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Abstract

This paper reports complementary experimental and theoretical investigations focussed on the laser milling of the
amorphous alloy Zr41.2Ti138Cu125NitoBezos, also known as Vitreloy 1, in ambient air, using 220 ns pulses. The
conducted experiments showed that the formation of crystalline precipitates required a relatively large overlap
between pulses when machining with a fluence of 6 Jiem®and a pulse repetition frequency of 250 KHz. The loss of
the fully amorphous nature of this material could also be achieved for a substantially smaller pulse overlap and
frequency. In this case, the lower thermal load associated with the reduction in the value of these parameters was
balanced by increasing the delivered fluence by one order of magnitude, i.e. 70 Jiem?. Using theoretical temperature
profiles associated with the considered laser milling operations, it was suggested that different crystallisation
phenomena could be at play between both levels of fluence values utilised.
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1. Introduction

Amorphous alloys, also more recently known as
bulk metallic glasses (BMGs), have gradually emerged
over the past 50 years as attractive engineering
materials due to their superior mechanical and
chemical properties in comparison with their crystalline
counterparts. A number of applications have been
proposed for BMG parts such as automotive pressure
sensors and components for consumer goods and
scientific instruments [1]. Such alloys combine metallic
elements and bonds with an amorphous morphology
creating materials with improved properties such as
high-strength and high elastic strain limit coupled with
superior corrosion resistance [2]. Given that the
crystallisation kinetics of BMGs are sensitive to
variations in temperature and cooling conditions, it is
desirable to understand, to control and even to predict
process-induced thermal effects during their fabrication
into final product or components.

In the context of laser processing, the influence of
different combinations of parameters on the
preservation of the amorphous nature of BMG
workpieces has been investigated in a number of
studies. These include reports such as in [3-5] in the
context of laser welding or in [6-8] for nanosecond laser
micro machining. Research studies in the field of laser
machining of BMGs with short pulses generally focus
on empirical observations about the formation, or
otherwise, of crystalline precipitates without detailed
considerations of the thermal history experienced by
the BMG substrate during processing. For this reason,
the aim of this research is to complement such
experimental observations with the analysis of
simulated thermal load profiles when laser milling a
BMG target in the nanosecond regime. It is anticipated
that the outcome of this study may contribute to
reducing the trial and error approach, which is often
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associated with the identification of processing
windows that lead to morphological changes in the
glassy matrix of BMG workpieces during laser
machining. This study was conducted on the
amorphous aIon Zr41_zTi13_3CU12_5Ni1oBezz_5, also known
as Vitreloy 1. This particular material was selected
given its relative prominence among the many different
current BMG compositions, which is a result of its high
glass forming ability. The paper is organised as follows.
The next section presents the experimental and
theoretical methodology adopted in this research. The
results of the conducted laser milling operations are
described and discussed in section 3 together with the
predicted temperature profiles associated with them.
Finally, conclusions are drawn and perspectives for
further research are given in section 4.

2. Methodology
2.1. Experimental set-up

A 20 W pulsed Yb-doped fibre laser with a wavelength
of 1064 nm 10 nm from SPI Lasers was utilised in this
research. The spatial profile of the laser beam intensity
was near Gaussian with an M? value less than 2 and
the focal length was 100 mm. Based on the procedure
described in [9], the diameter of the laser spot was
calculated to be 32 um. All the laser milling operations
were conducted in ambient air. The pulse duration was
kept constant at 220 ns, while the fluence, the pulse
repetition frequency and the pulse overlap were varied
between experiments according to the values given in
Table 1. In particular, two different values of fluence
were considered, 6 J/cm? and 70 J/cm?. For each
parametric combination selected, only one layer was
machined to define a 10 mm by 10 mm square cavity.

The Vitreloy 1 specimens were prepared as
follows. First, they were cut as 1.5 mm thick disks from
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Table 1
Selected combination of laser milling parameters

Trial Fluence Frequency Pulse Line

number (J/cm?) (kHz) overlap (%) spacing
(Mm)

1 6 40 84 6

2 6 250 87 6

3 6 250 99 6

4 70 35 55 5

5 70 35 91 5
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Table 2
Thermal properties of Vitreloy 1

Parameter Value Source
o (kg/m®) 6100 [12]
Lp (J/mol) 6184 [2]

(1/M).(24.9 + 7.5.10°T +  [13]
8.17.10%T3)

0.0603 [13]
0.0163T +0.84 [13]

Cp (J(Kg.K))

M (kg/mol)
k (W/m.K)

a rod 12 mm in diameter using micro wire electro
discharge machining. Next, these samples were
polished based a procedure tailored for hard materials.
Finally, their amorphous nature was confirmed with an
X-ray diffraction (XRD) instrument (D8 Discover from
Bruker) using CuKa radiation. The same XRD
instrument was also employed to inspect the
specimens following the laser milling operations.

