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Abstract

Laser processing is a versatile tool for applicgegion the field of metallic glasses (MGs). Previous
studies reported that surface nitridation, i.e. ftbenation of ZrN phase, occurred when laser
irradiation of Zr-based MG was performed in nitroggas. Additionally, it was reported that laser
thermal shock usually softened the irradiated setfarherefore, the coupling effects of laser
thermal shock and surface nitridation on mechaneteracteristics of Zr-based MG should be
further clarified. For this purpose, in this studgser irradiation of Zr-based MG was conducted
under various experimental conditions, followeddwaluating the surface characteristics by X-ray
diffraction (XRD), nanoindentation, and energy-éisgive X-ray (EDX) spectroscopy.
Experimental results indicated that the nanoindemtehardness, serrated flow, and surface shear
bands were significantly affected by laser irradmtin nitrogen gas. Both surface softening and
hardening were observed which depended on the iex@etal conditions. A competition

mechanism between laser thermal shock and thedunttmn of ZrN phase was employed to
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rationalize these results. Furthermore, the afiigctayer of ZrN phase along the depth direction
was measured by EDX. The obtained results suggestvamethod to introduce secondary phase

into Zr-based MG surface and further to tune thehlmaical characteristics of MGs.
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1. Introduction

Metallic glasses (MGs) with an amorphous atomiacitire show unique mechanical, physical,
and chemical properties compared to their cryseltiounterparts, such as high hardness, strength,
elasticity, good resistance to wear and chemiceloswmn [1, 2]. Accordingly, they are promising
structural and functional materials for potentigpkications in spacecrafts, molds, precision
instruments, sport products, electronic frames, icaédmplants, and so on [3-5]. However, their
practical applications are greatly hindered dudlfposize limitation and (2) very limited tensile
plasticity of most MGs.

To solve these two critical problems, various prapan and processing methods have been
proposed [6-10]. Laser processing as a versatildhadehas been applied in the field of MGs,
providing unique solutions for some problems thiadar the application of MGs [11-17]. For
example, laser welding of small MGs was attemptedrilarge the product size of MGs, by which
Ti-based, Pd-based, Zr-based MG plates were suotgswelded [11, 12, 18]. Laser additive
manufacturing (LAM), such as selective laser mglt{&LM) and laser foil printing (LFP), was
confirmed to be a very promising method for prepgatarge and complex MG structures, although
some issues such as cracks, crystallization, aresmiill existed [14, 15, 19, 20]. By SLM, Ouyang
et al. [20] successfully printed crack-free Zr-lthd¢G composite rods with various dimensions.
Using LFP as well as SLM [14, 15], three dimensio(@D) MG structures with complex
geometries were built. By laser shock peening, dempesidual stress could be introduced into
material surface, and this method has been usithéothe plastic deformation of MGs [10, 13].

Apart from the applications of laser processingifmreasing the size and plasticity of MGs,

laser irradiation was also employed to fabricaterainanostructures on MG surface for enhancing



their functional applications as biomedical, caialyand hydrophobic materials. For example, by
single laser pulse irradiation, surface ripplegops nanostructures, and Saffman—Taylor fingering
were observed on the irradiated surface [21-23}theamore, by multi-line laser irradiation,
hierarchical surface structures, i.e., laser ptiaeks covered by cotton-like MG thin film were
formed [16]. Moreover, our recent studies [17, 84pwed that the surface patterns were strongly
affected by the irradiation atmosphere. When lasadiation was implemented in nitrogen shield
gas, the unique cross-shaped microstructures wemergted on Zr-based MG surface, and the
whole surface structure significantly affected thgdrophobicity [17]. Accompanied by the
appearance of cross-shaped microstructures, Zrikeplvas detected on the irradiated surface. That
is to say the Zr-based MG was nitrided by laseadiation in nitrogen gas. Furthermore, the
structure of materials in the laser irradiated acefis very similar to that of the so-called MG
composites (MG matrix embedded with secondary ph&sevious studies commonly reported that
introducing the secondary phase into the MG matvas an effective method to improve the
plasticity of MGs by impeding the propagation ofigde shear band and stimulating multi shear
bands [6, 7, 25-27]. As laser irradiation in nieaggas provides a new method to introduce
secondary phase into MG matrix, the effects offtmmed ZrN phase (laser surface nitridation) on
the mechanical properties and deformation beha¥idiGs deserve further investigations, which
may derive a new method for tuning mechanical dtarestics of MGs.

