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a  b  s  t  r  a  c  t

Protective  coatings  with  a high  abrasive  wear  resistance  can be  obtained  from  powders  by laser  cladding
technique,  in  order  to  extend  the  service  life  of some  industrial  components.  In this  work,  laser  clad
layers  of  self-fluxing  NiCrBSi  alloy  powder  mixed  with  WC  powder  have  been  produced  on stainless
steel  substrates  of austenitic  type  (AISI  304)  in a first  step  and  then  chemically  characterized  by laser-
induced  breakdown  spectroscopy  (LIBS)  technique.  With  the  suitable  laser  processing  parameters  (mainly
output power,  beam  scan  speed  and  flow  rate) and  powders  mixture  proportions  between  WC  ceramics
and  NiCrBSi  alloys,  dense  pore  free layers  have  been  obtained  on  single  tracks  and  on  large  areas  with
overlapped  tracks.  The  results  achieved  by LIBS technique  and  applied  for  the  first  time  to  the  analysis  of
LIBS)
aser cladding
hemical mapping
iCrBSi-WC hardfacing alloys

laser  clads  provided  the  chemical  composition  of  the  tungsten  carbides  in  metal  alloy  matrix.  Different
measurement  modes  (multiple  point  analyses,  depth  profiles  and  chemical  maps)  have  been  employed,
demonstrating  the  usefulness  of  LIBS  technique  for  the characterization  of  laser  clads  based  on hardfacing
alloys.  The  behavior  of  hardness  can  be  explained  by LIBS  maps  which  evidenced  the partial  dilution  of
some  WC  spheres  in  the coating.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The materials engineering field requires, increasingly, new
roducts with enhanced properties for cutting tools, biomedical

mplants or wear resistant coatings. In many cases, for this purpose,
omposites are employed for the production or synthesis of coat-
ngs often deposited on steel substrates. One way  to obtain these
ew materials is the laser cladding technique which consists on the
eposition of a melted and consolidated powder over the substrate
uring the irradiation process. The main features of this method

ncludes a small heat affected area and a low dilution between
lad and substrate. Common choices for the powder are titanium,
oMoCrSi alloys, tungsten carbides, aluminum, etc. [1–11] which
rovide the product with specific properties such as improved
ardness or corrosion resistance. The cladding process depends on
everal experimental parameters that must be optimized to gen-
rate tracks of high quality. Therefore, the characterization of the

roduced clads is essential for process control. In this sense, laser

nduced breakdown spectroscopy (LIBS) is an analytical technique
hat allows to obtain the elemental composition of any kind of

∗ Corresponding author. Tel.: +34 981337400x3274; fax: +34 981337410.
E-mail address: gines@udc.es (G. Nicolas).

ttp://dx.doi.org/10.1016/j.apsusc.2015.01.037
169-4332/© 2015 Elsevier B.V. All rights reserved.
materials by performing different types of analysis: point analysis,
depth profiles and chemical maps [12,13]. The last two measure-
ment modes provide additional information compared to point
analysis, such as evolution of elemental composition as a function
of depth and spatial distribution of elemental concentrations along
the surface, respectively.

Different kinds of materials can be analyzed with this technique
and it is worth mentioning metals and ceramics which have been
investigated in order to detect their main elements or impurities. In
this last case, LIBS has demonstrated to be a versatile and a powerful
technique for multi-elemental analysis of different ceramics such
as powders [14,15], bio-ceramics [16], alumina-based titanium car-
bide composites [17] or archeological artifacts [18,19].

In the present work, the capability of LIBS technique to
characterize laser produced clads of different composition and dis-
tribution, based on Ni matrix and tungsten carbide powders, has
been tested for the first time through point analysis, profiling and
chemical mapping in representative areas of the coating.