2.2. Theoretical model development

A two dimensional thermal model was
implemented with the FlexPDE software using a fixed
mesh finite element discretisation. This model was
employed to simulate the temperature distribution on
the surface of a Vitreloy 1 target when irradiated with a
series of multiple pulses moving linearly in space. In
the adopted model, the evolution of the temperature, T,
in time, f, and in a two-dimensional space (x, z),
resulting from the energy absorption of a pulse into the
lattice is expressed as follows based on the classical
Fourier heat equation:

dT  d?’T  d?T df;
pCpE-kdxj-kdzj*'pLhE—Q 1)

where p is the density of the material, ¢, is its specific
heat capacity and k is its thermal conductivity. The
variable z is the distance into the material from its top
surface while x is an axis parallel to this surface. The
function fis used to take into account the contribution
of the latent heat of fusion L, according to the
“temperature formulation” method reported in [10]. In
particular, f; denotes the liquid volume fraction and it is
described by a ramp function, which is assumed to vary
linearly between the solidus and liquidus temperatures
as presented in [11]. The function Q represents the
volumetric heat source induced by the pulse irradiation.
It is expressed as follows:

2
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where a is the optical absorption coefficient of the
substrate material, R is its reflectivity, Iy is the peak
output power of the laser pulse, ris the radius of the
laser beam at the focal point, t; is the time at which the
pulse starts and fyuse is the full duration of the pulse at
half maximum. Table 2 presents the values for the
different thermal parameters of Vitreloy 1 that were
used to implement the thermal model.

3. Results and discussion

Figure 1 compares the outcome of the XRD
analysis of the specimen used for trial 5 before and
after the laser milling operation. This figure serves to
show the amorphous nature of the prepared Vitreloy 1
samples prior to the start of the laser machining
experiments. It also shows that crystalline precipitates
were formed for this particular laser milling trial. Figure
2 reports the XRD results obtained for all five
considered experimental conditions.

It is expected that trial 1 should results in the
lowest delivered thermal load among all selected
combinations of laser milling parameters. Indeed, this
experiment was conducted with the lowest fluence
considered, 6 J/cmz, as well as the lowest pulse
repetition frequency and pulse overlap, for this
particular fluence value. It can be seen from Figure 2
that the Vitreloy 1 specimen processed during this trial
retained its amorphous nature. The laser milling trials 2
and 3 were also conducted at such low fluence. In
these two cases however, the pulse repetition
frequency was increased to 250 KHz and the pulse
overlap was 87% and 99% for trial 2 and 3,
respectively. When comparing these two experiments,
it is interesting to notice that milling with the lowest
pulse overlap of 87% does not show clear evidence of
crystallisation of the material, while it does for an
overlap of 99%. Finally, the XRD patterns of Figure 2
also report that all laser milling ogerations achieved
with the higher fluence of 70 J/cm®, i.e. trials 4 and 5,
resulted in the loss of the fully amorphous nature of the
Vitreloy 1 BMG substrate.

The clear dissimilar outcome obtained between
trials 2 and 3 is of interest. Indeed, the only difference
between both of these experimental conditions is a
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Fig. 1. XRD pattern of a Vitreloy 1 sample before and after
nanosecond laser milling for trial 5.
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Fig. 2. XRD patterns for all the processed specimens.

slight modification in the pulse overlap, 87% for trial 2
and 99% for trial 3. Observations reported in [7-8] when
laser processing Zr-based BMG substrates in the ns
regime reported no evidence of crystalline precipitates
being introduced in the amorphous material as a result
of single pulse irradiation. This is due to the fact that
the heating and cooling rates experienced in this case
are too fast for crystalline phases to be formed. Thus,
the effect of the pulse overlap is studied here by
comparing the theoretical difference in the respective
thermal loads induced by multiple pulses for trials 2
and 3. In particular, the temporal temperature profile
simulated for a fixed point on the substrate surface, i.e
with coordinates x = 0 and z =0, is displayed in Figure
3 for trial 2 and in Figure 4 for trial 3.

For the specimen processed with the pulse overlap
of 87 %, i.e. trial 2, the thermal simulation reported in
Figure 3 suggests that this particular surface point
experienced nine pulses that are effective in varying
the material temperature until subsequent laser
irradiations moved out of effective range. From this
figure, it is also observed that a temperature above the
melting point of Vitreloy 1, i.e 937 K, is only reached for
two of these pulses. In addition, the cooling time
between the melt temperature and the glass transition
temperature, i.e. 623 K, where the atoms lose their
translational momentum, was estimated to be very
short, around 100 ns. This fast cooling did not give
atoms in the melt enough time to organise themselves
into crystal structures. Thus, when the melt solidified, it
stayed amorphous.

