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Abstract 

The emergence of bulk metallic glasses and their identification as versatile advanced 

engineering materials with attractive properties has led to a surge in research efforts to 

investigate processing methods, which can be used either to synthesise new BMG alloys 

or to shape BMG workpieces into final components with specific geometries. Among 

such technologies, the number of studies focussing on the laser processing of BMGs has 

gradually increased over the past decade. For this reason, a comprehensive summary of 

the state-of-the-art in this particular field of research is presented in this review. The 

reported studies are categorised into the different laser applications that have been 

proposed so far by the research community, namely the welding, cladding, additive layer 

manufacturing, micro machining and microstructure modification of BMG substrates. 

Due to the attractive properties of BMGs stemming from their amorphous nature, 

results are also presented, when available, concerning the effect of laser irradiation on 

the generation of crystalline precipitates during processing and the effect of these 

changes on the resulting material properties. This review has identified a number of 

gaps in the knowledge surrounding the laser processing of bulk metallic glasses. 

Understanding the fundamental interaction of laser energy with multi-component alloys 

will be necessary, as the development of lasers continues and the amount of available 
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bulk metallic glasses increases. In particular, the crystallisation kinetics of bulk metallic 

glasses during laser irradiation needs to be understood to aid in the development and 

optimisation of processes such as welding and cladding. This could be helped by created 

an accurate simulation model to predict the onset of crystallisation although this is not a 

minor challenge, developing a complete temperature field model during laser irradiation 

is a complex task when considering vaporisation, plasma effects as well as chemical 

composition changes in the material. Besides, there is also the issue of variations in 

material properties as the temperature increases, particularly for BMGs whose 

temperature dependent properties are not well-documented. The research into the 

additive layer manufacturing of bulk metallic glass should continue to grow. Parametric 

effects need to be addressed to complete the optimisation of this process. Further 

investigations of the resulting crystallisation processes upon repeated melting and 

solidification should also aid in the process being able to be controlled more effectively. 

Finally, the use of laser processing of bulk metallic glass for specific application needs to 

be investigated further.  

 

Keywords 

Bulk metallic glasses; amorphous alloys; laser welding; laser cladding; additive layer 

manufacturing; laser processing review. 
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1. Introduction 

Bulk metallic glasses are an emerging family of advanced engineering materials that have 

inherent attractive properties, ranging from their superior hardness, good corrosion 

resistance to a large elastic strain limit (Peker and Johnson, 1993). In the last decade, a 

number of reviews have been published related to the synthesis, properties and 

applications of this class of materials. The review by Axinte (2012) discussed the history of 

bulk metallic glasses, their properties and their applications. The author concluded that the 

future for these materials was destined to be bright with advances in thermoplastic forming 

and specially designed structural bulk metallic glasses predicted. Schroers (2010) presented 

a detailed review of the processing of bulk metallic glasses, including the casting and 

thermoplastic forming and their effect on the material properties. Lu and Liu (2004) 

reviewed the role of minor alloying additions during the formation of bulk metallic glasses, 

presenting the effect on various types of alloying on the material properties. In order to 

complement the information reported in these reviews, the specific aim of this paper is to 

present the current state-of-the-art in the processing of bulk metallic glasses using laser 

given that this is a field of research which has gained increased interest in the last decade. 

In 1960 the first metallic glass was reported by a group at California Institute of Technology 

(Klement et al 1960) and their development was continued by Chen et al during the 1970s. 

This new material had the internal amorphous structure of a glass whilst its constituent 

parts were metallic elements. In order to develop these materials, the liquid phase of the 

metallic elements is cooled as quickly as possible, quicker than a specific critical cooling rate. 

Cooling quicker than this rate results in free atoms not having enough time to organise 
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themselves into an ordered metallic lattice. Needing a very high cooling rate to create these 

disordered lattice restricted early fabrication attempts to very thin dimensions to allow fast 

heat dissipation. 

Today, a number of different amorphous metallic alloys can be produced with dimensions in 

the range of a few centimetres such as those reported by Inoue and Takeuchi (2011) in 

Figure 1.1. 

 

Figure 1.1. Different types of bulk metallic glass ingots (a) Pd-Cu-Ni-P, (b) Zr-Al-Ni-Cu, (c) Cu-

Zr-Al-Ag and (d) Ni-Pd-P-B (Inoue and Takeuchi, 2011).  

Table 1.1 displays a comparison between the properties of metals, glasses and metallic 

glasses.  

These properties make bulk metallic glasses ideal candidate for many different applications 

across many industrial sectors, as reported by Inoue et al 2011. 

(a) (d) (c) (b) 
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Table 1.1 Comparison of the properties of metals, glasses and metallic glasses. 

(Adapted from Anantharaman 1984).  

The amorphous structure of a material with the properties of metal results in the unique 

ability to form bulk metallic glasses like plastic. Schroers et al (2007) were able to process 

BMG with thermoplastic forming for MEMS fabrication by raising the temperature of the 

material in the super cooled liquid region for a duration short enough to avoid the onset of 

crystallisation. They concluded that being able to replicate 100 nm features in a similar way 

to plastic but with a material that has a high-strength, produces a wide range of applications 

for microstructures and MEMS fabrication. This ability to be formed like plastic also provides 

Property Metal Glass Metallic Glass 

Structure Crystalline Amorphous Amorphous 

Interatomic Bonding Metallic Covalent Metallic 

Yield Stress Non-ideal Almost-ideal Almost-ideal 

Hardness Various Very high Very high 

Optical Nature Opaque Transparent Opaque 

Conductivity Good Poor Very good 

Resistance Low High Very low 

Corrosion 

Resistance 

Various Very good Very good 

Magnetic Properties Various None Various 
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interesting prospect to the biomedical industry, as BMGs exhibit a strength and elasticity 

that exceeds most biomaterials. In particular, Schroers et al (2009) conducted 

biocompatibility tests and concluded that a number of BMGs could be used successfully as 

biomedical implants.  

The versatility of laser processing and the desirable properties of bulk metallic glasses have 

resulted in a variety of publications focusing on laser welding, cladding and coating and the 

more recent development of additive layer manufacturing of bulk metallic glass structures. 

The use of lasers to process bulk metallic glass will ultimately produce heating and cooling 

cycles within the material. Due to the properties of BMGs being directly linked with their 

amorphous structure, it is desirable for these heating and cooling cycles to be within a range 

whereby they do not induce crystallisation precipitates into the microstructure of the 

material. Glass forming ability (GFA) characterises the ability of a BMG to withstand 

crystallisation. Greer (2015) states that this property will scale inversely with the cooling 

rate induced in a BMG. This means that a higher cooling rate necessary to avoid 

crystallisation within a particular BMG, the lower its GFA. With respect to laser processing, if 

the material has a low GFA then the cooling rate necessary to keep its amorphous structure 

will be high, possibly too high for the cycles induced during processing. Figure 1.2 from the 

work of Pauly et al (2013) describes the continuous-cooling (CC) diagram for the specific 

BMG studied. If the cooling curves induced during laser processing intercept with the CC 

curves for the BMG then crystallisation may occur.  
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Figure 2.1. A schematic diagram of the continuous cooling curve for bulk metallic glasses 

(Pauly et al, 2013). 

In this context this review aims to present recent research on the laser processing of bulk 

metallic glass, in particular laser welding, cladding, additive layer manufacturing, micro 

machining, and the use of laser processing to deliberately alter the properties of the BMG 

material. The review will focus on laser processing of bulk metallic glasses although laser 

processing of thin metallic glass samples has also been conducted. In particular, Zheng et al 

(2013) studied the dynamic fracture behaviour of Fe-based metallic glass having used lasers 

to produce a shock load and Otsu et al (2009) utilised YAG lasers to bend a thin sample of 

palladium based metallic glass without crystallisation. Finally, concluding remarks 

concerning the future of laser processing of bulk metallic glasses are provided in the last 

section. 

2. LASER WELDING OF BULK METALLIC GLASSES 

2.1 Introduction to laser welding 

Laser welding utilises high energy laser beams, scanned across the surface of two adjacent 

materials, to create a small diameter keyhole where the material has been vaporised. 