On the other hand, some previous studies indidht&dthe thermal shock generated during the
laser irradiation resulted in softening of MGs [2B} Laser surface nitriding, on the contrary, was
commonly reported to harden the material surfa@e 33]. For laser irradiation of Zr-based MG in

nitrogen gas, laser thermal shock and surfacedattan coexist, and their coupling effects on



mechanical properties and deformation behavior Ishiog clarified. In this paper, by characterizing
the nanoindentation response of laser irradiatedaged MG surface under various experimental
conditions, the coupling effects of laser thermabck and surface nitridation on indentation
hardness, serrated flow, and surface shear bandscsenparatively analyzed, and the underlying

mechanism was further discussed.

2. Materialsand methods

A typical Zr-based MG (4 2Ti13.&CuiNiroBerz2s) sample with a diameter of 10 mm and
thickness of 1 mm was used in this study. Becauseelectrical discharge machining (wire-EDM)
was employed to cut the sample from an as-cast &iGuvhich resulted in rough surface as well as
formation of crystalline layers [34, 35], the samplas ground by using 400, 800, and 1500 grit
sand papers in sequence, and then polished by dihmlorasive paste and cleaned with alcohol.
After these processes, clean and smooth MG swifasebtained for subsequent laser irradiation.

Laser irradiation was conducted by using a Nd:YA€Basecond pulsed laser system (LR-SHG,
MegaOpto Co., Ltd., Japan) (laser wavelength: 582diameter of the laser beam at focal position:
~85 um, pulse width: 15.4 ns, and pulse frequency: 1)kHa introduce the ZrN phase as well as
avoid oxidation, nitrogen gas with a pressure 660MPa was used as the reaction and shield gas.
According to our previous research experience 247, the laser irradiation conditions as listed in
Table 1 were selected in this study. A fixed scagrspeed of 1 mm/s was employed because the
generation of ZrN phase was greatly suppressed wigeacanning speed was increased to 5 or 10
mm/s [24]. Corresponding to different experimewtahditions, five cases were defined, Al, A2, A3,

B2, and C2. For each case, the laser beam scaroradHe left to the right with a total irradiation



length of 2 mm, and 20 lines were irradiated witie ttorresponding overlap. To ensure the
comparability of nanoindentation results, all thsdr irradiation experiments were performed on
the same sample with a horizontal distance of 1andhvertical distance of 1.5 mm between two
adjacent irradiated regions. According to the expents in Table 1, the effects of the overlap
between two adjacent scanning lines, the numberaafiation cycle, and the laser power could be
discussed by analyzing cases A1 and A2, A2 anddAB A2, B2 and C2, respectively.

Table 1. Laser irradiation conditions for each case

Number of .
Average laser Overlap, . L Scanning speed,
irradiation
power, W um mm/s
cycle

Al 0.580 40 1 1

A2 0.580 70 1 1

A3 0.580 70 5 1

B2 0.380 70 1 1

c2 0.180 70 1 1

After laser irradiation, the surface morphologiesrev observed by a scanning electron
microscope (SEM) (Inspect S50, FEI, USA), and ama)-diffractometer (XRD, D8 Discover,
Bruker, Germany) was used to characterize the amoopand crystalline features in the irradiated
regions. As the MG surface became rough after lasatiation, it was further polished by diamond
abrasive paste to obtain a smooth surface for guies¢ mechanical testing. The irradiated regions
after polishing were further characterized by XRdahd the distribution and content of the N
element as well as the MG elements were measuredengygy-dispersive X-ray (EDX)
spectroscopy (Bruker AXS, Germany). Then, nanoitaten tests were implemented in each
irradiated regions as well as one non-irradiategiore defined as case A0 by using an ENT-1100
nanoindentation instrument (Elionix Inc., JaparmeTBerkovich indenter and load-control mode

were used. To distinguish the effects of laserdiation conditions (corresponding to different
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contents of ZrN phase) on mechanical charactesistidVG, a constant indentation load of 2100 mN
and loading/unloading rate of 10 mN/s were seleatabrding to our previous results. The holding
time at the maximum indentation load was 1 s férnahoindentation tests. For each case, 30
nanoindentation tests were done for statistic amlyAfter nanoindentation testing, the residual
indents were observed by a field emission scanalagtron microscope (FE-SEM) (JSM-7600F,

JEOL, Japan).

