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Abstract The interface area in laser cladding, micro-
structures and mechanical properties of which determine
the structural integrity of the laser-deposited coating,
consists of two distinctive zones: the dilution and heat-
affected zones (HAZs). The dilution region is the region
where melted substrate forms a mixture with coating
material and possesses microstructure similar to the coat-
ing. The HAZ is the region that lies in the substrate but
possesses different microstructures compared with original
substrate due to heat transfer from melt pool during pro-
cessing. There are limited data available on mechanical
properties of the dilution and HAZ and, in this study, the
mechanical properties of the two regions have been eval-
uated using nanoindentation. This testing technique has the
ability to resolve the mechanical properties at fine spac-
ings, unlike microhardness testing and conventional
mechanical testing. Stellite 6 powder was deposited onto a
round bar AISI 4130 steel using a continuous wave
Nd:YAG laser. The effect of laser cladding process on the
microstructure, hardness, and elastic modulus of the coat-
ing, at the interface has been examined by nanoindentation
testing. The elastic modulus of the substrate measured was
found to be 198.76 + 24.96 GPa, which is in a good
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agreement with the standard elastic modulus of AISI 4130
reported in literature. For the laser clad specimen, dilution
area showed elastic modulus of 192.62 & 7.67 GPa,
slightly higher than the average elastic modulus of the
HAZ, 189.94 4+ 14.75. This is due to the dilution area
containing a mixture mainly of Fe, Cr and Co. The
increased level of Fe in this dilution area leads the ten-
dency of this region to behave as substrate.

Keywords Laser cladding - Dilution - Heat-affected
zone mechanical properties - Nanoindentation

Introduction

Laser cladding is a laser-surfacing technique that can
enhance the properties and/or regenerate surface of a
component. In laser cladding, heat from laser energy melts
a small region of the substrate into which coating material
is injected and fuses the coating material to the substrate,
thus producing a new layer with sound metallurgical bond
(illustrated in Fig. 1). In the presence of different structures
and properties of clad and substrate, laser cladding product
can be considered as a bi-material system or composite.
One of the important issues in laser cladding is the for-
mation of diluted zone: a region where mixing of chemical
elements from substrate and coating material occurs, which
can degrade the properties of the coating material. Dilution
level is defined as the ratio of melted substrate area (A;) to
the total molten area (A; + Af) (Fig. 2). Dilution is known
to affect the hardness [1, 2] and wear property of clad layer
[3-5]. Compared with other thermo-mechanical processes,
laser cladding is capable to produce lower dilution levels [3,
6, 7] and finer microstructure in clad layer [7, 8]. The heat-
affected zone (HAZ) that lies in substrate, below the dilution
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Fig. 1 Schematic illustration of laser cladding process
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Fig. 2 Schematic illustration of dilution

region (Fig. 2) also shows a variation in properties of the
material that can be detrimental in certain applications. In
terms of bi-material system, fracture behaviour of this sys-
tem was found governed by yield strength and elastic mod-
ulus of the two different layers of material. Several studies [9,
10] have shown that in a bi-material system component, the
differences in yield strengths and elastic moduli of the two
materials affect whether the crack will propagate into the
substrate material along the interface, or bifurcate at the
interface. Other studies on bond strengths of laser-clad
specimens showed that cracks initiated and propagated along
the area at the vicinity of dilution region due to the presence
of lower strength phases [11, 12].

Despite the need of further understanding of mechanical
properties of clad layer and the substrate in assessing the

Table 1 Chemical composition of AISI 4130 steel and Stellite 6

performances, very limited study towards characterization of
laser-clad structure is available. The main reason for the
limited study is due to the two region’s geometry and small
size, is not conducive for conventional mechanical tests,
therefore, requiring the development of other material char-
acterization methods.

Nanoindentation testing which is used for characteriza-
tion of thin (micrometer) layer coating could be used to
study the interface region produced during laser cladding.
Nanoindentation testing is designed to sense and record
indentation depth in nanometer (nm) scale and loads in mN
resolution and produce load versus displacement curve or
P-h curve. Depending on the type and geometry of the
indenter, with reference of the P—h curve, various material
properties can be calculated, i.e. hardness, elastic modulus
and fracture toughness using Berkovich-type indenter [13].
In this study, by utilizing instrumented nanoindentation
method, mechanical properties, primarily elastic modulus
of the dilution zone and HAZ in a laser clad were inves-
tigated and related to the bulk properties of the clad.