Within this keyhole, the vapour pressure prevents the molten wall, created when the laser 

beam scans the material, from collapsing. As this keyhole is moved along the surface it 
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leaves a trail of molten material which forms the seal between the two joined materials. 

Figure 2.1 shows a schematic of how laser keyhole welding operates in practice (Dawes, 

1992).  

 

Figure 2.1.  The process of laser welding; the absorption of the focused laser beam causes 

material to be evaporated creating a keyhole which is held open by the vapour pressure 

within the cavity. The beam is then moved across the weld joint leaving a trail of solidified 

molten material (Dawes 1992).  

For bulk metallic glasses, laser welding is particularly useful. This is due to the fact that the 

size restrictions associated with the production of BMG components means the 

development of a successful joining technique is a necessary pre-requisite to widen the 

range of engineering applications for BMGs (Kim et al 2006). When utilising laser welding 

for bulk metallic glasses, the quality of the weld is not only measured in weld-beam 

geometry, mechanical properties and distortion (Khan et al 2011) but also on the resulting 

micro structure and whether it remains amorphous after processing. The fast heating and 
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cooling rates associated with laser processing can aid in the avoidance of crystallisation 

within the weld seam which allows a processed BMG to retain its desirable properties. 

Therefore, the successful laser welding of bulk metallic glasses relies on analysis on the 

relationship between laser parameters and the resulting weld seam quality as well as that 

between laser parameters and the resulting material micro structure and in particular if 

changes to this micro structure affect the resulting strength of the weld. 

2.2 Effect of varying laser processing parameters on crystallisation of bulk metallic 

glass. 

Due to the flexibility of laser processing there are a large number of parameters that can 

affect the machining outcomes of welding bulk metallic glass. Li et al (2006) investigated the 

effect of varying the scanning speed from 2 to 8 m.min
-1

, using a peak output power of 1200 

W, on the crystallisation of the weld bead and the heat affected zone when joining two 

pieces of a Zr45Cu48Al7 bulk metallic glassy alloy measuring 1 mm in thickness, 5 mm in width 

and 15 mm in length. After processing, the structure of the substrate was investigated using 

X-ray diffractometry (XRD) and an optical microscope and the difference in thermal 

properties was analysed using differential scanning calorimetry (DSC). Through these 

techniques it was observed that crystallisation was only occurring during the processing 

with slower scan speeds. This effect can be seen in the XRD results from the authors shown 

in Figure 2.2 along with the areas of the weld studied. The authors concluded that the 

higher welding speed resulted in a cooling rate that was high enough to suppress 

crystallisation. Also, these authors suggested that the crystallisation in the weld pool and 

the heat affected zone (HAZ) occur due to different reasons. Within the HAZ, crystallisation 

was dependent on the amount of time the temperature was raised above the crystallisation 

temperature of the material whereas, the crystallisation in the weld pool was based on the 
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cooling rate from the melt temperature to the glass transition temperature.  

 

Figure 2.2. (ii) XRD results for the welding of Zr45Cu48Al7 at the numbered areas shown in (i) 

at differing scan speeds of (a,b) 2m/min, (c) 4 /min and (d) 8 m/min (Li et al 2006). 

This conclusion was supported by the development of a finite element heat source model. 

In particular, the temperature profiles created from this model showed that the samples, 

which were scanned more slowly, remained above the crystallisation temperature long 

enough for the sample to crystallise. This study highlights the effect that varying the laser 

processing parameters has on the resulting thermal cycles within the material and how 

these difference affect the ability of the material to remain amorphous after welding. 

However, the authors only varied the scanning speed during their investigations without 

addressing other potential parametric effects such as changes in pulse duration or energy.  

A study by Kim et al (2006) provided further understanding regarding the evolution of the 

BMG structure during welding when subject to parametric variation of the laser system used 

(i). 
 

(ii). 
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to process it. These authors used an Nd:YAG laser system to weld a copper based bulk 

metallic glass (Cu54Ni6Zr22Ti18). Unlike Li et al (2006), this work incorporated variations in the 

peak power, pulse duration, frequency and travel speed. Analysis of the microstructure after 

welding was conducted using XRD, scanning electron microscopy (SEM), transmission 

electron microscopy (TEM) and DSC. In addition a thermocouple was used to record the 

temperature during irradiation during processing as well as a theoretical approach to 

estimate the thermal profiles. Using these methods, it was concluded that the higher the 

pulse energy and the longer the pulse durations were, the more likely the bulk metallic glass 

was to crystallise due to 1) the lower cooling rates achieved and 2) the variation in chemical 

composition of the material with the vaporisation of copper at the higher temperatures 

reached when the pulse energy increases.   

Another conclusion reported, by these authors, was that the analysis of the crystallisation 

using single pulses could not be used to predict the crystallisation behaviour upon 

irradiation with multiple pulses due to the pre and post-heating effects of the interacting 

laser pulses. This is illustrated in Figure 2.3 which presents the estimated temperatures at 

two points in the HAZ for two different pulse repetition frequencies. More specifically, this 

figure shows that a second pulse can irradiate when the temperature has already been 

increased by a preceding pulse. This condition is mostly affected by the frequency of the 

single pulses, which directly affects the pulse-to-pulse interaction. This conclusion is 

important with respect to the theoretical prediction of crystallisation behaviour because it 

means that a theoretical model for only a single pulse will be insufficient and provisions will 

have to be made for overlapping, moving pulses. Also, it displays potential difficulties faced 

when welding using a pulsed laser source rather than a continuous wave source, which 

essentially eradicates the issue of pulse to pulse interactions and varying thermal cycles.  
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Figure 2.3 Effect of pre-heating and post-heating on the temperature in the heat affected 

zone during pulsed laser welding (Kim et al 2006). 

 

Kawahito et al (2008) shifted the attention to focus on fast i.e 48 and 72 m.min
-1

, high-

power fibre laser welding of a 1 mm thick Zr-based bulk metallic glass (Zr55Al10Ni5Cu30). 

Similarly to previous studies, the experimental focus was on the ability to retain the 

amorphous structure in the weld joint so as not to affect the desirable mechanical 

properties of the alloy. It was concluded, through XRD analysis of the weld bead, that the 

higher scanning speed of 72 m.min
-1

 allowed a full weld to be obtained as well as retaining 

the amorphous structure of the BMG. Although the weld was also of acceptable quality for 

the slower scan, the XRD pattern displayed peaks of crystalline precipitates within the weld 
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seam. Even though this work did not investigate all the parametric variations the high-

power fibre laser system is capable of during the welding of BMGs, it is a demonstration of 

the applicability of this specific generation of lasers to BMG processing.  

After the initial interest in laser welding of BMGs the amount of research increased to 

include many different types of BMGs with varying compositions. Further investigations of 

the Nd:YAG welding of Zr-based bulk metallic glass (Zr53Cu30Ni9Al8Si0.5) was conducted by 

Wang et al (2010). Using three different parametric conditions, defined by different peak 

power, pulse duration and laser energy, the structure of each different area composing of 

the weld pool, i.e the HAZ and the parent material, was analysed using SEM, XRD, TEM and 

electron diffraction spectroscopy (EDS). In agreement with both Li et al (2006) and Kim et al 

(2006), it was stated that the crystallisation in the weld pool and the HAZ occurred due to 

different reasons. In particular, crystallisation in the HAZ depended on how long the 

temperature was above the crystallisation temperature whereas the weld pool displayed 

crystallisation based on the rate of cooling between the melt temperature and the glass 

transition temperature where atoms lose their translational motion. A magnified imaged of 

the precipitates formed in the HAZ for each sample is shown in Figure 2.4 along with a table 

of the atomic percentage of each element present in the precipitates. 

 

Sample Region Zr Ni Cu Al 
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Sample Region Zr Ni Cu Al 

A Precipitates in the HAZ 28.60 15.79 50.89 4.72 

B Precipitates in the HAZ 36.62 13.15 45.33 4.91 

C Precipitates in the HAZ 39.91 14.45 41.60 4.04 

A WFZ 52.59 11.80 26.95 8.66 

B WFZ 51.08 13.06 26.93 8.93 

C WFZ 54.19 11.04 27.72 7.05 

PM Unaffected zone 51.91 9.5 31.32 7.26 

 

Figure 2.4. A magnified image of the spherical crystalline precipitates formed in the HAZ in 

samples of work from Wang et al 2010 along with a table of the atomic percentage of each 

element within the crystalline structures. 

