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ABSTRACT

Bae, Heehun. M.S.M.S.E. Purdue University, May 2014. Processing and Characterization
of Zr-based Metallic Glass by Lase Direct Deposition. Major Professor: Lia Stanciu.

Bulk Metallic Glasses became famous for their exceptional mechanical and
corrosion properties. Zirconium in particular has been the most prominent constituent in
Bulk Metallic Glasses due to its superior glass forming ability, the ability to form
amorphous phases at a low cooling rate, in which is a desired characteristic for structural
applications.
In this study, Zirconium powder was alloyed with Aluminum, Nickel and Copper
at an atomic ratio of 65:10:10:15, respectively. Original powders were mixed by high
energy ball milling, and a Zr65Al10Ni10Cu15 amorphous structure was manufactured via
laser direct deposition.
The laser power and laser scanning speed were optimized towards an increase of
the amorphous phase content. X-ray Diffraction confirmed the presence of both the
amorphous and crystalline phases through the presence of a wide halo peak and sharp
intense peak in the spectrum.

xi
Differential Scanning Calorimetry proved the presence of amorphous phase and
glass transition was observed to be around 655 K. Scanning electron microscopy
showed the microstructure of the deposited sample to have repetitive amorphous and
crystalline phase as XRD examined.
The presence of a crystalline phase resulted from the laser reheating and remelting
process due to subsequent laser scan. Laser direct deposited amorphous/crystalline
composite showed Vickers Hardness of 670 Hv and exhibited improved corrosion
resistance in comparison to fully-crystallized sample. The compression test showed that,
due to the existence of crystalline phase, fracture strain of Zr65Al10Ni10Cu15 amorphous
composites was enhanced from less than 2% to as high as 5.7%, compared with the fully
amorphous metallic glass.
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CHAPTER 1. INTRODUCTION

Since the first success of synthesizing an amorphous phase in the metallic system
Au-Si in 1960, bulk metallic glasses (BMGs) have attracted increasing interest due to
their exceptional mechanical, thermal and chemical properties. [1]
These exceptional properties are mainly attributed to the new atomic configurations
that consist of the liquid-like random long-range atomic arrangement. Due to the nonequilibrium cooling, BMGs have low defects such as dislocation or void that limit
mechanical and chemical properties.[2]

1.1 Development of Metallic Glasses
Recently, numerous achievements in synthesizing bulk metallic glasses have been
reported. First, bulk metallic alloy systems, that are classified based on the main
constituent elements, have been widely extended by the discovery of numerous
compositions with improved glass forming ability (GFA).
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GFA is defined as the ability and capability of a material to form amorphous
phase. This process is generally characterized by the critical cooling rate (Rc) and critical
casting thickness (dc).[3]

Figure 1 Critical cooling rate (K/s) vs critical casting thickness (mm) plotted with
experimental values.[4]

The critical cooling rate is defined as the lowest cooling rate that the center of the
material undergoes during solidification. In addition, critical cooling rate and crtical
casting thickness are inversely proportional using Equation 1.[4]
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(Equation 1)
The relationship is well represented in Figure 1. At a cooling rate of 10 K/s, the
maximum thickness a BMG can accomplish is less than 0.1 mm. However, at a cooling
rate of 10 K/s, critical casting thickness could rise up to as high as 10 mm, which gives
structural advantages for BMG applications. A low cooling rate, therefore, is a critical
factor in the study of GFA and furthermore, BMG.
Early work in this area focused on fabricating Au, Pd, or Pt based alloy systems
in BMG. These components showed high Young’s Modulus and tensile fracture strength
due to structural and compositional short range interaction between metal and metalloid
atoms. [5 -7] After certain mechanical standards were achieved, around 70 GPa of Young’s
Modulus and 1000 MPa of yield strength, recently a number of alloy systems with lower
cost and improved glass forming ability, such as La, Mg, Zr, Ti, Cu and Fe based are
currently being developed.[8-9]
Other approaches apply an increasing number of solidification methods to
produce metallic glasses with less rigid cooling rate. More specifically, various
techniques, including water quenching, high pressure die casting, unidirectional zone
melting, arc melting, gas atomizing and high velocity fuel spraying were reported.[10-14]
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1.2. Limitation in Metallic Glass
Despite advances in the field of BMG processing,the most critical limitation
remains the lack of ductility of most bulk metallic glasses at room temperature. The
plastic strain is close to zero in uniaxial tension/compression for most metallic glasses,
due to shear localization and work-softening.[15] Shear localization and work-softening
are known to be stress-driven processes.[16] When the stress applied is greater than the
critical shear stress value that varies depending on the alloy, crack propagates along the
shear band as shown in Figure 2, and this process cannot withstand a large amount of
plastic deformation.

Figure 2 Illustration of shear localization process from the start to the end.

