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bstract

The formation of composite layers using a 2.8 kW laser beam of 186 and 373 MJ m−2 energy densities, on commercial purity titanium surfaces
replaced with 3 �m size, 1–4 vol.% SiCp powder in a 100% nitrogen environment, produced gold colour tracks. The tracks gave reflective surfaces
fter glazing at an energy density of 373 MJ m−2 and dull or a mixture of dull and shiny surfaces at 186 MJ m−2 energy density. Surface cracks
ere visible in tracks containing 1 and 2 vol.% SiCp, but none were observed in the 4 vol.% SiCp tracks glazed at both energy densities. In the track

ross sections, vertical cracks were seen in the 373 MJ m−2 tracks but it was absent in 186 MJm−2 tracks. The SiCp particles completely dissolved
n all the tracks processed in this investigation producing a complex and inhomogeneous microstructure of dendrites and needle particles. At the
alf way of the melt depth from the surface, the dendrites were larger and densely populated, especially after glazing at 373 MJ m−2. The hardness
easurement of the MMC layer recorded a wide range of hardness values which gave loops in the hardness profiles. Hardness values ranging from

00 to 1000 Hv were observed up to a melt depth of 1 mm in many tracks and the maximum surface hardness of 2250 Hv was measured in the
−2
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rack containing 1 vol.% SiCp and glazed at 373 MJ m . The surface hardness developed 5.6–15 times the base hardness (150 Hv) depending on
he dendrite population. The 3 �m size SiCp produced MMC layers 1.5–2 times greater than those previously observed with 6 �m SiCp. The large
urface area for an equivalent volume fraction of the three micron carbide particles is considered to have a high laser coupling action and hence
bsorbed more heat energy to produce deeper melt depth compared to those produced using the 6 �m SiCp.
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. Introduction

The incorporation of ceramic particles on laser melted tita-
ium alloy surfaces to modify the poor wear and oxidation
esistance to superior surface properties has attracted increas-
ng interest in recent years. Ayers and co-workers [1–3] injected
0–50 vol.% of 100 �m size TiC into laser treated titanium alloys
nd observed a hardness level of about 450 Hv, the hardness
eing measured between the embedded particles. This was an
ncrease of over 100% of the hardness of the base alloy. Abboud
nd West [4] injected 150 �m SiCp particles into a commercial

urity titanium (CPTi) surface and found a partial dissolution
f the SiCp, which led to enrichment of the matrix with sil-
con and carbon during solidification. Dendrites of TiC were

∗ Corresponding author. Tel.: +60 3 61964452; fax: +60 3 61964477.
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ound at the SiCp-matrix interface while the matrix consisted of
/�′ + Ti5Si3 eutectic, and the hardness increased from 210 to
bout 600 Hv.

Similar work using preplaced 3 and 6 �m size SiCp parti-
les, ranging in nominal volume fraction from 5 to 20%, onto
PTi produced globular, thread-like, columnar and dendritic
orphologies with some agglomerated SiCp [5,7]. The phases

dentified were TiC, Ti5Si3 and Ti, but very little SiCp was
bserved in the melt pool [5,6]. The hardness with 6 �m SiCp
as in the range of 1000–1400 Hv for the 100 �m deep surface

ayer, which consisted of a mixture of globular and agglomerated
iCp particles, followed by a plateau of hardness between 450
nd 550 Hv in the thread-like structures, extending to a depth of
bout 500 �m [5]. The large increase in hardness is considered to

e due in part to the formation of TiC during the glazing process,
hich was conducted in a protective environment of argon or
elium. The 3 �m carbide particle tracks with thread-like struc-
ures produced a maximum hardness development of 450 Hv [7].

https://core.ac.uk/display/9018999?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:shahjahan@iiu.edu.my
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Table 1
Crack intensity and surface conditions of the tracks

% SiCp actual Energy density (MJ m−2) Crack intensity, no./mm track length Vertical crack Surface smoothness

1 373 0.15 p S, Sh
1 186 0.40 a S,O
2 373 0.15 p S, Sh
2 186 0.30 a D
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373 0
186 0

: present, a: absent, S: smooth, Sh: shiny, O: oxidised, D: dull, R: rough, V: ve

