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Abstract
Bulk metallic glass matrix composites are advocated to be material of future owing to their superior
strength, hardness and elastic strain limit. However, they possess poor toughness which makes
them unusable in any structural engineering application. Inoculation has been used as an effective
means to overcome this problem. Zr47.5Cu45.5Al5Co2 bulk metallic glass matrix composites
(BMGMC) inoculated with ZrC have shown considerable refinement in microstructure owing to
heterogeneous nucleation. Efforts have also been made to exploit modern laser-based metal
additive manufacturing to fabricate BMGMC parts in one step. However, the effect of laser
treatment on inoculated material is unknown. In this study, an effort has been made to apply laser
based additive manufacturing on untreated and inoculated BMGMC samples. It is observed that
laser treatment not only refined the microstructure but resulted in change of size, morphology and
dispersion of CuZr B2 phase in base metal, heat affected zone and fusion zone. This effect is
documented with back scattered electron imaging. This provides a basis for further research to
quantify this phenomenon and full-scale part development.

Keywords: Additive, bulk metallic glass, composites, inoculation, phase
Corresponding author: Muhammad Musaddique Ali RAFIQUE
(ali.rafique@hotmail.com, s3469212@student.rmit.edu.au)


Introduction
Over time, there has always been a quest for hard, strong and tough material [1, 2] which can
effectively withstand the loads encountered in practical extreme engineering problems. Various
efforts have been made to achieve this [3, 4] and many new materials were developed. Although
they were discovered in 1950s [5], very recently, bulk metallic glasses [6-10] have emerged as
potential candidates to solve this problem [11]. They possess high hardness [12, 13] and strength
due to parent glassy structure but have poor ductility, hence poor toughness and exhibit
catastrophic failure under the action of external load [14-16]. This problem limits their application.
Efforts have been made to overcome this problem by introducing crystallinity in the glassy matrix.
This may be achieved by various means including; external [17-19] introduction of reinforcing
particles (ex situ) or internal (in-situ) [20-26] precipitating of same during processing
(solidification [27-29], devitrification [30-33], powder metallurgy [34], foaming [35] or solid-state
processing). However, this quest is still far from exhausted. Narrowing down the approach, In-situ
introduction of precipitates during solidification have proved out to be the best mechanism to
tackle this problem and newer methods have been introduced to achieve this mostly by control of
melt composition [36], chemistry, and adjustment of processing conditions [37, 38]. Successful
introduction of precipitates to form a composite structure was reported for the first time by Prof.
Johnson’s group at Caltech in 2000 [39]. Since then many groups in the world have produced a
multitude of composites using similar philosophy [21, 28, 40-56]. As for the technique, very
recently, additive manufacturing has emerged as new innovative and competitive route for a quick,
efficient and one step solution to produce near net shape complex parts [57-61]. Components from
nearly all types of metals and alloys can be produced by this technique (laser [58-60, 62, 63] or
electron beam [64, 65] based) as the temperature obtained is a function of laser power and can be
flexibly controlled over a wide range. Seeing its potential, need and interest has also sparked in
the use of this technique for microstructure control [54, 66-68], manipulation [69, 70] and
manufacturing of parts by bulk metallic glasses and their composites [55, 67, 71-73]. Both
simulation [55, 63, 65, 74-80] and experimental [64, 67, 68, 81, 82] methodologies have been
rigorously applied to study, determine and ascertain the effect of various material and process
parameters on final part quality and its properties. Different AM variants such as laser surface
remelting [38, 54, 66-69, 83-89], 3D printing [90-94] LENS [95], welding [96-98], pulsing [99,
100], shock peening [101], and laser solid forming [66, 69, 99-103] have been successfully applied
to fabricate parts of various types, size, nature and geometries. Recently, an established grain
refinement technique – inoculation [3, 104, 105] has been applied to Zr based bulk metallic glass
matrix composites and found to successfully improve properties of as cast composites [28, 106].
