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11 Abstract

1 Zirconium based bulk metallic glasses are industrially valuable materials which
13 commercial market grows rapidly. Surface modification of these metallic glasses
1 by high-intensity lasers is relatively new and costly treatment promising great
15 advantages over classical surface processing methods. In this work we perform
16 the case study of surface modification of ZrysCuse.gAgg.oAlg metallic glass by
v high-intensity millisecond laser beam. Our results suggest chemical deposition
18 of atmospheric oxygen and nitrogen in the laser-melted surface area and its sur-
1 roundings. Zirconium nitride layer was detected in the middle of laser-irradiated
2 area. Nanocrystals embedded in the amorphous matrix were also formed on the
a1 surface. Overall, our findings suggest possibilities for improvement of mechani-
22 cal characteristics of the studied metallic glass.

s Keywords: Zirconium, bulk metallic glass, laser material processing,
2 amorphous, nanocrystals, surface modification, glass transition

» 1. Introduction

2 Bulk metallic glasses (BMG) are relatively novel sort of materials attracting
2z much of the attention because of their unique combination of mechanical prop-
s erties. High strength and high elasticity of BMGs in combination with their
20 corrosion resistance made those materials a prospective candidates for indus-
» trial applications [I} 2, B, 4] [5]. Yet, the wide use of BMGs is heavily limited by
a1 their low glass transition temperatures. Much of the technological processing
22 takes place at temperatures exceeding the glass transition temperature of the
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13 BMGs: heating will inevitably result in partial crystallization and phase sepa-
u ration and following structural relaxation ultimately worsens crucial mechanical
55 properties [6l [7, [8 @, [I0]. Future estimates place a large accent on combining
s several techniques for processing of BMGs [I1].

37 Prospectively, laser material processing represent an alternative to the tra-
s ditional welding [12]. Laser pulses could selectively influence surface of the
s material, whereas controllable duration of the pulse opens wide perspectives
w for adjustable damage in the irradiated area [I3]. Thus, laser manipulations
o of amorphous alloys attract interest as industrial processing method. Such,
«2 powder coating by amorphous layers [14} [15], laser beam welding [6l [§], laser
i surface hardening by the knock waves [16] [17], laser microscopic treatment of
w  the surface [I8] and laser technologies for the preparation of the micro- and
s nano- structures were developed [19].

46 Particular focus in laser processing is given to the surface crack healing
s which should substantially increase the plastic flow limit. Plastic deformations
s in metallic glasses occurs by means of shear bands. A cluster of shear bands
s concentrated into a thin line leads to the intense friction heating, decrease in
o viscosity and following crack initiation [20]. Such clusters are normally formed
si about 10 nm below the surface which make them different from dislocations [21].
s The primary shear band in the BMG could be stopped by e.g. the secondary
53 bands in order to perform crack retardation [22] 23]. One of such methods is
s« formation of crystal phases and composites on the surface. A very similar effect
55 of crack retardation can be achieved with laser undercutting followed by release
ss  of thermo-elastic stresses.

57 The downside of the laser-based treatment is in induced penchant of the ma-
s terial toward fatigue damage [24]. Such, decrease of the micro-hardness induced
so by formation of the cracks in a grain-growth region is observed in the heat-
o affected area as a result of the laser heating [7]. On the contrary, the increase
s of both strength and plasticity is observed due to partial crystallization [25].
s Moreover, heating leads to the surface oxidation of metallic glasses that, in
63 turn, requires atmosphere monitoring during manufacturing process. However,
e« the influence of the oxidation can be minimal and the sorption processes can
e improve the surface quality, decrease friction coeflicient, increase surface micro-
o hardness and resistance to corrosion [26].

67 Millisecond-long laser pulses are among the most suitable for the laser surface
e processing. Lifetime of heat dissipation by the electrons is about 10712-10713 s
e which is several orders of magnitude faster compared to the laser pulse duration.
7 These conditions minimize ablation, and as a consequence, increase the quality
n  of surface treatment due to the formation of more homogeneous melt layer.
72 Thus, investigation of millisecond time-domain of laser pulses is interesting from
73 the perspective of controllable variation of mechanical properties of BMGs [27)
74 ml.