Recent work by the authors [8] using preplaced nominal
, 10, or 20 vol.% 6 �m SiCp powder on CPTi surfaces and
aser melting in a nitrogen environment, produced metal-matrix-
omposite (MMC) tracks consisting of dendrites at the top
urface followed by thread-like particles. The melt zone was
ree from any SiCp agglomeration/segregation and the thick-
ess was 2–4 times more than those tracks produced in a helium
nvironment under similar processing conditions [5,7]. The sur-
ace layer had hardness between 4.5 and 9 times the base metal
150 Hv), and was backed by a deep underlying layer with a
lateau of hardness of about 2.8–4 times the base hardness (b.h.).
t was postulated [8] that the thermal reactions involved in the
ormation of nitrides or carbonitrides, which in effect released a
arge amount of heat, were responsible for producing a deep melt
nd led to the complete dissolution of the 6 �m size SiCp parti-
les, by increasing the temperature of the melt. The formation of
endrites was due partly to the protective nitrogen environment.

The influence of smaller size of 3 �m SiCp in producing
MC layers on CPTi surfaces by laser processing in nitro-

en environment has presently been investigated in terms of
icrostructure, hardness and melt depth. The paper describes

he development of microstructure and hardness in the composite
ayer produced in the 100% nitrogen environment in comparison
ith those reported for 6 �m SiCp particle [8].

. Experimental method

Commercial purity titanium (CPTi) sheet of 3 mm thickness was used in this
nvestigation. The SiCp particles of 3 �m average size were used to prepare a
hin ceramic coating on the metal surfaces. The experiments used nominal 5, 10
nd 20 vol.% SiCp coatings, estimated on a hemispherical melt pool of 0.44 mm
epth established from earlier work [8]. However, after laser processing, the
ctual melt depth and width were measured to obtain a more realistic percentage
f incorporated SiCp. This was approximately one-fifth of the nominal value,
.e. the actual SiCp contents were approximately 1, 2 and 4 vol.%, respectively.
he SiCp powder was preplaced on the metal surface using a low temperature
urn off varnish (GE7036) as an adhesive. Glazing was carried out at Culham
aboratory, Atomic Energy Authority, Abingdon, using a 5 kW CO2 laser. The
pecimens surface melting were carried out under a 2.8 kW stationary laser
eam at a 30 mm defocused distance (DFD) with traverse velocities of 5 and
0 mm s−1 in a 100% nitrogen environment at a gas flow rate of 50 l min−1.
alculated energy densities of the applied laser beam with 30 mm DFD were
73 and 186 MJ m−2 for 5 and 10 mm s−1 velocities, respectively.

The MMC surface was investigated on each of the tracks of about 20 mm
ength. The track cross sections were prepared by mounting the samples in

akelite and polishing by standard metallographic techniques and the polished
amples were chemically etched in a solution of 10 cm3 of hydrofluoric acid,
0 cm3 of nitric acid and 50 cm3 of water for a period of 5 s. Optical micro-
cope and SEM were used for detailed metallographic studies. Microhardness
easurements were carried out using a 100 gf load on polished and lightly

o
3
p
t

p D, Sh
a D

tched track sections starting from the surface and proceeding towards the matrix
hrough the melt zone. The vernier attachment in the microscope of the hardness
ester was used for depth measurements on etched cross sections.

. Results

.1. Surface condition

The MMC tracks were examined at a 50× magnification to
ssess the surface cracking and surface smoothness, and results
re presented in Table 1 as crack intensity (no. of surface cracks
er mm track length) and surface shininess/roughness. The verti-
al cracks, which were seen in some tracks passing from surface
o matrix through the melt cross section, are also presented in
able 1, as present (p) or absent (a). Results in Table 1 show that

racks glazed with an energy density of 373 MJ m−2 (5 mm s−1

elocity and 30 mm DFD) in pure nitrogen environment pro-
uced shiny surfaces and those of 186 MJ m−2 energy density
ad dull, or a mixture of dull and shiny, surfaces. The shiny sur-
aces had a gold colour which is indicative of nitride formation.