However, the effect of the incidence of a high energy laser with varying scan speeds on these
inoculated composites is not known – an important parameter for full scale part development. Gaps
exist in the literature and reported research in how these versatile materials whose grain structure
has been improved by inoculation will behave under intense source of heat energy (laser)? What
will be the effect on type, size, distribution and morphology of phases as well as size, dimensions
and geometries of associated melt pools, heat affected zones and unaffected base material? The
present study is aimed to bridge this gap. A systematic study is carried out in which bulk metallic
glass matrix composites with different percentages of ZrC subjected to a laser source of constant
size (spot size). The effect of laser power and scan speed are evaluated.
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Experimental procedure
As cast bulk metallic glass matrix composites were produced using vacuum arc melting and
suction casting button furnace. They were produced by mixing appropriate amounts of pure
elements Zr, Cu, Al and Co with different percentages of ZrC inoculant such that a small button is
produced which was placed in the hearth of furnace and melted with the help of an arc. The melted
volume was placed on a small orifice and sucked through a chute into a copper mold beneath using
negative pressure generated by a vacuum pump. The sucked volume adopted the shape of copper
mold and generated a gradient of microstructure across its length due to the difference in cooling
rate. Resulting cast parts were cut into different small pieces and subjected to laser additive
manufacturing on Trumpf® laser additive manufacturing machine with different parameters. Laser
additive manufacturing: Samples were placed in the enclosed chamber and machine was operated
in a condition of over pressure of inert gas. Three tracks were produced on each of three samples.
The first one was made with 500 W power, 0.61 mm spot size and 600 mm / minutes scan speed,
second one was made with 300 W power, 0.61 mm spot size and 600 mm / minutes scan speed
while third one was made with 300 W power, 0.61 mm spot size and 1500 mm / minutes scan
speed. In all three cases, the spot size was kept constant while the power and scan speed were
varied to check their effect on final microstructure. An increase in laser power was assumed to
exert more energy input, cause more turbulence in the melt pool, increase spatter [3], denudation
zones [55, 76], evaporation and distort the surface structure with irregularities (shrinkage,
segregation, lapping, cracks, porosity, pin and gas holes [3, 104]) produced during solidification
[4, 105, 107, 108]. High laser power is also proposed to induce solid state transformations [109]
in solidified melts. These defects are even more pronounced at varying scan speeds and produce
range of melt pool geometries [64], shapes and morphologies with a multitude of solidification
microstructures. After laser surface treatment, samples were prepared for metallographic
examination. Sample preparation: For metallographic sample preparation, the laser treated half
wedge and strip were further cut at 2/3rd of distance from tip so that the area containing composite
structure and effect of laser on it were exposed. Test coupons of 35 mm length, 18 mm width and
2 mm thickness were mounted with the exposed surface facing downward in 25 grams Stycast
epoxy resin with 25 grams Buehler conductive filler. Mounts were cured at room temperature for
8 hours. Once cured, they were placed in Thermolyne Type 48000 furnace at 50oC for 2 hours to
harden the final epoxy. Cured mounts were subsequently subjected to grinding and polishing.
Grinding was performed using silicon carbide papers to 240 grit and the samples were polished
using 9 μm, 3 μm and 1 μm Diamond Duo polishing solution. Final polishing was done by
employing 0.04 μm colloidal silica solution for 5 minutes. Scanning electron microscopy: Back
scattered electron microscopy of laser surface treated inoculated samples was performed on a
JOEL 7001F FE-SEM equipped with thermally assisted Schottky type field emission gun at The
University of New South Wales, Sydney, Australia. Microscope was operated at cathode voltage
of 15 KV. Sample was placed in chamber at a vacuum of 10-6 mbar created by the diffusion pump
connected to it. Secondary electron imaging was performed by a collection of electrons at wall
mounted secondary electron (Everhart Thornley type) detector (not shown). Back scattered
electron imaging was carried out by back scattered electron detector. These electrons carry
information about compositional contrast and clearly identify areas where microstructure is 100%
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glass, affected by heat (heat affected zone) and remain unaffected and unaltered (base metal).
