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Microstructure and Phase Formation in a Rapidly Solidified
Laser-Deposited Ni-Cr-B-Si-C Hardfacing Alloy

ISMAIL HEMMATI, VÁCLAV OCELÍK, KORNEL CSACH,
and JEFF TH.M. DE HOSSON

In this study, microstructural evolutions and phase selection phenomena during laser deposition
of a hardfacing Ni-Cr-B-Si-C alloy at different processing conditions are experimentally
investigated. The results show that even minor variations in the thermal conditions during
solidification can modify the type and morphology of the phases. Higher undercoolings
obtained at faster cooling rates suppressed the primary borides and encouraged floret-shape
mixtures of Ni and Cr5B3 via a metastable reaction. Variations in the boride phases are dis-
cussed in terms of nucleation- and growth-controlled phase selection mechanisms. These
selection processes also influenced the nature and proportion of the Ni-B-Si eutectics by
changing the amount of the boron available for the final eutectic reactions. The results of this
work emphasize the importance of controlling the cooling rate during deposition of these
industrially important alloys using laser beam or other rapid solidification techniques.

DOI: 10.1007/s11661-013-2004-4
� The Minerals, Metals & Materials Society and ASM International 2013

I. INTRODUCTION

Ni-BASE self-fluxing alloys containing Cr, B, Si, and
C are among the most widely used hardfacing alloys for
wear and corrosion protection.[1–4] Hardness and tough-
ness of these alloys depend on the content of Cr, B, Si,
and C. The high-alloy grades of the family contain high
quantities of Cr (more than 10 wt pct) and a low ratio of
Si to B (Si/B< 3).[5] These alloys have been traditionally
deposited using various thermal spray techniques. How-
ever, laser deposition technologies have also been used
in recent years to produce dense Ni-Cr-B-Si-C coatings
with metallurgical bonding to the substrate and superior
functional properties.[2,3,6]

The microstructure of the high-alloy grades of Ni-Cr-
B-Si-C laser-deposited coatings consists of a complex
mixture of several boride and carbide precipitates along
with Ni solid solution dendrites and various binary and
ternary Ni-B-Si eutectics.[7] Our previous work showed
that the high-alloy grades of the Ni-Cr-B-Si-C family
have the tendency to develop multiple microstruc-
tures from approximately constant alloy chemistry.[6]

Detailed phase identification confirmed that the micro-
structural changes were not only morphological varia-
tions but also changes in the type of the constituent
phases.[7] In fact, this explains the diversity of the
reports in the literature on the microstructure and phase

constitution of laser-clad Ni-Cr-B-Si-C alloys with
comparable chemistries.[4,8–11]

The variation in the type and morphology of the
constituent phases can be due to changes in chemistry of
the alloy or the thermal conditions during solidification.
In laser deposition of a fixed alloy composition (e.g., a
prealloyed metal powder or wire), compositional
changes are mainly caused by various levels of dilution
from the substrate.[12] For the deposition on carbon steel
substrates, various levels of dilution is equivalent to
different percentages of iron in the meltpool. Effects of
dilution from the steel substrate on the microstructure
and phase formation of the alloy of this study were
previously studied by us and published elsewhere.[12]

While the effects of dilution on this alloy system are
pronounced mainly at dilutions of more that around
20 pct, even minor variations of thermal conditions
during the deposition process may significantly change
the properties of Ni-Cr-B-Si-C alloys as will be discussed
later.
The focus of the current work is on studying the

effects of various thermal conditions on the microstruc-
ture and phase formation during solidification of Ni-Cr-
B-Si-C alloys. Microstructural evolutions in Ni-Cr-B-Si-
C samples deposited using various processing conditions
(substrate temperature and deposition speed) are inves-
tigated experimentally. The possible mechanisms of
microstructural evolutions as well as implications for
functional properties are discussed. The current work
does not include extensive data on phase identification.
Full details on phase identification using various tech-
niques including X-ray diffraction, transmission electron
microscopy (TEM) and combination of energy disper-
sive spectroscopy (EDS), and electron backscatter dif-
fraction (EBSD) were previously published by the
authors.[7] References will be made when appropriate.
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II. EXPERIMENTAL PROCEDURE

Colmonoy 69 gas-atomized powder from Wall
Colmonoy Ltd. was selected as the coating material.
This powder has some of the highest alloy contents in
Ni-Cr-B-Si-C family. Its high content of Cr and B
provides the possibility of having a wide range of phases
upon solidification. The coating material was deposited
on S355 carbon steel rods with 50 mm diameter using a
continuous wave IPG fiber laser with a wavelength of
1.07 lm. Chemical compositions of the coating and
substrate materials are presented in Table I. A defo-
cused laser beam was applied with a laser spot size of
around 3.5 mm on the substrate surface. Powder feeding
system consisted of Metco Twin 10C powder feeder,
argon as carrier and shielding gas and a side cladding
nozzle with the cyclone and 2 mm nozzle opening.
Single layer coatings with a thickness of 0.9 to 1.1 mm
each consisting of 5 tracks with 33 pct overlapping were
deposited at scanning speeds of 5, 10, and 20 mm/s with
laser powers of 800 to 1600 W. At each cladding speed,
the powder feeding rate was adjusted to obtain roughly
the same thickness of the coating. Dilution from the
substrate calculated by dividing the surface area of the
deposited layer to the total area of the deposited layer
plus remelted substrate[13] evaluated from optical micro-
scopy (OM) images was kept in the range of 5 to 15 pct
by adjusting the laser power. Samples with the same
level of dilution were selected for further microstructural
analysis. Hence, for the discussions of this paper, it is
possible to assume that all of the samples have approx-
imately the same chemical composition and the micro-
structural and phase variations were caused by different
thermal conditions during solidification. To avoid
cracking in the clad layers, the substrate was preheated
to 773 K (500 �C) immediately before cladding using an
electric furnace. The coated bars were left in the furnace
to cool slowly down to the room temperature after
cladding.