3. Results

Fig. 1 presents the SEM morphologies of the lasadiated regions under different conditions.
It is observed that the irradiated regions becoery vough due to the strong interaction between
laser and MG. At a small overlap (case Al) or alaser power (case C2), line-like microstructures
are observed, which are the so-called cross-shapestructures in our previous study [17].
Correspondingly, with increase in the overlap (A2)laser power (B2), the interaction between
laser and MG is greatly enhanced, resulting ingeeeration of a large number of nanopatrticles.
Thus, the irradiated regions are covered with plagi Furthermore, for the same laser power of
0.580 W (cases A2 and A3), increasing the numbadrrafliation cycle results in larger surface
grooves. Although the interaction time betweenrheosecond pulsed laser and MG is very short
and the irradiated region might have cooled dowaro the next irradiation cycle, the absorption
of laser energy for the irradiated region shouldraeh higher than the polished surface because it
was quite rough [36]. Accordingly, the laser-MGeirgction is greatly enhanced in the subsequent
irradiation cycle, resulting in larger surface gres compared to that of single-pass irradiation.

Corresponding to the surface morphologies showfignl, the XRD patterns are illustrated in



Fig. 2. For comparison, the XRD pattern of nondraded region is also given in Fig. 2(a) which

shows the amorphous feature of the original sanipis.noted that crystalline peaks of ZrN phase
are more or less observed in the XRD patterns iobdtiaon the irradiated regions, whose intensity
depends on the laser irradiation conditions. Theparative results in Fig. 2 show the tendency that
with increase in the overlap, or the number ofdiation cycle, or the laser power, the intensity of
ZrN phase is enhanced. At a relative high lasergz@md five times of laser irradiation, remarkable
peaks of ZrN phase appear in the XRD pattern assho Fig. 2(d), demonstrating that more ZrN

phase has been generated under this condition.

Fig. 1. SEM morphologies of the laser irradiategiors under different conditions. (a) Laser power:
0.580 W, overlap: 4@m; (b) laser power: 0.580 W, overlap: @f; (c) laser power: 0.580 W,
overlap: 70um, irradiation cycle: 5; (d) laser power: 0.380 Werlap: 70um; and (e) laser power:

0.180 W, overlap: 7am.
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Fig. 2. XRD patterns of the laser irradiated regiander different conditions.

Fig. 3 shows the SEM morphologies of the lasediated regions after polishing. The surface
particles and line-like microstructures shown ig.Fi have been removed. The polished surfaces
are covered by the grooves, holes, areas and Ipartidth very high brightness, as well as some
smooth areas. The areas and particles that shogmhigdr brightness are the diamond abrasive paste
which was embedded in the grooves or holes duralighpng. Although the irradiated regions still
seem rough after polishing, some smooth areas Bppetween grooves or holes, and

nanoindentation tests were selected to be perfoondtese smooth regions.



Fig. 3. SEM morphologies of the laser irradiategioas after polishing, corresponding to different
conditions in Fig. 1.

To confirm that the ZrN phase was still residualthe irradiated regions after polishing, the
polished regions were characterized by XRD agahe. dorresponding patterns are illustrated in Fig.
4 which show a very similar variation tendency battof the XRD patterns obtained prior to
polishing. The results in Fig. 4 indicate that ftaished regions still contain ZrN phase and its
content is different corresponding to differenelasradiation conditions. Thus, the polished sampl

can be employed to investigate the effects of Znkse on the mechanical characteristics of MG.
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Fig. 4. XRD patterns of the laser irradiated regiaiter polishing, corresponding to different
conditions in Fig. 2.

