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Abstract: In order to study the new anode materials for zinc electrowinning, Al/Pb—0.2%Ag rolled alloy was produced by composite
casting and hot rolling. Then the effect of cooling ways on properties of Al/Pb—0.2%Ag rolled alloy was investigated. As the results
of metallographic test indicated, with the increasing of cooling intensity, both Vickers hardness and yield strength of Al/Pb—0.2%Ag
rolled alloy increase. Furthermore, the Al/Pb—0.2%Ag rolled alloy, cooled by ice salt, presents the finest grain size and shows the
lowest oxygen evolution potential (1.5902 V), while that of alloy cooled by water and air are 1.6143 V and 1.6288 V, respectively.
However, the corrosion current density and corrosion rate of the Al/Pb—0.2%Ag rolled alloy, cooled by ice salt, are the highest. This
can be attributed to its largest specific surface area, which promotes the contact between the anode and electrolyte.
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1 Introduction

Over the past few decades, electrowinning has
emerged as the preferred method for the final recovery of
metals such as copper, zinc, nickel, manganese, and
cobalt. Nearly 20% of the world’s copper and more than
85% of the world’s zinc are produced by hydro-
electrometallurgical processes [1]. In the =zinc-
electrowinning industry, the Pb—(0.5%—1.0%)Ag anode
is widely used because of its high corrosion resistance
and high-stability in acidic sulfate solutions [2,3]. As an
alloying element, the addition of silver can improve the
mechanical properties and corrosion
resistance of lead anode [4,5]. Although the electro-
chemical property, corrosion resistance and current
efficiency of the ternary alloys (Pb—Ag—Ca, Pb—Ag—Ti,
Pb—Ag—Sb, Pb—Ag—Sn, Pb—Ag—RE) and the quaternary
alloys (Pb—Ag—Ca—Sr, Pb—Ag—Ca—Ce, Pb—Ag—Sn—Co)
were researched and some valuable results have been
obtained [6], those anodes can not effectively reduce the

conductivity,

silver content of alloy. For the past few years, lead-based
composite anodes containing active material such as WC,
MnO,, and PANI particles [7-9], electrodeposited MnO,
and PbO, layer have exhibited superior electro-catalytic
activity for oxygen evolution and excellent corrosion
resistance in the zinc electrowinning. Unfortunately, the
service life of those composite anodes is rather short due
to the poor adhesion between substrate and the anodic
deposited layer after a long time electrolysis in sulfuric
acid based solution.

In recent years, aluminum substrate lead alloy
anode has been widely studied [10—13]. Aluminum has
good mechanical properties and low prices, which can
significantly increase the mechanical strength of lead
silver alloy anodes and reduce their production cost.
Aluminum substrate lead alloy anode has a good
application prospect in zinc electrowinning industry
[14—17]. Different cooling ways will cause significant
changes in microstructure morphology of solid state
alloy [18]. Speeding up the cooling rate of alloy
can refine grain size of alloy and change the alloy’s

Foundation item: Projects (YNJJ2016012) supported by the Guangdong Jiana Energy and Technology Co., Ltd-Central South University Joint Research

Funding, China

Corresponding author: Juan YANG; Tel/Fax: +86-731-88836329; E-mail: 646872865@qq.com

DOI: 10.1016/S1003-6326(17)60235-8



Xiang-yang ZHOU, et al/Trans. Nonferrous Met. Soc. China 27(2017) 2096—2103 2097

mechanical properties. At present, the effect of cooling
methods on the properties of alloy have been
investigated in many studies [19—-23]. However, most of
these studies are concentrated on aluminum or
magnesium alloy. As far as we know, the grain size and
mechanical properties of lead—silver alloy have
remarkable effects on zinc electrowinning process, and
there is no report about the effect of cooling ways on
properties of lead—silver alloy.

