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Laser treatment of B4C tile surfaces is carried out under high pressure nitrogen assisting gas environment.
Morphological and metallurgical changes in the laser treated layer are examined by incorporating scan-
ning electron microscope, energy dispersive spectroscopy, and X-ray diffraction. Microhardness and frac-
ture toughness of the laser treated surface are determined from the indentation data. Residual stress
formed at the treated surface is obtained by using X-ray diffraction technique. It is found that laser trea-
ted surface is free from large scale asperities including cracks and voids; however, some locally scattered
shallow cavities with 1.5–2 lm widths are formed at the surface because of high temperature processing.
Dense layer, consisting of fine grains, and formation of nitride species (BN and BC2N) enhance microhard-
ness and lower fracture toughness at the surface. Residual stress formed in the treated layer is compres-
sive and the maximum residual stress is in the order of �0.9 GPa.

� 2014 Published by Elsevier B.V.
1. Introduction

Boron carbide (B4C) is the one of the hard materials, which finds
numerous applications in industry. Some of these applications in-
clude anti-ballistic armor plating [1], high-pressure nozzles [2],
wear resistant coatings [3], cutting tools and dies [4], neutron ab-
sorber in nuclear reactors [5], high energy fuel for solid fuel rocket
engines [6], and etc. Boron carbide tiles are, mainly, produced from
powders through hot pressing and sintering processes [7]; in
which case, some small voids are formed in the resulting structure
because of lack of thermal integration through complete melting
during the process. However, structural inhomogeneity and defect
sites at the tile surface limit their practical applications. One of the
methods achieving complete melting at the surface is to introduce
high energy beam heating, such as laser beam irradiation. Laser
surface processing provides advantages over conventional melting
methods such as plasma arc melting. Some of these advantages in-
clude high speed processing, non-mechanical contact between the
workpiece and the heat source, precision of operation, and local
treatment. However, laser control melting involves with high tem-
perature heating of the surface within small area, which is limited
with the irradiated spot diameter. This, in turn, results in high tem-
perature gradients across the irradiated spot while causing high
thermal strain and stress development in the irradiated region.
Although microhardness enhances at the surface, fracture tough-
ness reduces because of high hardness and high residual stress for-
mation in the laser treated layer [8]. The extreme reduction in
fracture toughness and high residual stress levels can be overcome
in the laser treated layer through proper selection of laser process-
ing parameters. Consequently, investigation of laser control melt-
ing of B4C tile surfaces and resulting fracture toughness and
residual stress levels becomes essential.