Samples for scanning electron microscopy (SEM)
analyses and hardness measurements were cut from the
transversal and longitudinal cross sections and prepared
by standard mechanical grinding with suspensions
containing 9 and 3 lm diamond particles and polishing
with colloidal Al2O3. A Philips XL30 field emission gun
SEM was used for microstructural observations. Some
of the samples were etched with a solution consisting of
7 mL HF, 3 mL HNO3, and 5 mL H2O in order to
reveal the eutectic structures. The eutectic phases were
also nicely visible in the as-polished samples under OM.

The multi-track samples exhibited multiple micro-
structural changes. Identification of the constituent
phases proved that these variations included changes
in the morphology as well as in phases.[7] The complex-

ity of the thermal conditions in multi-track samples
made it necessary to start with either simpler cases or
cases in which the thermal conditions were better
known. In order to establish the relationship between
thermal conditions and microstructural evolution, the
microstructure and phase constitution of the following
four sets of samples were analyzed:

1. The DTA samples cooled at two different rates of 10
and 100 K/min The cooling rate of DTA samples is
orders of magnitude lower than the cooling rates
experienced during laser cladding process (higher
than 103 K/s[14,15]). However, the DTA samples are
cooled with precisely controlled rates without any
dilution effects and can be used to observe the
trends in the microstructural changes with increas-
ing the cooling rate.

2. The single track samples deposited on preheated sub-
strates In practice, laser cladding of most Ni-Cr-B-
Si-C alloys is done on preheated substrates to pre-
vent cracking.[16] The single track samples deposited
on a preheated substrate at the same cladding
speeds are fairly good representatives for the real
coatings. Moreover, the absence of overlapping and
the shorter deposition time, make these samples eas-
ier to analyze.

3. The single track samples deposited on cold substrates
These samples were meant to simulate the effect of
higher cooling rates as the cooling rate for deposi-
tion on the cold substrate is higher than the same
value for deposition on preheated substrates.[14]

4. The starting powder particles rapidly solidified during
the gas atomization process: The gas-atomized pow-
der particles with a size of 50 to 150 lm can be
considered as small droplets of melt which were
rapidly solidified with a cooling rate comparable to
the cooling rate during laser cladding (103 to 105 K/
s for inert gas atomization[17]). The powder particles
also contain no dilution effects. The small liquid
droplets may contain variable amounts of impuri-
ties and heterogeneous nucleation sites. Hence, they
can solidify at different levels of undercooling.[18]

Our previous study[12] showed that columnar den-
drites of Ni which always formed in the deposits
adjacent to the deposit–substrate interface were closely
related to the iron-rich layer next to the interface. This
layer had a lower hardness and probably a reduced
corrosion resistance. In order to study the grain struc-
ture in the vicinity of the deposit–substrate interface and
the transition of columnar dendrites to equiaxed den-
drites, EBSD scans were performed at an acceleration
voltage of 30 kV. Evidence of peritectic transformation
of one type of boride to another type was frequently
observed in the deposits. To evaluate the phases
involved in the transformation, a combination of EDS
and EBSD were used for phase identification. EBSD
was also employed to study the crystal orientation of the
competing phases. Full details on EBSD sample prep-
aration and data cleaning procedure as well as the EDS/
EBSD combination for phase identification are pre-
sented elsewhere.[7] Hardness of different microstructures

Table I. Nominal Chemical Composition of Substrate and
Clad Materials (Weight Percentage)

Material Ni Fe Cr Si C B Mn Mo Cu

Colmonoy 69 bal. 3 16.5 4.8 0.55 3.6 — 3.5 2.1
S355 0.7 bal. 0.2 0.55 0.12 — 1.65 0.08 0.3
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was measured by a CSM Revetest machine using
Vickers indenter at a load of 4.9 N.

III. RESULTS

A. Microstructural Changes in Multi-Track Samples

Figure 1(a) presents the OM image from transversal
cross section of a five-track deposit (first track on the left

side). The labels in Figure 1(a) denote locations in
different tracks from which the dominant microstruc-
tures are presented by the SEM images of Figures 1(b)
through (g). Most of the SEM observations were
performed using backscattered electron (BSE) detector
on as-polished samples. BSE imaging proved to be a
very useful tool in microstructural study of these
deposits because of its ability to generate contrast based
on the atomic number. This made it easy to visualize

Fig. 1—(a) OM image showing the transversal cross section of a five-track deposit. (b) through (e) SEM–BSE images showing the microstructure
of different tracks as labeled in (a). (f) and (g) SEM–BSE images showing the abrupt or gradual microstructural changes in the locations labeled
in (a) as (f) and (g).
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boride and carbide precipitates on the as-polished
samples. Substantial differences in size, shape, and
composition of the precipitates could be observed from
the first track to the last one as shown in Figures 1(b)
through (e). Dilution in the second to fifth tracks was
less than dilution for the first track as a result of
overlapping with the existing deposit.