Therefore, in this work, the effect of cryogenic
cooling on the properties of lead—silver alloy are
researched for the first time. Metallography test is used
to inspect the microstructure of the alloy samples. The
mechanical properties of alloy are measured by hardness
and yield strength test. The electrochemical properties of
different alloy samples are measured by anodic
polarization curves (LSV), cyclic voltammetry curves
(CV), Tafel curves and electrochemical impedance
spectroscopy (EIS).

2 Experimental

2.1 Preparation of Al/Pb—0.2%Ag rolled alloy
samples

A Pb—0.2%Ag rolled alloy (Kunming Hendera
Science and Technology Co., Ltd., China) and a pure
aluminum (>99.95% ) sheet were used as the main raw
materials. The process for preparation of the
Al/Pb—0.2%Ag rolled-alloy samples consisted of several
steps: 1) Pure aluminum sheet with a certain thickness
and size was pretreated by the surface polished and
embossed processing; 2) The embossed aluminum sheet
undergoes heat treatment for 20 min at 200 °C as well as
the wvertical cast-iron mold was preheated; 3) The
Pb—0.2%Ag alloy melt was obtained at 600 °C, and the
previous heat-treated aluminum sheet was fixed on the
vertical cast-iron mold; 4) Pb—0.2%Ag alloy melt was
poured into the wvertical cast-iron mold, after
solidification, the composite casting plate was taken out
for hot rolling and used different cooling ways (ice salt
cooling, common water cooling and air cooling at room
temperature); 5) After sufficient cooling, the alloy were
cut into many small 1 cm x 1 cm X 1 cm pieces and
5cm x 1 cm x 1 cm strips. The pieces were connected to
a plastic isolated copper wire and cast in a denture base
resin (type II, Dental Materials Factory of Shanghai
Medical Instruments Co., Ltd., China) with a working
area of 1.0 cm’. A schematic of the experimental
Pb—0.2%Ag rolled-alloy samples is shown in Fig. 1. The
rolled-alloy pieces were used in electrochemical tests.
The rolled-alloy strips were used in yield strength and
Vickers hardness tests. Table 1 presents the experimental
samples. The schematic of composite casting process is
shown in Fig. 2.

Copper

Al/Pb-0.2%Ag conductor

Denture

S Insulation acid-resiating
base resin

plastic sleeve

Fig. 1 Schematic diagram for Al/Pb—0.2%Ag rolled alloy

experimental samples

Table 1 Experimental samples used in this research

Sample No. Sample type
| Al/Pb—0.2% Ag rolled alloy
(cooled by ice salt cooling)
) Al/Pb—0.2% Ag rolled alloy
(cooled by common water cooling)
3 Al/Pb—0.2% Ag rolled alloy

(cooled by air cooling at room temperature)

Graphite crucible

Aluminum

Lead-silve alloy matrix

Mounting screw Cast-iron mould

Fig. 2 Schematic diagram of composite casting process

2.2 Measurements

In this experiment, the microscopic morphology and
grain size of the cross section for different samples were
observed by metallographic microscope (DHV-1000,
Shanghai Cikong Optical Instrument Co., Ltd., China)
and electron backscatter diffraction (EBSD, Bruker Cry,
Germany), respectively. The Vickers hardness measuring
instrument (HV-5, Shanghai Testo Electronics Co., Ltd.,
China) and tensile testing machine (AG-IS, Shimadzu
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Corporation, Japan) were employed to measure the
Vickers hardness and yield strength of alloy samples,
respectively. The sample preparation of metallography
test and Vickers hardness test are as follows: first, the
surface was polished, ground with 600, 1000, 1200 and
1500 soft grit SiC paper, respectively, and then ground in
acetic acid and hydrogen peroxide (volume ratio of 3:1)
solution, finally, polished in aluminium oxide solution
(3% to 5%).