Fig. 5 presents the hardness distribution of dbfie cases and the corresponding statistic results
are given in Fig. 6 and Table 2. For the non-ia#etl region (case A0), the hardness value is
relatively stable for 30 tests and the averageressl is 6.399 GPa with a very short error bar,
demonstrating that the mechanical properties obtiggnal MG surface is relatively homogeneous.
However, for the laser irradiated regions, thetflation of hardness value is considerably enhanced,
which can be further confirmed by the large errar &nd standard deviation. Especially, for case
A3, the standard deviation reaches 0.668. Becauswes and holes exist in the irradiated regions,
the surface roughness of the relatively smoothsaneay be a little larger than that of the original
surface, which could contribute to the large stathdizviation in some degree. Apart from the effect

of surface roughness, the introduction of ZrN phslseuld also have significantly affected the

hardness distribution because the variation tendehthe standard deviation is very similar to that
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of the intensity of ZrN phase for various cases, the higher the intensity, the larger the steshda

deviation.
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Table 2. Statistical results of hardness (30 nat®itation tests for each case).

A0 Al A2 A3 B2 Cc2
Average hardness, GPa 6.399 5.858 6.219 7.403 5.993.785
Standard deviation, GPg 0.093 0.186 0.258 0.668 870.3 0.213

On the other hand, for cases Al, A2, B2, and @R average hardness is less than that of the
original MG surface (case AO0), showing surface esuftg especially for cases Al and C2.

Furthermore, from case Al to case A2, the averagéniess tends to gradually increase, and similar
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change occurs from case C2 to case B2. Being diffeirom aforementioned cases, the average
hardness of case A3 reaches 7.403 GPa, which ndfisamtly higher than those of all the other
cases including the original MG surface, showingfase hardening. Moreover, although the
hardness value for case A3 is quite scattered @asrsin Fig. 5, the measured minimum value for
case A3 is almost the same to the maximum valuairadd on the original MG surface (case A0),
and the maximum value for case A3 reaches 8.606v@Rzh is 2.207 GPa higher than that of the
average value for case AO.

As significant change in indentation hardness basn observed, the micro-scale plastic
deformation of MG might have been significantlyeatied as well. This kind of effects can be
investigated by analyzing the discontinuous depitsts in the load-depth curve, i.e., the so-called
serrated flow in the field of MG [37]. Figs. 7(d%), (e), (9), (i), and (k) show the representative
load-depth curves corresponding to cases A0, A1 AR2 B2, and C2 respectively, and the inserted
figures are the local enlarged views in the loatyeaof 70-100 mN showing the serrated flow in
detail. To further highlight the serrated flow ihet entire range of the indentation load, the
depth-difference method was employed [38] and treesponding depth difference-load curves are
illustrated in Figs. 7(b), (d), (f), (h), (j), an@), respectively. One sharp peak in the depth
difference-load curve denotes one serrated flothéloading curve, and the higher the peak, the
larger the serrated flow. From the depth differeloeel curve, the number and intensity of the
serrated flow could be comparatively analyzed gabil Figs. 7(a) and 7(b), for the original MG
surface (case AO0), serrated flows are uniformlytrithsted in this loading curve, resulting in
stair-step shape of the loading curve and manypspaeks in the depth difference-load curve.
Compared to the case A0, the number of serratasfie gradually decreased from case Al to case

13



A3, and the loading curve becomes almost smoothowit visible serrated flow for case A3.
However, from cases A2 to B2 and further to C2,rthnber of serrated flow tends to increase. The
results in Fig. 7 indicate that the serrated flbvase been significantly affected by the processing