 The implications of pulse-to-pulse interaction were also discussed similarly to Kim et al 

(2006). Through experimental analysis, it was concluded that, with the parameters used in 

this investigation, crystallisation in the HAZ was inevitable. It was observed that the 

precipitates present after welding in the HAZ were rich in Zr, Ni and Cu with particle sizes 

varying from 30 to 200 nm.  

Wang et al (2012) also studied the crystallisation of BMGs during the laser welding process. 

In this case the bulk metallic glass investigated was a Ti40Zr25Ni3Cu12Be20 substrate. The laser 

used had a power of 3.5 kW and the scanning velocity ranged from 6 to 10 m.min
-1

. These 

authors observed that the crystallisation in the weld joint, where the material is melted, and 

crystallisation in the HAZ, where the material stays solid, are dependent on different parts 

of the heating-cooling cycle.  The authors concluded that the cooling rate from the melt 

temperature to the glass transition temperature is the decisive rate for the determination of 

the resulting microstructure of the weld zone which is in-line with earlier studies reported 
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above. In the case of the work of Wang et al (2012), the cooling rate needed to be larger 

than 780 K/s to avoid crystallisation of the substrate. On the other hand, the change in 

amorphous structure in the HAZ, which do not change phase, was said to depend on the 

entire heating and cooling cycle. In particular, if the HAZ is subject to a temperature above 

the glass transition temperature of the material for a relatively large amount of time then it 

is likely to display crystallisation. In agreement with Li et al (2006), the faster scanning 

speeds resulted in retaining the amorphous structure, whilst the slower scanning speeds led 

to the material being subjected to a large temperature gradient for longer, causing 

crystallisation to become apparent.  The authors also concluded that when amorphous, the 

welded joint exhibited almost the same tensile strength as that of the base material.  

Being able to join bulk metallic glass substrates together is not the only important 

conclusion of laser welding research, it is also important to identify the differences in 

processing responses between bulk metallic glass alloys with varying elemental 

compositions. For example, Wang et al (2013) studied the effect of nickel content in a bulk 

metallic glass composite. A lack of nickel was suggested to improve the glass forming ability 

of this particular alloy composition. This was supported in the experimental results present 

by these authors. At the same time, the BMG that contained nickel displayed evidence of 

crystallisation during laser welding, whilst the nickel-free composition did not. This lack of 

crystallisation in the nickel-free material meant that the micro-hardness of the welded 

substrate remained high as did the glass forming ability.  

Most recently the studies of laser welding of BMG’s have evolved to include welding of 

BMG-composites, BMGs created with reinforced crystalline phases embedded in the glassy 

matrix to improve the ductility of these otherwise strong materials. Wang et al (2016) 
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concluded that welding a Zr-based BMG with a high % volume of Ta resulted in similar 

characteristics to those observed when welding the same material without the addition of 

Ta.  

2.3 Avoiding crystallisation during laser processing 

Having identified that crystallisation can occur during laser welding Wang et al (2010_b) 

attempted to combine the welding with a liquid cooling device to decrease the initial weld 

temperature in order to increase the cooling rate so as to avoid crystallisation during 

welding.  Further research by the authors (Wang et al 2011) uses the same liquid cooling 

device to control the start temperatures of the material to determine the effect on the 

crystallisation behaviour of the welding of a Zr-based BMG with a 4.5ms Nd:YAG laser. It 

was found that decreasing the initial weld temperature did increase the cooling rate and 

resulted in a smaller amount of crystalline precipitates formed within the heat affected 

zone. The calculated cooling rates for each different temperature are shown in Table 2.1. 

 

Table 2.1. Calculated cooling ranges for each parametric combinations with different initial 

welding temperature during the welding of Zr-based bulk metallic glass (Wang et al 2011) 

On the subject of temperature variation prior to welding, Chen et al (2014) applied thermal 

annealing prior to the welding of Zr55Cu30Ni5Al10. It was concluded that the annealing at a 

temperature a little above the glass transition temperature of the material was beneficial to 

the weld quality, improving the micro-hardness and bending strength of the welded area. 
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2.4 Theoretical simulation of laser processing of bulk metallic glass 

It is useful to use experimental trial and error to determine laser processing parameters that 

lead to crystallisation when employing laser welding to join bulk metallic glass substrates 

but this method can be incomplete in its analysis, as well as costly. In order to avoid this, 

prediction of crystallisation during laser welding using theoretical analysis can be utilised. Li 

et al (2006) developed a theoretical model which was described in section 2.2. In the work 

by Kim et al (2006) it was suggested that to achieve welding that avoids crystallisation of the 

material there is a crystallisation start line in the temperature profiles of the material 

undergoing processing that provides the heating and cooling rates necessary to avoid 

crystallisation. Xia et al (2009) provided an extension to this work by creating an effective 

method that can identify this start line by predicting the thermal cycles of a Zr-based BMG 

at various points within the weld area. The theoretical temperature predictions at the 

boundary between the weld heat affected zone and the unaffected material were used to 

determine the tangential points where the crystallisation start line would be created. This 

can be seen in Figure 2.5.  
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Figure 2.5. The theoretical predictions of the temperature evolution with time and the 

boundary by which the crystallisation start time can be predicted (Xia et al 2009). 

Chen et al (2015) have incorporated Kissinger analysis as well as temperature field 

simulation. By comparing the continuous heating transformation curve with the 

temperature profiles simulated, it is possible to predict when these interact, thus leading to 

crystallisation during the welding process. It was concluded that this intersect would occur 

in samples welded with a low scan speed or a high power. An example for one sample is 

shown in Figure 2.6. This conclusion was verified using experimental analysis of Zr-based 

bulk metallic glass processed under the same conditions. 

 

Figure 2.6. Simulated temperature profiles and predicted critical cooling curve (Chen et al, 

2015). 

3. LASER CLADDING/COATING OF BULK METALLIC GLASSES 

3.1 Introduction to laser cladding and coating 

Laser cladding works by using a focused beam of photons to melt a pre-deposited powder 

onto the surface of a substrate material. The rapid heating and cooling induced during laser 

processing results in minimal thermal effects on the base material during laser cladding 

(Toyserkani et al 2004). To create an optimal clad layer using a laser there are many factors 

to consider such as the effect of material properties on the absorption and melt pool 
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geometry as well as the laser parameters which can affect the clad dimensions and 

microstructure. As well as these factors, when laser cladding with metallic glasses there is 

the added dimension of retaining the amorphous structure of the coating throughout its 

thickness. Even so laser cladding created the possibility of exploiting the desirable 

properties of bulk metallic glasses to improve the surface characteristics of many 

manufactured components that are only functional at their surface (Matthews et al 2007). 

3.2. Early cladding and coating of bulk metallic glasses 

In 1997 Wong and Liang presented an exploratory study reporting on the coating of Al-Si 

surfaces with amorphous Ni-Cr-B-Si material. This work was extended by Wong et al in 

2000. It was concluded that laser cladding resulted in a higher hardness and wear resistance 

than the Al surface.  

Having shown that creating a partially amorphous layer was possible using laser cladding, 

Wu and Hong (2001) moved on to increasing the thickness of the coating to 1.2mm. The 

authors used a Fe-based bulk metallic glass and clad using a 10 kW continuous wave CO2 

laser in a shielding box with a supply of argon gas to obtain a positive gas pressure. It was 

concluded that the high cooling rate produced during laser cladding was sufficient to induce 

a layer of amorphous alloy coating of 1.2 mm in thickness with a high glass-forming ability. A 

micrograph of the coating can be seen in Figure 3.1. This property was characterised by the 

large super-cooled liquid region determined by the DSC measurements of the crystallisation 

temperature and the glass transition temperature. 
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Figure 3.1. An optical micrograph of an Fe-based BMG 1.2mm thick coating and its 

corresponding heat affected zone (Wu and Hong 2001). 