2. Experimental
The tungsten carbides in alloy matrix were produced using laser
cladding method by blending NiCrBSi (Deloro 30) and tungsten car-
bide (WOKA 3303) powders, resulting in NiCrBSi-WC metal matrix

dx.doi.org/10.1016/j.apsusc.2015.01.037
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.01.037&domain=pdf
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omposite. AISI 304 stainless steel was selected as base material, in
irtue of its high thermal conductivity which is a common property
f the steels used in abrasive environments. Laser cladding system
onsisted of a 2.2 kW continuous wave diode pumped Nd-YAG laser
Rofin DY022), equipped with a cladding head for coaxial powder
elivering. Powder feeding was made with a Sulzer-Metco Twin
0C unit and cladding head was installed in a ABB IRB2400 six axis
obot arm. Prior to the blending, the NiCrBSi and WC  materials were
tored in two different powder feeding hoppers, calibrated inde-
endently. The mixing of the two powders was performed during
he flight and the parameters related to this process were auto-

atically regulated by the robot controller. The obtained samples
onsisted of four clads with different tungsten carbide concentra-
ions of 5%, 15%, 30% and 45% (percentage in weight of WC). Each
ample was composed of a set of cladding tracks with an over-
ap of 40%. For the hardness and chemical analyses, samples were
ut transversally, grounded and polished. Hardness was  measured
sing a Vickers microindenter (Shimadzu) with loads of 2.96 N.
inally, the LIBS setup consisted of a Q-switched Nd:YAG laser
Quantel Brillant) operating at a wavelength of 532 nm with a pulse
idth of 5 ns, a repetition rate of 1 Hz, a pulse energy of 200 mJ  and

 beam diameter of 6 mm.  The laser radiation was focused upon
he sample surface by means of a focal 50 mm plano-convex quartz
ens. The plasma emission was collected with an ICCD camera
Andor iStar) and guided by an optical fiber to an Echelle spec-
rograph (Andor Mechelle). The diameter of laser spot generated in
he sample was 100 �m and the energy density was  about 51 J/cm2.
or a precise control of positioning, samples were mounted on three
otorized translation stages. The LIBS spectra were acquired using

 delay time of 1 �s and an integration time of 10 �s. All irradiations
ere performed in air under atmospheric pressure.

. Results and discussion

As it has been already mentioned, the specimens under study
ere obtained using deposition of a mixture of NiCrBSi and WC
owders by the laser cladding method. The parametric study of this
rocess led to the following values of 2000 W,  20 mm/s, 20 mg/mm,
espectively for laser power, scanning speed and powder deposi-
ion per unit length. With these conditions, laser clads exhibited

 good adhesion between deposited material and the substrate,
lmost free of pores and cracks over the surface and beneath
t. The microstructure of the cladding tracks was  composed of a

etal matrix and spherical cemented carbides. Only a fraction of
hese carbides was diluted in the metal matrix while the other
raction remained undiluted as it can be observed in the optical

icrographs of Fig. 1 which displays cross-sections of 5% and 30%
ungsten carbide concentrations. This undiluted fraction of tung-
ten carbides continues maintaining the weight ratio relationship.
he coating with a thickness of about 400–500 �m is easily dis-
inguishable from the substrate and the carbide spheres can be
learly recognized within the metallic matrix for the four types
f WC  concentrations. As it was expected, the number of these
pheres increases with the WC concentrations. This behavior can
e confirmed by visual inspection of cross-sections of laser clads.
ig. 1 also shows a small transition zone with a constant width
etween the coating and stainless steel but where no defects were
videnced. It should be noted that the metallic matrix presented

 dendritic structure and the carbide spheres were embedded and
istributed more or less uniformly within it. For the observation
f dendrites, a higher-magnification objective than that used in

hotographs of Fig. 1 is required. In some areas, isolated pores can
e detected in the whole matrix. A more comprehensive study of
he morphology of this kind of coatings can be found in Amado
t al. [1]. The function of WC was the reinforcement of the NiCr
Fig. 1. Cross-sections of laser clads obtained for 5% (upper micrograph) and 30%
(lower micrograph) tungsten carbide concentrations.