In tracks 1 and 2, the precipitates were mostly blocky
CrB (Figures 1(b) and (c)). The main difference between
these two tracks was the bigger sizes of precipitates in
track 2. Such a difference is an outcome of the higher
dilution in the first track which diminishes the boride
precipitates.[12] In track 3, the butterfly-shape Cr5B3

precipitates were the dominant borides along with some
CrB and a number of dendritic Cr7C3 (Figure 1(d)). In
tracks 4 and 5, the microstructure changes entirely and
consists of a mixture of floret-shape structures and
dendritic Cr7C3 (Figure 1(e)). The inset in Figure 1(e)
shows a close-up view of what is called the ‘‘floret-shape
structure’’ throughout this text. This structure is the
product of a metastable eutectic reaction at around
1373 K (1100 �C) and consists of Cr5B3 and Ni layers[7]

(in Figure 1(e), dark and bright layers, respectively). In
some cases, abrupt microstructural changes were found
inside one track or from one track to the subsequent one
as shown in Figure 1(f). The abrupt changes indicate
sharp thresholds in the system at which variations in
phase formation could occur. Sometimes these micro-
structural variations could happen in one track from
bottom to top of the track. Figure 1(g) shows the cross
section of track 5 (position g) in which after a thin layer
of columnar dendrites adjacent to the substrate-clad
interface, first CrB and then Cr5B3 were formed and
finally a mixture of floret-shape structures and dendritic
Cr7C3 became dominant and covered most of the
deposit. The precipitate-free layer of columnar dendrites
was present in all of the deposited samples. Thickness of
this layer depends on the level of dilution.[12]

Each of the microstructures shown in Figures 1(b)
through (e) has a different hardness with (b) showing the
lowest hardness of around 500 HV and (e) the highest of
around 900 HV. More details on hardness changes can
be found elsewhere.[6]

The multitude of microstructural variations and phase
changes in the multi-track deposits proved that an
experimental analysis of the microstructural evolutions
directly on multi-track samples is not easy to do. As
explained before, the variation in the type and mor-
phology of the constituent phases can be attributed to
changes in chemistry of the alloy or the thermal
conditions during the solidification. The OM image of
Figure 1(a) shows that after the first track, the dilution
level is almost the same. So, it is reasonable to assume
that variations in the thermal conditions were respon-
sible for the observed microstructural changes.

The Ni-Cr-B-Si-C coatings are very susceptible to
cracking.[19] Reducing the cooling rate after deposition
using preheating and postheating is a widely used
method to lower the cracking tendency of these mate-
rials.[16] During the deposition of the multi-track sam-
ples on preheated substrates and before reaching a
quasi-steady state, on one hand the heat accumulation

as a result of the laser beam energy will reduce the
cooling rate and on the other hand, cooling of the
substrate from preheating temperature will increase it.
Such a situation is different from deposition on a cold
substrate in which cooling rate gradually and continu-
ously decreases as a result of heat accumulation in the
substrate. The temperature variations of the cold and
preheated substrates during deposition process are
schematically represented in Figure 2.

B. Microstructural Evolutions in DTA Samples

The DTA thermograms were analyzed for their
thermal events and microstructure of the relevant
DTA samples was observed by SEM. Figure 3 shows
the DTA graphs and the microstructure of the solidified
samples. Contrary to graph (b) which contains only
three thermal events below 1473 K (1200 �C), the graph
of (a) has several peaks in the temperature range of
1773 K to 1473 K (1500 �C to 1200 �C) as well as the
same peaks in (b). The diversity of the phases in the
microstructure of Figure 3(c) confirms that solidifica-
tion of the intended composition at a slower rate
generated multiple borides with different morphologies.
On the other hand, increasing the cooling rate sup-
pressed the blocky borides and most of the microstruc-
ture consisted of floret-shape structures in a matrix of Ni
along with Ni-B-Si eutectics.

C. Microstructural Evolutions in Single Track Samples

Figure 4 shows the microstructure of single tracks
deposited on preheated bars at deposition speeds of 5,
10, and 20 mm/s. After deposition at the speed of 5 mm/
s, the microstructure consisted of blocky borides (mainly
CrB) as visible in the inset of Figure 4(a). As shown in
Figure 1(f), abrupt microstructural changes could occur
in this alloy. The same phenomenon happened from
bottom to top of the single track deposited at 10 mm/s.
Figure 4(c) shows a close-up view of this transition in
which the blocky borides are abruptly substituted with

Fig. 2—Dependence of the substrate temperature near cladding zone
before reaching equilibrium temperature (Teq) as a function of time
for deposition on substrates at room temperature (TR) or preheated
to Tp.
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floret-shape structures at the upper half of the track.
Microstructure of the track deposited at 20 mm/s
contained very few blocky borides and majority of the
microstructure consisted of floret-shape structures
along with dendritic Cr7C3 as shown in the inset of
Figure 4(d).

The single track samples deposited on the cold bars at
5, 10, and 20 mm/s contained negligible amount of
blocky borides. Figure 5 shows the SEM–BSE image
from the microstructure of the single track deposited at
the lowest cladding speed of this study (5 mm/s). The
insets show that after a precipitate-free layer of colum-
nar dendrites close to the interface, the microstructure
contains only floret-shape structures plus numerous
dendritic Cr7C3.