3.3 Properties of laser clad layers of bulk metallic glass 

After the initial support in favour of the creation of amorphous coatings with a high glass-

forming ability, research was focused toward the actual properties of such layers. Wang et 

al (2004) attempted to increase the tribological performance of crystalline titanium by laser 

cladding with a Zr-based bulk metallic glass. The BMG powder was pre-deposited on the 

surface of the titanium substrate before being clad by a CO2 laser operating with a 5 mm 

beam diameter at 1.4 kW and scanning at 4mm.s
-1

. After a single laser scan, the laser clad 

layer was analysed using multiple techniques including XRD, SEM and TEM. The analysis first 

concluded that the 1 mm layer of BMG was not entirely amorphous with crystalline 

precipitates throughout the layer, consisting mainly of Zr- bonded phases such as Zr3Al2. It 

was also observed that the microstructure of the layer varied depending on the distance 

from the parent material. This was due to the variation in heating gradients observed 

throughout the layer depth. These differences in heating gradients affected the apparent 

crystallisation throughout the depth and the resulting micro-hardness as can be seen in 

Figure 3.2. Not only did the different thermal gradients affect the crystallisation but the 
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chemical composition change at the titanium surface resulting from the mixing of the 

molten parent material and the molten BMG powder created ideal conditions for nucleation 

and growth of crystals. Even though the layer was not completely amorphous, the micro-

hardness increased compared to a fully amorphous substrate and the friction coefficient 

was also lower than a fully amorphous comparison. 

 

Figure 3.2. Variation in hardness throughout the laser clad coating as a result of the 

difference in microstructure occurring due to a variation in the thermal gradients (Wang et 

al 2004). 

3.4 Improving the cladding process 

In order to attempt to avoid any crystalline precipitates being formed in the clad layer, it is 

possible to avoid melting the amorphous powder by using a blown-powder method, 

whereby the laser is used to create a melt pool on the surface of the substrate material and 

then the powder is deposited into this pool. Yue et al (2007) used this method to clad a 

layer of 1.5 mm in thickness composed of Zr65Al7.5Ni10Cu17.5 onto the surface of 

commercially-pure magnesium. This research was an attempt at improving the wear and 

corrosion characteristics of magnesium parts which hinder their wide-spread application. 
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Having analysed the laser-clad layer, it was concluded that it was fully amorphous up to a 

depth of 1.1 mm and it had bonded well with the magnesium substrate. Also, unlike the two 

step method as utilised by Wang et al (2004), this method resulted in less variation of the 

hardness throughout the clad layer. Finally, the layer improved both the wear and corrosion 

characteristics of the surface, compared to both the un-coated magnesium surface as well 

as surfaces coated with other materials. 

 It is not only the method of laser cladding that affects the overall functionality of the 

surface; Li et al (2011) investigated the effect of variations in the ratio of nickel to iron, in 

the BMG composite Ni-Fe-Si-B-Nb, on the properties of the laser clad coating of mild steel. 

The coatings were clad with varying percentages of Ni from 45% to 60% using the two step 

powder deposition and remelting method. The layer was then remelted using a higher 

scanning speed. It was observed that the microhardness varied with the depth of the layer 

(c.f. Figure 3.3). It was observed that all powder compositions led to a predominately 

amorphous layer with embedded nano-crystals the compositions of which depended on the 

Ni-Fe ratio. Even though all of the coatings resulted in better properties than the uncoated 

substrate, the coating with a 1:1 ratio of Ni to Fe was superior to the other compositions. 

This was postulated to be due to the difference in microstructure, chiefly the increase in the 

amorphous fraction of the layer.  
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Figure 3.3. The variation in the micro-hardness throughout the depth of the remelted layer in 

four different BMG coatings with various percentages of Ni (Li et al, 2011).  

In the reported literature above, laser cladding operations were conducted with the use of a 

shielding box filled with gas to prevent oxidation. This can limit the size and geometry of the 

material being clad. Zhu et al (2013) reported on the laser cladding of low carbon steel with 

an Fe-based bulk metallic glass using a one step process and eliminating the need for a 

shielding box. These authors utilised a high power diode laser with values of power, 

scanning speed and powder feed rate pre-selected via initial optimisation tests for high 

bonding strength and low dilution rate between the substrate material and the coating. 

Thus, values of 1200 W, 17mm.s
-1

 and 15.1g.min
-1

 were chosen for the laser power, 

scanning speed and powder feed rate respectively. The coating produced at these 

parameters was determined to have an amorphous content of 87.6% and, similar to the 

other conclusions reported earlier in this section, the clad layer displayed different 

morphologies as a function of the distance from the substrate shown in Figure 3.4.  
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Figure 3.4. Variation in the micro-structure of the coating (Zhu et al 2013). 

The authors concluded that the majority of crystalline particles were of the form NbC and 

that these particles contributed to the increase in hardness experienced after laser cladding. 

Li et al (2013) also commented on the observation of such particles when cladding mild 

steel sheets with a Ni-based bulk metallic glass powder, the XRD of this material after 

processing can be seen in Figure 3.5.  It was noted that the reaction between the Nb and the 

elemental carbon creates a very stable compound that, due to its high melting point, is 

unlikely to melt during the laser cladding process resulting in an abundance of this 
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crystalline precipitate in the solidified layer. The authors of this research also indicated that 

the properties of the partially amorphous coating created during laser cladding are not 

superior to those inherent to its fully amorphous counterpart. This can cause problems 

during the lifetime of the clad layer.  

 

Figure 3.5. XRD of an Ni-based BMG composite coatings processed by laser (Li et al, 2013). 

3.5. Simulation of the laser cladding/coating process 

It is apparent from the existing literature that there are many different parameters that can 

affect the laser clad layer. Yue et al (2007) concluded that the method of cladding affects 

the homogeneity of the amorphous phase throughout the layer depth and Zhu et al (2013) 

observed the effect of varying the scanning speed, laser power and powder feed rate on the 

resulting mixing of the substrate material and the powder layer and the thickness of the 

layer itself. These relationships can be determined experimentally but this can be costly 

both in time and money. Simulating the process can be useful in predicting these 

relationships, thus reducing the costs involved. Li et al (2014) investigated the effect of 

scanning speed during the second laser melting process when cladding an Ni-based bulk 

metallic glass powder onto mild steel sheets using a high power diode laser. After the initial 

cladding was conducted, a second laser scan was run at values varying between 4m.min
-1
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and 8 m.min
-1

. As the laser was scanned over the surface of the coating faster, the thickness 

of the re-melted zone decreased. The faster the scan, the less heat is input into the surface. 

This affected not only the depth of the melt but also the microstructure. At faster scanning 

speeds, the heat input is small enough so as to not result in crystallisation of the coating. 

Using finite element modelling, the authors identified that the cooling rates at the slower 

scanning speeds were slow enough for the crystallisation process to take place. Figure.6 

shows the results of the authors’ simulation trials. 

 

Figure 3.6 Simulation of the temperature field distribution during the laser cladding and 

remelting process and comparison with experimental images (Li et al 2014). 

4. ADDITIVE LAYER MANUFACTURING OF BULK METALLIC GLASSES 

4.1 Introduction to additive layer manufacturing 

By integrating computer-aided-design and computer-aided manufacturing tools, the laser 

can be used to deposit layers of powder one on top of the other to produce functional net-

shaped parts. This process is visualised in Figure 4.1.  The global interest in additive layer 
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manufacturing (or 3D printing) has experienced a sharp incline in the past 5 years, mainly 

due to the expiration of key patents surrounding the technology. With the advancement of 

additive layer manufacturing technology and the desirable properties of bulk metallic 

glasses it would be an advantage to investigate this form of processing using such materials. 

Although bulk metallic glasses can be formed using thermoplastic forming to keep their 

amorphous structure, the processing time in the super cooled liquid region (SCLR) is limited 

to the duration which does not reach the crystal nucleation region.  So to form complicated 

geometric shapes on a large scale the process has to either remove heat very quickly or it is 

limited by the SCLR requirements. This creates a necessity to explore other avenues of 

processing BMGs into complicated net shapes. The use of lasers to melt BMG powder layer 

by layer reduces the heating and cooling processes, which are constrained by the 

crystallisation kinetics of these materials, into cycles for each layer, allowing more freedom 

when creating net-shaped BMG components.  