Brittle and plastic failure mechanisms of BMG are hard to understand because
they are far different from the failure mechanism of crystalline solids.[17] This lack of
ductility hinders the application of BMG as a structural material compared to other Febased alloys.
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1.3. Glass Forming Ability (GFA)
Another limitation in BMG is GFA or dc. The critical casting thickness is
normally less than 10 mm for most known metallic glasses.[15] In addition, GFA of most
metallic glasses is sensitive to oxygen and the synthesis has to be performed under
protective gas atmosphere.
Zr-based metallic glasses are widely studied for their superior GFA with critical
cooling rate close to 10K/s.[18] Among these, Zr65Al10Ni10Cu15 was selected as the
composition because of its wide supercooled liquid region before crystallization and low
viscosity in the supercooled liquid region.[19] Supercooled liquid region is defined as the
difference between the crystallization temperature (Tx) and glass transition temperature
(Tg). Low viscosity in the wide supercooled liquid region, therefore, produces the largest
viscous flow in the system. In addition, this viscous flow allows the stable bonding
among the elements to take place during the deposition. Thus, the following composition,
Zr65Al10Ni10Cu15 was selected due to the formation of stable bonding thereby exhibiting
high tensile strength.
Zr-based BMG suffer from lack of ductility as most BMGs do, and the plastic
strain is close to zero. In order to overcome this challenge, composite microstructures that
are composed of strong glassy matrix with ductile crystalline reinforcements were
introduced. Due to the presence of the crystalline phase, the system withholds plastic
strain while maintaining its high strength. This composite microstructure can be obtained
by combining crystalline phase or ceramic reinforcement along with amorphous phase.[20-

6
21]

Therefore, the crystalline phase was added to the amorphous phase to form amorphous

and crystalline composites with high strength and enhanced ductility.
This goal was coupled with the intrinsic feature of laser direct deposition. Multilayer laser deposition process created both amorphous and crystalline region. Due to nonequilibrium cooling characteristics of laser deposition, the deposited structure formed
amorphous region. However, as successive layers of deposition takes place, the region
between the pre-scanned structure and newly deposited structure would undergo
reheating and remelting due to subsequent laser scanning. The microstructure of this
overlapped region would produce a crystalline region because of its thermal history. The
overall structure of the multi-layered deposited sample would be successive layers of
amorphous and crystalline region. The presence of this crystalline phase had the potential
to enhance the ductility of the structure because the ordered arrangement of atoms from
crystalline phase could withstand plastic strain in the shear band localization. Therefore,
the final microstructure after the deposition would consist of the structure with mainly the
amorphous phase and the fraction of crystalline phase that would staill maintain the
superior mechanical properties and corrosion resistance with improved ductility.

1.4. Laser Direct Deposition
Laser processing has attracted attention in the synthesis of metallic glasses due to
its non-equilibrium rapid cooling . The non-equilibrium characteristic makes possible
theformation of an amorphous phase through this processing technique.
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Carvalho and his group produced a Zr60Al15Ni25 surface coating that consists of
amorphous phase by a two step laser processing method. First procedure was to coat the
surface of the material at a low laser scanning speed to assure a high quality coating.
Then the next set was to remelt the coated material with high scanning speed.[22]
Similarly, Audebert also synthesized Zr, Mg and Al based metallic glasses surface
coatings on aluminum substrate by a two-step laser coating.[23]
Wang studied the microstructure and properties of one-step laser cladded Zrbased amorphous coating on Ti substrates. The coating consists of a mixture of
intermetallic compounds, including a nanocrystalline phase and an amorphous phase.[24]
T.M.Yue reported the one-step laser cladding of Zr-based amorphous alloy on Mg
substrate. It is necessary to note that these processes mentioned above only involve single
layer laser processing methods. This restricts the applications of these materials in a
larger structure because the single track feature is limited to surface coatings with
constrained structure and dimensions.[25]
By using a diode laser with relatively large laser beam size and multi-track system,
the main advantage that are conferred are in structural applications. Using the multi-track
system, 3-D components can be synthesized rather than surface coatings as in the single
layer process. There are only a few studies reported on the multi-layer laser processing of
BMGs. Successes in multi-layer laser processing were hard to achieve due to difficulties
encountered during the fabrication of a desired microstructure. The material has to go
through several thermal stages during laser deposition process, which hinders the
customability of the material structure.
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Zheng utilized a LENS (Laser Engineered Net-Shaping) system in building 3-D
multi-layer laser deposited Fe-based metallic glasses. Upper deposition layers exhibit
varying degrees of decomposition into nanocrystalline or even micro-scale dendrites due
to heat accumulation known as heat affected zone (HAZ) during laser deposition.[26]
Sun studied Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 alloys by laser direct deposition.[27] The
multi-layer deposited Zr-based BMG exhibited a homogeneous microstructure, due to
high GFA. However, the preparation of highdimensional amorphous structures was not
reported.
In this research, Zr65Al10Ni10Cu15 amorphous materials were synthesized by
multi-layer laser direct deposition from elemental powders. An attempt to synthesize
large scale amorphous composites under uniaxial compression and that display good
ductility was presented. The scope of this study also includes microstructural
characterization and thermal analysis, as well as the evaluation of mechanical and
corrosion properties.
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CHAPTER 2. EXPERIMENTAL PROCEDURES

This chapter outlines the stages of the experimental procedures carried out. The
processing of materials required the preparation of powders and laser deposition. The
characterization of the deposited sample consisted of X-ray diffraction (XRD), scanning
electron microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). Further
investigations that includes hardness, compression testing and corrosion rate testing were
conducted.