based matrix due to its high hardness. Hence, the lower dilution
of WC particles the higher hardness of coating. Tungsten carbides
selected for the coating are supplied as alloy powders consisting of
binded-agglomerates of WC particles, providing particle hardness
about 1500–2000 HV. The microhardness measurements were per-
formed, for all concentrations, in a cross-section of the clad, starting
at the most superficial part of the coating and finishing in the
stainless steel. The mean hardness is maintained constant through-
out the coating except in the region near the substrate where a
slight decrease is observed. Noteworthy, hardness values depend
on whether the measurements are made above carbide, where in
such case a higher value is obtained. Metal matrix has a hardness
about 300 HV and the insertion of WC particles can increase it,
either slightly (350 HV) if the concentration is low (5%) or either
highly (900 HV) if it is high (45%). The values given in Fig. 2 corre-
spond to a mean of the different measurements made inside the
clad and where the error bars take into account measurements in
matrix and WC spheres. As it can be observed, the hardness fol-
lowed a linear behavior with concentration in the explored range.
Higher concentrations are not recommended even when higher
hardness is expected because the binder effect of matrix would be
lost and appearance of defects would not be negligible.

In order to evaluate if LIBS technique was  suitable for character-

ization of the hardfacing alloys produced by laser cladding, several
measurement modes were conducted. In the first place, point anal-
yses were performed in the cross-section of the coatings for all
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ig. 2. Vickers hardness measurements for the different tungsten carbide concen-
rations, using a load of 2.96 N.

amples to identify spectral lines of the elements that compose
t and to check if expected differences were detectable from char-

cteristic areas of the clad (from the surface to the interface with
he substrate). The spectral window for LIBS analysis was selected
rom 400 to 512 nm where the representative elements were tung-
ten and nickel with their main emission lines at 484.38 nm and
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ig. 3. Typical LIBS spectrum of NiCrBSi-WC metal matrix composite with W line at 484.
nd  maps.
cience 336 (2015) 396–400

508.05 nm,  respectively. Fig. 3 shows a typical spectrum of the
coating where not only the mentioned elements were detected,
but also lines of chromium, silicon and boron coming from the
matrix and usual contaminants such as calcium. In the zooms of
this figure, we can appreciate that the intensity of W and Ni peaks
reaches quite high values which constitutes a satisfactory LIBS sig-
nal. Hence, depending on the location where the laser spot has been
applied, whether it is above an area with a low or high carbide
concentration, variations on W intensity have been observed. For
example, above a carbide sphere, W intensity will augment while
metal matrix contribution will drop, causing a dispersion in the
results of point analyses. The choice of a laser spot with a diame-
ter of 100 �m is an important factor because this area comprises
spheres plus Ni based matrix. A higher diameter would be accom-
panied with a loss of spatial resolution for this kind of materials
while a smaller one would be too reduced compared to the spheres
size.

Once identified and selected the emission lines, profile mode
was carried out from the outermost part of the coating to the sub-
strate in order to determine the distribution of the elements. In
addition, this analysis was intended to distinguish the location of
the interface between the clad and the stainless steel. In Fig. 4, a LIBS
profile is displayed showing intensity variations of the W and Ni

lines from the steel substrate (left) to the top surface of the coating
(right). The two  goals are satisfied: on one hand, W profile indicates
a non-uniform concentration of spheres along the clad while Ni sig-
nal increases when W one decreases as expected, and on the other
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can always provide a detailed description of the coating using pro-
files or maps. This is the case of Ni which exhibited small intensity

F
s

op  surface of the coating.

and, this procedure can accurately differentiate, in the �m range,
he clad from the steel substrate. Therefore coating thickness can
e estimated from Fig. 4 to be about 350 �m, which match with
easurements made by optical microscopy (Fig. 1). Moreover, as

n the case of hardness and as expected, a higher amount of carbide
pheres induced a higher LIBS signal of W.

As in the case of hardness, the influence of WC  concentration
as been studied through a series of shots in form of rectangular
rid in the cross section of the coating with the purpose of obtain-
ng a calibration curve. The data of Fig. 5 corresponds to an average
alue of LIBS intensities obtained in this grid where a linear rela-
ionship was observed between W intensity and WC  concentration.
he error bars have been calculated from standard deviation of
verage values. High standard deviation values were due to differ-
nces in intensity between the metal matrix and carbide spheres.

lthough an increase in the spot size would provide less standard
eviation for all values, the number of spots that can be performed

ig. 6. LIBS chemical maps of tungsten (484.38 nm) for different WC  concentrations whe
ize  is 3.5 mm × 1 mm and the step size is 0.146 mm for Y and 0.125 mm for X.
Fig. 5. LIBS signal of tungsten (484.38 nm) for different WC concentrations.

into the clad would also be less and could not properly characterize
the hardfacing alloy.