75 BMGs containing zirconium is a wide class of materials used for protective
75 and structural elements in agressive environments [29] 30} [3T] 29]. Additionally,
77 zirconium-based materials has a number of unique properties, one of which is
76 high biocompatibility, thus enabling their use in medical applications [32], [33]
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» 3, BT, 5, 56,

8 This work has been devoted to follow surface modification of the bulk metal-
a1 lic glass ZrysCusg s Agg o Alg upon millisecond laser irradiation. The process and
22 formed structures have been characterized by combination of optical microscopy,
sz X-ray diffraction and nanoindentation as well as computational modeling.

s« 2. RESULTS

& 2.1. Nanocrystals are formed upon melting

86 Electron micrographs show two areas: the crater formed upon laser melting
& and the bare surface clearly separated by the border (Figure and b). The
s inner area is roughly equal to the size of the laser spot. Taking into account the
s energy of the pulse, melting would definitely take place in this area. Surface
o morphology (Figure ) suggests that the outer ring is a flow shear area.

EHT = 20 00KV Signsl A=5E2 Dot 22 Cet 2016 Time 132357
ESBGrdis= 701V foiso Reducton =Lina i Busy

~2000KY SHralA=SEZ Dt 220 201 Tima 143523
ESBGAdis= 701V Neise Reducton = Line nt Busy

Figure 1: Micrographs of the surface in the laser-melted area. a) The crater, b) the
area of the thermo-plastic shears magnified from figure (a). Plots ¢) and d) show nanocrystals
from the center of the crater.

o1 High-resolution imaging revealed nanocrystals in the center of the crater
e showed in Figure and d. In order to further characterize the surface, we
i3 performed X-ray diffraction (XRD) measurements. The XRD spectrum showed
w acombination of both diffuse and crystalline forms (Figure indicating that the
s nanocrystals are embedded in the amorphous matrix on the surface. Observed


http://dx.doi.org/10.20944/preprints201810.0177.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 October 2018 d0i:10.20944/preprints201810.0177.v1

o XRD peaks were fit with numerous diffraction patterns in order to identify
o7 chemical composition of the nanocrystals. The fitting by peak position and
s intensity identified Zr,Cu, Zr,Cu,q, ZrO, and ZrO crystallines. The latter two
o are typically formed during oxidation of zirconium amorphous alloys [37] [38].
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Figure 2: X-ray diffraction pattern collected from the center of the crater. The
spectrum is a combination of diffuse and crystalline signals. Diffraction peaks for Zr,Cu,
Zr,Cu,y, ZrO and ZrO, are assigned.

w  2.2. Surface composition

101 Chemical composition measured along the radius confirms the large quan-
02 tities of surface oxygen present in the crater (Figure . Oxygen concentration
103 increases to the border of the welding zone. Additionally, large quantity of the
s nitrogen was identified in the center of the crater. The sum of oxygen and
s nitrogen along the radius is approximately constant (50 %) in the crater.

ws  2.3. Temperature and heat flow

107 To evaluate temperature and heat flow in the crater we have performed
ws corresponding simulations. From simulations we determined that spontaneous
wo temperature rise exceeds the melting temperature of the sample as far as 350 ym
o from the center of the laser spot. That value is larger than the value 220-240 pym
m  that could be extracted from the raw image by assuming the shear bands form
2 on the border of the melting zone (Figure [Ip and b). The temperature profile
us  from simulation is shown in Figure [fh. By following the isotherm on the border
us of the crater Figure [fh, we have identified that the melting area extend up
us  to 60 pm below surface at the center of the crater. Surface temperature as a
us  function of time and distance from the center of the crater is shown in Figure .
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Figure 3: Surface composition measured along the radius of the crater. Top plot
shows settings from instrument setup. Points where chemical composition was measured are
located 30 pm from each other. b) Element distribution along the radius of the crater.
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Figure 4: Temperature distribution in the sample. a) The snapshot of temperature
distribution in the sample taken at the end of laser pulse. The top of the plot (z=1) corresponds
to the surface of the sample. The radius of laser spot was 300 pm. b) Temperature profile as
function of time and distance from the sample. The origin corresponds to the center of the
crater and offset by t = —1 ms prior to the laser pulse.
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u 3. DISCUSSION

118 High fractions of oxygen and nitrogen absorbed on the surface point to chem-
o ical deposition on the surface. Indeed, fraction of the oxygen absorbed into
20 zirconium matrix at high temperatures could be significant. Due to the high
1 surface activity [39] and high affinity of oxygen to zirconium, absorbed oxygen
122 could consist up to 29 wt.% at 2173 K [40]. Oxygen penetrates easily into the
123 zirconium lattice and fills the octahedral discontinuities, decreased the chemical
12« mobility of zirconium. As a result the relative mobility of silver and aluminum
s increased since some zirconium is participating in chemical reactions with oxy-
s gen. Overall, the atomic mobility at crystallization is decreased and the relative
17 impurity index increases.