An electrochemical workstation (CS350, Corrtest,
China) with three electrode systems was used in the
electrochemical test, potentiodynamic curves and
electrochemical impedance spectroscopy curves in a
synthetic electrolyte of 50 g/L Zn>" and 150 g/L H,SO, at
35 °C and at an anodic current density of 500 A/m’
(0.05 A/em®). Cyclic voltammetry analysis was
performed in the —1.4 V to +1.7 V (MSE) potential range
at a sweep rate of 20 mV/s. Anodic polarization curves
were obtained at a constant scan rate of 0.5 mV/s, from

100 pum
Fig. 3 Metallographic of different cooling ways for Al/Pb—0.2%Ag rolled-alloy samples: (a, b) Sample 1; (c, d) Sample 2;
(e, f) Sample 3
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an initial potential of 1.1 V (MSE) to a final potential of
1.9 V (MSE). Samples 1, 2 and 3 with the working areas
1.0 cm® were used as the working electrode (WE), the
reference electrode (RE) was a mercurous sulfate
electrode (MSE) consisting of Hg and Hg,SO4/sat.K,SO,,
whereas the counter electrode (CE) was a platinum plate
with the working area of 6 cm”. The working electrode
and counter electrode were connected with saturated
K,SO, agar salt bridge. The zinc electrowinning used in
the electrochemical experiment was prepared using
H,S0O, (analytical grade), ZnSO4 7H,0 (analytical grade)
and distilled water.

3 Results and discussion

3.1 Cross section morphology of different samples

The metallographic photos of the cross section of
different Al/Pb—0.2%Ag rolled-alloy samples are shown
in Fig. 3.
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Figures 3(a), (c) and (e) show that the morphology
of different alloy samples is consisted of many irregular
cellular structure, however, Figs. 3(b), (d) and (f) show
that the cross section morphology changes significantly
with different cooling ways. In addition, the grain size
and roughness of anodic surface mainly exhibits a
decreasing trend with the increase of cooling intensity.
Sample 1 (ice salt cooling) exhibits the finest grain size
and the thickest grain boundary. The results of electron
backscatter diffraction (EBSD) detection analysis shown
that the average grain size (ten grain) of Sample 1, 2 and
3 is about 50, 300 and 900 pm (+0.5 pum), respectively.
In general, the smaller grain size of alloy corresponding
to the greater hardness of alloy [24]. Therefore,
accelerating cooling can reach the purpose of improving
the mechanical strength of alloy.

3.2 Mechanical properties analysis of AI/Pb—0.2%Ag
rolled alloy samples
Vickers hardness and yield strength were used to
characterize the mechanical properties of the different
alloy specimens in this experiment. The Vickers hardness
of different rolled alloy samples can be calculated
according to Eq. (1).
2F . 136°

H :?xsm

:1.8544><d£2 (1)

where H and F represent the Vickers hardness and test
force, respectively, and d represents the arithmetic mean
of the indentation diagonals d; and d5. In the experiment,
the test force was 0.098 N. Test loading time 10 s,
retention time 15 s. Before the Vickers hardness test, the
alloy samples were polishing first to prevent
measurement error caused by the surface oxidation. A
sample was tested for 5 times and their average value
was taken. The test results are listed in Table 2.

Table 2 Vickers hardness of different Al/Pb—0.2%Ag rolled
alloy samples

Sample Test times Hardness
No. 1 2 3 4 5 (HV)
1 31.18 31.68 31.25 31.62 31.43 31.432
2 30.39 30.83 3098 30.52 30.58 30.66
3 2322 2352 2391 2379 2345 23.578

As shown in Table 2, Sample 1 (cooled by ice salt
cooling) exhibits the largest micro-hardness (HV 31.432),
whereas Sample 3 (cooled by air cooling at temperature)
shows the smallest micro-hardness (HV 23.578). The
results indicate that accelerated cooling increased the
micro-hardness of alloy. This conclusion is in agreement
with the results of metallographic analysis. The results of
tensile tests are listed in Table 3.

