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Abstract: Zirconium-based bulk metallic glasses (BMGs) exhibit metal and glass properties, excellent mechanical performance,

corrosion resistance, and good biocompatibility. Zr-based BMG is currently the only amorphous alloy that has been industrially
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produced as a structural component, and its surface quality is a key factor affecting its operational performance. Plasma electrolytic
polishing, which requires low electrical conductivity, is suitable for intricate workpieces and does not have any adverse effects on
multiphase alloys. Thus, this is an ideal polishing technology for Zr-based BMG structural components. This study aimed to
investigate the effects of plasma electrolytic polishing on the surface quality of ZrsgCuys 46Nij2.74Al1934Nbs76Y 0.5 BMGs and obtain the
optimal process parameters and polishing quality to provide process guidance for plasma electrolytic polishing in the actual
production of Zr-based BMGs. The effects of different process parameters, such as polishing time, ammonium sulfate concentration of
the electrolyte, working voltage, initial temperature, immersion depth of the workpiece, and anode rack materials, on the polishing
surface roughness were studied using single-factor experiments. Subsequently, based on the single-factor experiments, we conducted
four orthogonally designed experiments, each with four factors and four levels, using the factors that were more influential on the
surface quality. These experiments aimed to minimize the surface roughness after polishing. Range and variance analyses were
conducted to study the influence of each polishing process parameter on the surface roughness during polishing and determine the
primary and secondary order of influence indicators, and the optimal combination of process parameters was obtained. To address the
issue of waste liquor pollution after polishing, the effects of chemical neutralization-coagulative precipitation process and
ion-exchange resin method on treating the waste liquor generated after polishing Zr-based BMGs were studied. A combination
technology was proposed to treat the waste liquor. The quality of the effluent based on its compliance with the "National Emission
Standard for Electroplating Waste Liquor" (GB21900—2008) was measuring. The results showed that the surface roughness of the
Zr-based BMGs decreased and stabilized with increasing polishing time. A working voltage that was too high or too low could not
achieve good surface quality, and the lowest surface roughness was achieved at a working voltage of 210 V. Ammonium sulfate was
the primary component of the electrolyte, and ammonium sulfate concentrations that were too high or too low could affect the
polishing effect. A concentration of 4.5% resulted in the lowest surface roughness. As the initial temperature increases, the roughness
of the polished surfaces decreases. The immersion depth of the workpiece affects its surface pressure, which in turn, affects the
formation of the surface air layer, with excessive immersion depth increasing the surface roughness. Copper anode rack materials can
achieve lower surface roughness than stainless-steel anode rack materials. The results of the orthogonal experiment with the minimum
surface roughness as the objective showed that the significant degree of factors affecting the surface roughness after polishing were
the polishing time, working voltage, initial temperature, and ammonium sulfate concentration. The optimal combination of polishing
process parameters was achieved with a polishing time, a working voltage, an initial temperature, and an ammonium sulfate
concentration of 8 min, 220 V, 88 “C, and 5%, respectively. The optimal surface roughness obtained in the experiments was 0.103 pm.
The chemical neutralizing-coagulative precipitation process or ion-exchange resin method alone could not meet the "National
Emission Standard for Electroplating Waste Liquor" through a single waste liquor treatment process. However, a combination of the
two could effectively treat heavy metals and fluoride ions in the waste liquor generated after the polishing of Zr-based BMGs and
reduce the concentration of heavy metals and fluoride ions in the effluent to meet the national standard for electroplating waste liquor.
The research results will be helpful for promoting the industrial application of Zr-based BMG structural components and mass
production and application of Zr-based BMGs.
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Table 1 Single factor experimental scheme

Polishing parameters Factor level

Polishing time 7 / min 2,4,6,8

Concentration of (NHy4),SO4 / wt.% 4.25,4.5,4.75,5
Working voltage U/ V 190, 200, 210, 220, 230, 240
Initial temperature 7/ 'C 85, 88,91,94
Soaking depth /2 / cm 1,4,8,12

Anode rack materials Stainless steel, copper alloy

Note: When a parameter was changed, the others were set as U = 200 V,
T =288 C,t=4 min, h =4 cm, concentration of (NH4),SO4

was 4.75%, anode rack materials was copper alloy.
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Table 2 Factor table of orthogonal experiment

A B C D
Level Concentration of Initial Working Po_lishing
(NH4),SO4/ wt.%  temperature / C voltage / tlmmii/
1 425 85 200 2
2 4.5 88 210 4
3 4.75 91 220 6
4 5 94 230 8

Note: & =4 cm, anode rack materials was copper alloy.
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Fig. 3 Waste liquor after polishing
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Table 3 Concentration of ions in the waste liquor

after polishing

Ton Fe Cr Cu Ni Zr F

Concentrations /

i 32250 8316 203 88.8 68.6 4796.6
(mg+L7)
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Table 4 Experimental consumables used in
ion-exchange resin method

CH-90Na CH-87

Digital
photographs

Microscopic
morphology

SEM

Target ions to

be treated Fluoride ion

Heavy metal ions
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Table 5 Chemical reagents used in chemical neutralizing-

coagulative precipitation process

Chemical formula

Chemical reagent or shorthand

Grade Main application

Sodium hydroxide NaOH AR Adjust pH
calcium chloride CaCl, AR Fluorine removal
agent
Polyrperlc aluminum PAC AR angulatlpg
chloride sedimentation
Polyacrylamide PAM AR Coagulant aids

