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Abstract

The laser melt injection (LMI) process has been used to create a metal matrix composite consisting of 80μm sized multi-grain WC particles
embedded in three cast duplex stainless steels. The microstruture was investigated by scanning electron microscopy with integrated EDS and
electron back-scatter diffraction/orientation imaging microscopy. In particular the search of the processing parameters, e.g. laser power density,
laser beam scanning speed and powder flow rate, to obtain crack free and WCp containing surface layer, has been examined. Before the injection
of ceramic particles into remelted surface layer, the influence of processing parameters of laser surface remelting on the microstructure and
properties of selected duplex steels was also investigated. Although after simple laser surface remelting the austenitic phase is almost not present
inside remelted layer, in the case of LMI the austenite was observed in vicinity of WC particles, due to increase of carbon content acting as
austenite stabilizer. The diffusion of carbon in the reaction zone results also in a formation of W2C phase in the neighborhood of WC particles with
a strong orientation relationship between them. The maximum volume fraction of the particles achieved in the metal matrix composite layer was
about 10% and a substantial increase in hardness was observed, i.e. 575 HV0.2 for the matrix with embedded particles in comparison to 290
HV0.2 for untreated cast duplex stainless steels.
© 2007 Elsevier B.V. All rights reserved.
Keywords: Laser treatment; Metal matrix composite; Electron back-scatter diffraction; Duplex stainless steel
1. Introduction

The injection of ceramic particles into a melt pool, which is
created in the top of a metal substrate by a high power laser
beam [1–4] may form metal matrix-ceramic composite (MMC)
layers on metal surfaces. The main goal of this laser melt
injection (LMI) process is to improve mechanical and chemical
properties of metal surfaces such as steels, Al or Ti alloys.
Surface layers prepared by the LMI process exhibit strong
bonding and no large discontinuity of properties at the layer/
substrate interface [5].

The overall properties of the MMC layer depend on the
specific properties and amount of injected ceramic particles, on
⁎ Corresponding author. Tel.: +31 50 363 3407; fax: +31 50 363 4881.
E-mail address: v.ocelik@rug.nl (V. Ocelík).
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the microstructure of the laser beam remelted substrates and on
the presence and properties of new phases formed by chemical
reactions between matrix and particles. These phases are mainly
present at the particle/matrix interface in the so-called reaction
zone.

Cast duplex stainless steel (CDSS) have been used in many
industrial processes for special purposes in the chemical,
petrochemical, fertilizer and cellulose industries [6–8]. They are
generally used as compressor cylinders, digester valves, feed
screws, impellers, liners, pump casings, runway light fixtures
(aircraft carriers, airports), safety valves, sprocket wheels,
pistons, seal rings (centrifugal pumps) and valve parts due to
excellent corrosion resistance. However, their mechanical
properties, mainly hardness and wear resistance, may be
insufficient in some applications and therefore decreasing the
life time of the component [9]. In the literature there are several
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Table 1
The chemical composition (in wt.%) of the three types of CDSSs: ASTMA890 grade 1A (free of nitrogen), ASTMA890 grade 3A (with nitrogen and without Cu) and
ASTM A890 grade 6A (Super Duplex)

Alloy C Cr Ni Mn Si Mo S P Cu N W Cr/Ni PRE

1A 0.04 25.01 5.53 0.78 0.99 2.11 0.006 0.026 3.10 3.52 31.97
3A 0.03 25.33 5.38 0.84 0.90 2.13 0.005 0.025 0.19 2.70 35.96
6A 0.02 25.96 7.93 0.83 0.97 3.63 0.008 0.024 0.82 0.24 0.78 2.17 43.07

All compositions are balanced to 100% by iron. In last two columns the ratio of Cr and Ni equivalents, and pitting resistant equivalent are shown, respectively. Creq=%
Cr+%Mo+0.7x%Nb [18]; Nieq=%Ni+35x%C+20x%N+0.25x%Cu [18]; PRE=%Cr+3.3(%Mo+0.5%W)+16%N [33].
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attempts to improve the surface properties of different steels via
formation of coatings by laser surface modification techniques
mainly by laser cladding and alloying, using WC particles
mixed with Co or Ni alloys as clad powders [10–17].