Experimental
Laser Cladding and Microstructural Examination

The substrates and coating materials used in this experi-
ment were of AISI 4130 steel and Stellite 6, respectively;
the chemical compositions of the two materials are shown
in Table 1. AISI 4130 steel is one type of high-strength
low-alloy steel [29], commonly used in the manufacture of
crankshafts for power plant [14], for automotive applica-
tion [15], shaft of turbocharger [16], and aircraft compo-
nents [17]. Round bar of AISI 4130 steel, with a diameter
of 5.5 mm, was laser clad with Stellite 6 powder with the
powder size range of 45—150 pm. Stellite 6 is a Co-based
coating material that possesses superior high-temperature
wear [4]. Laser cladding was performed with a fibre-
delivered Nd:YAG Rofin Sinar laser, at 550 W, spot size
3 mm in diameter and with Argon shielding gas. Laser
cladding was conducted with linear scan speed of 500 mm/
min, using Stellite 6 powder which was injected using an
off-axis nozzle inclined at 60° to the substrate surface with
powder feed rate of 4 g/min. Multiple tracks and multiple
layers of Stellite 6 were deposited onto a round bar AISI

Composition (wt.%)

Fe C Mn P Si Cr Mo Co Ni W
AISI 4130 [29] Bal 0.28-0.33 0.40-0.60 0.035 max 0.04 max 0.15-0.30 0.80-1.10 0.15-0.25
Stellite 6 [32] 3 1.2 1 1.5 29 1.5 Bal 3 4.5
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Fig. 3 EDS inspection location across substrate indicated by loca-
tions / and 2; and across coating indicated by locations 6 and 7

Fig. 4 EDS inspection location at the vicinity of interface indicated
by location 3 (at HAZ), location 4 and 5 (at dilution region), refer to
inset of interface area in Fig. 3

4130 steel substrate surface until the final diameter of
specimen reached the value of 8.3 mm. After cladding, the
specimen was placed in vermiculate to allow for cooling
slowly to room temperature.

Chemical element measurements were performed using
an energy dispersive x-ray spectroscopy (EDS) unit, at two
locations—in the substrate area (at the centre and middle of
the substrate and in the HAZ) and coating region (two
locations at dilution region and one location at top of
coating)—as shown in Fig. 3. As for inspection at locations
in the vicinity of interface, each location was separated by
around 50 um (Fig. 4). It should be noted that the result of
the EDS technique is only an indication of the chemical
composition and is not an absolute value.

@ Springer

Specimens before and after laser cladding were cut in
transverse direction and polished down to 1 pm using
diamond paste followed by etching the polished specimen
in 2% Nital solution to reveal the microstructures. The
microstructure of Stellite 6 was revealed by electrolytic
etching in 2% Nital solution under 8—10 mV power. Micro
Vickers hardness measurements were performed under
100 g loads to measure the hardness of coating and
substrate.

Nanoindentation
Methodology

The reference of instrumented nanoindentation method to
probe hardness and elastic modulus utilized in this study
was the method developed by Oliver—Pharr [18]. This
method commences by fitting the unloading curve
according to power law relation as below:

P=B(h—h)", (1)

where P is the indentation load, & is the displacement, B
and m are the fitting parameters and h; is the final
displacement after complete unloading calculated from
curve fitting. From these data, contact stiffness is
established by differentiating Eq 1 at the maximum depth
of penetration, & = hpax:

_dr

S=—=
dh

mMB(Amax — he)™ " (2)
The obtained contact stiffness from Eq 2 is used to
estimate the contact depth, k., under the maximum

indentation load:

Pmax

g
where P, is the maximum load, and € is a constant
referring to indenter geometry: in this case, 0.75 for
Berkovich indenter. Contact depth information is required
to estimate the projected contact area, A, of the hardness
impression:

hc = hmax —&

(3)

A = n(h, tan 0)*. (4)

Contact area computed using Eq 4 is used to compute the
effective elastic modulus, E.y, using the formula as
follows:

1vn S
B2 VA
where f is a constant referring to indenter geometry, for

Berkovich indenter the value of f is 1.034 [18]. Finally,
elastic modulus can be computed using the formula:

Eer =

(5)
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Fig. 5 Indentation at 16 different locations (4 x 4 array) inside
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(6)

where E and v are the elastic modulus and Poisson’s ratio
for the specimen, and E; and v; are the elastic modulus and
Poisson’s ratio of the indenter, respectively. For diamond,
the value of E; = 1,141 GPa and that of v; = 0.07 [18].