hen laser glazed at 373 MJ m−2 the surface colour became
ore golden. The variation of colour intensity with laser power

ensity was also found previously with 6 �m SiCp tracks pro-
uced in a nitrogen environment [8]. The surfaces of all tracks
ere reasonably smooth.
The tracks containing 1 and 2 vol.% SiCp have surface cracks

ut of low intensity. However, there is no surface crack in the
vol.% SiCp tracks (Table 1). Vertical cracks are present in
ll tracks glazed at 373 MJ m−2 but none in those 186 MJ m−2

racks, see Table 1. It is to be noted that the vertical cracks are
elated to the cracks along the glazing direction and the sur-
ace cracks are across the track width (transverse cracks). No
urface and vertical cracks were seen previously in tracks laser
rocessed with 6 �m SiCp particles [8].

.2. Microstructure

The vertical sections of the tracks gave melt structures free
rom any SiCp. The SiCp particles dissolved completely in
he melt under the laser processing conditions. The solidified

icrostructures consisted of dendrites in general and the den-
rites were seen densely populated in the high temperature zone

f the melt pool. The tracks processed with an energy density of
73 MJ m−2 produced larger dendrites covering 80% of the melt
ool (Fig. 1a) and vertical cracks were seen crossing through
his densely populated dendrite zone. The tracks processed with
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Fig. 1. SEM micrographs showing high density dendrites at high temperature
region, (a) a vertical crack XY passing through dense dendritic zone of the
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73 MJ m−2 track and (b) high population of dendrites in the 186 MJ m−2 track
howing no cracks; a thin surface layer (inset): 1 vol.% SiCp, 100%N.

86 MJ m−2 (10 mm s−1 velocity) had less populated dendrites
Fig. 1b) and vertical cracks were not seen in any of these tracks.

very thin layer formed at the top surface of all tracks (inset in
ig. 1b).

The 186 MJ m−2 tracks produced conventional flow patterns
n the melt zone, and large dendrites were found accumulated
long the Maragonian flow lines (Fig. 2a). This type of dendrite
oncentration along the fluid flow lines was also observed pre-
iously in the laser nitrided melt pool [9]. However, the other
egions away from the conventional flow lines consisted of small
endrites, needles and basket-weave type structures (Fig. 2b).
he micrograph in Fig. 3 shows needle and platelet type par-

icles below the dense dendrites, and it may be that the needle
articles are platelets.

The 373 MJ m−2 tracks produced larger dendrites of 100–
50 �m long and 20 �m wide compared to those observed in the
elt processed at 186 MJ m−2. These larger dendrites covered

he entire region and produced an almost continuous solid zone
y joining of the dendrites, as shown in Fig. 4. The dendrites at
he edge region were quite thin compared to those in the mid-
le zone. The tracks containing 4 vol.% SiCp contained a denser
opulation of larger dendrites than those with 1 and 2 vol.%
iCp. Considering the Gaussian energy distribution of the laser
eam reported previously [10], the heat intensity is a maximum
t the centre of the beam which created a higher temperature

one in the melt. This might explain why thicker dendrites grew
n certain regions of the melt and thinner one at the edge. It is to
e noted that the MMC tracks previously produced using 6 �m
ize SiCp powder had melt structures consisting of dendrites at

g
T
S
c

ig. 2. SEM micrographs showing (a) Maragonian flow lines with high concen-
ration of dendrites: 2 vol.% SiCp, 186 MJ m−2 and (b) a mixture of different
ized dendrites and basket-wave structures: 1 vol.% SiCp, 373 MJ m−2.

he top surface followed by thread-like particle structures [8].
he thread-like structures were not seen in any of the 3 �m
iCp tracks. Recently using a combination of analytical SEM,
EM and X-ray diffractometry the thread-like structure has been

dentified as a Ti5Si3/�′ Ti eutectic, which formed a network
nclosing �′Ti [11,12]. Ti5Si3 has a hexagonal structure with
= 7.444 and c = 5.143 Å). Abboud and West [13] investigated

he laser alloying of titanium aluminide with large SiC (150 �m)
articles and they found a similar phase, which they identified as
i5(SiAl)3. The dendrites have been analysed as TiC [11,14,15].