Working distance was maintained at 10.7 ± 0.1 mm.
Results and discussion
Electron microscopy in back scattered imaging mode was performed in all three zones (base metal,
heat affected zone and fusion zone) for each and individual track of laser on all three (untreated,
inoculated with 0.25% and 0.5% ZrC) samples.
Zr47.5Cu45.5Al5Co2 (inoculant = 0%) Track 1
This track was laid with following parameters; Power 500 W, Spot size 0.61 mm, Scan speed 600
mm / min. Three distinct regions may be identified in micrographs of cross section of sample taken
at low magnification (Figure 1 (a)). These were labelled as A, B and C which may be attributed to
fusion / melt zone, heat affected zone (HAZ) and untreated / base metal zone respectively. For this
sample with given parameters, a very large, wide and deep fusion zone was formed. This is due to
very high power of laser which caused localised concentration of energy resulting in incipient
fusion. At the same power of laser complete melting and rapid solidification of CuZr B2 [20]
occurred. This can be observed by the appearance of 100% glassy structure in region A (Figure
1(b)). Another very important characteristic of this zone was formation of spherulites. These were
consistent with observations made in a previous study [54] and were in contradiction to
nanocrystalline phases observed upon isothermal annealing [110, 111]. Due to the rapid heat
extraction and dissipation, these non-equilibrium products were formed. The width of melt pool
or fusion zone was approximately 600 μm at the surface while its depth was 300 μm. There was
shrinkage of approximately 30 – 40 μm at the top in the middle. Corners or edges of the melt pool
were also blurred or torn apart and showed signs of deterioration due to intense heat generated by
highly localised source of heat (laser). As the point of observation moved away from region A, a
region which was depicted by mixed or hazy areas was observed. This is zone where incomplete
transformation occurred, and the structure tends to freeze or coexist as crystalline metastable phase
and glassy matrix. This happened as insufficient time was given to allow for complete dissolution
of solid to liquid and then from liquid back to solid. This was known as the heat affected zone
(HAZ). As the name suggest, it was region which was affected by heat, but remained incompletely
transformed. Some phases or features were transformed, while others remained untransformed. It
appeared as a distinct region in this sample. The width of this region ranged from 120 – 140 μm.
Finally, as the point of observation moved further deep into sample, the base metal or untreated
sample was observed (Figure 1 (d)). This was characterised by observation of well-known and
documented spheroidal CuZr B2 phase [20]. There were few small brittle Al2Zr fcc [112] dendrites
emerging from background of glassy liquid. Phases formed were indicated by light colour while
glassy matrix appeared as dark background. Evidence of small porosity was also observed which
appeared as areas of black colour indicating empty space.
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Figure 1 (a) – (d): Zr47.5Cu45.5Al5Co2 (0% inoculant) Track 1, (a) low magnification (x50) image
of cross section of laser track, (b) Back scattered electron image of fusion zone / melt pool
indicating formation of glass and spherulites avoiding nanocrystallites, (c) back scattered electron
image of heat affected zone and (d) back scattered electron image of base metal indicating presence
of different phases (CuZr B2 and small Al2Zr fcc phase [112])
Zr47.5Cu45.5Al5Co2 (inoculant = 0%) Track 2
This track was produced with following parameters; Power 300 W, Spot size 0.61 mm, Scan speed
600 mm / min. Once again, three distinct regions may be identified in micrographs of cross section
of sample taken at low magnification (x50) (Figure 2 (a)). Once again, these were labelled as A,
B and C which were representation of fusion / melt zone, heat affected zone (HAZ) and untreated
/ base metal zone respectively. For this sample, with given parameters, a large, wide and deep
fusion / melt zone was observed. This again was due to the high power of the laser which resulted
in concentration of energy causing incipient fusion and formation of melt pool. As the spot size
and scan speeds were kept constant while laser input power was reduced, it resulted in less deep
melt pool. Also, there was less evidence of turbulence caused by reduced laser power. There was
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some blurring or inconsistency at the top of melt pool but still, it was not as evident as was the
case when laser power was 500 W. Some cracking was also observed at the edges of heat affected
zone (HAZ). This was due to the difference in temperatures between the melt pool and base metal
which caused thermal stresses. Another reason for this may be attributed to emergence of different
coefficients of thermal expansion in metal solidified at melt pool (glass) and the composite
structure of base metal. Another phenomenon of interest observed in this track was the emergence
of small precipitates in the melt pool region (Figure 2(b)). These appeared in the form of small
equiaxed grains. These may be an indication of incomplete fusion due to the low energy input.