Hardness and Elastic Modulus Measurement

Hardness and elastic modulus measurements using a Hys-
itron TI 700 Ubi Nanomechanical test instrument were
performed in two stages. The first stage was the load ver-
ification stage, where series of indentations were performed
on as-received AISI 4130 steel that has been polished using
OPS suspension and etched, by multiple loads ranging
from 2 to 8 mN with 1 mN interval on ferrite and pearlite
phases. For each loading, a cycle of holding time of 1 s and
unloading to 45% of complete unloading curve was carried
out before continuously applying sequence of higher
load. Both the loading and unloading rates applied were
0.2 mN/s. The purpose of this stage was to find the suitable
load that will produce indentation, which is less affected by
strengthening mechanism induced in the material when
applied load interacts with microstructure [19]. Second
stage of measurement consisted of applying a suitable load
as obtained from the first stage, on polished laser-clad
specimen (using OPS suspension) without etching to
maintain low roughness level to obtain reliable indentation.
Indentation configuration is shown in Fig. 5. It is evident
from several studies [20-22] that high roughness level
deviates from the calculated contact depth, which in turn
deviates from the calculated hardness and elastic modulus

Fig. 6 EDS analysis result based on the measurements at different
locations, see Figs. 3 and 4

values. The studies have proven that deviation is more
severe when low indentation load is applied. One study [22]
suggested that surface asperity less than 30 nm is adequate
to produce reliable hardness and elastic modulus informa-
tion when using the Oliver—Pharr method. Each indentation
was performed using Berkovich-type indenter with tip
radius of 50 nm. The Poisson ratio of AISI 4130 steel used
in the calculation of elastic modulus was 0.29 [23].

Results and Discussion
Chemical Elements Distribution

The result of the EDS measurement (Fig. 6) with reference
to measurement location refer to Fig. 3, showed that at
location 7, which was located further into coating region,
Co, Cr and W were the dominant elements that constituted
Stellite 6 coating. A mixture of Fe, Cr, and Co presents at
location 4 and 5 at a coating region close to interface
(Fig. 4), where Fe element presents more than Co and Cr.
Further down in substrate region, Fe element dominantly
constituted the bulk material of AISI 4130 steel.

Microstructure and Micro Vickers Hardness
The microstructure of Stellite 6 coating obtained in this
experiment was a mixture of dendrites and inter-dendritic

structure formed by a eutectic reaction (Fig. 7). Several
studies on laser cladding of Stellite 6 show that dendritic
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Fig. 7 Microstructures of coating, consists of dendrite structure
(bright colour) and inter dendritic structure (dark colour)

HEAT AFFECTERWZOMNE

Fig. 8 Microstructures of HAZ, consists of ferrite (white colour),
martensite (grey colour) and pearlite (black)

structure is rich with cobalt in the form of o Co, while dark
coloured structures are carbides in the form of M,C; [24,
25], M»3Cs [6, 24] and CogWeC [6, 24], where M repre-
sents Cr, Co and W. Figure 8 shows the microstructures in
the HAZ. Phase identification was confirmed by applying
hardness test using 5-g load, to phases with the three dif-
ferent colours and comparing the results with the hardness
values of ferrite, pearlite and martensite measured in as-
received and quenched round bar AISI 4130 specimens.
The hardness of ferrite, pearlite and martensite measured in
actual specimen were between 200 and 250 HV for ferrite
phase; between 250 and 300 HV for pearlite phase; and
between 550 and 600 HV for martensite phase. Based on
the hardness test results, the microstructure of HAZ in the
vicinity of interface between coating and substrate was
identified as ferrite (white colour), martensite (grey colour)
and pearlite (black).