This work is aimed at examining the microstructural changes
in the three types of CDSSs representing different groups of
these materials after laser surface remelting and LMI of WC
particles. The final objective of the project is to improve the
mechanical properties and the wear resistance of different
duplex steels.

2. Experimental details

Laser experiments have been carried out with a continuous
wave 2kW Rofin Sinar Nd-YAG laser. The detailed sketch for
laser melt injection set-up can be found elsewhere [3,5]. The
laser beam is used to create melt pool at the surface of moving
metallic substrate and simultaneously ceramic particles are
injected into the melt pool just behind the laser beam using glass
nozzle and Argon as carrier gas. The laser beam is positioned at
an 11° angle with respect to the substrate surface normal to
Fig. 1. The microstructure of 6A duplex steel studied by orientation imaging microsco
c) are typical back-scattering electron diffraction patterns indexed as ferrite and aus
avoid harmful reflections from the specimen back into the
optical fiber. Argon was used as a shielding gas to protect the
lens as well as to reduce oxidation of the specimen. The spot
size of the laser beam on the work piece was 2.8mm with an
approximately Gaussian distribution of laser beam power. Four
axes CNC table was employed for specimen movement.

The CDSSs used in our experiments with their chemical
compositions, Creq/Nieq ratios and estimated pitting resistance
equivalents [18,33] are shown in Table 1. Circular plates with
dimensions ϕ50mm × 10mm were used as a substrate material.
Before laser treatment, the surface has been sandblasted to
promote the absorption of the laser light. A powder feeding
system Sulzer Metco Twin 10C supplied WC multi-grain
particles with an average size of about 80μm, using Ar as a
carrier gas with flow rate of 67ml/s. The particles were injected
into the melt pool at an angle of 37° with respect to the surface
normal.

Standard light microscopy (Olympus Vanox-AHTM), scan-
ning electron microscopy (SEM Philips XL30 FEG), Orienta-
tion Imaging Microscopy (TSL attachment to Philips XL30
FEG) and XRD diffraction (Philips PW-1830, CuKα radiation)
py in SEM. a) Austenitic dendrites distributed in two large ferritic grains. b) and
tenite, respectively.



Fig. 3. OIM of remelted microstructure in the area of two overlapped laser tracks
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were used to study particle distribution, microstructure and
microstructural orientation relationships (OR) in WCp/CDSS
layers prepared by injection of multi-grain WC particles into
CDSS substrates.

Vickers hardness measurement is used to obtain information
of the mechanical properties of transformed zone and substrate.
The measurements were performed on cross-sections of the
samples that have been ground and polished to eliminate the
macro-roughness.

3. Results

During solidification the CDSS first solidifies as ferrite and
when temperature decreases, austenite is developed [19]. The
characteristic microstructure for CDSSs is the microstructure of
austenitic islands in the ferritic matrix. Fig. 1a shows this typical
microstructure for 6A alloy.

The grains of ferrite are coarse with a size ranging from 0.5 to
1mm and the mean size of austenite dendrites is about 30μm
arranged in a few hundreds of micrometers long lines. As results
of X-ray diffraction confirmed (see Fig. 4), austenite and ferrite
are the main constituent phases for all three substrate alloys. The
content of austenitic phasemeasured byOIMwas almost the same
(about 50%) for alloys 1A and 3A, but slightly lower (43%) for
alloy 6A. A more detailed study of the orientation relationship
between ferritic and austenitic grains in these three alloys showed
that some differences in intensity of OR exist [20].
Fig. 2. a) Optical micrograph of characteristic shape of laser beam remelted
surface area in a perpendicular cross-section made on 1A alloy at laser power
1750 W and scanning speed of 20 mm/s. b) Maximal depth of remelted single
laser track as a function of laser power and laser beam scanning speed.