Table 3 Yield strength and elongation of different Al/
Pb—0.2%Ag rolled alloy samples

Sample No. Yield strength/MPa Elongation/%
1 28.43 38.67
2 28.21 40.33
3 27.08 41.33

As shown in Table 3, Sample 1 performs the largest
yield strength (28.43 MPa) and the smallest elongation
(38.67%). In addition, the yield strength and elongation
exhibits an increasing trend with the increase of cooling
intensity. The results show that accelerated cooling rate
improves the ability of Al/Pb—0.2%Ag rolled alloy to
resist deformation. In summary, accelerating cooling rate
enhances the mechanical properties of Al/Pb—0.2%Ag
rolled alloy.

3.3 CV analysis of different Al/Pb—0.2%Ag rolled
alloy samples
The cyclic voltammograms of different Al/

Pb—0.2%Ag rolled alloy samples are shown in Fig. 4.
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Fig. 4 Cyclic voltammograms for different Al/Pb—0.2%Ag
rolled alloy anode samples

As shown in Fig. 4, all AI/Pb—0.2%Ag rolled alloy
samples show that the two typical anodic (a and b) and
cathodic (¢ and d) peaks [3,25]. The first redox peaks a
and d represent the exchange reaction of Pb and PbSO,.
As shown in Fig. 3, Sample 1 has the smallest grain size,
it will increase the area of the anode/electrolyte interface,
therefore it shows the highest peak current of the peak of
a and d. The cathodic peak b is due to the reaction
PbO—a-Pb0O,, PbSO,—p-PbO, and the oxygen
evolution reaction. The molar volume of PbSO4 and
PbO, are 48 cm’/mol and 25 cm’/mol, respectively. In
the process of the formation of PbO,, membrane layer
volume become small, and the specific surface area
increased. In addition, Sample 1 has the smallest grain
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size, so it shows the best oxygen evolution activity. The
cathodic peak ¢ corresponds to the a-PbO,, f-PbO,—
PbSO, reaction. Most characteristic is the appearance of
a new anodic peak, b', at 1.0 V (MSE) during the
negative direction. It is due to the oxidation of Pb to
PbSO, through the pores of PbO,, it appears only in the
presence of already formed PbO, at positive
direction [25]. As shown in Fig. 4, the peaks potential of
different Al/Pb—0.2%Ag rolled alloy samples remained
at a stable value. The results demonstrate that different
cooling ways have no effect on reaction mechanism of
the alloy anode surface [26]. However, the peaks current
density of Sample 1 is higher than those of Samples 2
and 3, which means that the electrode surface reaction
speed of Sample 1 is fast.

3.4 LSV analysis of different Al/Pb—0.2%Ag rolled
alloy samples
The anodic polarization curves for different Al/
Pb—0.2%Ag rolled alloy samples are shown in Fig. 5.

0.3
—e— Sample 1
—a— Sample 2
02t —v— Sample 3

0.1t

Current density/(A+cm™2)

1.4 1.5 1.6 1.7
Potential (MSE)/V

Fig. 5 Anodic polarization curves of different Al/Pb—0.2%Ag

rolled alloy samples

Figure 5 shows that the oxygen evolution potential
of Al/Pb—0.2%Ag rolled-alloy anodes decreased with
accelerated cooling. Sample 3 presents the highest
potential (1.6288V) of oxygen evolution whereas Sample
1 shows the lowest (1.5902 V) at a current density of
500 A/m” (0.05 A/cm?).

According to the Tafel equation (y=a+blg J), where
n is over-potential of oxygen evolution reaction, a is the
Tafel constant, b is the Tafel slope and J is electrode
surface current density, the over-potential () was
calculated by using the following formula [27]: #=E+
0.640—1.242, where £ (MSE) is the potential of oxygen
evolution of the anodic polarization curve, 0.640 V (SHE)
is the potential of the MSE, 1.242 V is potential of
oxygen evolution in a synthetic zinc electrowinning
electrolyte of 50 g/L Zn*" and 150 g/L H,SO, at 35 °C.