D. Microstructure of the Powder Particles

Figure 6(a) shows the SEM micrograph of the gas-
atomized powders. The diameter of the powder particles
was in the range of 50 to 150 lm. Figures 6(b) through
(d) show the microstructure of various powder particles
as observed by SEM–BSE. Although the powder par-
ticles were from the same batch and their diameters were
comparable, their microstructures were very different. In
the powder particle of Figure 6(b), CrB is the main

boride precipitate along with some butterfly-shape
Cr5B3 and flower-shape Cr7C3 as indicated by arrows.
On the other hand, the powder particle of Figure 6(c)
shows a mixture of several phases including large
quantities of Cr5B3 as well as floret-shape structures
and some CrB. The powder particle of Figure 6(d) has a
microstructure consisting of the same phases as in (b)
and (c) but in much larger numbers and significantly
smaller sizes which shows that this particle experienced a
significant amount of undercooling. The microstructural
images of Figures 6(b) through (d) show that even with
the same chemistry and diameter, the melt droplets of
the intended composition can develop significantly
different phases and microstructures. The morphology
of the constituent phases in the powder particles are very
similar to that of the same phases formed during laser
deposition.

E. Observation of the Eutectic Structures

Although BSE imaging was a very effective method to
observe boride and carbide precipitates, fine Ni-B-Si
eutectics with 100 nm thick layers[7] and Ni solid
solution dendrites could not be properly distinguished
in the BSE images. OM was capable of generally
showing the eutectic areas and Ni grains. But it was

Fig. 3—DTA graphs showing the thermal response of the alloy cooled at (a) 10 K/min and (b) 100 K/min. SEM microstructural images of the
samples cooled at 10 and 100 K/min are shown in (c) and (d), respectively.
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necessary to etch the samples and perform SEM
observation to reveal the details of the eutectic structure.
Figure 7(a) shows an example of the etched microstruc-
tures in which the eutectic layers are clearly visible in the
Secondary Electron (SE) SEM image. Dendrites of Ni
solid solution could be observed as well. These two
structures are the ones which appear as a bright
background in the BSE images of the earlier figures.
Previous TEM phase identification showed that the
eutectic structures in this alloy are combinations of both
equilibrium and non-equilibrium binary and ternary Ni-
B-Si eutectic phases such as Ni3B, Ni2B and Ni3Si.

[7]

Figures 7(b) and (c) present the main microstructures
as observed by OM. The microstructure shown in
Figure 7(b) is similar to those shown in Figures 1(c)
and 4(a) and the one presented in Figure 7(c) is the same
as those in Figures 1(e) and 4(d). Although the details of
the eutectic structures cannot be resolved as in Figure 7,
the OM images provide the possibility of measuring the
total area percentage of the eutectics. This percentage
was calculated using image analysis to be approximately
20 and 35 for the microstructures in Figures 7(b) and
(c), respectively. These numbers show that the micro-
structures with blocky borides or floret-shape structures
are not only different in the type of their boride phases,
but also in the amount of the eutectics.

F. Hardness Variations

The implications of the microstructural changes for
hardness of the deposits were evaluated by measuring
microhardness from bottom towards top of the track in
Figure 1(g). This track contained three distinctive
regions: a precipitate-free layer of columnar Ni den-
drites next to the clad-substrate interface, a layer
containing blocky borides and finally, majority of the
deposit consisting of floret-shape structures and den-
dritic Cr7C3. The hardness graph of Figure 8(a) simi-
larly shows three regions with different hardness ranges:
close to the interface with a hardness of around 500 HV,
a second region of around 750 HV and a final part with
the highest hardness of around 900 HV.

Fig. 4—Microstructure of single track samples deposited on preheated substrate at different cladding speeds (a) 5 mm/s, (b) 10 mm/s, (c) close-
up of the microstructural transition at the top of sample (b), (d) 20 mm/s.

Fig. 5—Cross section of the single track deposited on cold substrate
at 5 mm/s. Insets show microstructures close to deposit–substrate
interface (left) and the rest of the deposit (right).
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Observation of the individual hardness indents
confirmed that the three hardness ranges in Figure 8(a)
correspond to the three microstructural regions in
Figure 1(g). The highest hardness belonged to the
indents which were positioned entirely on the eutectic
structures. The hardness indent of Figure 8(b) shows
an example where hardness was 1073 HV. It seems that
eutectic structures contribute significantly to the hard-
ness of these alloys. In fact, the highest hardness
belongs to the microstructure shown in Figure 7(c)
which contains a higher percentage of the eutectic
phases.

G. Other Microstructural Phenomena

In addition to the microstructural variations men-
tioned before, the three following phenomena were
frequently observed. These phenomena provide clues
about the variations of thermal conditions during
solidification or the sequence of phase formation reac-
tions as will be discussed later.

1. Columnar to Equiaxed Transition in Ni Dendrites
The morphological transition in Ni solid solution

dendrites from columnar to equiaxed as shown in
Figures 9(a) and (b) was a common feature in all of
the samples. This columnar to equiaxed transition
(CET) could be seen at the bottom of the deposits and
close to deposit–substrate interface. A very thin layer of

planar growth was present at all interfaces with an
extension of few micrometers. This planar growth zone
became unstable as solidification proceeded and broke
down into cellular grains. EBSD was used to study the
grain structure and the morphological changes of the Ni
grains from bottom to top of the deposits. In order to
correctly evaluate the shape of the Ni grains, EBSD
scans were performed on the longitudinal cross section
at the middle of the track as recommended previ-
ously.[20] Figure 9(d) shows the EBSD inverse pole
figure (IPF) map of the interface region shown in (c).
The IPF map is superimposed on the image quality map
and the dark areas are filtered because of low indexing
quality. Figure 9(d) clearly shows the change in mor-
phology of Ni dendrites from columnar to equiaxed
from bottom towards the top of the deposit. The
significance of this change is that the columnar structure
of Ni grains hinders the flow in the melt pool and
prevents compositional homogenization of the melt. It
was previously shown that there is a direct relationship
between extent of the columnar structure adjacent to the
interface and the thickness of the iron-rich layer.[12]

Higher Fe content of the interfacial region (caused by
dilution from the steel substrate) modifies the solidifi-
cation path of the alloy which reduces the amount of Ni-
B-Si eutectics and suppresses the precipitation of the
primary boride.[6,12] These changes will diminish the
hardness of the deposit in the interfacial region as shown
in Figure 8(a).