YT I 6, AL Z40 pH Jy 7, PAC
Bk 600 mg / L, CaCl #4120 g/ L, PAM
BNER 5mg/ Lo AERFFHALSHALHI R T,
Iy HIFRE pH RN KFK 54 74 94 11, PAC Hn&:
K2 KF 4 200, 400, 600, 800 mg/L, CaCl,#%
IR 300 60, 90, 120, 150 g/ L [
RZRK:, UGPSR Zr. Cu. Ni. Fe. Cr.
F &Pk N Esabs, ] RERRAC& B 1
o, USRS R ETT &

R6 FREATBERERNAE
Table 6 Single factor experimental scheme for chemical

neutralizing-coagulative precipitation process

Parameter Factor level
pH 5,7,9,11
PAC dosage / (mg /L) 200, 400, 600, 800
CaCl, dosage / (g /L) 30, 60, 90, 120, 150
PAM dosage / (mg /L) 5

Note: When a parameter was changed, the others were set as follows:
pH was 7, PAC dosage was 600 mg / L, CaCl, dosage was 120 g/ L.
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Fig. 5 Influence of different process parameters on
the crystallization of the polished surface
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Fig. 8 Influence of ammonium sulfate concentration
on the surface roughness of the workpiece
(U=200V,t=4min,h=4cm, T=88 C,

anode rack materials was copper alloy)
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Table 7 Orthogonal experiment scheme and

experimental results

Error ~ Mean roughness /

No A B C D column pm
1 1 1 1 1 1 0.317
2 1 2 2 2 2 0.192
3 1 3 3 3 3 0.171
4 1 4 4 4 4 0.199
5 2 1 2 3 4 0.167
6 2 2 1 4 3 0.108
7 2 3 4 1 2 0.346
8 2 4 3 2 1 0.218
9 3 1 3 4 2 0.109
10 3 2 4 3 1 0.184
11 3 3 1 2 4 0.181
12 3 4 2 1 3 0.327
13 4 1 4 2 3 0.216
14 4 2 3 1 4 0.284
15 4 3 2 4 1 0.107
16 4 4 1 3 2 0.181

Note: 7 =4 cm, anode rack materials was copper alloy.

*8 FREMAEERESN

Table 8 Range analysis of surface roughness

Factor A B C D CoElr;gfn
K 0.879 0.809 0.787 1.274 0.832
K, 0.845 0.768 0.793 0.813 0.828
K; 0.801 0.805 0.788 0.703 0.822
Ky 0.788 0.925 0.945 0.523 0.831
ki 0.220 0.202 0.197 0.319 0.207
ky 0.210 0.192 0.198 0.202 0.207
ks 0.200 0.201 0.196 0.176 0.206
ky 0.197 0.231 0.236 0.131 0.208

Range R 0.023 0.039 0.040 0.188 0.002

Factor: DCBA

main — secondary

optimal solution D4 C3B; Ay

Note: 4 =4 cm, anode rack materials was copper alloy.

GEA M NTRITT 22T enl 15, S 2Reh L
Byt ot fE R IR B A e, T 2240t fE
FERLRE 2 ) S S 5 R A e 1) > F S > A0 h
L >R R, DL/ N R IRTHLRE FE A4 B A
HIE AN TT 0 DaCsBoAy, XN T ESEHE N
PGCIE ] £ =8 min, TAEHLE U=220V, ¥4
T =88 C, MBRIIKEN 5%, St—TH, FIHZ
ST IR I UL, R AR R IORLRE B, b
0.103 pm, HIGIE T 1IEAZ I 5 70 b B IE R o
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Fig. 12 Range analysis trend of surface roughness after polishing(# = 4 cm, anode rack materials was copper alloy)

R9 REAREAESN

Table 9 The variance analysis of surface roughness

4 6 8

Polishing time ¢ / min

Factors Sum-of-squares SS Degree of freedom df  Mean square MS  Statistical magnitude F  Critical value F, Significance
A 0.001 3 0.000 33 2.54 Fy25(3,3)=2.36 Less significant
B 0.003 3 0.001 00 7.69 Fo1(3,3)=5.29 Generally significant
C 0.005 3 0.001 67 12.85 Fo05(3,3)=9.28 Significant
D 0.077 3 0.025 67 179.46 Fo01(3,3)=29.46 Highly significant
Error column 0.000 4 3 0.000 13 - - -

Note: & =4 cm, anode rack materials was copper alloy.
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Fig. 14 Fluoride ion concentration in waste liquor

before and after CH-87 resin treatment
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Fig. 15 Influence of different pH values on the ion

concentration of the treated waste liquor
(CaCl,=120g/L, PAC=600mg/L, PAM=5mg/L)
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Fig. 16 Influence of different CaCl, dosage on

the ion concentration of the treated waste liquor
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Fig. 17 Influence of different PAC dosage on the ion

concentration of the treated waste liquor
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Table. 10 Various ion concentration after the combined treatment experiment

Waste liquor(mg / L) Fe Cr Cu Ni Zr F pH
Original waste liquor 3225.0 831.6 20.3 88.8 68.6 4796.6 4
Combined treatment+adjustment of the pH 2.7887 0.09 <0.000 3 0.1316 0.0147 9.33 7.0
Chinese standard 3.0 1.0 0.5 0.5 - 10 6-9

Note: Technological parameters of chemical neutralizing-coagulative precipitation method were as follows pH = 7, CaCl,= 120 g/ L, PAM =5 mg /L, PAC =

600 mg / L. The process parameters of ion-exchange resin method were as follows: the waste liquor passed through CH-90Na and CH-87 resins at a flow

rate of 8 BV / H.
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