Considerable research studies were carried out to examine laser
processing of boron carbides. Laser deposition of boron carbide
films and droplet formation at the surface were studied by Szore-
nyi et al. [9]. They showed that gradual deterioration of the target
surface, as a result of prolonged irradiation, minimized the effect of
laser intensity on the droplet formation. The number of droplets of
diameters in excess of 1 lm increased linearly with increasing
number of laser pulses. Properties of boron carbide film produced
by a pulsed laser deposition were investigated by Wang et al. [10].
Their findings revealed that nano-hardness of the coated sub-
strates reached more than 3 times that of the uncoated substrates
and they also demonstrated that boron carbide films could be use-
ful as anti-reflective and protective films for optical substrates. La-
ser physical vapor deposition of boron carbide films to enhance
cutting tool performance was examined by Jagannadham et al.
[11]. They indicated that nanoindentation hardness decreased;
however, coefficient of friction and scratch adhesion strength
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increased for laser deposited films. These findings were attributed
to an increase in amorphous phase/disorder in the films. Laser sin-
tering of boron carbide powders was studied by Nakamoto et al.
[12]. They demonstrated that the concentration of boron carbide
at the inner surface of the laser sintered specimen was more than
that of the outer surface due to the effect of melt dynamics on the
resulting structures during sintering. Laser ablation of tungsten
and boron carbide tile surfaces in nitrogen ambient was investi-
gated by Bereznai et al. [13]. They monitored the size distributions
of the nano-particles formed during the ablation by using a con-
densation particle counter, which was connected to a differential
mobility analyzer. They showed that the size distributions con-
sisted of mainly small nanoparticles (<�20 nm), which was attrib-
uted to a non-thermal ablation mechanism taking place during the
process. Influence of carbon content on the crystallographic struc-
ture of boron carbide films was examined by Conde et al. [14]. They
demonstrated that the rhombohedral–hexagonal boron carbide
crystal lattice constants were non-linear function of carbon con-
tent due to the complex structure of boron carbide. Pulsed laser
deposition of boron carbide films and quality assessment were car-
ried out by Csako et al. [15]. They indicated that the absence of
droplets had a beneficial effect on the stoichiometry and using ul-
tra-short pulses improved the homogeneity of the films fabricated.
Influence of deposition geometry on structure and morphology of
pulsed laser deposited boron carbide films was investigated by
Zemsky et al. [16]. They demonstrated that the tilt angles could
be manipulated by changing the substrate to target angle to modify
the vapor incident angle; which in turn, enabled to produce crys-
talline dense films or columnar films of boron carbide meeting
the requirements of three dimensional structures. Structural and
mechanical properties of laser deposited micro-laminate hard
coatings were examined by Radder et al. [17]. They showed that
using boron carbide as a bottom layer increased the hardness
and Young’s modulus of carbide composite coatings. In addition,
micro-laminates of boron carbide/titanium carbides had higher
hardness and elastic modulus as compared to those of micro-lam-
inates of nitride coatings. Development of a hard nano-structured
multi-component ceramic coating by laser cladding was investi-
gated by Masanta et al. [18]. The findings revealed that coating
exhibited an increase in hardness and a decrease in grain size with
increased laser scanning speed. Moreover, the presence of alumi-
num oxide (Al2O3), titanium di-boride (TiB2) and titanium carbide
(TiC) along with some non-stoichiometric products of the Ti–Al–B–
C–O system enhanced microhardness at the coating surface. Micro-
structure and hardness scaling in laser-processed B4C–TiB2 eutectic
ceramics were studied by White et al. [19]. They demonstrated that
a concomitant increase in the Vickers hardness with decreasing
inter-lamellar spacing took place, despite the trend did not corre-
spond to traditional Hall–Petch behavior. Synthesis and character-
ization of cubic BC2N grown by reactive laser ablation was carried
out by Castillo et al. [20]. They indicated that the presence of
(111), (200) and (220) planes was due to a diamond like cubic
structure and the coating hardness was a function of the substrate
temperature; in which case, hardness increased with increasing
temperature.

Boron carbide powders are used to produce boron carbide tiles
through hot pressing and sintering processes [7]. However, be-
cause of the high melting temperature of boron carbide, the ther-
mal integration of the carbide powders does not take place. This,
in turn, results in inhomogeneous structure because of the
presence of voids in the tile. Consequently, thermal integration
through the complete melting of the tile surface becomes neces-
sary for the practical applications such a wear and corrosion. One
of the methods achieving the thermal integration in the tile is to
melt the surface by a high intensity laser beam. Although laser sur-
face treatment of alloys using the hard particles such as B4C was
investigated previously [21,22], the main focus was to investigate
microstructure and mechanical properties of the treated layer with
presence of 5–7% of hard particles. However, microstructural and
morphological changes, due to laser treatment of tiles produced
from sintered hard particles, were left obscured. Therefore, in the
present study, laser treatment of B4C tile surfaces is carried out un-
der a high pressure nitrogen gas ambient. Metallurgical and mor-
phological changes are examined in the treated layer by using
electron scanning microscope, energy dispersive spectroscopy,
and X-ray diffraction. Microhardness and fracture toughness of
the laser treated surface are obtained from the indentation data.
Residual stress formed at the surface region of the laser treated
layer is obtained incorporating the X-ray diffraction technique.
2. Experimental

A CO2 laser (LC-ALPHAIII) delivering nominal output power of 2 kW at pulse
mode with 1500 Hz frequency was used to irradiate the workpiece surface. The
nominal focal length of the focusing lens was 127 mm. The laser beam diameter fo-
cused at the workpiece surface is 0.25 mm. Nitrogen assisting gas emerging from
the conical nozzle and co-axially with the laser beam was used. The laser melting
parameters are given in Table 1.