Fig. 6—(a) SEM micrograph of the gas-atomized powder particles, (b) through (d) BSE images showing the cross section of several powder par-
ticles with various microstructures.
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2. Peritectic Transformation of CrB
The BSE image of Figure 10(a) shows amicrostructure

in which several boride precipitates (with the darkest
contrast and indicated by arrows) are enveloped in other
precipitates. Such a configuration is usually formed
during peritectic reactions which the Cr-B system con-
tains a number of them as shown in Figure 10(b). Based
on the knowledge obtained so far about the prevalent

types of borides in this system and also based on the
contrast of the phases in the BSE image,[7] it is possible to
predict that the darker borides in Figure 10(a) are CrB
and the ones surrounding them are Cr5B3. In fact, the
peritectic reaction of L+CrB fi Cr5B3 can be found in
the binary Cr-B phase diagram at around 2173 K
(1900 �C).[21] EDS/EBSD phase identification was done
to conclusively determine the type of the phases involved

Fig. 7—(a) SEM image showing an example of the eutectic structure after etching. (b) and (c) OM images of two different microstructures as
presented in Figs. 1(c) and (e). The difference in the amount of eutectics is noticeable.

Fig. 8—(a) Variations of microhardness along the depth of the track shown in Fig. 1(g), (b) an indent entirely located on the eutectic structure
with a hardness of 1073 HV.
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in these structures. According to the EBSD phase map of
Figure 10(d), the larger precipitate in Figure 10(c) is a
single crystal Cr5B3 (tetragonal structure with lattice
parameters of a = 0.537 nm and c = 1.0188 nm) which
is formed around a polycrystalline CrB (orthorhombic
structure with lattice parameters of a = 0.2966 nm,
b = 0.7867 nm, and c = 0.2932 nm). It can be seen in
Figure 10(a) that the peritectic transformation, i.e.,
thickening of the peritectic envelope[22] is in different
stages for different precipitates. In some cases, the CrB
precipitate is almost entirely transformed to Cr5B3 while
in other cases it is not even fully surrounded. This is
because of the fact that onceCrB is coveredwith a layer of
Cr5B3, thickening of the Cr5B3 layer will be controlled by
the diffusion of B, Cr and other elements through the
layer. The microstructures represented in Figures 1(d)
and 10(a) shows that Cr5B3 could form directly from the
melt as well as through peritectic reaction. This coexis-
tence shows that the peritectic reaction of L+
CrB fi Cr5B3 did not start at the peritectic temperature,
most probably because of the need for some level of
undercooling.[23] At temperatures below the peritectic

reaction, the product of the reaction had the possibility to
form directly from themelt. Hence, the Cr5B3 precipitates
have formed either around the existing CrB particles or as
independent precipitates.

3. Nucleation of Cr Carbides on Borides
Cr7C3 is the dominant type of carbide in this system.[7]

Two morphologies of Cr7C3 were found; flower-shape
(Figure 6(b)) and dendritic (Figure 11). The first mor-
phology was common in microstructures with blocky
borides while the dendritic morphology was prevalent in
the microstructure consisting of floret-shape structures
(Figure 1(e)). An interesting feature of dendritic Cr7C3

was its nucleation on CrB or Cr5B3 precipitates as shown
in Figure 11.

IV. DISCUSSION

A. Mechanisms of Microstructural Evolution

The observed microstructures in the laser-depo-
sited Colmonoy 69 can be classified into two general

Fig. 9—(a) SEM–BSE image showing the planar layer at the interface and the change to columnar structure, (b) OM image of the CET region,
(c) SEM–BSE image of the interface region and (d) IPF+IQ map showing the CET from bottom to the top of the track shown in (c). Boundary
misorientation is 5 deg.
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categories: the ones with primary Cr boride/carbides
(which could be found in the equilibrium phase dia-
grams, e.g., CrB and Cr5B3) along with lower contents
of Ni-B-Si eutectics (Figures 1(c), (d) and 7(a)) and the
one containing floret-shape structures and higher con-
tents of Ni-B-Si eutectics (Figures 1(e) and 7(b)). As
both of these microstructures were also observed in the
DTA samples, analysis of the relationship between
thermal conditions and the microstructural evolution
can be started with the DTA samples in which the
solidification conditions are relatively well-known.