.3. Melt depth

Table 2 shows the MMC layer thicknesses for all the
racks processed in this investigation. The melt depth of the
73 MJ m−2 tracks ranges from 1400 to 1440 �m, which is

reater than those produced with 186 MJ m (960–1100 �m).
here is no remarkable variation in melt depth with changing
iCp addition, a factor which was reported to be very signifi-
ant in tracks produced when helium rather than nitrogen was
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Fig. 3. SEM micrograph showing small needles (10–15 �m) below larger nee-
dles (30–35 �m) following a concentrated dendritic structure (D). Platelet par-
ticles (P) in the needle structures and the variation of hardness indentations (H)
in different microstructures is also visible: 1 vol.% SiCp, 186 MJ m−2.

Fig. 4. Micrograph showing large dendrites which joined to form a compact
dendritic structures. The dendrite produced small hardness indentations (H):
1 vol.% SiCp, 186 MJ m−2.

Table 2
Melt depths of the MMC tracks

Energy density
(MJ m−2)

Melt depth in micron

1 vol.% SiCp

track
2 vol.% SiCp

track
4 vol.% SiCp

track
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73 1440 1420 1400
86 960 1060 1100

sed [7]. The MMC layer thickness produced under a nitrogen
nvironment is 2–3 times greater than that for the helium envi-
onment, reported in literature [7].

.4. Hardness development

The hardness profiles of the MMC tracks are presented in
igs. 5–7. During hardness measurement, the indentations on

he melt sections produced erratic values enclosing a range of
ardnesses within the melt pool (see Figs. 5–7). These types
f erratic hardness values were also reported previously in the
itrided melt zone containing flow loops; the variation of den-
rite population due to the Maragonian forces was considered
o be responsible for the erratic hardness values [9]. Simi-
ar microstructural variations in the present investigation, as
bserved in the melt structures in Figs. 1–3, are thought to

e associated with the formation of these types of hardness
oops.

The hardness profiles in Fig. 5 shows that the 1 vol.% SiCp
rack glazed at 373 MJ m−2 had a maximum surface hardness

ig. 5. The hardness profiles showing hardness loops. The hardness decreases
ith decreasing energy density (10 mm s−1 velocity), but it is several times
igher than that in helium environment also shown in this graph from literature
6]: 1 vol.% SiCp.
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Fig. 6. The hardness profiles of the 2 vol.% SiCp tracks give higher hardnesses
compared to the 1 vol.% SiCp tracks. The hardness under helium environment
from previous work [6] is several times lower than this hardness.

Fig. 7. The hardness profiles of the 4 vol.% SiCp tracks give very high hardnesses
compared to the 1 and 2 vol.%SiCp tracks.

o
n
i
8
a
n
h
c
1
d
a
m
h

o
(
i
i
n
b
(
f
i
t

2
h
n
h
H
(
t
e
F
m
u

4

4

n
f
p
s
e
d
g
t
c
a

S
b
T
T

rocessing Technology 185 (2007) 38–45

f 1700 Hv, and the melt zone up to 1000 �m deep had hard-
esses over 1000 Hv. The 186 MJ m−2 tracks produced a max-
mum hardness of 1400 Hv and maintained a hardness of over
00 Hv to a melt depth of 500 �m. The surface hardness values
re 11.3 and 9.3 times, and at deep melt depths, the hard-
esses are 6.6 and 5.3 times, greater than those of the base
ardness of CPTi (150 Hv) for 373 and 186 MJ m−2 laser pro-
essed tracks, respectively. The reduced hardness values with
86 MJ m−2 tracks are believed to be related to a decreased
endrite population. The dendrites in the 373 MJ m−2 tracks
re larger, densely populated and covering over 80% of the
elt zone, and they are considered to be responsible for higher

ardnesses.
The 2 vol.% SiCp track glazed at 373 MJ m−2 had a hardness

f 1840 Hv (12 × b.h.), over 500 �m throughout the melt zone
Fig. 6). A region of hardness over 1000 Hv (6.6 × b.h.) cover-
ng about a 800 �m thick layer of the melt, is also seen clearly
n Fig. 6. When glazed with 186 MJ m−2, the surface hard-
ess of the 2 vol.% SiCp track decreased to 1680 Hv (11 × b.h.),
ut a layer of over 1000 �m thickness had hardness of 950 Hv
6.3 × b.h.) (Fig. 6). These values are greater than those obtained
rom the 1 vol.% SiCp track (Fig. 5) which indicates that increas-
ng the SiCp addition influenced the hardness developed in the
rack.