Another reason for this may be attributed to complete melting due to intense localised heating,
freezing and then precipitation of large number of small equiaxed grains from the glass
(recrystallisation / devitrification) because of heating below glass transition temperature (Tg).
There was no evidence of change in morphology. Another possibility which may be considered
was complete fusion and then CuZr B2 spheroidal phase precipitation from the rapidly solidifying
melt. Their size was small as rate of heat extraction from the very small area was very fast which
resulted in nucleation of large numbers of small grains because of suppressed kinetics. As the point
of observation moved away from melt pool / fusion zone, a profound heat affected zone (HAZ)
was observed in the form of boundary / interface between melt pool and base metal. This region
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(e)

Figure 2 (a) – (e): Zr47.5Cu45.5Al5Co2 (0% inoculant) Track 2: (a) Low magnification (x50) back
scattered electron image of cross section of laser track. (b) Melt pool and lower region of heat
affected zone (x500), (c) Upper region of heat affected zone and its interface with base metal (d)
Back scattered electron image of base metal indicating presence of CuZr B2 and small Al2Zr fcc
phase [112], (e) Base metal at higher magnification (x2500) indicating presence of glassy matrix
(dark grey areas) and ductile precipitates (light areas).
was characterised by emergence of crystalline phases and a glassy matrix. However, as the laser
power was low, its effect was not as profound as was when power was 500 W. Small cracks were
also observed at the edges of the HAZ with base meal. The size of this region was around 120 –
140 μm. Once again, the reason for the cracking may be attributed to difference of temperature or
coefficient of thermal expansion between different phases of material. Regular spheroidal shape
CuZr B2 [20] precipitates were observed along with tree / flower like small brittle Al2Zr fcc phase
[112] as the point of observation moved further deep into sample towards base metal zone.
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Zr47.5Cu45.5Al5Co2 (inoculant = 0%) Track 3

A

B

Figure 3 (a) – (d): Zr47.5Cu45.5Al5Co2 (0% inoculant) Track 3: Power 300 W, Spot size 0.61
mm, Scan speed 1500 mm / min, (a) Low magnification (x50) back scattered electron micrograph
C
of cross section of laser track (b) Melt pool / fusion zone and lower region of heat affected zone
(HAZ) at higher magnification indicating complete melting, solidification and 100% glassy
structure, (c) Upper region of heat affected zone and its interface with base metal (d) Back scattered
electron image of base metal indicating presence of CuZr B2 and small Al2Zr fcc phase [112].
Different morphologies of phases can be observed as light areas originating from back ground of
glassy matrix (dark areas).