laser irradiation in nitrogen gas, suggesting thenge in plastic deformation of MG.
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Shear banding is regarded as the main plasticrdatoon mechanism in MG, which eventually
evolves to be macroscopic shear bands inside anttheoisurface of MG sample [39, 40]. It is
commonly accepted that serrated flows are direetbted to the operations of shear bands [37, 41],
for example nucleation, propagation, and arresst@far bands. The evolution of serrated flows
suggests that the shear bands around the residleadts should also have been affected by the laser
irradiation conditions. To confirm this effect, tlepresentative SEM morphologies of residual
indents are presented in Fig. 8. Because the i@risgdndency of serrated flows from cases AO to
Al, A2, and A3 is very similar to that from case@ # C2, B2, and A2, the SEM morphologies of
residual indents obtained from cases AO to Al, &&] A3 are given as example. In Fig. 8(a),
semicircle shear bands are observed around théuedsindent, being consistent with the large
number of serrated flows in Figs. 7(a) and 7(bjs urther noted that the number of surface shear
bands gradually decreases from cases AO to A1aA2,A3, and there is nearly no visible surface
shear bands around the residual indent obtained éase A3. This variation tendency agrees well
with the evolution of serrated flows for these cagen the other hand, as the SEM images in Fig. 7
are measured with the same magnification, the ingige for case A0, Al, and A2 shows no big
difference, but they are obviously larger than tfat case A3. This fact further confirms the

hardening role under case A3.
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Fig. 8. Representative SEM morphologies of thedrediindents for (a) case A0, (b) case Al, (c)

case A2, and (d) case A3.

4. Discussion

From abovementioned experimental results, it cancbncluded that laser irradiation in
nitrogen gas has significantly affected the surfiasehanical properties and deformation behavior
of Zr-based MG. Table 3 summarizes the variationléecy of characteristics under different cases
and the numbers 1 to 4 denote different levels flomto high. As the variation tendency from
cases Al to A2 and further to A3 is very similathat from cases C2 to B2 and further to A3, only

the comparative analysis between A0 to A3 will baducted for simplicity.

Table 3. Variation tendency of characteristics urtiferent cases. The numbers 1 to 4 denote
different levels: 1 low and 4 high.

c Average Number of Surface
ase
hardness serrated flow shear bands

17



AO 3 4 4
Al 1 3 3
A2 2 2 2
A3 4 1 1

In Table 3, from cases AO to A3, both the numibfesesrated flows and surface shear bands
decrease, but the change in average hardness dbskaw similar variation tendency which first
decreases and then increases. Nevertheless, lyziagatases Al to A3, the rule could be obtained
that with increase in average hardness, both thebeu of serrated flows and surface shear bands
decrease. In previous studies [28-31], decreaseariface hardness of MG was reported after laser
irradiation in non-nitrogen gas, which means tlagel thermal shock could only result in surface
softening. However, in the current study, the agerhardness for case A3 is significantly higher
than that of case AO. If the decrease in averaginieas for cases Al and A2 could be caused by the
laser thermal shock, the increase in hardnessase &3 should result from some other reasons.
Compared to previous studies, the main differemcthé current study is the introduction of ZrN
phase by laser irradiation in nitrogen gas, whibbusd be the main reason leading to surface
hardening for case A3. The regular variation tenglesf characteristics from cases Al to A3 may
confirm the role of ZrN phase.

To further verify this deduction, the contentsZzoN phase for cases Al to A3 were evaluated
by measuring the content of N element in the iattl region through EDX mapping with
sampling time of 25 minutes. Taking case A2 forregke, Fig. 9 presents the distribution of
elements in the mapping region. Because Be elenseat light chemical element, it was not
measured here. From Figs. 9(b) to 9(f), it is obserthat the distribution of MG elements (Zr, Ti,
Cu, and Ni) as well as N element is quite unifomjch indicates that no phase separation and

element enrichment occur under the current irraahiatondition. For cases Al, A2, and A3, the
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guantitative statistic results of each elementligted in Table 4 by means of atomic percent. It is
clear that from cases Al to A3, the content of &rednt tends to increase, being consistent with the

variation tendency of peak intensity of ZrN phas¢hie XRD patterns shown in Figs. 4(b) to 4(d).

Map data 53
SEM_MAG: 3000x HV: 25 0kV_WD: 8 Trmm

(c)

Mop data 53 20 um
SEM_MAG: 3000x HV: 25 OkV_WD: 3 7Tmm

DKV WD: 8 7mm

Fig. 9. Results of EDX mapping for case A2: (a) m@pping region, (b) Zr, (c) Ti, (d) Cu, (e) Ni,

and (f) N.