The solidification path of this alloy involves precip-
itation of several borides and carbide as well as Ni solid
solution and Ni-B-Si eutectic phases.[7] Due to this
multiplicity of phases and the absence of an accurate
multi-component phase diagram, a precise interpreta-
tion of the DTA curves is not easy. The primary phases
in this system are Cr borides and carbide. Absence of the
thermal events in the DTA curve of the sample cooled at
100 K/min (Figure 3(b)) shows that increasing the
cooling rate in this system suppress the primary phase

formation reactions. At higher cooling rates, most of the
boron content was consumed to produce floret-shape
structures (Figure 3(d)). These structures were previ-
ously characterized to be mixtures of Ni and Cr5B3

which form through a metastable eutectic reaction at
around 1373 K (1100 �C).[7] This temperature roughly
corresponds to the onset temperature of the first peak in
the DTA graph of Figure 3(b). The DTA peaks at
temperatures less than 1273 K (1000 �C) belong to the
Ni-B-Si binary and ternary eutectic reactions and do not
show substantial differences for the two cooling rates.
Hence, the largest impact of the cooling rate on the
solidification pathway of this alloy was during forma-
tion of the boride phases.
By extending the outcomes from analysis of the DTA

samples to the single tracks, similar trends for the effect
of cooling rate on phase formation could be observed.
Figure 4 shows that transition from the first category of
microstructures to the second one could occur inside a
single track from bottom to top of the melt pool. At
higher deposition rates, such a transition happened

Fig. 10—(a) SEM–BSE image showing multiple cases (highlighted by arrows) of boride precipitates enveloping another phase. Such features
were frequently observed in the microstructures with CrB as the main boride phase, e.g., Fig. 1(c). (b) Cr-B phase diagram, (c) SEM image of
one boride precipitate which surrounds another phase with a darker contrast, (d) EBSD phase map of the structure in (b) showing a CrB precip-
itate surrounded by Cr5B3.
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earlier, i.e., closer to the deposit–substrate interface.
Consequently, while the single track deposited at 5 mm/
s only contained the first category of microstructure
(Figure 4(a)), the track deposited at 10 mm/s had a
mixed microstructure (Figures 4(b) and (c)) and the one
deposited at 20 mm/s entirely consisted of floret-shape
structures plus dendritic carbides (Figure 4(d)).

The microstructures of Figures 4(a) and (d) are the
ones which formed at the lowest and the highest
cladding speeds or substrate preheating temperatures,
respectively. Hence, they can be used to establish the
microstructure-cooling rate relationships in the studied
coatings. The cooling rate at the middle of single tracks
deposited on preheated substrates at 5 and 20 mm/s was
estimated by a simple laser melting model presented by

Berjeza[24] using the parameters presented in Table II.
The cooling rates for microstructures presented in
Figures 4(a) and (d) were estimated to be around
3.9 9 103 and 6.6 9 104 K/s, respectively. These values
are in the same range as calculated previously by finite
element modeling for laser-deposited coatings.[14,15]

A closer look at how thermal parameters vary from
bottom to the top of the melt pool during solidification
of a single track can further clarify the microstructural
evolutions. The most important variables in the solid-
ification of the laser-deposited coatings are the solid–
liquid interface growth velocity V (mm/s) and the
temperature gradient in the liquid ahead of the solid–
liquid interface G (K/mm). Combination of G and V
makes two important combined parameters, namely the
cooling rate _T (K/s) which is equal to GÆV in directional
growth and the interface stability criterion (for consti-
tutional undercooling) G/V. Kurz and Trivedi[25] ana-
lyzed the variations of the four above-mentioned
parameters along the depth of the laser-deposited
coatings. Their results showed that V is zero at the
bottom of the melt pool but rapidly increases to values
equal to the laser beam transverse speed at the top of the
track. G has an opposite trend with the highest value at
the deposit–substrate interface and falling towards the
top. This combination results in the highest value of G/V
at the deposit–substrate interface with a continuous
decrease towards the top of the melt pool. The cooling
rate (GÆV) follows an opposite trend with the highest
value at the top of the melt pool and continuously
decreasing towards the deposit–substrate interface. This
can be explained by the fact that heat extraction is
mainly done by the substrate through the deposit–
substrate interface. Hence, the cooling rate is the lowest
close to that area because the heat released further away
has to pass through the interface region.
The microstructural evolutions in the single track

samples showed that increasing the cooling rate either
because of the variations in GÆV along the depth of the
melt pool or as a result of deposition on cold substrates
will suppress the blocky borides and encourage floret-
shape structures. Furthermore, the reduction of G/V
from bottom to top of the melt pool is responsible for
CET in the Ni dendrites. The G/V ratio describes the
level of interface instability and determines the solidifi-
cation mode. As this ratio decreases, the planar solid–
liquid interface becomes unstable. As a result, the
microstructure will change from planar to cellular, then
to columnar dendrites and finally to equiaxed den-
drites.[26] All of these transitions could be found in the
analyzed samples as presented in Figure 9.Fig. 11—Nucleation of dendritic Cr7C3 on (a) CrB and (b) Cr5B3.

Table II. The Input Parameters to Estimate the Cooling Rates Using the Model Presented by Berjeza
[24]

for Single Track
Samples Deposited on Substrate Preheated to 773 K (500 �C)

Cladding
Speed (mm/s)

Laser Power
(W)

Beam Spot
Size (mm)

Heat Capacity
(J/Kg K)

Thermal Conductivity
at 1144 K (871 �C)

(W/m K)
Density
(g/mm3)

5 800 3.57 444 28.8 8.06
20 1400 3.57 444 28.8 8.06

The thermal properties are extracted from Ref. [32].
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Based on the findings for the relationships between
the processing conditions and microstructures for DTA
samples and single track deposits, it is possible to
interpret the microstructural changes in the multi-track
samples. It was found that the microstructure consisting
of floret-shape structures and dendritic Cr carbides
forms at higher cooling rates. This microstructure also
occurred in the fourth and fifth tracks in the multi-track
sample deposited at 5 mm/s (Figure 1) and even earlier
in samples deposited at 10 and 20 mm/s. It seems
reasonable to conclude that the cooling rate has
increased as multi-track deposition on preheated bars
proceeded. In other words, the effect of substrate
cooling was more pronounced than the effect of heat
accumulation so that the substrate cooled down below
the initial preheating temperature of 773 K (500 �C).
The cooling rate required for the microstructural tran-
sition was reached earlier at higher deposition speeds
because the interface growth velocity (V) and hence the
cooling rate (GÆV) are directly proportional to the
deposition speed.[20]