in 1A alloy. a) Phase mapping shows a predominant presence of ferrite (dark
phase) in the remelted zone while in the substrate the both phases are almost
equally present. b) Inverse pole figure from the same area shows the orientation
of detected ferritic grains.
Fig. 2a shows a typical transversal cross-section of a single
laser track produced by laser surface remelting. The aim of
remelting experiments was to study the behavior of these alloys
in the interaction with high power laser beam and to find a
processing window of laser parameters for the further laser melt
injection treatment. A characteristic shape of remelted zone for
Gaussian type of beam energy distribution inside laser beam
was observed. A substantial number of single remelting tracks
were realized varying laser beam energy between 620 and
1750W and laser beam scanning speed between 8.33 and
50mm/s. The width of the remelted zone was close to the width
of laser beam spot and did change only slightly with laser beam
energy and scanning speed. The dependence of the maximal
depth of remelted zone on laser beam power and scanning speed
is summarized in Fig. 2b. As the final thickness of the
transformed zone created by a partial overlapping of subsequent
laser tracks should not be less than 300μm, we limited our
processing window, as marked in Fig. 2b by the dashed line. It is
important to note, that for all combinations of processing
parameters the remelted single tracks were free of cracks or
pores.

Fig. 3 shows the microstructure of the remelted surface and
substrate in the area of overlapping of two laser tracks studied by
OIM on transversal cross-section, using the overlap ratio of 33%.
Fig. 3a highlights the present phases, whereas Fig. 3b shows



Fig. 5. Microhardness depth profiles measured on transversal cross-sections of
laser tracks made with different processing parameters on 3A alloy. Each point
shows the average value from three indents performed at the same depth. The
first measurement starts at depth of 50 μm from the surface. Vertical line marks
the position of boundary between the remelted and the substrate material.
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ferritic grains with different orientations. It is clear that after
resolidification the microstructure is substantially changed.
Fig. 3a demonstrates that the ferritic phase is dominant in
remelted zone.Austenite nuclei are present at the grain boundaries
of ferritic grains, but due to relatively high cooling rates during
laser remelting, austenite is not further developed. Fig. 3b shows
that the ferrite grains in remelted zone close to the interface with
substrate follow the crystallographic orientation of grains from
substrate but more close to the surface a new system of equiaxial
ferritic grains with size between 50 and 200μm is formed.

The predominance of ferritic phase after laser remelting was
confirmed by X-ray diffraction phase analysis for all three
duplex steels. Fig. 4 presents XRD diffraction spectra of all
three CDSSs for untreated and remelted state. It is possible to
see that the austenite peaks decrease their relative intensities or
disappear completely after laser remelting. The XRD spectra
after remelting do not reveal any new peaks.

Fig. 5 shows the microhardness profiles of 3A alloy samples
treated with different laser remelting parameters. An increase
between 30 and 50% in hardness was observed in the remelted
region for low and high scanning speeds, respectively. The
increase of the hardness may be explained by microstructural
changes, which are usually considered as important factor in
driving the increase of hardness in the laser surface remelted
alloys [21]. The laser beam scanning speed is one of the most
important parameters because it mainly determines the solidifi-
cation rate and the final microstructure. Between remelted zone
and substrate material a heat affected zone is present with a
thickness of about 200μm for all scanning speeds. The hardness
inside this zone after a sharp change gradually decreases to the
value of about 270HV0.2, which is a typical value for non-treated
material.

WC particles with a mean diameter of 80μm were injected in
CDSSs round substrates (ϕ = 50mm) 10mm thick. Three
subsequent laser tracks were created during rotation of the
substrate under treated Nd:YAG laser beam using a synchro-
nized lateral movement in such a way, that after one rotation the
displacement between laser tracks of 1.5mm is achieved. We
found that the processing window for successful laser melt
Fig. 4. Comparison of XRD spectra measured before (S) and after (R) laser
surface remelting for all three CDSSs from Table 1. Positions of main XRD
spectra lines for austenite and ferrite phase from JCPDS database are indicated.
injection is quite small. A special attention has been paid to set-
up the regime, when particles have sufficient velocity to
penetrate into the melt and they are not overheated or melted by
the laser beam when they reach the melt substrate surface. This
constraint requires an existence of melt pool ‘tail’ after the laser
illuminated area [5] which shifts the processing windows
towards higher scanning speeds and laser power densities. On
the other side the higher laser power density can easily overheat
or melt that part of injected particles which are even in a short
contact with laser beam. These two rather opposite constraints
squeeze the processing window for laser melt injection as it was
Fig. 6. a) SEM micrograph of WC particles. b) Light microscopy micrograph
from perpendicular cross-section of three subsequent laser tracks with injected
WC particles. Contrast for WC is enhanced via image manipulation software to
estimate the volume fraction of injected particles.