Table 4. Atomic percent of each element obtaineddses A1, A2, and A3.

Case Zr Ti Cu Ni N

A3 49.23 14.05 13.75 10.25 12.72
A2 49.08 15.32 16.06 11.94 7.60
Al 49.86 15.61 16.44 12.02 6.07

Now, the effects of laser irradiation in nitroggas on the mechanical properties and
deformation behavior could be explained by the dogpole of laser thermal shock and ZrN phase
(surface nitridation). Laser thermal shock was riegabto result in the generation of free volume
and pre-existing shear bands [28, 30, 31, 42]. Blwatthe specific reason is, both of them have the
role to soften the MG surface, i.e., laser thersmalck softens the MG surface. On the contrary, the

introduction of ZrN phase impedes the propagatibsimgle shear band and hence increases the

19



resistance of plastic deformation, playing the rolehardening the MG surface. Moreover, ZrN
phase itself has a much higher hardness than M@efucontributing to the increase in surface
hardness. Accordingly, the final hardness is detezthby the coupling roles of laser thermal shock
and ZrN phase. If the content of ZrN phase is ltwe softened role by laser thermal shock is
dominant, and thus low hardness but relatively nsereated flows and surface shear bands appear,
typically for example case Al; while, if the contef ZrN phase is high, the hardened role of ZrN
phase is dominant, resulting in increased hardbesgelatively less serrated flows and surface
shear bands, typically for example case A3. Oveladler irradiation of Zr-based MG in nitrogen
gas provides a new method to introduce secondaagepinto the MG surface, which has been
confirmed that has the role to tune the surfacehawg@ical characteristics of MG. Alike Zr element,
Ti element also has strong affinity with N elemehigrefore this method could be available for
Ti-based MG as well, which will be attempted in éubure study.

The above results and discussion are perfoiméte horizontal plane, and the distribution of
ZrN phase along the depth direction is also a fiogupoint. For this purpose, EDX line scan was
employed to measure the element content alongdpthdlirection. Because the irradiated surfaces
obtained under the above used experimental conditie very rough and wrinkled, being difficult
to identify the top surface, some other experimeptgaameters were selected according to our
previous study (average laser power: 0.148 W, sogrspeed: 1 mm/s, the number of irradiation
cycle: 1, and overlap: 70 and 46 for comparison) [17]. The irradiated regions weue by a low
speed diamond saw and the cross-sections were dyamoh polished for EDX measurement. The
results corresponding to overlaps of 70 andudDare presented in Figs. 10 and 11, respectively.
The point 1 in these two figures denotes the mé&agurigination, which is very close to the top

20



surface. In Fig.10, it is noted that the conterit and Zr elements show similar variation tendency
first increase, then decrease, then increase agauh,finally decrease to a stable value. This
variation process indicates that ZrN phase is bBedcin two layer, the top surface and the
subsurface layer with a certain distance to thestaface. The subsurface layer is formed between
two interactive interface when the adjacent lagediation overlaps the preceding irradiated region
where ZrN phase has been generated on the sutfa€gg. 10, when the overlap is 10n, the
depth of the affecting layer by ZrN phase reach8s8. However, when the overlap is decreased
to 40um, only one enriched peak appears in Fig. 11 aacctiresponding depth of the affecting
layer is decreased to 3uBn as well. Here, we just give an example showimrgdistribution of ZrN
phase along the depth direction. According to tiRDXpatterns in Fig. 2, it could be derived that
with increase in the laser power, the overlap, tred number of irradiation cycle, the depth of
affecting layer by ZrN phase should increase. Tiusspecific requirements, the laser irradiation

conditions should be optimized.
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Fig. 10. Results of EDX line scan measured on tlesscsection (average laser power: 0.148 W,

scanning speed: 1 mm/s, the number of irradiatymhec 1, and overlap: 70m).
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Fig. 11. Results of EDX line scan measured on tiessssection (average laser power: 0.148 W,

scanning speed: 1 mm/s, the number of irradiaty@tec 1, and overlap: 40m).