Therefore, the curve of 7 (y-axis) and lgJ (x-axis) is
drawn, a and b can be acquired by the liner fitting for
relationship curve of # and lgJ in our research (Fig. 6).
Finally, the exchange current density of electrode surface,
Jo, can be calculated by Tafel equation when #=0.
According to the corresponding references [28,29], a;
and b, corresponding to low potential area, however, a,
and b, correspond to high potential area. Due to the zinc
electrowinning was conducted at a current density of
500 A/m* (0.05 A/cm?), in this work, the over-potential
() and the exchange current density of electrode surface
(Jo) were calculated in low potential area.

134 A Sample 1 (Experimental) —— Fitted —— Fitted

@ Sample 2 (Experimental) ——Fitted —— Fitted /'
0 Sample 3 (Experimental) —— Fitted — Fitted

-1.5 -1.0 -0.5 0
Ig[J/(A-cm™)]

Fig. 6 Fitted Tafel lines

The kinetic parameters of oxygen evolution were
calculated using Tafel equation and are listed in Table 4.

Table 4 Kinetic parameters of oxygen evolution for
Al/Pb—0.2%Ag rolled alloy samples

Sa;zfle a b @ by  JJ(A-cm?)
1 1.1604 0.1317 1.3095 0.4356 1.545x107°
2 1.1837 0.1306 1.3256 0.4199 8.639x10'°
3 1228  0.1464 1.4459 0.5366 4.093x107°

As shown in Table 4, a;, b;, a, and b, show an
decreasing trend with accelerated cooling. Sample 1
shows the lowest a,, b;, a, and b, values, which can be
accounted for its high roughness. The values of a and b
represent the of cell voltage and anodic
over-potential, respectively. Smaller values of a and b

levels

correspond to lower energy consumption. However, J
increases at first then decreases with accelerated cooling.
The exchange current density, J,, measures the
reversibility of electrode reaction, and the degree of
difficulty of the reaction takes place; higher exchange

current density showed that the electrode is not easy to
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be polarized, electrode reversibility is improved, and
electrode reaction readily occurs [27].

3.5 Potentiodynamic analysis of Al/Pb—0.2%Ag rolled
alloy samples
The potentiodynamic different
Al/Pb—0.2%Ag rolled alloy samples are shown in Fig. 7.
These curves were obtained at a constant scan rate of
0.1 mV/s, from an initial potential of —1.4 V (MSE) to a
final potential of —0.6 V (MSE).

curves for
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Fig. 7 Potentiodynamic curves of different cooling ways for
Al/Pb—0.2%Ag rolled alloy samples

The values of self-corrosion potential, @.o, and
self-corrosion current density, J., of anode samples
obtained from Fig. 7 are listed in Table 5.

Table 5 Self-corrosion potential and current density of different
cooling ways for Al/Pb—0.2%Ag rolled alloy anodes

Sample No. Ocor/ V Jcor,/(A-cmfz)
1 -0.987 4.38x107°
2 -0.987 3.34x107°
3 -0.989 2.29x107

Based on Faraday’s law, the relationship between
self-corrosion current density and metal self-corrosion
rate is expressed as follows:

v = corr (2)

where v, Joorr, M, n and F represent the corrosion rate, the
corrosion current density, the metal molar mass, the
metal valence and the Faraday constant, respectively. In
theory, the corrosion current density, J.o, i proportional
to the corrosion rate ,v. However, it does not represent
corrosion rate of the anodes in the electrowinning
process (at high current density).