@ Springer
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Fig. 9 Hardness profile at the vicinity of the interface of the laser-
clad specimen

Observation on hardness profile in Fig. 9 shows that
hardness level of dilution region (around 350 HV) is lower
than that of the bulk of coating (around 500 HV). Itis evident
from Fig. 9, the thickness of dilution region in this experi-
ment is approximately 0.4 mm, indicated by stable hardness
level at location up to 0.4 mm from interface, followed by
leap of hardness value starting at distance of 0.5 mm from
the interface. Lower hardness level of the diluted region was
because region contains less carbide-forming elements (Cr,
Co and W) and more of Fe element compared with bulk of
coating above the dilution region. Similar hardness profile
was also observed in the substrate region where hardness
level increases from 205 to 265 HV as the result of the pre-
sence of ferrite and pearlite phase, to around 350 HV as a
result of the occurrence of martensite structure together with
ferrite and pearlite phases, in the HAZ (Fig. 8).

Nanoindentation
Load Verification Stage

In the load verification stage, indentations were performed
on ferrite and pearlite phases (Fig. 10) by applying multi-
ple loadings on each indentation site. The roughness values
(Ra) of the two phases were 6.45 and 16.15 nm for ferrite
and pearlite phases, respectively. From Fig. 11, it was
noted that the elastic moduli of the two phase calculated
using Eq 6 were changed by increasing the indentation
load. For ferrite phase, the effective modulus decreases
until load of 5 mN and shows an increase when the load
increased towards 8 mN. In contrast to ferrite, the effective
elastic modulus of pearlite was found to be increasing
when the load increased towards 8 mN. The changes of
effective elastic moduli when load increases are expected
to occur due to indentation interaction with grain of the
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material [19]. From experiment [19], it was found that at
low load, plastic zone generated by indentation is within
the boundary of single grain, producing low hardness level.
When applied load increases, the hardness level will be
lowered (material become softer) as long as plastic zone is
still within the boundary of single crystal. Further increase
in applied load generates larger plastic zone that interacts
with adjacent grains which resist the generated plastic
zone. As a consequence of more resistance from adjacent
grains, the hardness level of the material will increase
(material becomes harder).
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Fig. 12 Elastic modulus of substrate, measured under indentation
loads of 2 and 8 mN
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Fig. 13 Hardness of substrate, measured under indentation loads of 2
and 8 mN

In order to verify the load that will be applied in mea-
suring elastic modulus of laser-clad specimen, with refer-
ence to indentation loading in Fig. 11, a load of 2 mN was
applied onto polished and unetched AISI 4130 with surface
roughness (Ra) of 7.67 nm. The elastic modulus and
hardness values obtained by using these parameters are
plotted in Figs. 12 and 13, respectively. The average elastic
modulus of AISI 4130 obtained in this experiment was
198.76 & 24.96 GPa and in conjunction with hardness
information (listed in Table 2), it showed results which are
in good agreement with data reported in the literature. The
hardness of AISI 4130 steel measured by micro Vickers
method (Table 2) can be expressed as 2.26 £ 0.124 GPa
after converting indentation load from kgf to Newton and
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Table 2 Mechanical properties of AISI 4130 steel

Elastic modulus Hardness (HV) Grain size
(GPa) (um)
Experiment 198.76 + 24.96" 225.96 + 12.43 15
Ref. [33] 197 245 25

# Measured by nanoindentation method

° Measured by tensile test method

applying the same micro hardness formula. It was found
that this hardness was 54.6% of average hardness value
measured by using nanoindentation method under load of
2 mN (Fig. 13), which is 4.14 £ 0.385 GPa. The mis-
match of value in hardness obtained by micro hardness
method and nanoindentation method in this experiment and
also that reported in other studies on hardness measurement
of steel [19, 26] was expected to occur due to the difference
in the size of indentation of the two methods, which is also
known as indentation size effect (ISE). ISE occurs when
applying low load and becomes more influencing when the
hardness impression is small (indentation depth < 1 pm)
[27], where indentation is capable of interacting with single
grain of material. However, when load increases, the
indentation size and depth also increase until the plastic
zone generated by indentation, interacts not only with a
single grain but also with the surrounding grains. A pre-
vious study on dual-phase steel [19] has shown that when
measured using nanoindentation method, martensite
structure possesses higher hardness value compared with
ferrite; however, when applying higher loads, indentation
interacts with both microstructures as a composite (mixture
of martensite and ferrite), generating lower hardness level.
Another study on stainless steel [26] showed that hardness
value measured by micro hardness method was found to be
73% of the hardness measured by nanoindentation method.