The sintered boron carbide (B4C) tiles 30 mm � 20 mm � 4 mm (length
�width � thickness) were used in the experiments. JEOL JDX-3530 scanning elec-
tron microscope (SEM) is used to obtain photomicrographs of the cross-section and
surface of the workpieces after the tests. EDS analysis was carried out for three dif-
ferent locations at the laser treated surface. The error related to the EDS analysis is
estimated based on the repeatability of the data, which is on the order of 3%. The
Bruker D8 Advance having Cu Ka (k = 1.5406 Å) radiation is used for XRD analysis.
The XRD equipment has the Bragg–Brentano geometry arrangement. A typical set-
ting of XRD was 40 kV and 30 mA. The following JCPDS-ICDD cards are used to iden-
tify the phases: B4C (35-0798), BxCy (33-0225, 71-1107, 71-0363, 35-0798, 26-0232,
31-0206), C (23-0064), BN (34-421), BCxN (41-1487 and 35-1365), and C (23-0064).
It should be noted that the residual stress measured using the XRD technique pro-
vides the data in the surface region of the specimens. This is because of the pene-
tration depth of Cu Ka radiation into the treated layer, which is estimated on the
order of 4.5 lm. The residual measurement relies on the stresses in fine grained
polycrystalline structure. The position of the diffraction peak exhibits a shift as
the specimen is rotated by an angle w. The magnitude of the shift is related to
the magnitude of the residual stress.

Microphotonics digital microhardness tester (MP-100TC) was used to obtain
microhardness at the surface of the treated layer. The standard test method for
Vickers indentation hardness of advanced ceramics (ASTM C1327-99) was adopted
and 100 mg load was used during the tests. The measurements were repeated three
times at each location.

The fracture toughness of the surface was measured using the indenter test data
for microhardness (Vickers) and crack inhibiting. In this case, microhardness in HV
and the crack length generated due to indentation at the surface were measured.
The crack lengths were individually summed to obtain the total crack length as de-
scribed in the previous study [23].
3. Results and discussion

Laser control melting of boron carbide tile surface is carried out
under high pressure nitrogen assisting gas environment. Morpho-
logical and metallurgical changes in the laser treated layer are
characterized by using analytical tools. Fracture toughness of the
laser treated surface is determined from indentation data and
residual stress formed in the surface vicinity is obtained from
X-ray diffraction data.

The residual measurement relies on the stresses in fine grained
polycrystalline structure and the position of the diffraction peak
exhibits a shift as the specimen is rotated by an angle w. The mag-
nitude of the shift is related to the magnitude of the residual stress.
The relationship between the peak shift and the residual stress (r)
is given [24]:

r ¼ E

ð1þ tÞsin2 w

ðdn � doÞ
do

ð1Þ

where E is Young’s modulus, m is Poisson’s ratio, w is the tilt angle,
and dn are the d spacing measured at each tilt angle. If there are no



Table 1
Laser processing parameters.

Feed
rate
(m/s)

Power
(W)

Frequency
(Hz)

Nozzle
gap
(mm)

Nozzle
diameter
(mm)

Focus
diameter
(mm)

N2

pressure
(kPa)

0.1 2000 1500 1.5 1.5 0.3 600

Table 2
Microhardness and residual stress of laser treated surfaces.

Hardness (HV) Residual stress (GPa)