Fig. 8. Comparison of XRD spectra measured after LMI for all three duplex
steels from Table 1. For comparison the spectrum measured on pure WC
particles is also shown.
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observed earlier in case of Al, Ti and their alloys [1–5]. Due to
the small size of processing window; it is quite difficult to
manipulate the amount of injected particles, especially when a
higher volume fraction of injected particles is required. An
increase of powder feeding rate over some critical value always
results in the substantial cracking of solidified laser track with
cracks oriented mainly perpendicular to the cladding direction.
Fig. 6a shows the shape and size of WC particles before
injection and Fig. 6b is the optical micrograph of a transversal
cross-section showing the distribution of injected particles in
three partially overlapping laser tracks made with laser power of
1000W, laser beam scanning speed of 13.3mm/s and powder
feeding rate of 73mg/s. This combination of processing
parameters leads to the highest volume density of injected
particles (8–10vol.%) without forming cracks inside the pro-
cessed volume.

Fig. 7 shows the result of microhardness measurements
performed on perpendicular cross-sections of LMI tracks to
characterize hardness of the material between injected particles.
After comparison with Fig. 5 it is clear that laser melt injection
of WC particles increases the hardness more than simple laser
surface remelting. The hardness is now almost doubled in
comparison with non-treated substrates. This suggests that a
substantial amount of W and C must be dissolved in the matrix.
This was confirmed by EDS measurements, when an average
value of 2.1at.% of W was measured in matrix areas between
individual particles. One may conclude from it, that although
during the LMI process a direct contact between injected
particle and laser beam is minimized, some of the particles must
be in a short contact with laser beam and therefore their surface
has been melted. This melt was during injection mixed with the
melt of substrate and formed a new matrix composition. Results
in Fig. 7 also confirm that hardness value of the matrix after
injection does not depend on duplex steel composition, while
the initial hardness of 6a duplex steel substrate is a little bit
higher than hardness for two others.
Fig. 7. Microhardness depth profiles measured on perpendicular cross-sections
of laser tracks with injectedWC particles for all three duplex steel alloys. During
the measurements a direct indentation of WC particles was avoided to
characterize only the hardness of matrix material between particles. Each
point shows the average value from three indents performed at the same depth.
The first measurement starts at depth of 50 μm from surface. Vertical line marks
the position of boundary between remelted and substrate material.
Fig. 8 demonstrates the XRD diffraction spectra taken from
the surfaces of all three duplex steels treated by LMI process.
No other phases than ferrite, austenite and WC were detected.
However, from the higher relative intensity of austenite peaks in
comparison with the remelting material (Fig. 4) one may expect
that the matrix contains more austenite than just remelted laser
track. The presence of the austenitic phase near injected WC
particles was confirmed later by the phase contrast observation
in OIM (see Fig. 10b). More detailed microstructural analysis
confirms the presence of other phases, especially in the vicinity
of WC particles, but probably due to their small quantities they
have not been identified by XRD.

OIM mapping [22] was also used to study the details of the
microstructure formed during laser melt injection. Fig. 9
demonstrates OIM mapping of two close particles injected in
duplex steel matrix. It is seen that each WC particle contains
many individual grains with an average size of about 10–20μm.

Fig. 10 summarizes oriented image microscopy analysis
made in the vicinity of WC particles injected into duplex steel
matrix. The image quality map shown in Fig. 10a demonstrates
that a relatively narrow dark area (∼ 10μm) around each particle
exists. Inside this area the quality of the back-scattered
diffraction patterns is too low making indexing impossible.
The phase contrast mapping (Fig. 10b) clearly identifies the WC
phase (yellow) inside the particles, the austenite (green) in
distances between 10 and 50μm from particles gradually
decreases with this distance and finally the ferrite (red) which
gradually increases its presents in the same area.