This track was laid out with following parameters; Power 300 W, Spot size 0.61 mm, Scan speed
1500 mm / min. As the power and spot size were kept constant while scan speed was increased, it
resulted in shallower and narrower melt pool or fusion zone as laser tends to move quickly in a
given time over an area causing less abrupt action. Consequently, less volume was melted, and
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only surface effects were observed. There was almost no turbulence and no pronounced effect of
shrinkage was observed. Absence of turbulence also promoted homogenisation and fully glassy
structure was formed without shrinkage, segregation and appearance of defects caused by
movement of melt in confined volume, its interaction with environment (gases and air) and its
entrapment. Size of melt pool was approximately 600 μm wide and 350 μm deep. There was small
localised depression in the middle of pool which indicated localised shrinkage. As very less
volume was melted and the interaction of energy with matter was extremely brief, size of heat
affected zone was subsequently decreased and it spaned to a maximum width of 100 μm.
Considerable decrease in size of heat affected zone (HAZ) indicated effectiveness and suitability
of process to develop layer by layer (LBL) patterns as the need of removal of excess unwanted
hard material was minimised. Grains in base metal region were mostly uniformly spaced. CuZr B2
tends to retain its near spheroidal morphology but was observed in sparse locations. Most of
microstructure was filled with three dimensional small brittle Al2Zr fcc phase [112] appearing in
the form of randomly but uniformly distributed dendrites whose size ranged from 10 μm to 25 μm.
Zr47.5Cu45.5Al5Co2 (inoculant = 0.25%) Track 1
Track produced by incidence of laser on inoculated material surface, subsequent analysis of zones
developed, and microstructure evolved in these were explained in figure 4 (a) - (d). These represent
areas where laser energy produced different features on surface of inoculated material. These
materials were characterised by presence of certain amount of ZrC inoculant. This imparted grain
refinement to material and decreased the size of features (primarily CuZr B2) which can be easily
observed in back scatter electron images of base metal (Figure 4 (d)). However, effect of laser
generated different regions which will be explained in detail below. Laser parameters on this
sample were; Power 500 W, Spot size 0.61 mm, Scan speed 600 mm / min. Figure 4 (a) showed
general form and shape of melt pool. It indicated that melt pool was deep and narrow. This was
due to intense heat generated by high powered laser localised in a confined area. This was backed
up with a small spot size and slow scan speed which helped in further confinement of heat in small
area and increased the depth to which it could penetrate. Overall width of melt pool and its depth
was high as compared to width and depth when material of same composition without inoculants
was subjected to laser surface treatment. Width of melt pool ranged to maximum of 900 μm while
its depth extended roughly to 850 μm. Structure of melt pool showed complete fusion, dissolution
of all precipitates, homogenisation / mixing, rapid cooling and formation of 100% glassy structure.
There was marked indication of cracking due to intense heat generated in a confined area and sharp
temperature gradient which existed between fusion zone and neighbouring cold base metal.
Cracking may have also been caused due to frictional forces generated during grinding as the
material was hard at fusion zone as compared to surroundings and this must have exhibited
resistance to absorb energy and cracked. This crack extended all throughout the volume of material
starting from surface towards base metal. Soon after fusion zone, an area depicted by intense effect
of heat was witnessed. This was identified as heat affected zone (HAZ). This was area which was
marked by incomplete / partial transformation. Size of this heat affected zone was very pronounced
and profound in this sample. It ranged to maximum of 200 μm wide to 200 μm deep / long. An
important feature was observed in this sample. This was presence of small crystals in partial or
incompletely transformed glassy matrix. Appearance of these crystals may also be attributed to
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inoculation effect itself. As there were stable inoculants present in melt which provided potent
sites for heterogeneous nucleation, this sample showed appearance of small crystals even in heat
affected zone. Presence of small hairline cracks indicated development of air pockets in solidifying
metal. These may have also been caused by shrinkage. Finally, as the point of observation moved
away from HAZ towards base metal, microstructure consisting of small precipitates (mainly CuZr
B2) emerging out of glassy matrix was observed. This microstructure was characterised by finely
dispersed crystals which were present all throughout the matrix. Size of these precipitates / crystals
was on average around 2 – 6 μm while their morphology was spheroidal. They were dispersed all
throughout the volume of material. They became the source of increase in ductility and toughness
of material. There were other small precipitates present in matrix as well bearing dendritic structure
which were small brittle Al2Zr fcc phase [112]. They were consistent with similar structure
observed in first glass matrix composite produced by Prof. Johnson’s group [39].