The 4 vol.% SiCp tracks show the highest hardness of
250 Hv (15 × b.h.) after glazing at 373 MJ m−2 (Fig. 7). A high
ardness region about 1800 Hv was found to retain up to a thick-
ess in the melt pool of 700 �m. The 186 MJ m−2 track had a
ardness over 1500 Hv (10 × b.h.) to a melt depth of 300 �m.
owever, both the tracks show a hardness region of over 800 Hv

5.3 × b.h.) to a melt depth of 1000 �m. For comparison purpose,
he hardness profiles of the 3 �m SiCp tracks produced in helium
nvironment and taken from earlier work [7] are incorporated in
igs. 5 and 6. The tracks produced in helium environment show
aximum surface hardness ranging from only 380 to 450 Hv

nder all glazing conditions.

. Discussion

.1. Surface smoothness and cracking

The results in Table 1 show that tracks laser glazed in a pure
itrogen environment had fairly smooth surfaces. The shiny sur-
aces had a golden colour and the dull surfaces were actually a
ale and spotty gold colour. The thin continuous layer at the
urface in Fig. 1b produced only after glazing in 100% nitrogen
nvironment and identified as TiN [11], is responsible for pro-
ucing the gold colour because TiN is gold colour. So the shiny
old surface is indicative of TiN formation. The 4 vol.% SiCp
racks processed at a low energy density had a thinner and dis-
ontinuous surface layer, which may be the cause of dull surface
ppearance.

The presence of a few surface cracks in the 1 and 2 vol.%

iCp tracks and none in the 4 vol.% SiCp tracks (Table 1) may
e associated with the formation of a continuous and very hard
iN layer at the top surface only of the 1 and 2 vol.% SiCp tracks.
he discontinuous TiN layer on the 4 vol.% SiCp track surfaces
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robably reduced the formation or propagation of any surface
racks.

Vertical cracks, elongated along the glazing direction were
een in the cross sections of the 373 M Jm−2 tracks are believed
o be associated with the melt microstructure. The tracks con-
aining densely populated dendrites of larger sizes and covering
he entire melt zone (Fig. 4) formed cracks, as these large den-
rites gave relatively high hardness values compared to other
egions of lower dendrite concentration. The tracks glazed at
86 MJ m−2 formed no vertical cracks. The microstructures in
ig. 2 gives thinly populated smaller size dendrites compared

o those of 373 MJ m−2 tracks, Fig. 4. The dendrite population
nd size are found to be related to laser processing parameters.
he population of larger dendrites increased at a higher energy
ensity glazing, especially in the high temperature region of the
elt pool. This finding is in agreement with the previous sug-

estion that a track glazed with a low energy density absorbs less
itrogen, resulting in fewer dendrites [8]. This correspondence
s reflected in overall lower hardness values in the 186 MJ m−2

racks in Figs. 5–7. The main hardening component in the com-
osite layer is due to dendrites. The microstructures having a
igher population of larger dendrites, therefore gave a high hard-
ess.

.2. Microstructure

The melt structure of the tracks consisted of a mixture of
endrites and needle-like particles (Figs. 2–4). The microstruc-
ures in all the melt zones were non-homogeneous; the variation
f dendrite concentration from region to region is due to the
aragonian forces developed in the liquid melt. The melt zone

f the 4 vol.% SiCp track contained more dendrites than in the 1
nd 2 vol.% SiCp tracks processed at 373 MJ m−2. In a helium
nvironment these dendrites were identified as TiC [4,5,14], but
n a nitrogen environment, the dendrites are a mixture of car-
ides and nitrides, as characterized using Selected Area Electron
iffraction and Energy Dispersive Analysis in a transmission

lectron microscope [11]. The concentrations of carbon/carbide
nd nitrogen in the liquid melt will play a role in the formation
f the dendritic and needle-like structures, and in turn, depend
n the dissolution of SiCp.