Basically two different types of microstructures inside the
reaction zone between WC particles and steel surrounding were
observed. Fig. 11 shows one of them, when W2C phase islands
are detected nearby WC particles. More far from the WC
particle the individual cells with ferritic cores and austenitic
shells around are present, as Fig. 10 demonstrates. The W2C
islands provide sometimes relatively very good EBSD pattern,
which can be indexed and crystallographic orientation of this
phase may be compared with crystallographic orientation of
grains in WC particle. Fig. 11 also shows graphically the
crystallographic orientation of two neighborhood grains in WC



Fig. 9. OIM analysis of injected WC particles. Different grains detected by OIM
in two close WC particles injected in duplex steel. The indexed Kikuchi pattern
of WC phase showing hexagonal structure with P6̄m2 symmetry group and
lattice parameters of a=2.91 and c=2.84 Å.
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particle together with crystallographic orientations of W2C
islands in their vicinity. It was observed, that between these two
phases the clear orientation relationship exists:

1 2
P

10
h i

W2C
== 1 2

P

10
h i

WC
; 0001ð ÞW2C

== 0001ð ÞWC ð1Þ

The second type of microstructure observed in the vicinity of
WC particles is shown in Fig. 12. The reaction zone does not
contain W2C phase islands near the WC particle, but three
distinguishable zones may be defined, similar as in observations
made in [23] where functionally graded WC coatings prepared
by laser cladding technique are reported. Each of these zones
has its own characteristic microstructure and iron/tungsten
composition, detected by EDS and summarized in Table 2.
4. Discussion

Several research papers in literature have concentrated on the
correlation between the chemical composition of stainless and
duplex steels and their solidification mode. Particularly the ratio
of Creq and Nieq and solidification rate are reported as parameters
which control the solidification mode [24,25]. In this work we
confirmed bymicrostructural observations that during casting and
also during fast solidification after laser remelting the ferrite is the
phase which solidifies first. Taking into account that all duplex
steels used in our study showCreq/NieqN 2.0, this observation is in
agreement with the concept of a microstructural map, as a
function of composition and solidification growth rate over awide
range of solidification conditions proposed for austenitic stainless
steels by Lippold [26]. The agreement with other observations
[27–29] should be also noticed.

The OIM technique based on indexing of electron back-
scattered patterns has shown to be a powerful instrument for
microstructural study of MMC coatings created by LMI tech-
nique. Interesting observations concerning orientation relation-
ship between ferritic and austenitic grains formed during casting
of duplex steel have been also performed, and details will be
published elsewhere [20].

Hardening observed after simple laser surface remelting is
caused mainly by ferritization, when practically the whole
remelted volume is transformed to ferrite. However, the influence
of laser beam scanning speed, which mainly determines the
cooling rate, is also pronounced, when laser tracks remelted with
higher laser beam scanning speeds results in coatings with higher
hardness (see Fig. 5). On the other hand, in the case of laser melt
injection, an increase of the hardness of the matrix is caused by
dissolution ofWandC into steelmatrix and by a formation of hard
phases near particle/matrix interfaces. This hardmatrix may be an
additional factor together with the presence of ceramic particles,
which may increase the performance of this coating in wear
applications. Experimental observations of performance of these
coatings in dry sliding wear tests in comparison with non-treated
casting duplex steel surfaces are in progress.

Recently, WC reinforced surface metal matrix composite
produced by plasma melt injection into low carbon steel was
reported [30]. However, due to the higher thermal impact into
the substrate during plasma forming by transferred plasma arc, a
substantial larger part of WC particles is dissolved into the melt
matrix, forming microstructures in which only a small part of
injected particles remains untouched. The higher cooling rate,
which is characteristic for laser surface processing techniques,
leads to the formation of microstructure when the injected
particles retain their size if the direct contact between the laser
beam and the particles stream is minimized.