Zr47.5Cu45.5Al5Co2 (inoculant = 0.25%) Track 2
As the laser power was reduced while keeping spot size and scan speed constant, structures shown
in figure 5 (a) – (e) appeared. These clearly showed the effect of decrease in laser power which
generated less heat and thus caused melting of less amount of material. This in turn generated
small melt pool whose size was maximum 800 μm wide and 450 μm deep. Decrease in penetration
depth was an indication that low power of laser did not generated enough heat at a point to cause
deep impression. However, 100% glassy structure was formed and observed in melt pool which
was an evidence that amount of heat was enough to cause complete fusion followed by rapid
solidification. An important feature shown and observed in this sample was presence of small
region in which no melting has occurred. This was characterised by a dark colour spot (Figure 5
(b)). This may have been produced because of unmelted ZrC inoculant particle at the centre of
growing grain. The grain itself had not grown and may have been frozen due to extremely high
cooling rate in a confined volume at the corner of small melt pool. There are few dark spots at top
right corner of micrograph which indicated presence of porosity or gas holes. Once again, these
may have been caused by poor melt treatment, improper casting practice or improper sample
preparation.
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Figure 4 (a) – (d): Zr47.5Cu45.5Al5Co2 (0.25% inoculant) Track 1: Power 500 W, Spot size 0.61
mm, Scan speed 600 mm / min
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(e)

Figure 5 (a) – (e): Zr47.5Cu45.5Al5Co2 (0.25% inoculant) Track 2: Power 300 W, Spot size
0.61 mm, Scan speed 600 mm / min
As the point of observation moved away from melt pol, once again, an area bearing the effect of
intense heat was observed, known as heat affected zone (HAZ) (Figure 5 (c)). Once again, due to
prior inoculation it showed evidence of heterogeneous nucleation in which ductile crystalline
particles tend to appear randomly in matrix despite of immense cooling rate observed there. Size
of this zone was also very large spanning from approximately 200 μm wide to 250 μm deep. It
was marked by a lower and an upper line. Mostly, equiaxed grains were observed in this region
with a mix of glassy matrix. However, few small columnar grains were also observed at the
interface of HAZ and base metal. They were formed because of difference of temperature between
these two regions and heat transfer occurring as a result (Figure 5 (d)). Finally, as the point of
observation moved to base metal, a microstructure independent of any impulse was witnessed.
This was glassy matrix in which number of small CuZr B2 phases were uniformly distributed. Size
of these crystalline phases was clearly decreased while their amount has increased. On average,
their size was found to be around 1.8 – 2.5 μm. This was evidence of increase in toughness of these
alloys which was observed in another study based on microhardness testing described by author
elsewhere [113].
Zr47.5Cu45.5Al5Co2 (inoculant = 0.25%) Track 3
This track was laid out with following parameters; Power:300 W, Spot size: 0.61 μm, Scan speed:
1500 mm / minutes. Effect of this increased roaster / scan speed at power of 300W can easily be
seen in development of small, shallow and narrow melt pool. Like previous sample, area exhibited
by base metal consisted of small equiaxed precipitates originating from background of glassy
matrix (Figure 6 (d)). These were mostly equiaxed in nature dispersed evenly all throughout the
matrix. Melt / fusion zone on the other hand was manifested by complete fusion and formation of
glass (Figure 6 (b)). There was no evidence of nucleation and growth or precipitation. Area known
as heat affected zone (HAZ) which occurred in the middle of glassy matrix and base metal was
shown in Figure 6 (c). Unlike previous heat affected zone (HAZ), the size of this area was reduced
to width of almost 200 μm and depth of 180 μm. Primary reason of this was increased scan speed
which decreased the time laser spent on metal surface thus created very short incipient melt pool
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and associated heat affected zone. Morphology of crystallites in this region was again not quite
well developed. However, presence of small Al2Zr fcc phase [112] can easily be witnessed by
appearance of dark areas (near spheroids or sharp needle like precipitates) emerging from the
background of glassy matrix. This area was mostly marked by presence of metastable phase. There
was almost no evidence of cracking, porosity, pin or gas holes and microstructure mostly showed
uniformity.