B. Phase Selection Phenomena

Contrary to the CET which is a morphological
change, transition of the boride precipitates from CrB
to Cr5B3 and finally to floret-shape structures (which are
mixtures of Cr5B3 and Ni) is a phase change. As the
composition of the melt was approximately constant in
all experiments, position of the melt in the multi-
component phase diagram did not significantly change.
On the other hand, the two categories of microstructures
did not coexist in the studied samples, i.e., in every
condition one category was preferably formed. This
means that the transitions in the type of the boride
phases as a consequence of variations in the thermal
conditions can be regarded as a series of phase selection
processes. Formation of all the observed phases consists
of nucleation and growth steps. Hence, the phase
selection phenomena can be examined in terms of
relative nucleation and growth kinetics of the competing
phases.

The phase selection phenomena can be nucleation-
controlled, growth-controlled or both.[27] In alloy sys-
tems with numerous phases, the competition in the
nucleation-controlled regime is largely determined by
the relative magnitudes of DG*, i.e., the energy barrier to
nucleation which can be represented by the following
equation[28]:

DG� ¼ 16pc3SLT
2
mfðhÞ

3L2
f DT

2
: ½1�

In Eq. [1], cSL is the solid–liquid interface energy, Lf is
the latent heat of fusion per unit volume, Tm is the
melting temperature of the phase, f(h) is a factor related
to the contact between the nucleus and a catalytic
surface, and DT is the undercooling below the equilib-
rium melting point. The above equation shows that
many parameters can play a role in determining which
phase nucleates more easily. There is not enough

thermodynamic data to fully compare the nucleation
energy barriers of the observed borides and carbides.
But based on the microstructural evolutions and possi-
bility of sudden changes in the type of constituent
phases, it seems reasonable to assume that substantial
differences exist between the properties of the observed
phases such as their interfacial energy or preferred level
of undercooling. During solidification of a liquid metal,
the non-equilibrium effects or the level of liquid meta-
stability can be evaluated by the amount of the
undercooling below the equilibrium melting point.[29]

In fact, among the above-mentioned parameters, the
solidification microstructure is closely related to the level
of undercooling at the onset of nucleation.[18]

While the amount of undercooling can be accurately
controlled and measured in some processes (e.g., solid-
ification of suspended liquid droplets[18]), the same
measurement is not easy to perform during deposition
on a substrate followed by continuous rapid cooling as
happens in laser cladding process. However, the con-
nection between undercooling and cooling rate can be
used to predict the variations of undercooling during the
laser deposition process. In general, increasing the
cooling rate tends to enhance undercooling.[30] As a
result, the observed microstructural evolutions in sam-
ples solidified with higher cooling rates can be correlated
to their higher level of undercooling.
Both nucleation and growth of the competing phases

can be influenced by the level of undercooling. There are
many examples for the nucleation-controlled phase
selection with increasing undercooling.[28] Similarly,
growth of the phases can also be affected. If one phase
grows much more rapidly than the other at higher
undercoolings, that phase will finally dominate the
microstructure. Sometime ease of diffusion also plays a
role in selection of the final phase or microstructure,
especially in alloy systems.[30] An example of this can be
observed in the studied coatings in which the blocky
Cr5B3 particles give way to the floret-shape structures as
seen in Figure 12. The dark layers in the floret-shape
structures are Cr5B3 which were formed during a
metastable eutectic reaction.[7] The thickness of these
layers is around 100 nm and they are separated by layers
of Ni solid solution. The diffusion length for the alloying
elements is much shorter in such morphology in
comparison to bulky Cr5B3. This may explain why the
floret-shape structures are dominant although the bulky
Cr5B3 particles were able to nucleate. EBSD data shows
that when floret-shape structures overtake the blocky
Cr5B3 precipitates, the Cr5B3 layers inside the florets
keep the same crystallographic orientation as the
primary Cr5B3 precipitates. Figure 13 presents an exam-
ple of the transition from blocky Cr5B3 precipitates to
floret-shape structures. The [001] IPF map of Fig-
ure 13(c) shows that there are two Cr5B3 grains at the
center and the layers of Cr5B3 on each side follow the
orientation of one of the two grains during their growth.
In other words, a new nucleation process did not happen
and only the transition of the original phase to a more
kinetically favorable structure occurred. This is an
example of growth competition and shows that if the
growth kinetics of the primary phase is not fast enough,
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it may be replaced or overtaken by another more rapid
structure.[30]

Not all floret-shape structures were formed because of
transition from blocky Cr5B3 precipitates. In many
cases, they were formed directly from the melt as shown
in Figure 12(c). These observations suggest that the
floret-shape structures had a better chance of nucleation
and/or growth at higher levels of undercooling.