Compared with the microstructure of the surfaces developed
ith 6 �m SiCp particles, discussed in the literature [8], the den-
rites of the present tracks produced in the surfaces laser melted
sing 3 �m SiCp particles are larger and densely populated. The
rowth of these dendrites with 3 �m particles may be related
o the high temperature of the melt that resulted from more
bsorption of laser radiation with larger volume of equivalent
mount of smaller SiCp particles. More nitrogen will dissolve
n the melt at a higher temperature, and the exothermic reaction
or nitride formation will further contribute to raise the tem-
erature. The high temperature of the melt containing greater
itrogen concentration will contribute to the growth of the den-

rites on solidification. However, the convectional flow of the
elt is believed to have contributed largely to accumulate den-

rites at the high temperature region and flow lines of the melt
Figs. 1b and 2a). This is in conjunction with the observation

i

p
(

rocessing Technology 185 (2007) 38–45 43

f nitride precipitation along the flow lines of the laser nitrided
racks [9].

The lower population of dendrites in the microstructure
bserved after laser treating using 186 MJ m−2, may also be
elated to the temperature of the melt. At this laser energy den-
ity, the melt had a small superheat, and near to the edges of the
elt region, the intensity of the laser beam is lower because of
Gaussian distribution of laser heat energy [10]. So at a lower

emperature, the solubility of nitrogen will be reduced resulting
n smaller and less populated dendrites, and with fewer dendrites
t the edges of the melt. This observation suggests that the tem-
erature of the melt controls the dendrite size and population.
he ‘basket-weave’ type structure in Figs. 2b and 3 resembles

hose produced in a nitrided track glazed in a dilute environment
9,16].

.3. Melt depth

The formation of a deep MMC layer,∼1000 �m thick, using a
itrogen atmosphere (Table 2) without any undissolved SiCp par-
icles (Figs. 1–4) is presumed to be related to the reactive nature
f nitrogen gas with titanium which has previously been sug-
ested to increase the melt temperature [8]. This increased melt
emperature was probably sufficiently high to dissolve SiCp.
he formation of nitride releases three times more heat than for

he corresponding TiC formation by dissociation of SiCp [8].
nder a nitrogen environment the melt temperature is there-

ore expected to increase and produce a deeper melt compared
o processing in an inert environment. It is also believed that
he larger surface area of the smaller carbide particles absorbed

ore energy from the laser beam and contributed to greater melt
hicknesses in the 3 �m SiCp tracks compared to those processed
ith 6 �m SiCp [8].

.4. Hardness

Laser processing using a 100% nitrogen atmosphere pro-
uced MMC layers with high hardnesses ranging from 800
o 2250 Hv (Figs. 5–7). A thread-like microstructure observed
n the tracks processed using 6 �m SiCp particles in a helium
nvironment reported to produce a hardness of 450 Hv [5]. A
aximum hardness of 1400 Hv was found in the dendritic region

f these tracks, with a corresponding plateau of hardness about
.8–4 times the base hardness [5,7]. The high hardness values
f the present tracks are related to the dendritic microstructure
nd the population density of larger dendrites as illustrated in
igs. 1 and 4. Another important factor for the development
f high hardness is the composition of the dendrite. The den-
rites were identified as a mixture of carbides and nitrides
11]. The variation in hardness in Figs. 5–7 is considered to
e related to the size, concentration and composition of den-
rites. TiN has a hardness of 2500 Hv. If the nitrogen or nitride
ontent in dendrite increases, the hardness value is likely to

ncrease.