As seen with Figure 4, the temperature profile for
trial 3 is significantly different to that of trial 2 due to the
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Fig. 3. Theoretical temporal temperature evolution for
multiple pulses at the lowest fluence considered (trial 2)
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increased pulse overlap of 99%. As a result, for a given
region on the surface of the substrate, the series of
laser irradiations is effective for longer. From the
simulated thermal profiles, it is estimated that, following
the last pulse that raises the temperature above
melting for the considered surface point, the material
takes over 1700 ns to cool down to the glass transition
temperature.

It is suggested that two main phenomena are at
play to explain the clear formation of crystalline
precipitates in the case of trial 3. First, given that the
experiments were conducted in ambient air and that
the very high pulse overlap led to many cycles of
melting and solidification, oxygen dissolution into the
material could be more likely to occur for this trial. The
presence of such oxygen impurities plays a crucial role
on the crystallisation kinetic of BMGs as it has been
reported for Zr-based amorphous alloys [14-15]. Thus,
it is suggested that the glass forming ability of upon
solidification of the melt pool was reduced for the
specimen processed with trial 3 as a result of
increased oxygen impurities. Second, Tang and co-
workers reported that a large number of pulses were
needed at low power to crystallise a sample of
amorphous material, with each pulse causing further
precipitate growth from the previous pulse [16]. In this
research, both trials 2 and 3 delivered pulses at a
relatively low power. The difference between them lied
in the amount of effective pulses, which was higher for
trial 3 due to the larger pulse overlap utilised. Thus, itis
suggested that nano-crystals generated upon cooling
of the melt did, in turn, create a growth site for further
crystallisation during the larger number consecutive
thermal loads initiated by subsequent pulses.

Figures 5 and 6 display the temporal temperature
profiles for trials 4 and 5, respectively. Both of these
experiments were conducted with the highest fluence
considered, 70 J/cm?. For trial 4, which was performed
with a lower pulse overlap, i.e. 55 %, the cooling time
from the melting temperature to the glass transition
temperature is close to 1600 ns. This is a similar value
to that of trial 3 carried out at a lower fluence and for
which crystallisation was also observed. When the
pulse overlap was increased to over 90% for trial 5, the
theoretical data shown in Figure 6 predict a cooling
time from the melt temperature to the glass transition
temperature of around 2000 ns. This is the highest
value among all experiments. An important observation
for the results obtained at the higher fluence of 70
Jiem? is that the peak temperatures reached may lead
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Fig. 4. Theoretical temporal temperature evolution with
multiple pulses at the lowest fluence considered (trial 3)
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Fig. 5. Theoretical temporal temperature evolution with
multiple pulses at the highest fluence considered (trial 4)

to the vaporisation of the material. Thus, it is likely that
the composition of the alloy may have been modified
for both of these experiments at the higher fluence,
especially for trial 5, for which a larger pulse overlap
was utilised. This effect should also promote the
crystallisation process. In particular, if the beryllium
atoms vaporise due to being the element with the
highest vapour pressure in the considered alloy, the
remaining elements, Zr, Ti, Cu and Ni may form
crystalline structures more easily due to their proximity
in the periodic table.

4. Conclusions

Using a fixed pulse duration of 220 ns, this study
focused on the laser milling in ambient air of the
Vitreloy 1 amorphous alloy, for which the composition
is Zrs1 2Ti138Cuq25Ni10Bezz s. For arelatively low fluence
of 6 Jicm?, crystallisation could clearly occur when the
material was processed with a large pulse overlap of
99% and a high frequency of 250 kHz. Based on the
associated theoretical thermal profile and on existing
literature, it was suggested that the formation of
crystalline precipitates for this experimental condition
was the result of the large number of repeated thermal
cycles. In particular, for a given irradiated region, this
could favour the occurrence of oxygen dissolution in
the melt. Following this, as pulses gradually move
away, the solidified melt should still be considered as a
heat affected zone. Thus, the repeated thermal cycles
post-melting could lead to the further growth of
nucleation sites.

Crystalline precipitates were also detected when
laser milling was conducted with a higher fluence of 70
Jicm? even for substantially reduced pulsed repetition
frequency and pulse overlap values. In this case, it is
suggested that vaporisation of the material could also
be an important contributing factor to the observed
crystallisation at this higher fluence level.

Further investigations about the composition of the
crystalline precipitates formed during each trial are
required. This will help testing the hypotheses put
forward to explain the crystallisation phenomena for the
different parametric combinations studied.
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Fig. 6. Theoretical temporal temperature evolution with
multiple pulses at the highest fluence considered (trial 5)
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