2.1. Preparation of Powders
Table 1 contains information on the elemental powders used during the
investigation. Among the four elemental powders, the Zr powder is relatively larger in
mesh size, which was around 300 µm (50 mesh). Therefore, the as-received Zr powder
was pre-milled before mixing with the three other powders. A Planetary Mono Mill
Pulverisette 6 (Fritsch in North America, Goshen, NY) high energy ball milling machine
was used to reduce the particle size of the Zr powder. Original Zr powder was immersed
in the ethanol and placed in the ball milling machine for 1.5 hours at a revolution of 200
per min.
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After the milling process, the powder slurry containing Zr powder was vaporized
in vacuum using the rotary of vaporization machine to dry up the powders immersed in
ethanol. Zr powder particles with size smaller than 150 µm were collected using a 150
µm sieve. Zr particles with reduced particle sizes were further mixed with Aluminum,
Nickel and Copper powders that are 150 µm (-100 mesh) in a desired atomic ratio. The
mixed powders were then placed in a regular ball milling rack containing 5mm size
zirconium oxide ball milling medium at a revolution of 60 per min by a regular ball
milling for 2 hours. After completion of regular ball milling, the mixed powders were
vaporized using the rotary of vaporization machine again.

Table 1 Specification of elementary powders
Element

Manufacturer

Mesh Size

Purity

Zr

Atlantic Equipment

300 µm (50 mesh)

99.50 %

Atlantic Equipment

150 µm (-100

99.80 %

Engineers

mesh)

Atlantic Equipment

150 µm (-100

Engineers

mesh)

Atlantic Equipment

150 µm (-100

Engineers

mesh)

Engineers
Al

Ni

Cu

99.90 %

99.90
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2.2. Laser Direct Deposition
Laser direct deposition of Zr65Al10Ni10Cu15 amorphous alloy was performed with
a Laser Engineered Net Shaping (LENS) 750 system (Optomec Inc. Albuquerque, NM)
equipped with a 500 W fiber laser. Laser deposition experiments were conducted inside
the LENS 750 working chamber, which is filled with argon to keep the oxygen level
lower than 10 ppm. In addition, argon was used as shield gas for laser head. The laser
beam was directed onto the substrate to create a molten pool. Meanwhile, pre-mixed
powder stored in the powder hoppers was fed through 4 coaxial nozzles by argon flow
and injected into the melt pool, as shown in Figure 3. Due to the compositional difference
between the initial mixing ratio and the actual ratio of deposited structure, several sets of
initial composition were examined in order to approach the target composition. An
Inconel 625 substrate (McMaster-Carr, Elmburst, IL) was cut into a dimension of 20mm
x 20mm x 3mm and cleaned with acetone before the laser deposition process.

Figure 3. Schematic of laser direct deposition equipment that consists of four coaxial
powder nozzles and a laser beam at the origin.
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Laser direct deposited samples were built into square shapes with 10mm by
10mm in dimensions under the parameters shown in Table 2. The laser scanning speed is
the speed at which the laser head travels with respect to the substrate. Among these
parameters, the laser power and laser scanning speed were the main variables that
determine the successful formation of amorphous structure. Therefore, various parameter
sets were examined within the ranges shown in Table 2. The actual deposited thickness
varies depending on heat input, laser power, and laser scanning speed. The actual layer
thickness was measured and averaged from the multi-layer deposited samples. After the
completion of each layer scanning, laser focus point was moved away from the substrate
by a distance equal to actual layer thickness.
Apart from the three parameters listed in the Table 2, the other parameters were
kept at constant for all samples. The time interval was set at 7 seconds to allow the
deposited layer to cool before depositing additional tracks and layers. This interval
increased the cooling rate during the deposition process.
Hatch spacing is the distance between adjacent tracks, and this was maintained at
0.432 mm to keep the ration of overlapping layers to be around 15%. After depositing a
single layer, the orientation of the laser scan rotated about 90 degree and the laser focus
point was programmed to move away at a pre-set distance, which is the measured actual
layer thickness.
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Table 2. The parameters used for the laser direct deposition.
Parameter

Value/ Unit

Laser Power

150 – 350 W

Laser Scanning Speed

10 – 30 mm/s

Layer Thickness

0.127 – 0.254 mm

Laser Beam Size

0.5 mm

Powder Feeding Rate

9.1 g/min

Time Interval between each tracks

7s

Hatch Spacing

0.432 mm

Hatch Angles between Successive Layers

90 deg

Oxygen Level in Chamber

< 10 ppm

2.3. Materials Characterization
After the laser direct deposition process, the microstructure of deposited samples
was characterized with X-ray Diffraction (XRD), Scanning Electron Microscope (SEM)
and Energy Dispersive X-ray Spectroscopy (EDS).

2.3.1. X-Ray Diffraction Measurements
For X-ray diffraction, the substrate with the deposited sample was cross-sectioned
with an Al2O3 blade to reveal deposited structure. Afterwards, the top surface of the
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deposited structure was grinded by sand paper to 800 grits. An X-ray diffraction machine
(Bruker D8 Focus, Bruker AXS Inc, Madison WI) equipped with a CuKα X-ray source
was utilized in examining the phase composition of deposited samples. XRD patterns
were taken at 2θ angle from 30 degrees to 70 degrees at a scanning rate of 8 deg/min.