The tracks processed with a high heat input of 373 MJ m−2

roduced an increased population of larger dendrites
100–150 �m), see Figs. 3 and 4 and they contributed more with
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igher hardnesses (Figs. 5–7). Nitrogen dissolution in the high
nergy density melting is expected to increase, and the solidifi-
ation of the high temperature melt will produce larger dendrites
f higher nitrogen concentration. This may be one of the reasons
hy the 373 M Jm−2 tracks gave high hardnesses compared to

hose of 186 MJ m−2 tracks, the latter produced thinly populated
maller dendrites. Because of high heat generation in the melt
sing 3 �m ceramic particles and the nitrogen reactive environ-
ent, many tracks produced in this investigation produced deep
elt depths of 1000 �m of high hardness ranging from 700 to

000 Hv (Figs. 5–7). The variation of hardness in Figs. 5–7 is
ssociated with dendrite size and population density, and the
aragonian forces (Fig. 2) are considered to be responsible for

reating a microstructure with different dendrite agglomerations
n different regions.

Previous work using 45–150 �m size SiCp particles and a
article injection technique, reported an hardness increase from
nly 1.1 to 4 times the base hardness by increasing the SiCp
olume fraction from 25 to 60% [3,4,17]. By comparison, the
ncorporation of 1–4 vol.% of 3 �m size SiCp produced hard-
esses up to 15 times the base hardness and had a melt zone
hickness of 960–1440 �m. The high hardness was retained
o a greater depth in a crack-free microstructure and is likely
o improve the load bearing capacity and wear resistance, as
eported in the literature [18,19].

The high hardnesses over a deep MMC layer are expected to
mprove the surface properties, especially the wear resistance,
hich was reported to increase by a factor of 100 in tracks glazed

n a helium environment, using 6 �m SiCp particles, which pro-
uced a hard layer (1000–1400 Hv) with a thickness of 100 �m
7]. However, the most attractive microstructure is one which
ontains no vertical, transverse or surface cracks, has a high sur-
ace hardness to confer good wear resistance, and a layer from
he surface of at least 1 mm, with hardness in excess of 600 Hv.

ith the present experiments, these conditions were approached
y the following conditions: laser glazing in a pure nitrogen envi-
onment with 4 vol.% SiCp using 373 MJ m−2. This summary
ssumes that the surfaces are not dressed. If machining of the
urfaces removed a small layer containing cracks, then several
ther sets of processing conditions may equally be suitable to
roduce attractive properties.

. Conclusions

. The tracks processed in a nitrogen environment at an energy
density of 373 MJ m−2 had smooth and shiny surfaces, while
those glazed using an energy density of 186 MJ m−2 had dull
surfaces. The tracks had gold colour surfaces with a vary-
ing intensity, depending on the energy density of the laser
beam. The SiCp particles were completely dissolved in the
melt.

. The solidified MMC layer consisted of dendrites and nee-
dle particles. The dendrites had different sizes and popula-

tion densities, and they were found to agglomerate mostly
in the high temperature melt zone. An increased popula-
tion of larger dendrites was seen covering 80% of the melt
depth when laser glazed with 373 MJ m−2. A higher melt

[
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temperature, enhanced by the heat of solution due to the
reactive nature of nitrogen with titanium is considered to
be responsible for producing large and densely populated
dendrites.

. The melt thickness of all tracks containing different volume
fractions of 3 �m SiCp particles were 1.5–2 times greater
than that previously reported for 6 �m tracks produced under
identical conditions. The larger surface area of 3 �m SiCp
particles that absorbed a higher fraction of the laser radia-
tion, and the energy released due to the formation of TiN are
believed to have raised melt temperature leading to deeper
melt zones.

. The hardness development in the MMC layer was up to 15
times that of the base hardness. A melt depth over 1 mm
in thickness and over 5–7 times the base hardness could be
achieved by glazing at 373 MJ m−2. The formation of large
dendrites of higher population and increased nitrogen content
is suggested to have produced high hardness tracks, espe-
cially when processed at 373 MJ m−2.

. All tracks containing 1 and 2 vol.% SiCp showed surface
cracking, but none were observed in the 4 vol.% SiCp tracks.
Vertical cracks were present only in tracks processed using
373 MJ m−2, including the 4 vol.% SiCp addition, but not in
the tracks processed using 186 MJ m−2 energy density. The
high population of the large dendrites in the melt is believed
to have created this crack.

. The development of crack-free surfaces with hardnesses in
excess of 1000 Hv, together with a 1 mm depth of at least
600 Hv, could be achieved by the sets of conditions explored
in the present study of laser nitriding preplaced SiCp powders
on CP titanium.
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