Figures 12 and 13 suggest that the transition in the
boride formation reaction can happen during both
nucleation and growth. In other words, the floret-shape
phases can form either directly from the highly under-
cooled melt or by outgrowing the blocky Cr5B3.
Previous research showed that when the interface
attachment kinetics of the competing phases are com-
parable, then the competitive nucleation principles
apply but if there is a significant difference of two or
three orders of magnitude in the interface growth
kinetics, the phase selection process will be growth-
controlled. The differences in the interface attachment
kinetics can be caused by several factors including the
level of order in the phase (e.g., an ordered intermetallic
phase vs a disordered solid solution) and the complexity
of the crystal structure.[27] The layers of Cr5B3 in the
floret-shape structures have the same crystal structure,
level of structural order and even crystal orientation as
the blocky Cr5B3. As a result, their interfaces with the
melt should have similar mobility. However, the growth

of their interfaces can still be influenced by the ease of
diffusion as a result of their different length scales.
Most of the observed phases in this alloy system can

be found in the relevant binary and ternary equilibrium
diagrams.[5,21,31] While from the thermodynamics point
of view all of the observed phases could form (either as
stable or metastable phases), at the end the kinetic and
diffusion processes determined which of the possible
phases and microstructures could actually appear. If the
alloy composition has the potential to follow various
phase formation pathways, different phase selection
phenomena can occur. Further analysis and experiments
are necessary to clarify the exact mechanisms of phase
selection during rapid solidification of Ni-Cr-B-Si hard-
facing alloys.

C. Effects of Boride Selection on the Eutectic Structures

The DTA graphs of Figure 3 showed that the higher
cooling rates mostly influenced the formation of boride
phases at higher temperatures. However, as nucleation
and growth of the boride phases at the early stages of
solidification determine the amount of boron remaining
in the melt pool, the boride phase selection processes
may have implications for the Ni-B eutectic reactions. In
the microstructure of Figure 7(b), the dominant type of
boride phase is CrB which contains around 17 wt pct of
boron. On the other hand, the thin layers of Cr5B3 in the

Fig. 12—(a) SEM–BSE image showing how the floret-shape phases dominate the microstructure although many started as blocky Cr5B3. The
dendritic phase is Cr7C3. (b) A close-up look at how the floret-shape structure started as a blocky Cr5B3 but later transformed. (c) Direct forma-
tion of the floret-shape structures from the melt.
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floret-shape structures of Figure 7(c) contain around
11 wt pct of B.[31] Formation of a boride phasewith lower
boron contentwill keepmore boronavailable for theNi-B
eutectic reactions. This will increase the content of theNi-
B-Si eutectic structures and also the portion of the harder
Ni-B eutectic phases.[5] So, the higher percentage of the
eutectic structures in the microstructure of Figure 7(c) in
comparison to that of Figure 7(b) can be attributed to the
different boride formation reactions of these two micro-
structures. Given the high hardness of the eutectics as
shown in Figure 8(b), changes in the content of eutectic
phases can explain the variations in the microhardness of
the deposits.

D. The Sequence of Phase Formation

Although a multi-component phase diagram for Ni-
Cr-B-Si-C alloys does not exist in the literature, based
on the finding of this study, it is possible to predict the
sequence of phase formation in this alloys system. The
peritectic transformation as discussed in Section III–G–
2 indicates that CrB is the first phase to solidify followed
by Cr5B3. Furthermore, nucleation of Cr7C3 on either
CrB or Cr5B3 as presented in Figure 11 shows that this
phase forms at a lower temperature and nucleates on the
existing CrB or Cr5B3 precipitates. Similarly, envelopes
of Ni around the borides precipitates (Figure 7) can be
regarded as a sign of their lower temperature of
formation. If primary CrB or Cr5B3 is suppressed at
higher undercoolings, Cr7C3 will be accompanied by the
floret-shape structures. The Ni-B-Si eutectics are the last

phases to solidify under all conditions. They always
form a continuous network and fill the spaces between
the precipitates and Ni dendrites or the floret-shape
structures.
As mentioned before, the two categories of micro-

structures did not coexist. The microstructure with the
blocky borides forms at a higher temperature range in
comparison to the floret-shape structures. Formation of
blocky borides depletes the melt out of boron and as a
result, the first category of microstructures is free from
floret-shape structures. On the other hand, the floret-
shape structures can form only if formation of blocky
borides is inhibited by increasing the cooling rate, i.e.,
providing the melt with more undercooling.

V. CONCLUSIONS

An experimental study was executed to evaluate the
effects of thermal conditions on phase formation and
microstructural evolution during rapid solidification of
a laser-deposited Ni-Cr-B-Si-C hardfacing alloy. The
following conclusions can be made:

1. Higher cooling rates facilitated the preferential
nucleation and growth of the floret-shape mixtures
of Ni and Cr5B3 via a metastable reaction in com-
parison to precipitation of primary CrB and Cr5B3

borides.
2. Variation in the type of the borides also influenced

the nature and proportion of the Ni-B-Si eutectics

Fig. 13—(a) SEM image of a blocky Cr5B3 surrounded by a floret-shape structure, (b) phase map, and (c) [001] IPF map of the area in (a). In
(c), the way orientation of Cr5B3 layers follows that of the blocky precipitates is noticeable. Boundary misorientation is 5 deg.
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by changing the amount of the boron remaining in
the melt pool.

3. CET in the Ni dendrites could be explained in
terms of variations in the temperature gradient in
the melt pool and the solid–liquid interface growth
velocity.

4. Microstructural evidence such as peritectic transfor-
mation of CrB and nucleation of Cr7C3 on Cr borides
indicated that the phase formation reactions started
with precipitation of primary CrB and then Cr5B3 fol-
lowed by Cr7C3 carbides, Ni solid solution dendrites
and Ni-B-Si eutectics. Alternatively, the primary
borides could be substituted with the floret-shape mix-
tures of Ni and Cr5B3 at higher cooling rates.
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