5. Conclusions and Outlook

In this study, the effects of laser irradiationnitrogen gas on the mechanical properties and
deformation behavior of Zr-based MG were invesgdatFrom experiments and analysis, the
following conclusions could be obtained.
(1) The ZrN phase was generated in the Zr-basedm\d@ix after laser irradiation in nitrogen gas
and its content strongly depended on the lasediatian conditions. With increase in the laser
power, the overlap, and the number of irradiatigele; the content of ZrN phase tended to
increase.
(2) The nanoindentation hardness, serrated flod/,samface shear bands were significantly affected
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by laser irradiation in nitrogen gas, which coukl dscribed to the coupling roles of laser thermal
shock and the introduction of ZrN phase (surfaceidation). Their competition relationship
determined the final surface mechanical chara¢tesisin general, if the content of ZrN phase was
low, the softened role by laser thermal shock wasidant, resulting in low hardness but relatively
more serrated flows and surface shear bands; wihitee content of ZrN phase was high, the
hardened role of ZrN phase was dominant, resultmgncreased hardness but relatively less
serrated flows and surface shear bands.

(3) As an example, the affecting layer of ZrN phases evaluated by EDX line scan under two
different overlaps. It showed that the distributioinZrN phase along the depth direction and the
depth of affecting layer were affected by the lasadiation conditions.

The above results suggest that laser irradiationitrogen gas may provide a new method to
introduce secondary phase into Zr-based MG suréack further to tune its surface mechanical
properties and deformation behavior. As fundamenggkearch in the current study, the laser
irradiation parameters are not optimized, and tlsospe of the irradiated surfaces here are quite
rough. For practical applications, the followingiapzation methods could be employed to produce
smoother irradiated surface: (1) use a low las@rgo@nd increase the pressure of nitrogen gas, (2)
use a low laser power and increase the numberafiation cycle, (3) use a relatively high laser
power and increase the scanning speed, (4) optithézpath of laser irradiation, et al.

On the other hand, as ZrN phase has been genenadethe MG matrix, the crystallographic
and interface characteristics between ZrN phaseaamaiphous phase should be an interesting topic,
which will be further investigated by high resotuti microscopic analysis such as transmission
electron microscope (TEM) in our future work.
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Figure captions

Fig. 1. SEM morphologies of the laser irradiategioas under different conditions. (a) Laser power:
0.580 W, overlap: 4@um; (b) laser power: 0.580 W, overlap: jf; (c) laser power: 0.580 W,
overlap: 70um, irradiation cycle: 5; (d) laser power: 0.380 8erlap: 70um; and (e) laser power:
0.180 W, overlap: 7am.

Fig. 2. XRD patterns of the laser irradiated regiander different conditions.

Fig. 3. SEM morphologies of the laser irradiategioas after polishing, corresponding to different
conditions in Fig. 1.

Fig. 4. XRD patterns of the laser irradiated regiafter polishing, corresponding to different
conditions in Fig. 2.

Fig. 5. Hardness distribution of different case t&sts).

Fig. 6. Hardness values for different samples.

Fig. 7. Representative load-depth curves and qooretng depth difference-load curves: (a) and
(b): case AO, (c) and (d): case A1, (e) and (fsecA2, (g) and (h): case A3, (i) and (j): case @2,
and (l): case C2.

Fig. 8. Representative SEM morphologies of thedresi indents for (a) case AO, (b) case Al, (c)

case A2, and (d) case A3.

Fig. 9. Results of EDX mapping for case A2: (a) thapping region, (b) Zr, (c) Ti, (d) Cu, (e) Ni,
and (f) N.

Fig. 10. Results of EDX line scan measured on tlesszsection (average laser power: 0.148 W,
scanning speed: 1 mm/s, the number of irradiatyatec 1, and overlap: 70m).
Fig. 11. Results of EDX line scan measured on tiessssection (average laser power: 0.148 W,

scanning speed: 1 mm/s, the number of irradiatyatec 1, and overlap: 40m).
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Highlights:

1. Mechanical properties of MG were tuned by laser irradiation in nitrogen gas.
2. Both surface softening and hardening were observed.

3. Thehardness, serrated flow, and shear bands were significantly affected.

4

. The coupling effects of laser thermal shock and surface nitridation were discussed.