Finally, the last mode of measurement employed by LIBS has
been consisted on the elaboration of chemical maps for all studied
concentrations which provided a more complete and detailed ele-
ment distribution. In Fig. 6, W maps clearly show an increasing
amount of carbides with WC concentration. In these represen-
tations, coating is displayed vertically which means that steel
substrate is in the left part of the map  and the top surface of the
coating is in the right one near 1 mm in the X direction. For com-
parative purposes, the intensity scale is the same for the four maps,
and even if for 5% WC  it seems that W is not very well detected, a
different scale with a lower intensity maximum would modify this
display mode, revealing clearly its presence along the coating. The
time required to perform these maps was  about 10 min  but it can
be improved with faster motorized translation stages.

It can be mentioned also that not all representative elements
variations at different positions in the clad and for the studied WC
concentrations (more or less constant distribution of Ni), that does

re steel substrate is located on the left side and coating on the right side. The maps



4 rface S

n
e
a
a
o
e
c
s
a
r
o

L
m
v
t
e
a
a
b
c

4

t
t
m
e
i
t
t
f
m
p
a
t
c
d
i
t
e
f
w
d
l
n
d
c
L
g

[

[

[

[

[

[

[

[

[

[

00 J.A. Varela et al. / Applied Su

ot permit to obtain data of the coating as useful as with W.  How-
ver Ni signal can give information about features like thickness
nd interface location. In any case, the combination of the LIBS data
llowed to characterize the spatial distribution of the constituents
n these very hardfacing alloys. Similar data could be obtained with
lectrons techniques such electron dispersive X-ray spectroscopy
oncerning profiling and mapping but the electron beam size, much
maller than the laser beam size, would require a very long time to
chieve a complete characterization and cannot be considered as a
eliable method for coatings with thicknesses of several hundreds
f micrometers.

Several factors can affect the generation of a chemical map  by
IBS, such as surface topography [20], that is why the displayed
aps and profiles have been obtained on polished surfaces. Hence,

ariations observed in signals intensity should be attributed mainly
o differences in element distribution. A future work will consist of
valuating how the hardness can affect LIBS signals in these materi-
ls. Indeed, in the present study, hardness values and LIBS signals as

 function of WC concentrations cannot be directly related because
oth measurements did not coincide accurately in the same spatial
oordinates.

. Conclusions and perspectives

LIBS has been proven to be a suitable tool for the charac-
erization of NiCrBSi-WC coatings produced by laser cladding
echnique and therefore for similar materials which exhibits inho-

ogeneous distribution of elements. First, the laser spot size
mployed in LIBS analyses match well with features size found
nside the coating such as carbide spheres and matrix areas,
hat allows to obtain representative chemical composition over
he laser clad. Second, the non-uniform distribution of elements
rom the bottom to the edges of the coating can be easily deter-

ined by fast multiple points analyses. Third, depth profiles
erformed in cross-sections allows to measure coating thickness
nd to check elements migration inside the laser clad or from
he steel substrate. If necessary, a more comprehensive study
an be obtained through chemical maps which provides more
etailed data over the whole area of the coating. Finally, the LIBS

ntensity of W,  which confers the good mechanical behavior of
he coating increases linearly with the WC concentration in the
xplored range (5–45%). This result is particularly interesting for
uture investigations where coatings with concentration gradients
ill be produced. As can be seen in this study, this non-uniform
istribution of elements might not be the best choice for the

aser clad because consequently the mechanical properties are
ot the same over the coating. In this sense, concentration gra-

ients where powder deposition rate is varied during the laser
ladding process could be a solution to produce more uniform clads.
IBS could be the right way for the compositional study of these
radients.
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of Tribaloy T-800 and T-900 coatings on steel substrates by laser cladding, Surf.
Coat. Technol. 202 (2008) 2297–2301.
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