Figure 6 (a) – (d): Zr47.5Cu45.5Al5Co2 (0.25% inoculant) Track 3: Power 300 W, Spot size 0.61
mm, Scan speed 1500 mm / min
Zr47.5Cu45.5Al5Co2 (inoculant = 0.5%) Track 1
As the percentage of inoculant increased to 0.5%, a trend marked by increase in number density
of phases developed was observed in as cast samples. This was optimistic indicator as a trend
marked by increased toughness was expected (as reported previously [113]). However, change in
type, size and morphology of same phases as affected by incident laser power was entirely different
as will be explained in detail below. Figure 7 (a) showed low magnification (x50) image of melt
pool when laser of 500 W stroked the sample with spot size of 0.61 mm and scan speed of 600
mm / minute. This area was marked by violent and turbulent movement of melt in confined space
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when it got melted under the action of intense localised heat. There was a lot of surface roughness
and sharp discontinuities on the surface. A marked depression was also observed on the surface
indicating profound shrinkage. Total width / span of melt pool was calculated to be around 1000
μm at the surface while its depth was around 550 μm (highest point to bottom). The width of heat
affected zone was small and may be calculated to be around 100 μm maximum. One reason which
may be attributed to this was combination of speed and laser power. Also, it was anticipated that
much of heat in this type of situation would be lost to atmosphere by surface exposure as melt pool
was wide. When observed at higher magnification (x500), melt pool showed signs of complete
melting followed by rapid solidification characterised by 100% monolithic glassy structure. No
evidence of partial or complete crystallisation or recrystallisation was observed in melt pool and
microstructure showed no sign of development of any feature (Figure 7 (b)). Soon after melt pool,
an area marked by intense effect of heat on composite was observed known as heat affected zone
(HAZ) (Figure 7(c)). This may be characterised into three regions. 1) Recrystallised region (light
areas) (mostly these were recrystallised equiaxed CuZr B2 grains), 2) Al2Zr fcc phase (dark grey
areas) [112] and 3) Recrystallised columnar CuZr B2 grains. These are indicated by yellow arrow
and found right at the interface / boundary of base metal and heat affected zone carrying equiaxed
grains. Finally, when the point of observation moved further away from surface towards base
metal, an area unaffected by the heat of laser was observed known as base metal. This was
drastically characterised by presence of (a) small equiaxed CuZr B2 phase, glassy matrix
(interdendritic dark areas) and Al2Zr fcc phase (dark grey areas (profound dendritic structure)).
There was also evidence of slight interdendritic shrinkage and micro porosity.
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A

Figure 7 (a) – (d): Zr47.5Cu45.5Al5Co2 (0.5% inoculant) Track 1: Power 500 W, Spot size 0.61
mm, Scan speed 600 mm / min.
Zr47.5Cu45.5Al5Co2 (inoculant = 0.5%) Track 2
Microstructure evolved under the action of decreased power of laser (300 W) with same spot and
scan speed was shown in Figures 8 (a) – (e). These were characterised by presence and appearance
of typical CuZr B2 phase (spheroidal or near spheroidal), Al2Zr fcc phase (sharp needle like /
flower tip like dark grey areas) [112] and small porosity. Under the action of reduced laser power
which generated less heat, size, shape and morphological features of melt pool were altered and
were entirely different. Size of melt pool was decreased, it was manifested by lesser amount of
turbulence, hence less spatter, denudation zones and rough corners / edges. There was small
evidence of surface depression which indicated shrinkage and small internal porosity. Overall, size
/ span of melt pool was reduced to 850 – 900 μm at the surface while its depth was also reduced
to around 550 μm. An image of melt pool at high magnification (x500) was shown in Figure 8 (b).