128 Diffraction pattern shows crystalline formation of ZrO and ZrO, alongside
19 with crystals detected by electron microscopy. It is anticipated that the high
1w temperatures of the sample short after the laser pulse (Figure ) lead to the
1 large absorption of molecular oxygen and following chemical reactions with met-
12 als of the sample, upon which the significant fraction of oxygen is bound to the
133 oxides on the surface.

134 Additionally to the oxygen, there is significant fraction of the nitrogen de-
135 tected only in the center of the crater. Similarly to the oxygen, the nitrogen is
13 expected to be chemically bound to the modified surface of the sample. Nitro-
17 gen is less chemically active compared to the oxygen, as a consequence it would
s react with metals at higher temperatures compared to the latter one.

139 As an attempt to characterize the chemistry of occurring reactions, we cal-
w culated activation energy for oxygen and nitrogen deposition. This was based
w1 on the highest surface temperature obtained from theoretical modeling. The
12 Arrhenius plot of concentration versus inverse temperature shows nearly linear
13 dependence, which allows us to suggest purely activation character of occuring
1 reactions (Figure . Activation energies of chemical deposition calculated from
1s  Arrhenius plots are 44414 kJ/mol for nitrogen and 2.2+0.9 kJ/mol for oxygen
us deposition, based on 95 % confidence interval estimates.

147 Fraction of copper and zirconium in the sample allows to suggest that only
us  these two metals can form significant quantities of nitrides and oxides detected
1o on the surface. Copper nitride CusN has low content of the nitrogen, thus its
10 occurence in the center of the crater can not explain high nitrogen content.
151 On the other hand, activation energy for nitrogen deposition correlates with
152 previously reported value 37.4 kJ/mol for nitridation of the bulk zirconium
153 sample [4I]. Zirconium nitride can also form by oxidizing ZrO, films. However,
s« high activation energy of this reaction (240£10 kJ/mol [42]) prevents it from
155 being dominant in our case.

156 Although the fraction of oxygen is significant on the peripheree and out-
157 side the crater, the composition of oxides in this area is unclear. Determined
158 activation energy is too low compared to respective values for zirconium oxide
150 (110-198 kJ/mol [43]), copper oxide (40-111 kJ/mol [44]) and aluminium ox-
o  ide (156 kJ/mol [45]) formed from surface oxidation of corresponding metals.
11 The decrease in activation energy was previously observed for copper oxide due
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Figure 5: Arrhenius plot of the chemical deposition. The left hand side plot shows the
whole range of distances measured experimentally. Dashed line roughly indicate the border
of the crater. The right hand side plot shows magnified center of the crater. The dashed line
shows linear fit of the oxygen concentration in the center of the crater.

62 to the formation of non-protective whisker layer [44]. Yet, the value observed
163 in this work (2.2+0.9 kJ/mol) is at least one order of magnitude lower, thus,
1« unravelling exact mechanism of oxidation and significant lowering of activation
165 energy requires further investigation.

166 From the practical perspective, laser treatment of the surface is most in-
17 teresting in preventing formation and transmission of shear bands that are the
s main reason for worsening mechanical characteristics of bulk metallic glasses.
10 Formation of nanocrystals is one of the methods to prevent transmission of shear
w  band [46], 27, [7, 47, [48] [49] [50]. Detection of the crystallines in this work is one
i of the aspects indicating potential for industrial applications. Additional mea-
2 surement of microhardness of the sample in the laser-melt area gives a value of
w3 ~6 GPa, which is around the hardness of the bare metallic glass. The relative
s inexpensiveness of the laser treatment procedure employed in this work and no
s special sample environment will allow us to hope that our results will particu-
ws larly contribute to the wider adaptation of laser-based surface treatments.

17 4. Conclusion

178 We have investigated the surface of Zr sCusg.gAgg 2Alg bulk metallic glass
1o modified by millisecond laser pulse. The surface of the sample analysed by
1o means of optical and electron microscopy and X-ray diffraction combined with
11 computer modeling. We have detected the uptake of nitrogen by the surface in
12 the center of laser-formed crater and uptake of oxygen by the large area inside
183 and outside the crater. Activation energy for nitrogen deposition suggest the
18 formation of the zirconium nitride in the center of the crater. Chemical origin
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15 of oxides remain unclear. Some of these crystals are most probably formations
s of ZrO,4 which fingerprints are probed by diffraction pattern.