 

 

Figure 4.1. A visualisation of the additive layer manufacturing technique using a laser to melt 

a layer of powder that has been deposited on the surface of a substrate material.  This 
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process is repeated over and over using the previous layer of solidified laser-melted powder 

as the surface for powder deposition (Yang et al 2012). 

4.2. Initial additive layer manufacturing of bulk metallic glass 

Yang et al (2012) investigated the possibility of forming 3-dimensional shapes out of Zr-

based bulk metallic glass through repeatedly melting layer of its powdered form onto the 

previous layer. The tests were performed using an Nd:YAG laser operating at 3ms with a 

power of 300 W. The authors analysed structures made up of one, two, four and seven 

layers of melted powder. The results indicated that there was no crystallisation present until 

four layers were deposited, and even then the crystallised content was minimal with the 

amorphous contents being relatively high, at 92.44%. Through SEM analysis, it was 

determined that crystallisation did not occur throughout the layer but in specific areas 

identified as the heat affected zone of each layer. This zone was characterised through 

simulation as the area where the temperature rose above the glass transition temperature 

but not high enough to melt the material. It was concluded, via experimental and 

theoretical techniques, that, in order to maintain the amorphous structure in the layers, the 

accumulation of heat from one pulse to another and one layer to another must be low 

enough.  

Pauly et al (2013) explored this process in more detail by using a Ytterbium fibre laser 

operating at 1064 nm and a maximum power of 400 W to create complex 3D structures 

(Figure 4.2) out of an Fe-based bulk metallic glass powder. Pre-experimentation was 

conducted to optimise the laser power (320 W), scanning speed (3470 mm.s
-1

), track 

displacement (124 μm) and layer thickness (50 μm). It was observed that, although the final 
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structure was not entirely amorphous, it was no different than the original powder 

feedstock used in its creation 

 

 

Figure 4.2. The structures formed via additive layer manufacturing by Pauly et al (2013) 

using powdered Fe –based bulk metallic glass on a 316 steel base plate. 

There are multiple types of BMGs available today, all composed of different elemental 

contributions that result in variations in their glass forming abilities and thermal properties. 

The Al-based bulk metallic glass in particular has a low glass forming ability and a poor 

thermal stability. This has led to difficulties when attempting to increase the size of 

components produced. Li et al (2014a) exploited additive manufacturing using a laser for 

this material, introducing rapid heating and cooling cycles into small volumes of the 

material, thus overriding the issues surrounding its size limitations. The investigation was 

used to demonstrate the capability of laser melting to fabricate an Al-based bulk metallic 

glass and to determine the relationship between the laser parameters and the resulting 

microstructure and mechanical properties. Scanning was completed at four different lasers 

powers ranging from 80 W to 200 W. At higher values of power, the morphology of the track 
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created by the laser was influenced by the energy distribution of the beam. The value of the 

power also affects the strength of the resulting metallic glass; at higher powers, thermal 

stresses can be introduced into the system creating cracks, whereas lower powers will be 

insufficient to melt leading to a larger pore density. The authors concluded that there is a 

balance to be made when selecting laser power during laser melting. The power affects the 

thermal history of the scanned powder resulting in differing cooling rates depending on 

position of the energy distribution which results in varying morphologies over the scanned 

width. The research highlighted the difficulties introduced when using a system with many 

parametric options, the effects of which can highly influence the resulting mechanical 

properties.  

4.3. Improving the quality of additive manufactured parts 

These investigations demonstrated the feasibility of this technology to produce complex 

net-shaped components out of powder BMG using laser additive layer manufacturing. 

However, optimisation of parameters is still a current research issue in order to improve the 

quality of the final product. 

Li et al (2014b) reported on the role of re-scanning using a lower energy density in order to 

improve the final net-shaped part. In particular, the aim was to halt the propagation of 

cracks formed during the building of the part as the thermal stresses from each layer 

accumulate. The authors tested this on cubes of Al-based BMG prepared using the same 

method as Pauly et al (2013) using a 1060 nm fibre laser operating at 200 W. After each 

layer preparation, the cubes were re-scanned using pulses with a lower power of 80 W. This 

method takes advantage of the property of BMGs whereby they exhibit superplasticity 

above the glass transition temperature. In this region, residual stress can be reduced by 
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viscous flow of the material without re-melting. The authors demonstrated the feasibility of 

this technique by producing micro gears out of Al-based bulk metallic glass that did not 

exhibit observable cracks associated with accumulation of these residual stresses. The part 

built with and without the rescanning technique can be seen in Figure 4.3. In particular, it 

can be observed from this figure that the propagation of the crack is halted when the layer 

is rescanned.  

 

Figure 4.3. (a) and (d) are images of the parts created using ALM with (d) and without (a) a 

re-scan at a lower energy density. (b) and (e) are optical SEM inspections showing the halt in 

crack propagation when a layer is rescanned using a lower energy density before the next 

layer is deposited during ALM (Li et al 2014b).  

Zhang et al (2015) used the pre-laid powder method over five layers processed with a 4 kW 

CO2 laser operating at 10.6 μm to form a shape with the dimensions of 30 x 10 x 1.2 mm
3
 

over five layers. It was discovered that each layer presented a gradient structure consisting 
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of amorphous and nanocrystal microstructure. The authors concluded that these repeating 

microstructural patterns were due to the varying thermal histories experienced by each 

layer. Using temperature simulation, it was shown that the cooling rate decreases from the 

centre of the molten pool to the heat affected zone. At the centre of the molten pool, the 

cooling rate is high enough to supress crystallisation, but as the distance is increased the 

cooling rate becomes such that nanocrytsalline precipitates of the form NiZr2 can grow (c.f 

Figure 4.4).  

 

Figure 4.4. (a) Diagram of the deposition process in additive layer manufacturing and (b) the 

temperature profile as calculated theoretically for each section of the layer by Zhang et al 

(2015). 

Also, within the heat affected zone, which does not experience melting, the temperature 

increase above the glass transition temperature is predicted to aid the formation of Cu10Zr7 

dendrites, unlike the formation of the NiZr2 phase which occurs due to solidification of the 

melt. The authors concluded that if each layer of molten bulk metallic glass powder can be 

cooled quickly enough before the deposition of the next layer, then amorphous BMG net 

shapes can be fabricated.  
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4.4. Simulation of additive manufacturing of bulk metallic glass 

As with the other laser processing routes for BMG materials, simulation of ALM will also play 

an important role in understanding and controlling the cooling rates in the processes, and a 

review of publications on modelling to ALM is given in Lavery et al 2014. The main challenge 

in model development at this moment in time is in integrating the time and length scales, 

which require lasers operating at ms time-scales over tens of microns, to simulate melting 

and solidification of powders at the micro-level interacting with solid sublayers, and to cover 

much larger time (minutes) and length  scales (tens of centimetres). 

5. MICRO-MACHINING OF BULK METALLIC GLASS 

5.1. Introduction to micro-machining 

Although creating complex 3D parts out of BMGs is a current research topic, the results are 

not yet satisfactory. If components are created using other methods such as thermoplastic 

forming, they may still require post processing to induce surface textures or patterns. This 

can be achieved using lasers to machine on a micro- or nano-scale. The desirable mechanical 

properties of bulk metallic glass stem from their amorphous structure. This structure results 

in a lack of grain boundaries within the material sub-system. A lack of grain boundaries 

makes bulk metallic glass attractive for micromachining (Kumar et al 2009). It is therefore 

necessary to determine which parametric combinations result in retaining the initial 

amorphous structure of the BMG structure during laser micro-machining as well as 

producing a clean pattern at an acceptable removal rate.  

