tained by means of ADINA code with a implemented
finite element module.

Results of calculations indicate that an initial heating
of the base material contributes significantly to the de-
crease of stresses generated in the coating. The maxi-
mum calculated stress for an assumed initial base
temperature of 20 °C reached 1800 MPa, exceeding thus
the limit of the stellite SF6 tensile strength of 900 MPa.
This indicated a possible occurrence of microcracking.

The stress values calculated for the initial base tem-
perature of 500 °C were lower than the mentioned limit
and allowed one to expect crack-free coatings. More-
over, the results showed that in order to get the desirable
technological effect of the laser cladding with the base
preheating applied, the laser beam intensity should be
significantly lower (by about 60%) compared to the case
without preheating.

Experimental verification of the numerical results
was made. Sample coatings of stellite SF6 were prepared

by laser cladding with and without preheating of the
chromium steel base. In the photographs of the sample
surface and cross-section cracks in the coating prepared
on a cold substrate were observed. With increase of the
temperature of base preheating decrease of the number
of cracks was observed. Preheating at temperatures
above 500 °C resulted in production of crack-free
coatings.

The numerical model used and solutions obtained
gave a valuable insight into laser cladding and valuable
solution data as evidenced by the comparison with the
experimental results. Results of the calculations will be
applied in the pre-selection of parameters for the laser
cladding process in the forthcoming work.
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