187 Crystallization observed in the center of the crater pave ways for improve-
1883 ment of mechanical properties of this specific metallic glass by e.g. localization
189 of transmitting shear bands in order to prevent premature mechanical damage.
1o Taking into account economical aspects of milllisecond laser maintenance and
w1 cost, we believe that this study presents some interest for industrial applications.
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200 6. Materials and Methods

a0 6.1. Sample preparation and structure control

202 Composite alloy ZrsgCusesAggoAls (99.995 %) was produced at the In-
203 stitute of Solid State Physics Russian Academy of Sciences, Chernogolovka,
20 Moscow District. Metals were melt by induction heating, then melt jet quenched
205 in the copper bath with constant cooling rate 200 K/s controlled by digitalized
26 thermocouples. Temperature distribution inside the bath was homogeneous.
27 Produced bulk metallic glass melt (2 x 5 x 60 mm?) was quality-controlled by
28 X-ray diffraction (wavelength 0.5668 A) at the synchrotron radiation facility at
20 Kurchatov Institute, Moscow. The raw sample piece was further cut by diamond
20 blade to the smaller sample pieces (2 x 5 x 3 mm?) and further mechanically
211 polished.

212 Structure of the cut sample before the laser irradiation was monitored by
a3 X-ray diffractometer Rigaku Ultima IV CuKa. X-ray reflectivity from the laser-
as  affected area were performed by diffractometer Diffrey 401 CrKa.

as  0.2. Differential scanning calorimetry

216 The glass transition temperature (T;) and the temperature of crystallization
a7 (T,) were defined by differential scanning calorimetry (DSC) measurements at
as Mettler-Toledo DSC1 instrument. Calorimetry scans were performed at con-
no  stant heating rate of 20 K/min. Figure [6] shows DSC scans with subsequent
20 analysis.
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Figure 6: DSC curve of the sample. Different thermal transitions assigned by instrumen-
tation software are also shown.

21 0.8. Laser irradiation

2 Surface of the sample was irradiated by single impulse of Nd:YAG laser
223 operating at the wavelength A=1064 nm. Duration of the pulse was 3 ms and
24 the total energy delivered to the sample was 3+0.3 J. Radius of the laser spot
25 on sample was 300 pm obtained after calibration and focusing of the laser.

26 0.4. Electron microscopy

227 Micrographs of the surface and radial distribution of chemical elements were
28 collected by high-resolution field-emission electron microscope Zeiss Ultra-55
20 plus equipped with energy-dispersive X-ray (EDX) analysis unit.

20 0.5, Heat transfer simulations

The modeling was performed in COMSOL Multiphysics 5.2 simulation pack-
age. We used non-stationary thermal conductivity equation for heat transfer
calculations:
oT dg 22442

92 _ 99 _ (=5-) oz
ot AAT + Lat aAlye o(t)

Cp

21 where C), is heat capacity, A - thermal conductivity, L - enthalpy of fusion, g -
22 proportion of hard phases, « - absorption coefficient, T' - flow temperature, A
233 - emissivity, z and y — coordinates on the surface of the sample such that the
2u  origin corresponds to the center of the laser spot, ¢(t) - temporal profile of the
25 laser beam intensity and 7 - duration of the pulse. The heat source emulating
236 laser pulse followed Beer-Lambert—-Bouguer law. The model takes into account
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Symbol Name Value Reference

A Thermal conductivity 5.3 W/(m-K) [51]

p Density 7177 kg/m3 [51]

Cy Heat capacity Cp(T) J/(kg'K) [5]]

L Enthalpy of fusion 91 J/g [51]

A Emissivity 0.131/T 52

T, Glass transition temperature 715 K This work (DSC)
T, Crystallization temperature 757 K This work (DSC)
Ts Solidus temperature 1091 K [51]

Tr Liquidus temperature 1228 K [51]

Ts_1, Solidus-liquidus range 137 K [51]

Table 1: Parameters of the sample.

temperature dependence of the heat capacity. Latent heat of fusion was also

included into calculations.

The sample was assumed to be infinite because of the small size of the heat-
affected area compared to the sample dimensions. Gaussian distribution was
assumed for the profile of energy in the laser spot. Parameters of the simulation

are summarized in Table [
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