5.2. Efficient micro-machining of bulk metallic glasses 

With regards to an acceptable removal rate for the laser micro machining of bulk metallic 

glasses, Sano et al (2007) approached the question of whether there is a difference 
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between the removal of amorphous metallic glass compared to that of its’ crystalline 

counterpart. Using a femtosecond laser operating at 800 nm and delivering pulses of 100 fs 

with between 2 and 900 μJ, the authors concluded that above an energy value of 10 μJ, 

material removal was lower for the crystallised sample than for that of the original bulk 

metallic glass. This difference was attributed to the presence of grain boundaries in the 

crystallised samples resulting in energy loss from electron during the femtosecond 

processing. Wang et al (2007) also concluded that the efficient micro machining of bulk 

metallic glasses can be conducted using femtosecond lasers. The authors identified that 

laser machining can be used to fabricate bulk metallic glass components with a high 

dimensional accuracy for application within the MEMS and sensor sectors of industry. Using 

a femtosecond laser also operating at 800 nm the authors determined the threshold of 

ablation for Zr65Cu17.5Ni10Al7.5 is 210 ± 9 mJ.cm
-2

. The determination of the ablation 

threshold of the material was followed by the non-crystalline micro machining of holes and 

trenches with a variety of fluence values in the range of 5 – 25 J.cm
-2

.This investigation 

displayed the potential for laser micro machining to be used as a technique for the non-

crystalline machining of micro scale features in bulk metallic glasses. 

Materials will respond differently to various parametric combinations and Ma et al (2010) 

and Williams and Brousseau 2014 identified the need for systematic investigation of the 

response of bulk metallic glasses over a wider parametric range than studied by previous 

authors.  Williams and Brousseau (2014) investigated the interaction of a 1064 nm 

nanosecond laser with Vitreloy 1 (Zr41.2Be22.5Ti13.8Cu12.5Ni10) over a parametric range from 15 

to 140 ns and for a variety of fluence values. The interaction was studied using single pulses. 

One of the main conclusions reached during this study, related to micro-machining, is that 

the cleanest craters are formed using shorter pulses (<25 ns). The authors used a thermal 
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model to deduce that at longer pulse lengths, the combination of the low thermal 

conductivity and melt temperature of these material results in more melt ejection 

surrounding the crater. This behaviour can be seen in Figure 5.1.  

 

Figure 5.1. Theoretical evolution of temperature in a Zr-based bulk metallic glass irradiated 

by a 1064nm fibre laser at different pulse durations with accompanying SEM images of the 

pulses created (Williams and Brousseau, 2016). 

Lin et al (2012) also studied nanosecond micro machining of bulk metallic glass. The authors 

used two different 30 ns lasers operating at 355 nm and 1064 nm to machine a Mg-based 

bulk metallic glass (Mg65Cu25Gd10). Due to the material parameters, absorption of the 1064 

nm laser was not sufficient to remove significant amounts of material making it unsuitable 

for the micro-machining of this particular metallic glass. The authors discovered specific 

parametric combinations that led to non-crystalline material removal (c.f figure 5.2). In 

particular, machining with a low power at a high scanning speed was found to be the 

parameters that resulted in retaining the amorphous structure.  
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Figure 5.2. Machining parameters resulting in particular material response (Lin et al 2012). 

5.3. Periodic structure formation during micro-machining of bulk metallic glass 

Ma et al (2010) investigated the response of a different Zr-based bulk metallic glass 

(Zr55Al10Ni5Cu30) using a Ti-Sapphire femtosecond laser operating at 800 nm with a 

maximum pulse energy of 2 mJ. During this research, the authors observed concentric rings 

on the surface of the material machined. The authors identified three main types of ring 

structure coinciding with different parametric regimes. At a low laser power, the generated 

structure was attributed to non-thermal affects and as the power increased more evidence 

of thermal phenomena such as melting and material removal presented. Figure 5.3 

identifies the parametric combinations necessary for the creation of the three various types 

of patterns observes during this work. 
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Figure 5.3. Graph identifying the incident laser fluence and the number of shots necessary to 

create specified structures as observed by Ma et al (2010). 

Periodic structure created on the surface of bulk metallic glasses were also observed by 

other authors. Liu et al (2011) observed concentric surface ripples on the edges of Vitreloy 1 

craters irradiated by a 10 ns pulse from a Nd:YAG laser operating at 532 nm. These patterns 

as shown in Figure 5.4 were attributed to the interference between the plasma created by 

irradiating at high laser intensity and the molten pool within the crater formed. Liu et al 

(2012) studied the interaction of the same material with the same laser but in a water 

environment. The authors observed the same phenomena but occurring around the crater 

edge with a star shaped pattern shown in Figure 5.5. The shape called ‘Saffman-Taylor 

fingering’ occurs due to the interaction of the plasma plume and the molten layer becoming 

unstable due to being in a liquid environment instead of air.  

 

 

 

 

 

 

Figure 5.4. Morphology of Vitreloy 1 after being irradiated by a nanosecond laser operating 

at 532 nm and a pulse duration of 10 ns. The ripples are reported as being due to the 

interplay of two fluid layers with different density and horizontal velocity; the molten layer 
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induced by the laser heating and the subsequent plasma plume generated by ionisation of 

vaporised molecules (Liu et al, 2011). 

Chen et al (2013) utilised these periodic structures for creating bulk metallic glass moulds 

for the imprint process. Using a Ti:sapphire laser operating at 800 nm and with a pulse 

duration of 180 fs, patterns were created in a Pd-based bulk metallic glass consisting of 

features of the order of magnitude from 100 μm to 90 nm. These moulds were then used as 

replication masters to imprint on polydimethylsiloxane (PDMS) and an Au-based bulk 

metallic glass. The authors concluded that the use of bulk metallic glass as a material for 

master moulds is advantageous due to the ease of the replication of micro features 

stemming from the homogenous structure of the material. Another advantage to using bulk 

metallic glasses is that the inherent high strength of these materials makes them suitable for 

use as moulds in the MEMS industry.  

Zhu et al (2016) also studied the appearance of ripples on the surface of a Zr-based BMG 

using a 1064 nm Nd:YAG laser operating at 8ns in air. It was also concluded that these 

ripples occurred due to the Kevin-Helmholtz instability. By investigating the spatial 

geometry of the ripples with various energies it was determined that the spacing between 

the ripples is affected by the incident energy of the laser beam and also by how many pulses 

that are used to form the crater. 
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Figure 5.5. SEM micrographs of the surface morphology formed when the bulk metallic glass, 

Vitreloy 1, is ablated using a nanosecond laser, operating at 532 nm, with a single shot 

under water. The morphology is named ‘Saffman-Taylor fingering’ and is reported to occur 

due to the occurrence of an interface between the molten Vitreloy 1 layer and the expanding 

plasma plume which becomes unstable and causes the perturbation of waves within the 

original molten pool (Liu et al 2012). 

6. IMPROVING THE MECHANICAL PROPERTIES OF BULK METALLIC GLASS 

THROUGH LASER PROCESSING 

During laser processing of bulk metallic glasses, the material experiences an increase in free 

volume when its temperature is raised above the glass transition temperature and the 

residual stresses can be redistributed. Both of these factors can be exploited to improve the 

inherent brittleness of BMGs, which is one of the main restrictions when it comes to their 

widespread applications.  

Chen et al (2010) observed an increase in the plasticity of a Zr-based bulk metallic glass after 

irradiation with a 180 W Nd:YAG laser. The sample that was treated using the laser did not 

fracture catastrophically, unlike its as-cast counterpart. Instead it deformed plastically after 

yielding, this behaviour can be seen in Figure 6.1. This behaviour was attributed to the re-

distribution of residual stress during the laser heating process. This was further investigated 

by the same authors, Chen et al (2012), again using a Zr-based bulk metallic glass. These 

authors concluded that laser surface melting on the concave surface of a rectangular bar 

introduces tensile residual stress which balances the compressive stress introduced during 
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bending, increasing the overall strength of the bar. This conclusion was supported by the 

simulation of the residual stress on the material as seen in Figure 6.2. 

 

Figure 6.1. Stress-strain curve for untreated and laser treated Zr-based bulk metallic glass. 

The laser treated material does not fracture catastrophically unlike its’ untreated 

counterpart (Chen et al, 2010.) 
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Figure 6.2 (a) Simulation of the residual stress on the surface of a laser treated BMG bar and 

(b) a schematic of the force during bending (Chen et al, 2012).  

The residual stress induced during laser shock peening was reported by Fu et al (2014), 

using a nanosecond Nd:YAG laser to propagate a shock wave into a Zr-based BMG substrate. 

The shock wave-induced pressure may eventually exceed the yield strength of the material 

creating plastic deformation and resulting in favourable compressive residual stress being 

formed on the surface of the material. The authors analysed three samples; the as-cast 

BMG, a sample treated only on one side and a sample treated with laser shock peening on 

both sides. Of the three, the substrate treated on both sides displayed increased plasticity. 