2.3.2

Scanning Electron Microscopy and Microanalysis

For SEM and EDS observations, samples were cross-sectioned with an Al2O3 blade,
mounted in Bakelite. Mounted samples were polished with four coarse grits (320, 400,
600 and 800) and followed by two final polishing media (6 µm diamond and 0.05 µm
colloidal silica). Polished samples were further etched in hydrofluoric etchant (1% HF, 99%
DI water) for 5 s to properly reveal the microstructure. A scanning electron microscope
(JELO JSM T300, JEOL Ltd, Tokyo, Japan) was used to capture the microstructural
images of the samples. The approximate quantitative composition of deposited samples
was identified with the aid of EDS detector, which is attached to the JEOM T300 SEM.

2.4 Hardness Testing
For hardness measurements, Vickers microhardness was measured on the crosssection surface of the deposited samples with a LECO KM 247AT test machine. All tests
were conducted under a 200g load and 13s dwell time. Measurements were taken on both
amorphous and crystalline regions, where the amorphous region is recognized as a
featureless and shiny area under an optical microscope. The spacing of indents was at
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least 50 µm away from the other phase. Four measurements were taken from each phase
and the average of the measurements were presented as hardness value of each phase. A
LECO RT-370 Rockwell Hardness Tester was utilized to examine the macrohardness,
which indicates the average hardness of as-deposited sample. A scale of superficial
Rockwell 15 N is chosen for the tests, with a diamond test indenter, 60 kg load and 15s
dwell time. Rockwell macrohardness test results were then converted into Vicker
hardness for comparison with the microhardness. Four indents were taken on the surface
of the sample that was averaged to show the overall hardness of the structure. Rockwell
hardness testing was used to determine the overall hardness of the deposited sample
because it had a larger crosshead than the Vickers hardness testing set up. This allowed
the Rockwell hardness indent to take measurement from the amorphous and crystalline
phases at each measurement.

2.5 Compression Testing
The mechanical properties were examined using the uniaxial compression testing
method. Laser deposited sample was compressed uniaxially to evaluate the deformation
behavior, especially ductility and yield strength. In order to do so, three compression
testing specimens were deposited in a rod shape using the optimized laser parameter,
which will be discussed in the section. Deposited specimens were sectioned and grinded
to the final dimensions with 6.25 mm in diameter and 12.5 mm in height, as shown in
Figure 4. This cylindrical shape was produced by depositing several layers vertically with
different length in diameter to fabricate the sample into such shape. Uniaxial compression
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experiments were performed at MTS Landmark servo hydraulic test platform with a 100
kN load cell. Strain and stress were measured based on the stress-strain curve. Specimens
were compressed at room temperature, with constant strain at 10 /

throughout the

tests.

d

h

Figure 4. The geometry of the compression testing specimen in a cylindrical shape

2.6 Thermal Properties
The thermal properties, such as the glass transition temperature Tg and crystalline
temperature Tx were characterized using differential scanning calorimetry (DSC, TA
Q100) The samples were scanned from 298 K to 773 K (23 ⁰C to 500 ⁰C) at a heating
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rate of 5 ⁰C/min. The samples went through only one cycle. This showed glass transition
temperature Tg and crystalline temperature Tx on the heating cycle.

2.7 Corrosion Testing
In order to examine the corrosion resistance properties, potentiodynamic polarization
resistance measurements were performed on the top surface of deposited samples with a
Basi Cellstand C3 corrosion testing machine following ASTM G59 standards. 1

of

the deposited sample was sectioned and mounted in epoxy resin. Then the mounted
sample was polished up to 800 grit SiC sand paper, degreased with acetone and rinsed
with distilled water. The corrosion potentials was measured with respect to an Ag/AgCl
reference electrode. The test was performed in a 3.5 wt% NaCl solution, which was
prepared using analytical grade reagents. The potentiodynamic polarization tests were
performed at scanning rate of 0.166 mV/s and applied potential ±1 V. Corrosion rate (CR)
was determined by the following equation given in ASTM G59 standard.
∗

3.27 ∗ 10

Where CR in mm per year (mmpy),

is corrosion current density (µA/

equivalent weight (g/eq) and ρ is density (g/

)

), EW is
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CHAPTER 3. RESULTS AND DISCUSSION

3.1 Microstructure
As mentioned previously, the actual composition in the deposition layer are different
from the initial composition of the powder, due to the different feeding rates of each
powder. The flow rate of powder through the argon flow is determined by the flowability,
which depends on powder geometry, particle size and humidity. Therefore, in order to
achieve the target composition of Zr65Al10Ni10Cu15 (at %), several attempts were made
with various initial compositions. Due to relatively small particles sizes of Al and Cu
(Table 1), atomic ratios of both elements increased in the first trial.
After the samples were deposited, they were post-processed with metallographic
examination procedures and then analyzed by EDS in order to obtain actual compositions
in the deposited structures. EDS spectrums were taken at 5 different locations at top
surface of deposited samples. In order to eliminate the contamination materials from
Inconel substrate, EDS analysis was only performed on the top region of 8-layer
deposited

samples.
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Actual compositions were obtained by averaging all the data obtained. Samples for
composition optimization were deposited under laser parameters shown in the following:
laser power 200W, laser scanning speed of 30 mm/s and layer thickness at 0.254 mm.
This set of laser parameters were chosen according to preliminary experiments to create a
thick enough structure.
After obtaining the target composition, laser parameters were optimized for the
formation of amorphous phase and will be discussed in the following paragraph. Table 3
summarized the comparison between initial and actual compositions. A total number of 4
attempts were made in order to approach target alloy Zr65Al10Ni10Cu15. The optimized
initial ratio for each element was: Zr:Al:Ni:Cu = 63:13:10:14 (at%). The sample
deposited from powders mixed with atomic ratio at Zr:Al:Ni:Cu = 63:13:10:14 resulted
in the composition closest to the target one.
Table 3. Compositional comparison for various initial and actual compositions.
Attempt