As the laser power was kept constant during the LMI process
and the substrate samples were quite small, one may observe in
Fig. 6b a progressive increase of remelted depth of laser track
from left to the right due to a gradual increase of the substrate
temperature. Because the temperature of the substrate and the
melt pool was not monitored during the laser melt injection
process we decided do not change the laser power from the
beginning to the end of the process with a risk that the size of the



Fig. 10. OIM analysis of reaction zone between WC particles and remelted duplex steel matrix. a) Image quality picture; b) Phase contrast mapping; c) Inverse pole
figures for orientation of austenite, ferrite and WC grains.
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laser track will gradually increase. However, it seems to us that
the observed increase in depth is not so substantial that a
dramatic influence on microstructure and properties has to be
expected. To solve this problem in the future a gradual reduce of
laser power during processing may be arranged or a design of
powerful cooling on the bottom side of the disk substrate has to
be realized.

However, one may conclude from Fig. 6b that an optimal
overlapping for this combination of processing parameters has
to be larger, to achieve a reasonable thickness of MMC coating
Fig. 11. Orientation relationship analysis between grains in WC particle and
W2C phase detected in very close vicinity of “cold” WC particles. A graphical
representation of crystallographic orientation relationship detected between
grains in WC particles and small islands of W2C phase presented nearby and
indexed as: Trig. (P3̄m1) a=2.98 and c=4.71 Å.
also in the overlapping areas. Therefore, an optimal displace-
ment for subsequent laser track has not to be estimated from the
width of simple remelting laser track (as it was in case shown in
Fig. 6b), but from the width of laser track formed during laser
melt injection, because the injected particles partially shield
laser beam which results in a reduction of energy used for
substrate melting and subsequently in a reduction of laser track
width.

Two different types of reaction zone formed near the interface
between steel matrix and WC particle (see Figs. 11 and 12) may
be explained as interfaces created in a reaction between the steel
melt and “cold” or “hot” WC particle surface, respectively. It is
characteristic for laser melt injection set-up, that the stream of
powder particles is located just below the traveling laser beam
aiming at minimizing the interaction between laser beam and
injected particles [5]. Nevertheless, a part of the powder stream
Fig. 12. Three distinct zones near “hot” WC particle observed by SEM.



Table 2
Iron and tungsten content (in wt%) detected by EDS inside WC particle and
three zones defined in Fig. 12.

Fe wt.% W wt.%

WC particle 0.8 94.0
Type I 47.5 16.0
Type II 44.7 27.4
Type III 28.6 47.0
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intersects with the laser beam and these particles reach the melt
pool as “hot” particles. Their surface may be overheated to very
high temperatures close to the melting point of WC (2870°C) or
are evenmelted. This reduces the final particle size and creates the
eutectic phases localized close to particle that are rich inWand C.
These particles can be generally recognized in the coating as
particles with smaller size. For these particles the characteristic
reaction zone shown in Fig. 12 is formed. On the other side the
“cold” particles create a reaction zone mainly via dissolution of C
and W into surrounding melt, as a formation of W2C islands with
strong OR to original WC grains from particle indicates.
However, the fact that a reaction zone between matrix and
injected WC particles is formed may result in a strong bonding
and a good performance in wear applications, as it was observed
in the case of Al and Ti alloys [31,32].

5. Conclusions

The laser surface remelting of duplex steel results in
epitaxial/columnar grains grown in the melt pool and in a
small increase of microhardness due to ferritization and
microstructure formed by high cooling rates. The large
processing window offers coatings free of cracks and pores.

The laser melt injection of WC particles into duplex steels
results in a metal matrix composite coating with a substantial
increase of the matrix hardness due to C and W presence in the
reaction zone. Two types of reaction zone between WC particles
and steel matrix were identified. Reaction zone with eutectic
phases rich in Wand C; and reaction zone characterized byW2C
islands with the strong orientation relationship to the original
grains of WC particle.

The processing window of laser melt injection process is
limited mainly due to cracking when a higher amount of WC
particles is injected.
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