The analysis agreed with the results of Chen et al (2010); that laser shock peening induces a 

residual stress into the BMG and that this induced stress means that a higher load needs to 

be applied before the sample deforms. 
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Cao et al (2015) also reported on the laser shock peening of a Zr-based BMG, although with 

a different composition to that in the work of Fu et al (2014). The aim of these authors was 

to investigate the extent to which the laser shock peening of this material can affect its 

plasticity and its performance under compression testing, without the introduction of 

crystalline phases. By using water confinement, a plasma shock wave generated by 

irradiation of an aluminium coating on the surface of the BMG with a 1064 nm laser 

operating at 6 ns and 5 to 10 GW.cm
-2

 was introduced into the sample. It was concluded 

that the percentage of plastic elongation increased with intensity from 7 to 9 GW.cm
-2

 

accompanied by an increase in fracture strengths as seen in Figure 6.3. The authors 

concluded that the laser shock peening of BMG can improve their ductility without affecting 

the surface topography. 

 

Figure 6.3. Stress strain curve of the samples treated with different laser intensities with 

fracturing occurring at the right hand side of the curve (Cao et al 2015). 

The crystallisation that may occur during the laser machining of bulk metallic glass is not 

always viewed as a negative outcome. In particular, the controlled introduction of specific 

microstructures during laser machining can be an effective way to tailor the mechanical 

properties of the processed substrate. For example, Wu et al (2012) reported on the 
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hindrance of shear bands during stress-strain experiments when a Cu-based bulk metallic 

glass had been treated by a 180 W Nd:YAG laser. The reason behind this was the production 

of nano- and microcrystal precipitates forming a B2 CuZr phase throughout the depth of the 

processed area, which stopped the propagation of shear bands as can be seen in the SEM 

micrograph of Figure 6.4. 

 

Figure 6.4. SEM micrograph displaying the propagation of shear bands being blocked by 

crystalline phases induced in Cu-based BMG after laser treatment (Wu et al 2012). 

Fornell et al (2014) discovered that the surface laser texturing of a Cu-based (Cu47.5Zr47.5Al5) 

bulk metallic glass at specific values of intensities has an effect on the hydrophobicity of the 

surface. The surfaces of the bulk metallic glass samples were irradiated with a low power 

Nd:YVO4 laser operating in the infrared regime and in the continuous mode. The results 

from the samples processed with different intensities (28.5A, 29A and 30A) showed that at 

higher intensities, the increased surface roughness as well as the larger oxide content which 

increased the chances of a water molecule bonding with the oxygen resulted in better 

wettability of the surface. This conclusion was supported by images of an NaCl droplet on 

the surfaces of each irradiated BMG part as seen in Figure 6.5. 
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Figure 6.5. NaCl droplets on the surfaces of Cu-based BMG surfaces each treated with 

different laser intensities (Fornell et al, 2014). 

The authors also concluded, in agreement with Wu et al (2012), that the crystallinity of the 

laser treated sample aided in the restriction of shear band propagations when the sample is 

subjected to a load, thus improving the plasticity of the material. On the subject of plasticity 

improvement, Gao et al (2016) introduced the concept that laser surface texturing 

treatment could be used as a way to improve the plasticity of a Zr-based bulk metallic glass. 

Using picosecond lasers to texture the surface of the material with varying sized arrays of 
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pores, the authors showed that the pores are comparable to soft crystalline phases in aiding 

in the stress distribution when the BMG is under strain. This results in the prevention of the 

propagation of major shear bands within the material.  

7.  CONCLUSIONS AND FUTURE OUTLOOK 

This review reported the wide range of laser processing applications of bulk metallic glasses, 

indicating the potential capabilities for a number of industrially relevant processes. It 

showed the capability of lasers to be able to keep up with the demands of advanced 

materials engineering. In particular, the high heating and cooling rates inherent to laser 

applications make them attractive to process metallic glasses due to the critical thermal 

constraints associated with the retainment of their amorphous structure. Although research 

efforts surrounding the laser processing of bulk metallic glass have increased in the past 

decade, this field of studies is still in its infancy. The following conclusions are made for each 

of the reviewed laser processing applications:  

LASER WELDING It would appear that laser welding can be successful in joining metallic 

glasses together without compromising their amorphous structure resulting in a strong 

bonding technique that can side-step the size restrictions imposed by the synthesis of bulk 

metallic glasses. Previous research has identified relationships between parametric variation 

and the resulting microstructure of a number of bulk metallic glasses. Although successful 

welding has been demonstrated, it is only recently that researchers have begun to use 

thermal modelling and simulation in an attempt to predict crystallisation during laser 

welding. Such theoretical work is necessary however due to the wide range of available 

laser systems which exhibit different operating windows as well as the vast amount of 

different bulk metallic glasses, a number that is set to increase within the coming years.  
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LASER CLADDING/COATING Laser cladding using bulk metallic glass powders shows promise 

to enhance the surface properties of a range of materials. This technique has been shown to 

increase the hardness and corrosion resistance of tribologically poor materials. However, 

the research results presented in current studies indicates that it is difficult to achieve truly 

amorphous coatings. This can affect the lifetime performance of the coating. Thus, this is an 

avenue for refinement through further investigations.  The literature reviewed also 

highlights the numerous parameters that need to be considered when cladding bulk metallic 

glasses such as scanning speed and laser power as well as the scanning speed during the 

second step of laser re-melting.  

ADDITIVE LAYER MANUFACTURING The additive layer manufacturing of bulk metallic 

glasses is still a relatively young research field. Even though such studies are comparatively 

scarce, the layer-by layer melting process of metallic glass powder has shown great promise 

to form sophisticated geometries without the cooling times restrictions or limiting the 

process time when accessing the super cooled liquid region during thermoplastic forming. 

Using lasers to melt layer by layer results in a cooling cycle limited to each layer allowing 

more flexibility to bypass the crystallisation regime. Furthering the simulation capabilities 

within this field to include multiple length scales may aid in the control of cooling rates 

across complex 3D geometries. There are still issues within this research area, such as the 

tendency of BMG structures to fail due to residual stress during processing. However, 

techniques such as using a second lower energy laser scan are being developed to address 

this.  There is also the possibility of designing support structures for the manufactured part 

that can aid in its cooling further securing the integrity of the 3D design. 
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MICROMACHINING The lack of large scale grain boundaries in bulk metallic glasses makes 

them an ideal candidate for machining on a nano and micro scale. Investigations of the 

interaction of bulk metallic glasses with laser operating in the femto and nano second 

regimes have produced fundamental information on the micromachining thresholds as well 

as the onset of crystallisation. Patterns that can be utilised for nanoimprint masters have 

been found to result at specific energies using a laser operating in the femtosecond regime. 

Research on the reaction of bulk metallic glasses to laser irradiation at a micro scale can be 

utilised for applications such as machining medical devices including stents and surgical 

instruments, and as the interest in creating biocompatible bulk metallic glasses increases, 

there becomes a necessity for a tool that is capable of processing them. With further 

development of bulk metallic glass compositions it will be necessary to continue to 

investigate the use of lasers to irradiate at a micro scale to be able to apply them to 

industrial applications. Also, it is important to continue to identify laser system parameters 

that result in efficient micro machining of a variety of bulk metallic glasses. In particular 

those parameters that result in carefully controlled removal of material without damaging 

the surrounding areas of the material. 

PROPERTY VARIATION Finally, lasers provide a method for tuning the properties of bulk 

metallic glasses in a selective manner. Researchers have demonstrated the ability to 

improve the plasticity of the material by introducing favourable residual stresses through 

laser shock peening. This method has been shown to maintain the amorphous structure of 

the processed part. In addition, induced nano-crystallisation has also demonstrated the 

desirable effect of hindering shear bands formed under loading. Laser texturing of the bulk 

metallic glass surface has also been proven to increase its hydrophobicity.  
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Based on the reviewed studies, it can be said that the laser processing of bulk metallic glass 

is a powerful tool capable of many processing routes and outcomes. However, there are still 

many challenges that deserve further research: 

• The nature of laser material interaction varies depending on the type of material as 

well as the kind of laser system utilised. As the development of lasers continues and 

the amount of available bulk metallic glasses increases, the demand for sound, 

comprehensive research will continue. Understanding the fundamental interaction 

of laser energy with multi-component alloys will be necessary as well as proof of 

concept for the different laser processing applications in order to promote the wider 

utilisation these materials.  