Initial Composition

Target composition

Actual Composition
Zr65Al10Ni10Cu15

Composition 1

Zr57Al15Ni11Cu17

Zr55.5Al11.6Ni10.5Cu22.3

Composition 2

Zr66Al13Ni10Cu11

Zr70.3Al11.1Ni9.7Cu8.8

Composition 3

Zr64Al12Ni11Cu13

Zr67.2Al9.16Ni12.5Cu11.2

Composition 4

Zr63Al13Ni10Cu14

Zr65.4Al10.2Ni10.6Cu13.7
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3.2 Optimization of Laser Parameters
Laser parameters were further explored for the formation of amorphous phase,
with optimized composition. Using X-ray diffraction, the relative ratio of the amorphous
phase was analyzed from the intensity and peak width of the amorphous phase. Figure 5
shows XRD patterns from samples deposited with various laser parameters. From the
XRD pattern of the sample deposited under the laser power of 250 W and scanning speed
30 mm/s, a diffuse broad halo peak can be observed at an angle around 38º, indicating the
presence of an amorphous phase. Smooth halo peaks that are wider in peak width, and
smaller in intensity indicate the presence of an amorphous structure. On the other hand,
crystalline peaks tend to represent sharp and high intensity peaks in the XRD pattern.
Apart from the amorphous peak, there are also several crystalline peaks, which were
ascribed to Ni10Zr7, ZrCu and NiZr phases. The relative intensities of amorphous and
crystalline peaks qualitatively indicate the ratio of both crystalline and amorphous phase
in the deposited sample.
The influence of laser scanning speed on XRD spectrums is shown in Figure 5.
Samples shown in Figure 5 were deposited with various scanning speeds, while the laser
power was fixed at 250W. The XRD pattern clearly shows that the fraction of amorphous
phase can be significantly reduced with increasing laser scanning speed. The width of
amorphous peak at angle around 38º gradually decreased and eventually disappeared
when the laser scanning speed reached 30 mm/s. However, higher laser scanning speed is
helpful in the formation of an amorphous phase due to the increase in cooling rate. This
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cooling rate is critical in the formation of amorphous phase. The difference in influence
of scanning speed can be derived from several factors.
First, the Zr65Al10Ni10Cu15 alloy resulted in a superior glass forming ability,
compared with the Zr65Al15Ni25 alloy.[22] Amorphous phase can still be formed under
relatively low cooling rate.[3]
Second, compositional homogeneity is also a main contributor to the formation of
the amorphous phase. Similar reports on laser processing with elemental powders require
a two-step laser cladding processes. [24] Pre-cladding of the material needed to be
conducted prior to the laser deposition in order to achieve a coating with homogeneous
composition. An increase in laser scanning speed will impel the solidification process in
the molten pool and suppress the diffusion of elemental powders.
Locally inhomogeneous composition can negatively impact the formation of an
amorphous structure. Unlike the case of pre-alloyed powder, compositional homogeneity
is another challenge for the laser direct deposition with elemental powders.
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Figure 5. XRD patterns of samples deposited with various laser scanning speed
(top:30mm/s, middle:20mm/s, bottop:10mm/s). Laser powder was fixed at 250 W
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a)

b)

c)
Figure 6. The microstructure of the deposited sample with various laser scanning speed (a)
10mm/s, (b) 20mm/s and (c) 30mm/s. Laser power was fixed at 250 W.
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In summary, a smaller laser scanning speed was required to increase the fraction
of amorphous phase present in the prepared BMGs after the deposition. Figure 6 showed
that as the laser scanning speed increased, with fixed laser power and constant powder
feed rate, the amount of the deposition that took place decreased. This trend was observed
when comparing Figures 6 (a) and 6 (c). This was due to the fact that the rate of
deposition had difficulty keeping up with the increasing scanning speed to properly
deposit on the substrate and form an amorphous phase. Figure 6 (b) showed the
microstructure of the sample with some amount of amorphous phase and the occurrence
of laser deposition. However, in comparison to Figure 6 (a), it was clearly observed that
the decrease in laser scanning speed did not only lead to the enhancement in powder
deposition but also the amount of amorphous phase was also accordingly increased.
The laser power imposed an influence on the creation of amorphous phase as well.
Figure 8 showed XRD patterns of samples deposited with various laser powers under the
same laser scanning speed. As Figure 7 showed, the influence of laser power could be
easily observed. With higher laser power, as shown in Figure 7 (a) to Figure (c), the
amount of deposition increased as well as the amount of amorphous region created. This
could be explained by the fact that, with low laser power, insufficient energy was
supplied to melt the powder on to the substrate and successfully fabricate the desired
microstructure.
However, the amount of deposition declined with additional rise in laser power.
As shown in Figure 7 (c) to Figure 7 (e), the increase in laser power did not necessarily
raise the deposition produced that led to the improvement in amorphous phase creation.
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Instead, by melting the powder more than enough, augment in laser power led to
the increase in formation of crystallized dots that was represented as pointy and rigid
structure in Figure 7 (d) and (e). A high laser power is not always beneficial because with
higher laser power, the thickness of HAZ (Heat Affected Zone) increases. Therefore, the
the former amorphous structure would then be crystallized due to this extra heat input
from laser power, therefore reducing the ratio of amorphous phase to crystallized phase.
This indicated that laser power higher than 250 W generated the microstructure that
mainly comprised of the crystallized dots and precipitates assembled together.
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a)

b)

c)

d)

e)