Another issue related to mechanical properties is that
yield strength can be estimated from hardness data
obtained from nanoindentation using empirical relationship
of H = 30 [28].

By implementing this relationship, the average yield
strengths observed were 1.38 and 1.08 GPa under inden-
tation loads of 2 and 8 mN, respectively. These values are
much higher than standard yield strengths of AISI 4130
which are in the range of 355-690 MPa [29]. One of the
reasons affecting the high hardness value, which leads to
higher yield strength, was that the sharp geometry of
Berkovich-type indenter allows some degree of elastic
recovery to occur in the specimen during unloading stage
[30]; therefore, the boundaries of elastic and plastic
deformations cannot be defined clearly.
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Fig. 15 Typical nanoindentation force—displacement curves of HAZ
and dilution region, under indentation load of 2 mN

Dilution and HAZ

Indentations on laser-clad specimens were performed at the
dilution region and HAZ (Fig. 14), while the typical load—
displacement curves of nanoindentations of the two regions
are shown in Fig. 15. Based on microstructural observation
(Fig. 14), dilution region is located at lower part of coating
area, above the coating—substrate interface, while HAZ is
in an adjacent zone to dilution region that is located at
upper part of substrate below the coating—substrate inter-
face. Dilution region basically is the area where mixing of
melted substrate and coating material occurs (Fig. 2), due
to heat from laser beam, and the degree of mixing can be
identified through EDS analysis. In this experiment, dilu-
tion region was dominated by the presence of Fe element
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Table 3 Elastic modulus of Stellite 6

Elastic modulus (GPa)

Experiment 192.62 + 7.67*
Ref. [34] 213.7°
Ref. [24] 286 + 14°

# Measurement location at dilution region

 Measurement location information was not clearly indicated, pre-
heat treatment applied

¢ Measurement location at y-Co phase (dendrite), no heat treatment
applied

(Fig. 6) that implies that the properties of dilution region
will be similar to or slightly different from the properties of
substrate. It is evident from Fig. 16, dilution region follows
this trend, where elastic modulus of dilution region is
slightly higher compared to elastic property of the
HAZ that lies in substrate area (AISI 4130). The average
elastic moduli of the dilution region and the HAZ in this
experiment are 192.62 £ 7.67 and 189.94 + 14.75 GPa,
respectively. In addition, the implication of mixing effect
in the dilution region is evident when comparing the elastic
modulus of dilution region with elastic modulus of Stellite
6 coating deposited by thermo mechanical process. It is
noted that the elastic modulus of the dilution region is
lower compared to the elastic modulus of coating reported
in the literature (Table 3).

As regards HAZ, lower elastic modulus (189.94 +
14.75 GPa) was found compared with the as-received AISI
4130 steel (198.76 & 24.96) due to the presence of mar-
tensite structure (Fig. 8), starting at the depth of 10 um
from the interface towards HAZ. A previous study [31]
showed that martensite structure possesses lower elastic
modulus compared with ferrite and pearlite structures
because of more distortion occurring in the martensite
crystal lattice. Therefore, the elastic modulus of the HAZ is

lowered by the addition of martensite structure to ferrite
and pearlite structure in the HAZ (Fig. 8).

Conclusion

An instrumented nanoindentation method using a Berko-
vich-type indenter was applied to probe elastic and plastic
property of the dilution region and the HAZ generated after
laser cladding of Stellite 6 powder coating on AISI 4130
steel. The average elastic modulus of the substrate mea-
sured under condition of surface roughness of 7.67 nm and
load of 2 mN, was found to be 198.76 + 24.96 GPa which
is in good agreement with the standard elastic modulus of
AISI 4130, reported in literature. This also confirms the
adequacy of using a Berkovich-type indenter in measuring
elastic property, however this type of indenter was found
inadequate to probe plastic property of laser-clad structure
in this study. The dilution region showed elastic modulus
of 192.62 + 7.67, relatively similar to the elastic modulus
of the HAZ which was 189.94 + 14.75. Due to the pre-
sence of more Fe element in the dilution region, behaves as
the substrate which is iron based alloy instead of as coating
which is Co based alloy. The elastic modulus of the HAZ
was found to be lower compared to that of the substrate
which is AIST 4130. The presence of martensite structure in
addition to ferrite and pearlite structures lowers the elastic
modulus of the HAZ.
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