As-received surface 1800 ± 75 –
Laser treated surface location 1 2720 ± 100 0.91 ± 0.006
Laser treated surface location 2 2840 ± 100 0.93 ± 0.006
Laser treated surface location 3 2080 ± 100 0.92 ± 0.006
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shear strains present in the specimen, the d spacing changes
linearly with sin2 w. Fig. 1 shows the linear dependence of d(104),
in Angstrom (Å) unit, on sin2 w in the region of laser treated surface.
The B4C (104) peak takes place at 34.96�, which corresponds to the
inter-planer spacing of 0.5607 nm. The linear dependence of d(104)
in Fig. 1 results in the slope of �1.3569 � 10�12 nm and the inter-
cept of 0.5607 nm. The elastic modules (E) and the Poisson’s ratio
(t) of B4C are 4.5 � 1011 Pa and 0.21, respectively; therefore, the
residual stress, determined from the XRD technique at the surface
vicinity from Eq. (1) is on the order of �0.9 ± 0.06 GPa. XRD mea-
surements are repeated three times and the error related to the
measurements is on the order of 3%. The depth of penetration of
Cu Ka radiation into the laser treated layer is in the order of
4.5 lm and the laser treated layer extends 15 lm below the sur-
face; therefore, the residual stresses are determined in the laser
treated layer. Table 2 gives residual stress obtained from X-ray data
at different locations on the laser treated surface. Residual stress is
compressive and the maximum residual is in the order of �0.9 GPa.
However, residual stress reduces at some locations on the surface.
This is attributed to the formation of boron oxide (B2O3), which is
locally scattered at the surface. It should be noted the presence of
boron oxide suppresses the densification of treated layer [25].

Fig. 2 shows SEM micrographs of laser treated and untreated
surfaces. Laser treated surface is free from asperities such as large
scale cracks and voids at the surface. In general, surface composes
of regular scanning tracks, which are formed due to overlapping of
laser irradiated spots. Since the laser heating involves with irradi-
ation of repetitive pulses (1500 Hz), overlapping of irradiated spots
occurs during the laser scanning while forming laser scanning
tracks. The close examination of surface reveals that fine grains
are formed at the surface, which is associated with the high cooling
rates at the surface. It should be noted that convection cooling of
the assisting gas contributes to cooling rates at the irradiated sur-
face. Moreover, small spot diameters at the surface and low ther-
mal conductivity of B4C cause attainment of high temperature
gradients in the near region of the laser spots. This, in turn, results
in formation of high stress levels in the vicinity of the irradiated
Fig. 1. Linear dependence of d(1 0 4) with sin2 w.
surface. Although thermally induced stress is expected to have
high values, no cracks are formed in the laser treated layer. This
can be explained in terms of lately formed laser tracks, which
creates a self-annealing effect on the early formed laser tracks.
Hence, thermally induced high stress levels are reduced in the
surface region. It should be noted that heat conduction from lately
formed laser scanning tracks towards initially formed tracks is
responsible for generating a self-annealing effect in the surface re-
gion of the laser treated layer. Some locally scattered shallow cav-
ities with the width size in the range of 1.5–2 lm are formed. This
is associated with the local ablation of the surface during the laser
treatment process, despite the fact that the boiling temperature of
B4C is in the order of 3500 �C. Consequently, high intensity pulse at
the irradiated spot center is responsible for local evaporation at the
surface, which is also evident from Fig. 3, in which photograph of
surface evaporation is shown. It should be noted that laser power
intensity distribution is Gaussian at the workpiece surface and
peak intensity occurs at the irradiated spot center. It should be
noted that the photograph, in Fig. 3, is obtained by using a high
speed camera. Since the evaporated front has high luminance,
due to surface evaporation at high temperature, a filter is used to
reduce the intensity of emitted radiation from the evaporated front
during high speed photography. However, once the irradiated sur-
face is evaporated, a vapor plume is formed at the surface [26]. The
vapor plume is dense and absorbs some fraction of the incident
radiation while lowering laser intensity reaching at the surface.
The absorption increases the pressure and intensity of the vapor
plume causing the plume expansion and detachment at the irradi-
ated surface [26]. Consequently, laser beam intensity reaching the
workpiece surface increases and melting of the surface resumes
during the repetitive pulsing of the laser beam. Therefore, locally
scattered shallow and small size cavities formed at the surface,
which contributes to roughness increase at the treated surface.
Nevertheless, these small cavities only cover small area at the
surface.