Figure 7. The microstructure of the deposited sample with various laser power (a) 150 W ,
(b) 200 W, (c) 250 W, (d) 300 W and (e) 350 W. Laser scanning speed was fixed at 10
mm/s.
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Figure 8. XRD patterns of samples with various laser powers. Laser scanning speed was
fixed at 10mm/s

Figure 8 indicates that the optimal laser power is that of 250 W , which is shown
by the presence of wide halo peaks representing an amorphous region. From the XRD
pattern, the sample deposited under optimal parameters (laser power at 250W and laser
scanning speed at 10mm/s) is not fully amorphous because the XRD pattern still shows
intense sharp peaks that represent Ni10Zr7, ZrCu and NiZr. After the manipulation of laser
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power, the optimal laser power was observed to be 250 W based on the XRD pattern
shown in Figure 8 and SEM images shown in Figure 7.
Figure 9 shows the SEM image of the cross section of eight layer deposited
samples. Figure 9 (b), (c) and (d) are high magnification SEM images of region 1, 2 and 3
in Figure 9 (a). In Figure 9 (b), a featureless microstructure is observed with a small
amount of crystalline particles precipitated in the featureless matrix. The featureless area
corresponds to the amorphous structure that was represented as wide smooth region in
XRD pattern. Figure 9 (c) shows the overlapping region between each laser scan and
layer. The microstructure of the overlapping region consists of a large number of
precipitated crystalline particles. The results show that the former amorphous structure
was transformed to a crystallized structure due to the reheating and melting process from
successive laser scan runs on the surface. Crystalline regions exhibit a fine microstructure,
and the size of the precipitated particles were smaller than 1µ in diameter. Figure 9 (d)
shows that the interface region between the amorphous and crystalline structures is not
distinct. The density of the precipitated particles gradually decreased from the
overlapping region in Figure 9 (c) to the featureless region in Figure 9 (b). This
transformation in microstructure is therefore attributed to the difference in thermal
history.
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Figure 9. SEM images of 8 layer deposited sample: (a) Overview of overlapping region.
(b), (c) and (d) are magnified SEM images of region 1, 2 and 3 in Figure 9 (a)
respectively.

The EDS map in Figure 10 shows the distribution of each element in the sample.
SEM images were taken at the interface between the amorphous and crystalline region to
show the homogeneity of the system. This was necessary because pure elemental
powders were used for laser direct deposition instead of pre-alloyed powder. The bright
dots in the EDS map describe the signal obtained from the EDS detector and the signal
provides the information related to the distribution of each element. As Figure 10 shows,
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the dots from each element are not restricted to a specific region, instead, the dots from
all four elements are well spread out and not limited to crystalline or amorphous region.
The difference in density of bright signals from amorphous and crystalline regions is
unnoticeable. It is therefore concluded that all four elements are homogeneously
distributed in the sample after the laser deposition.

Figure 10. EDS map on the overlapping region: (a) Zr, (b) Al, (c) Ni and (d) Cu. (e)
shows the interface between amorphous and crystalline region where EDS scan was
performed.
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The quantitative analysis was performed using EDS scan to examine the atomic
ratio and the composition of the sample. Both amorphous and crystalline regions were
scanned as shown in Figure 10. Atomic percentages of Zr, Al, Ni and Cu elements were
illustrated in Table 4. There was not a large difference in composition between the
amorphous and crystalline regions. The main difference in composition came from Cu
and Zr, but the deviation was only close to 2%. So it is likely that the composition is not a
main factor in determining the microstructural difference between amorphous and
crystalline regions.
Table 4. Composition of amorphous and crystalline regions collected from EDS scan on
the overlapping region.
Atomic percentage
Element