It clearly indicated formation of monolithic 100% glassy structure with no sign or evidence of
precipitation. However, as point of observation was moved further deep into sample, an area
depicted by partial melting and recrystallisation was observed. This was heat affected zone (Figure
8 (c)). It clearly showed sign of fusion at certain places and then recrystallisation while some areas
specially elongated Al2Zr fcc phase were left as such. It appeared that CuZr B2 phase was melted
completely while Al2Zr fcc phase experienced partial or incomplete melting. Size of heat affected
zone was very large spanning to a depth of around 220 – 230 μm. This was shown in two parts in
figures 8 (c) – (d). Base metal with unaltered structure was observed in figure 8 (e). This was
marked again with three structures shown and described previously.
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(e)

B

Figure 8 (a) – (e): Zr47.5Cu45.5Al5Co2 (0.5% inoculant) Track 2: Power 300 W, Spot size 0.61
mm, Scan speed 600 mm / min

C
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Zr47.5Cu45.5Al5Co2 (inoculant = 0.5%) Track 3
Finally, when the scan speed of laser was increased to 1500 mm / minute while keeping laser
power at 300 W and spot size at 0.61 mm. Melt pool, heat affected zone (HAZ) and microstructures
evolved in these were shown in figures 9 (a) – (d). Surface of material experienced intense effect
of heat and there were clear and marked signs of surface roughness, spatter and discontinuities.
However, as the laser traversed its path quickly, size of melt pool (both in terms of width and
depth) was not very large. It spaned at around 70 μm on the surface while its depth was almost
similar. There was no indication of precipitation or recrystallization of any phase in melt pool and
at higher magnification (x500) (Figure 9 (b)). Melt pool depicted placid glassy structure with no
crystals. There was however, slight effect of burning at the surface which was characteristic of
intense heat. Size of heat affected zone (HAZ) beneath fusion zone was not profound as well. It
merely had a depth of around 120 μm. Features observed in this were fused and rapidly solidified
glass and small brittle Al2Zr fcc phase. Al2Zr fcc phase showed tint of silvery or light grey areas
typical of this phase as observed previously as well. Surprisingly, there was no observation of
spherulites in fusion zone or HAZ of any of inoculated samples (0.25% as well as 0.5%) and it
may be inferred that inoculation resisted change of morphology. Structure was found in unaltered
state in base metal and found to have small to medium size precipitates around 4 – 6 μm in size.
Overall effect of intense heat from localised source of energy was found to cast change in
microstructure.
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Figure 9 (a) – (d): Zr47.5Cu45.5Al5Co2 (0.5% inoculant) Track 3: Power 300 W, spot size 0.61
mm, Scan speed 1500 mm / min.
Conclusions
In general, following conclusions could be drawn
a. Inoculation treatment casted an effect of refinement on microstructure (grain size, its count
and distribution).
b. ZrC was found to be an effective new inoculant for bulk metallic glass matrix composites.
c. As the percentage of inoculant increased from zero to 0.5%, type, size, shape and
morphology of phases changed, and their amount increased.
d. The CuZr B2 phase becomes refined and decreases from around 4 μm to 2.8 μm with
increase of percentage of inoculant from zero to 0.25% while increased slightly when
percentage of inoculant increased to 0.5% indicating non-linearity.
e. Another phase namely brittle Al2Zr fcc phase (small to medium columnar dendrites) was
also observed to form out of glassy melt.
f. Morphology of CuZr B2 changed from spheroids to spherulite under the effect of intense
heat observed only when laser power was 500 W and there was no inoculation.
g. Inoculation was found to resist change of morphology of phases in melted and rapidly
solidified material as no evidence of spherulites was observed in samples treated with ZrC.
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