Fig. 4 shows SEM micrographs of cross-section of laser treated
layer. Laser treated layer consists of dense layer at the surface,
melted and solidified layer below the dense layer, and heat
affected zone below the melted and re-solidified layer. The thick-
ness of the dense and melted/solidified layer extends almost
15 lm below the surface. The demarcation line between the
melted and re-solidified layer and the heat affected zone is also vis-
ible. Dense layer consists of fine grains and it is free from pores and
micro-cracks. High cooling rates causes high rate of solidification
in the surface region of the laser treated layer. In addition, high
temperature (P2700 K) heating at the surface modifies the carbon
content in B4C; in which case, carbon dissolves and causes B4C
phase with presence of angular shaped free carbon [25]. This, in
turn, results in densification of B4C phase while contributing to for-
mation of a dense layer at the surface. It should be noted that bor-
on carbides are composed of twelve-atom icosahedral clusters,
which are linked by direct covalent bonds and through three-atom
inter-icosahedral chains [27]. Boron carbides have single phase
with carbon concentrations ranging within 8.8–20%. Therefore,
change in carbon concentration, due to high temperature process-
ing, modifies the lattice parameters (aH and cH reduces with



Laser Scanning Tracks Laser Treated Surface

Untreated Surface Laser Treated Surface

Small Cavity due to Evaporation

Laser Treated Surface

Fine Grains

Fig. 2. SEM micrographs of laser treated surfaces. Micrograph of untreated surface is also provided for comparison reason.

Fig. 3. Photographs of laser treatment process: (a) plasma plume formed at the surface during melting and (b) melting of surface. Optical filtering is introduced to observe the
image of plasma plume and melted surface. This is necessary because of high intensity emission from the plasma plume and melted surface.
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Grains
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to Demarcation Line

Fig. 4. SEM micrographs of cross-section of laser treated layer: (a) cross-section of treated and untreated section, (b) close view of laser treated layer, (c) fine grains formed in
the surface vicinity of the laser treated layer, (d) irregular shaped grains and dendrites below the dense layer, (e) demarcation line, and (f) laser treated layer close to
demarcation line.

Table 3
EDS data for elemental composition of laser treated surface (wt%). The error related to the EDS measurements is on the order of 3%.

Spectrum B C

Spectrum 1 75.9 Balance

Spectrum 2 78.2 Balance
Spectrum 3 77.8 Balance
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increasing carbon content) and resulting in volume change of
rhombohedral cell (VH) [27]. This enhances residual stress levels
in the laser treated layer. Because of the use of high pressure nitro-
gen assisting gas, nitride components, such as BC2N and BN, are
formed at the laser treated surface, which further modify the lat-
tice parameters [28,29] in such a way that reduction in lattice
parameters contributes to volume shrinkage and density increase
in the dense layer in the surface region. The presence of nitrogen



Fig. 5. X-ray diffractogram of laser treated surface.

Table 4
Fracture toughness and data used for fracture toughness calculations.

Fracture toughness
(MPa

ffiffiffiffiffi
m
p

)
P (N) a (lm) c (lm)

As-received surface 3.6 ± 0.2 1 45 60
Laser treated surface 3.1 ± 0.2 1 45 90
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is evident from Table 3, in which elemental composition at the la-
ser treated surface is given. It should be noted that quantification
of light elements, such as nitrogen, from energy dispersive spec-
troscopy data involves with error; however, presence of nitrogen
can be observed from Table 3. In the region below the dense layer,
irregular shaped grains are formed due to non-uniform cooling
rates in this region. Moreover, irregular shaped grains and the
presence of free carbons prevent boron carbide to attain densifica-
tion during the solidification. Consequently, dense layer replaces
with low dense layer in this region. The self-annealing effect of
the initially formed laser scanning tracks alters the cooling rates
below the surface; in which case, dendritic structures are formed,
particularly in the region below the dense layer. The close exami-
nation of SEM micrographs reveals that the laser treated layer is
free from pores and micro-cracks despite the high cooling rates,
particularly in the dense layer. As depth below the surface in-
creases further, the demarcation line is clearly observed between
the laser treated layer and the untreated substrate material.