Target

Amorphous region

Crystalline region

Zr

65

66.323

64.317

Al

10

10.198

9.664

Ni

10

9.269

9.743

Cu

15

14.210

16.277

3.3 Hardness
The properties of Zr based metallic glasses were examined. Hardness, mechanical
properties and corrosion testing was conducted to show the advantages of laser deposited
metallic glass in comparison to other processing methods.
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Vicker’s microhardness tests were performed on both amorphous and crystalline
regions on the cross-sectioned sample surface. In comparison, Rockwell 15-N
macrohardness tests were taken on the top surface to examine the average hardness of the
deposited sample. Both microhardness and macrohardness test results were listed in
Table 5. It clearly shows that the microhardness of amorphous region is around 35%
higher than that of crystalline region. The amorphous phase exhibits an improved
microhardness due to the absence of grain boundaries and defects that exist in
precipitated particles in crystalline region. Figure 11 represents the microstructure of
amorphous and crystalline phase after the microhardness tests were performed. As shown
in Figure 11 (a), the featureless nature of amorphous structure is obviously free of
precipitated particles and crystalline phases. This noticeably gives rise to the
microhardness when indents were taken. On the other hand, Figure 11 (b), the region
where the indents were taken is surrounded by precipitated particles and comprises of
crystallized particle.
For Zr65Al10Ni10Cu15 metallic glass prepared by hot rolling, the highest
microhardness obtained under 60% rolling was around 6.5 GPa (Hv 662.8).[28] The
amorphous structure of Zr65Al10Ni10Cu15 alloy prepared by laser direct deposition
resulted in higher microhardness than the crystalline counterparts. Even though the
average macrohardness value differs by the order of standard deviation, the average
macrohardness is still close to the value of microhardness from amorphous region.This
indicates that the hardness of the amorphous phase is superior to that of crystalline phase.
Overall, the existence of the crystalline phase did not significantly affect the average
hardness.
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Figure 11. The microstructure of microhardness indents taken on both (a) amorphous and
(b) crystalline region.

Table 5. Vickers hardness and Rockwell hardness properties of both amorphous and
crystalline regions are presented.
Hardness

Amorphous region

Crystalline region

Hv0.2

711 (6.97 GPa)

524 (5.14 GPa)

Rockwell- HR 15N

670 (6.57 GPa)

3.4 Mechanical Properties
Compression testing was conducted on two direct deposited Zr65Al10Ni10Cu15
specimens to study the mechanical properties of the sample and compare them to other
samples processed or alloyed differently. Figure 12 shows the stress-strain curve of two
laser deposited specimen, under the compression at room temperature. The graph shows
that the sample goes through plastic deformation in transition from elastic behavior. The
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ductility at failure for both specimens were around 5.7 %. The yield strength and fracture
strength were attained as 1390 MPa and 1684 MPa respectively.

Figure 12. Stress-strain curve of compression test on laser deposited Zr65Al10Ni10Cu15.

Table 6 summarizes the information collected from compression testing in
comparison to other Zr based metallic glasses processed differently with different
composition. In comparison to arc melted Zr64.13Cu15.75Ni10.12Al10 [29], laser deposited
Zr65Al10Ni10Cu15 shows similar fracture stress and slightly reduced yield strength.
However, there was a large improvement in ductility from 1.8 % to 5.5 %. As Table 4
shows, the laser deposited metallic glasses had the highest ductility of 5.5 % over other
metallic glasses.

35
Table 6. Mechanical properties of various compositions and processing of Zr-based
metallic glass were included for comparison.
Specimen

Processing

(MPa)

(MPa)

(%)

(%)

1390

1684

4.1

5.786

1.4

1.8

method
Zr65Al10Ni10 Cu15

Laser
deposition

Zr64.13Cu15.75Ni10.12Al10 [29]

Arc melting

1600

1750

Zr55Cu30Al10Ni5 [30]

Plasma

1410

1420

Arc melting

1900

1900

2

Zr57Nb5Al10Cu15.4Ni12.6 [32]

Arc melting

1800

1800

2

Zr50Cu40Al10 [33]

Arc melting

1890

Zr38Ti17Cu10.5Co12Be22.5 [34]

Extrusion

1942

Zr52.5Cu17.9Ni14.6Al10Ti5 [35]

Arc melting

Zr57Ti5Cu20Ni8Al10 [36]

Arc melting

sintering
Zr41.25Ti13.75Cu12.5Ni10Be22.5
[31]

0.7

1
2.4
3

1500

1600

3

3.2

3.4 Thermal Properties
DSC experiments were conducted from room temperature to 500 ⁰C (773K), under a
heating rate of 0.166 K/s (10 K/min). Figure 14 and Figure 15 present the DSC curves of
the samples registered from 600 K to 773 K. The graph shows that the glass transition
region was observed at a temperature range from 640 K to 773 K. In addition, significant
changes in the derivative of heat input was observed in this region from 640 K to 773 K
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as shown in Figure 13. There were three important features in the DSC curve. First, the
temperature range from 600 K to around 640 K was an amorphous or glassy region with
small heat absorption rate. Second, the region from 640 K to 675 K showed the increase
in derivative of heat input. Third, a temperature higher than 675 K was recognized as
high-elastic region.
The glass transition temperature (Tg) was obtained by fitting the tangent lines for the
glassy region and transition region. Tg was obtained from the point of intersection
between two tangent lines of glassy and transition regions. By doing so, Tg was
calculated to be around 655 K. The crystalline temperature (Tx) was calculated as 715 K.
The observed glass transition region and Tg confirms the existence of an amorphous
phase in the deposited sample. In comparison to amorphous Zr65Al10Ni10Cu15 alloy by hot
extrusion, Tg and Tx came out to be close in value, which are 650 K and 725 K
respectively [19]. According to this data, as shown in Figure 15, the regions are divided
into glassy region, transition region, and high-elastic region. The glassy region is the
region before the sample goes through Tg, the transition region is the region after the
sample goes through Tg and high elastic region is where the derivative of heat flow starts
to be positive, which means that the change in slope of heat flow into the system.