As shown in Table 5, Sample 1 shows the highest

2101

(4.38%107° A/em?®) Jeory value and Sample 3 presents the
lowest (2.29% 1073 A/cmz) Jeorr Value. It can be seen from
Eq. (2) that the corrosion rate of Sample 1 was the
highest and that of Sample 3 was the lowest. The results
imply that accelerated cooling decreases the corrosion
resistance of Al/Pb—0.2%Ag rolled alloy at the self-
corrosion potential. It may be due to that Sample 1 has
the smallest grain size and the largest specific surface
area, which promotes the contact between the anode and
electrolyte, and then causes the alloy corrosion. It may
also because the silver atoms were clustered at the grain
boundaries, causing the different corrosion potential
between the grain internal and the grain boundaries, so
there is a corrosion potential difference between them
and resulted the alloy corrosion [30]. Accelerated cooling
refines the grain size as well as increases the grain
boundaries area, which results the amount of galvanic
cell between grain internal and grain boundaries
increases and then accelerates the Al/Pb—0.2%Ag rolled
alloy corrosion.

3.6 EIS analysis of different alloy samples

EIS measurements were performed by applying an
AC amplitude of 5 mV root mean square over the 10° to
10" Hz frequency range. The applied anodic potential
was 1.4 V (MSE). The results were analyzed without
considering inductance using ZView 2.0 software and are
shown in Fig. 8.

An equivalent circuit (Fig. 9) was proposed to
simulate the electrochemical process of oxygen evolution
reaction [3].

In the equivalent circuit, Ry represents the
electrolyte resistance between the reference and working
electrodes, R, represents the charge transfer resistance in
the electrochemical process, and Cy represents the
double-layer capacitance. The best-fit values for the
equivalent circuit of different anode samples are listed in
Table 6.

As shown in Fig. 8, the experimental (spots) and
simulated (lines) data of all the AI/Pb—0.2% Ag rolled
alloy can reach a good agreement. And the A* values of
equivalent circuit are about 10 *. Form Table 6, with the
accelerated cooling, the charge-transfer resistance, R,
decreased, whereas Cy exhibits an increasing trend.
Compared with Samples 2 and 3, Sample 1 shows the
lowest R, As we know, the smaller charge transfer
resistance means that the electrode reaction more easily
occurs. Therefore, the results indicate that accelerated
cooling can improve the electrochemical activity of
Al/Pb—0.2%Ag rolled alloy. However, the increased Cy
values may be due to the anodic surface that adsorbed
more intermediate product, such as HSO, /SO, ,
during the polarization process [31].
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Fig. 8 EIS of different cooling ways for Al/Pb—0.2%Ag rolled
alloy anodes: (a) Nyquist plots; (b, ¢) Bolt plots
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Fig. 9 Electrical equivalent circuit used to simulate impedance
data

Table 6 Best-fit values for equivalent circuit

Sample No.  RJ/(Q-cm?)  Cy/(Frem™®)  R/(Q-cm?)
1 0.4837 436710 2.455
2 0.4938 3.846x10°° 3.893
3 0.5387 2.751x10°3 4.135

4 Conclusions

1) Accelerated cooling not only improves the
mechanical properties and the electrochemical activity,
but also decreases the oxygen evolution potential and the
charge transfer resistance of Al/Pb—0.2%Ag rolled alloy
anode in zinc electrowinning process. This phenomenon
may be caused by the roughness of anodic surface.
Compared with cooled by air, the oxygen evolution
potential of alloy cooled by ice salt are decreased by
38 mV under 500 A/m’.

2) However, accelerated cooling enhances the
self-corrosion rate of Al/Pb—0.2%Ag rolled alloy to some
extent. It may be due to that the large specific surface
area promotes the contact between the anode and
electrolyte.
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B EARITEIISER AVPb—0.2%Ag L5 & & HRERI RN

Béml, £ 0l # 4E, SRR, M LRR!, MR

1. FRIRZE e S5HEZER, Kb 410083; 2. BB T R &S5 LR, B 650093;
3. BHHE TIHEAREBROERAR, B 650106

B OE: N THRRH B R R, B SR RS & T AUPb-02%Ag &4, I T A E TR
FMEBerEm . SAHMNAZE BRI, B A AR NG5, AUPb—0.2%Ag L& 4 1t 2k FCRE 8 R e i 8 3%
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