Fig. 5 shows X-ray diffractogram of laser treated surface. B4C
and B2O3 peaks are visible from the diffractogram. In addition,
BCN, BC2N and carbon peaks are evident. The formation of boron
oxide (B2O3) is associated with the presence of oxygen at the irra-
diated surface of the substrate during the treatment process, de-
spite nitrogen is used as an assisting gas. In this case, at high
temperature (�870 K [30]), following reaction forms boron oxide:
B4C + 3.5O2 ? 2B2O3 + CO (g). However, excess dissolved carbon
under goes a reaction to reform B4C, i.e.: B2O3 + 3.5C ? 1/
2B4C + 3CO (g). On the other hand, high pressure nitrogen assisting
is responsible for formation of BCN and BC2N phases at high tem-
perature. The similar observations were also reported in the previ-
ous study [29]. The formation of BC2N increases the atomic
intensity of the material as a result of higher compactness of the
structure and stronger bond [28,29]. Microhardness increases at
the surface after the laser treatment process (Table 2). This is asso-
ciated with the presence of dense layer and formation of the nitride
species at the surface. It should be noted that formation of boron
nitride and boron-carbonitride increase the density of the layer
through modifying lattice parameters, which in turn affect the
interplaner distance.
The fracture toughness of the laser treated and untreated sur-
faces is determined from the geometric size of the indentation
marks. In this case, the crack lengths were individually summed
to obtain

P
l in such a way that the crack length ‘‘c’’ from the center

of the indent is the sum of individual crack lengths (
P

l) and half
the indent diagonal length ‘‘2a’’ [23]. Therefore, c = a +

P
l. How-

ever, depending upon the ratio of c
a, various equations were devel-

oped to estimate the fracture toughness (K). However, the equation
proposed by Anstis et al. [31] has limitations due to nonlinearity of
the coefficients for values of c

a > 2, which is not applicable for the
tungsten carbide (�2.5–4.5). Therefore, the equation proposed by
Evans and Charles [32] is used to determine the fracture toughness
(Kc), which is applicable for (0:6 6 c

a 6 4:5), i.e.:

Kc ¼ 0:079
P
a

� �1:5

� log 4:5P
a
c

� �
ð2Þ

where P is the applied load on indenter, c is the crack length, and a
is the half indent diagonal length. Table 4 gives the data used for the
fracture toughness measurement. Since the indenter depth is in the
order of a few micrometer, which is less than the laser treated layer
thickness (15 lm), the fracture toughness data correspond to the la-
ser treated surface. Moreover, laser treatment reduces the fracture
toughness of the surface as compared to that of untreated surface.
This is associated with the microhardness increase because of the
presence of dense layer and formation of nitride species at the
surface.
4. Conclusions

Laser treatment of B4C tile surface is carried out under nitrogen
assisting gas ambient. Laser treatment parameters are selected to
avoid large scale evaporation at the workpiece surface. Morpholog-
ical and metallurgical changes in the laser treated layer are exam-
ined by incorporating scanning electron microscope, energy
dispersive spectroscopy, and X-ray diffraction. Microhardness
and fracture toughness of the laser treated surface are determined
from the indentation data. Residual stress developed is obtained in
the treated layer using the X-ray diffraction method. It is found
that laser treated layer is free from large scale defects such as
cracks and large cavities. Since the treatment process is involved
with high temperature, due to high melting temperature of B4C, lo-
cally evaporation of the surface takes place because of the high la-
ser intensity at the irradiated spot center. This modifies the surface
texture through forming shallow cavities, provided that the cavity
widths are in the order of 1.5–2 lm. The self-annealing effect of
the lately formed laser scanning tracks alters the cooling rates in
the laser treated layer, which is more pronounced at some depth
below the surface. In this case, microstructure consisting of irreg-
ular shaped grains and dendrites are formed. High cooling rates
at the surface causes formation of dense layer with fine grains. In
addition, the use of high pressure nitrogen assisting gas forms ni-
tride species (BN and BC2N) at the surface, which contributes to
volume shrinkage in the laser treated layer. Microhardness in-
creases considerably at the surface because of the formation of
dense layer and nitride species. The formation of boron oxide
(B2O3) lowers microhardness at the surface. This effect is local
and the coverage area of low hardness region is very small. Frac-
ture toughness of the laser treated surface reduces because of
attainment of high hardness. High temperature processing modi-
fies the carbon content in B4C while modifying the lattice parame-
ters. This, in turn, influences the magnitude of residual stress
formed in the laser treated layer. Residual stress formed at the sur-
face is compressive and the maximum residual stress is in the
order of 0.9 GPa.
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