37

Derivative of heat flow, W/(g*min)

1.00E‐02
8.00E‐03
6.00E‐03
4.00E‐03
2.00E‐03
0.00E+00
600

650

700

750

‐2.00E‐03

‐4.00E‐03

‐6.00E‐03

Temperature, T/K

Figure 13.The graph of the derivative of heat flow versus temperature.

Figure 14. DSC curve of laser deposited Zr65Al10Ni10Cu15. Glass transition temperature
and crystallization temperature are at 655 K and 715 K.
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Figure 15. Regions are sectioned into glassy region, transition region and high-elastic
region according to thermal properties of Zr65Al10Ni10Cu15 laser deposited sample.

3.5 Corrosion Properties
Corrosion testing was carried out to investigate the expected exceptional
corrosion properties of the amorphous structure opposed to those of the crystalline
structure. Corrosion tests were handled on the top surface of both the amorphous phase
and crystalline phase. Amorphous phase was achieved under optimized laser parameters
(250 W and 10 mm/s). In contrast, crystalline phase was prepared by first using the same
laser parameters (250 W and 10 mm/s). Afterwards, the sample was then annealed at 700
⁰C for 2 hours so as to attain the crystalline phase intentionally by heating the sample
beyond the crystallization temperature (445 ⁰C).
Figure 16 gives the Tafel curve of laser deposited Zr65Al10Ni10Cu15 alloy, for both
amorphous phase and crystalline phase. The corrosion potential, Ecorr, and the current, Icorr,
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were calculated by fitting the Tafel curve and summarized in Table 7. The corrosion
potential is the thermodynamic parameter that describes the value of the potential
required for the corrosion to proceed in the system. Ecorr acts a corrosion barrier that has
to be overcome in order for corrosion to take place. This means that an electrode with
high Ecorr will be more difficult to be corroded and is protected against an negative
electrode .The corrosion current density, Icorr is a kinetic parameter that reflects the speed
of corrosion process. A small Icorr from the data indicates low corrosion rate.When
comparing the crystalline phase, in contrast to the amorphous phase, Ecorr was around 220
mV lower and Icorr was around six times higher. As predicted, the presence of an
amorphous phase, due to its defect free nature, notably reduces the corrosion rate and
inhibits the corrosion process within the sample. The crystalline phase was more likely to
corrode than the amorphous phase because the presence of ordered atoms created
interstitial, making it easier for the current to flow through. In the crystalline phase, the
basic mechanism of corrosion process could be explained as the polarization process that
occurs at the vacancy sites. However, the random atomic arrangement of the amorphous
phase did not allow for the presence of vacancy sites and interstitials within the structure
to hinder the corrosion process.
In conclusion, the corrosion rate of the crystalline phase (0.86 ∗ 10

/

was around four times higher than that of the amorphous phase (3.52 ∗ 10

/

This proves the fact that the amorphous phase significantly enhances the corrosion
properties of laser deposited Zr65Al10Ni10Cu15 alloy.

.
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Figure 16. Tafel curve of laser deposited Zr65Al10Ni10Cu15 alloy indicating amorphous
(black) and crystalline phase (red)

Table 7. Corrosion properties of amorphous phase and crystalline phase are laid out.
Corrosion properties

Ecorr (mV)

Icorr (mA/

)

Corrosion Rate
(mm/year)

Amorphous phase

152

0.04

0.86 ∗ 10

Crystalline phase

-70

0.29

3.52 ∗ 10
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CHAPTER 4. CONCLUSION

In this work, defect-free Zr65Al10Ni10Cu15 metallic glasses with a large fraction of
amorphous structure were synthesized by laser direct deposition. The microstructure and
mechanical properties of laser direct deposited samples were investigated, and the
following results were obtained:
The sample deposited from elemental powders mixed with an atomic ratio at
Zr:Al:Ni:Cu = 63:13:10:14 resulted in the composition closest to the target alloy
composition of Zr65Al10Ni10Cu15.
Optimized laser parameters for the formation of amorphous phase were: 250W laser
power and 10mm/s laser scanning speed. The XRD spectra revealed that the
microstructure of laser deposited samples consists of both amorphous and crystalline
phases. EDS mapping revealed that all elements are homogeneously distributed.
In terms of mechanical properties, the amorphous phase showed a microhardness of
HV0.2 711, 6.97 GPa, which is around 35% higher than the value for the crystalline
phase (HV0.2 524.4, 5.14 GPa). The average hardness measured via Rockwell
macrohardness testing, was 6.57 GPa and retained around 90% of the microhardness of
the amorphous phase.
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The Zr65Al10Ni10Cu15 amorphous composite synthesized by laser direct deposition.
exhibited an ultimate strength of 1684 MPa, which is nearly the same as the value (1750
MPa) of alloys prepared by arc-melting. The fracture strain was significantly improved,
from 2% to more than 5.5%, due to the present of the crystalline reinforcement phase.
The DSC plot of laser direct deposited Zr-based metallic glass further confirmed the
existence of the amorphous structure in the samples. The glass transition temperature, Tg,
and crystalline temperature, Tx, are almost the same with the amorphous Zr65Al10Ni10Cu15
alloy prepared by hot extrusion (655 K and 715K).
Compared with fully crystallized specimens, laser deposited amorphous
composites exhibited superior resistance to corrosion situations, and also a smaller
corrosion rate.
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