 

• In addition, the crystallisation kinetics of bulk metallic glasses during laser irradiation 

needs to be understood to aid in the development and optimisation of processes 

such as welding and cladding. The onset of crystallisation could be predicted using 

the intersection of the continuous heating curve and the temperature field 

simulations. An accurate simulation is not a minor challenge, developing a complete 

temperature field model during laser irradiation is a complex task when considering 

vaporisation, plasma effects as well as chemical composition changes in the material. 

Besides, there is also the issue of variations in material properties as the 

temperature increases, particularly for BMGs whose temperature dependent 

properties are not well-documented. 

• The research into the additive layer manufacturing of bulk metallic glass should 

continue to grow. The research has shown the potential of this technique to 
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manufacture components with the attractive properties of bulk metallic glass, whilst 

removing the barriers imposed by other processing techniques. This results in the 

possibility of a processing route with the capability of forming complicated 

geometrical amorphous structures. Parametric effects need to be addressed to 

complete the optimisation of this process. For example, the influence of the energy 

distribution on the melt flow has not been thoroughly researched.  Further 

investigations of the resulting crystallisation processes upon repeated melting and 

solidification should also aid in the process being able to be controlled more 

effectively. 

 

• Finally, the use of laser processing of bulk metallic glass for specific application needs 

to be investigated further such as structural applications of laser welded BMG parts 

or the use of micro-machined bulk metallic glass components in industrial 

applications. Such technology demonstrators can help in the wider adoption of 

BMGs in different industrial sectors.  
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Paper Material Laser Pulse 

Duration 

Laser Power or 

Energy 

Scanning 

Speed 

Crystal? Precipitates 

Welding       

Li et al 

(2006)  

Zr45Cu48Al7 N/A 1200W  2 to 8 m.min-1 Yes τ5 , ZrCu and 

unknown 

precipitates. 

Kim et al 

(2006)  

Cu54Ni6Zr22Ti18 1-10 ms 0.5 - 4 kW 20 - 60 

mm/min 

Yes Crystalline 

precipitates 

not identified 

but % of 

copper 

content 

increases with 

welding 

Kawahito et 

al (2008)  

Zr55Al10Ni5Cu30 Continuous 

Wave 

2-10 kW 48 and 72 

m.min-1 

N/A N/A 

Wang et al 

(2010).  

Zr53Cu30Ni9Al8Si0.5 4.5- 5.9 ms 5.5 - 7 J 60 mm/min Yes Precipitates 

rich in Zr, Ni 

and Cu with 

particle sizes 

from 30 to 200 

nm. 

Wang et al 

(2012)  

Ti40Zr25Ni3Cu12Be20  3.5 kW 6 to 10 

m.min-1 

  

Wang et al 

(2013)  

Zr53Cu30Ni9Al8Si0.5/ 

Zr48Cu36Ag8Al8Si0.75 

4.5 ms 1.8 - 2.4 kW N/A Yes Zr2Cu 

Wang et al 

(2016)  

Zr48Cu36Ag8Al8Si0.5 4.5 ms 1.9 kW 60 mm/min Yes Zr2Cu and 

Zr10Cu7 

Wang et al 

(2010_b)  

Zr53Cu30Ni9Al8Si0.5 6 ms 7 J 60 mm/min Yes Zr2Cu 

(Wang et al 

2011)  

Zr53Cu30Ni9Al8Si0.6 4.5 ms 5 - 8 J N/A Yes Zr2Cu major 

phase in HAZ 

Chen et al 

(2014)  

Zr55Cu30Ni5Al10 Continuous 1.5 - 2.1 kW 8 - 10 m/min Yes Not identified 

       

       

Cladding       

Wu and 

Hong (2001)  

Fe-based  N/A 7.5 kW 50 mm/s No  

Wang et al Zr-based   1.4 kW  4mm.s-1 Yes Mainly of 
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(2004) Zr- bonded 

phases such 

as Zr3Al2 

Yue et al 

(2007) 

Zr65Al7.5Ni10Cu17.5 Continuous 

Wave 

3.2 kW 5 mm/s No Amorphous up 

tp 1.1 mm 

Li et al 

(2011)  

Ni-Fe-Si-B-Nb (four 

diffferent powders with 

45, 50, 55 and 60% Nb) 

N/A 1st - 5.5 kW, 

2nd - 14 kW 

1st - 400 

mm/min, 2nd - 

8000 mm/min 

Yes NbC 

particulates 

and γ(Fe,Ni) 

Zhu et al 

(2013)  

Fe-based N/A 1200 W 17mm.s-1  Yes but 

amorphous 

content of 

87.6%  

Majority of 

crystalline 

particles 

were of the 

form NbC  

Li et al 

(2013)  

Ni40.8Fe27.2B18Si10Nb4 N/A 0.8 kW 360 mm/min Yes NbC 

particulates 

and γ(Fe,Ni) 

Li et al 

(2014) 

Ni-based  N/A 0.8 kw and 3.5 

kW 
4m.min-1 

and 8 

m.min-1 

Yes NbC 

particulates 

and γ(Fe,Ni) 

       

ALM       

Yang et al 

(2012)  

Zr-based 3 ms 80 J  Amorphous 

contents 

being 

relatively 

high, at 

92.44% 

Al5Ni3Zr2 

Pauly et al 

(2013)  

Fe-based  N/A 320 W 3470 mm.s-1 Not entirely 

amorphous, 

it was no 

different 

than the 

original 

powder 

feedstock 

used in its 

creation 

Li et al 

(2014a)  

Al-based  N/A 80 W to 200 

W 

N/A Yes Al crystals 

identified 
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and others 

not 

identified 

Li et al 

(2014b)  

Al-based  N/a 200 W (re-scan 

at 80 W) 

625 mm/s Not entirely 

amorphous, it 

was no 

different than 

the original 

powder 

feedstock used 

in its creation 

Zhang et al 

2015 

    Nanocrytsalline 

precipitates of 

the form NiZr3 

AND formation 

of Cu10Zr7 

dendrites 

within the heat 

affected zone 

       

Micro-

machining 

      

Sano et al 

(2007)  

Zr55Al10Ni5Cu30 100 fs between 2 

and 900 μJ 

N/A Not studied  

Wang et al 

(2007)  

Zr65Cu17.5Ni10Al7.5  50 fs 2 mJ N/A Not studied  

Williams 

and 

Brousseau 

2016 

Zr41.2Be22.5Ti13.8Cu12.5Ni10 15 - 140 ns 4.9 J/cm - 43.7 

J/cm 

N/A Not Studied  

Lin et al 

(2012)  

Mg65Cu25Gd10 30 ns 1 to 9 W Up to 350 

mm/s 
Non-

crystalline 

material 

removal 

Ma et al 

(2010) 

Zr55Al10Ni5Cu30 50 fs 0.18 J/cm - 5.3 

J/cm 

Single pulses Not studied  

Liu et al 

(2011)  

Zr41.2Be22.5Ti13.8Cu12.5Ni10 10 ns 238 J/cm Single pulses Not studied  

Chen et al 

(2013)  

Pd-based 180 fs 100 mW Single pulses Not studied  
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Zhu et al 

(2016)  

Zr-based  8 ns 200 - 600 mJ Single pulses Not studied  

       

Improving 

Properties 

      

Chen et al 

(2010)  

Zr-based   180 W 1000 mm/min None  

Fu et al 

(2014) 

Zr-based  11 ns 400 mJ  None  

Cao et al 

(2015)  

Zr-based  6 ns 5 to 10 

GW.cm-2  

   

Wu et al 

(2012)  

Cu-based  1 ms 180 W 200 mm/min Yes Nano- and 

microcrystal 

precipitates 

forming a 

B2 CuZr 

phase  

Fornell et al 

(2014)  

Cu47.5Zr47.5Al5 Continuous 

Wave 

28.5A 29A 30a 10 mm/s Yes B2 CuZr and 

ZrO2 


