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Abstract: Different formulations of a new material to be used as an insoluble anode for
copper electrowinning, a Ti-Pb composite, were investigated for both mechanical and
electrochemical properties. Mechanical and metallographic characteristic tests, as well as
short-term deposition tests were used to study the effect of the Ti/Pb ratio on anode
performance. Yield strength and elastic modulus, obtained through tensile testing,
significantly exceed that of lead. Metallographic procedures were used to assess the
uniformity of lead distribution in the material, as well as porosity, which would be decreased
below 1 % for most of the compositions under study. Short-term deposition tests were used to
determine power consumption, deposit quality, current efficiency and weight loss
characteristics of the new anode material. The material with only 30 vol.% lead shows
approximately the same electrochemical performance as a pure lead anode, but has much
higher mechanical properties which prevent warping and extend the lifetime of the anode.
Keywords: Titanium; Lead; Electrodes; Electrowinning; Mechanical Properties.

Pesiome: Hcecnedosanvl MexanuuecKue u S1eKMPOXUMUYECKUE CBOUCMEA  PASIUUHbIX
cocmasos 106020 mamepuana xomnoszuma Ti-Pb, xomopuiii 6yoem ucnonb308an 8 Kavecmse
HEPACMBOPUMO20 aHo0a ONs NOTYyHeHUs Meou Memooom snekmponuza. Mexanuueckue u
Memannozpaguueckue  UCCIeO06aHUA, A MAKdCe U  KpAMKOGPEMEHHOe  UCHbIMmAHUe
ocancOenusl UCHONb306anbl ONsL usyuenua enuanus omuowenus Ti-Pb na xapaxmepucmuxu
anooa. Ilpeden mexyuecmu u MOOyb ynpy2ocniy, RORYHYeHHble NpU UCRBIMARUYU HANPAJICEHUA,
SHAUUMETLHO NPeELIUalom 3HAYeHUs Onsl CEUHYA. Memannozpaguueckum uccreoosanuem
OyeHeHa OOHOPOOHOCMb pacnpeOeNeHus CEUHYA 6 mamepuane, a makice nopucmocmy,
Komopasa OnA GOTbUUHCMEA UCCTIEO0BAHHBIX coedunenuii oxazanace menvute 1 %. Ilpu
NOMOUWU KPAMKOEPEMEHHO20 UCNBIMAHUA OCANCOCHUA uccne008an pacxod aneKmpuyecmsa,
Kauecmeo ocadka, 3(ghekmueHocmy MoKa U nomepsa 6eca HO6020 aHOOHO20 Mamepuana.
Mamepuan, codepycawuii monsko 30 06.% ceunya, npoasiieaem noumu 00UHAKOBbIE
SNEKMPOXUMUNECKUE XAPAKMEPUCTIUKY KAK U GHOO U3 HUCMOZ0 C6UHYA, HO MeXanuuecKue
COOTICMEA HAMHOZ2O0 Jlyduiue, OHU npedynpedcoaiom KopobieHue u ysenuuusaiom 6pema
HCUZHU AHOOA.

Kurouessie cnoea: Tuman; ceuney; snexmpoobl; 31EKMpOnu3; MeXanuyeckue ceoucmsa.
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Caopacaj: Ilpoyuena cy mexanuuka u eiekmpoXeMujcKka C80jCmea pAsuyumux cacmasa
Hogo2 mamepujana, komnosuma Ti-Pb, koju he ce Kopucmumu kao nepacmeop.susa anoda 3a
Ooobujare Gakpa enexmponuzom. Mexanuuka u Memanoepa@cka UCHUMUGCAIbG, KAO U
KpamxompajHu mecmosu oeno3uyuje xopuwthienu cy padu npoyuasara egexma oOHOC
Ti-Pb na xapaxmepucmuxe auoOe. Ipanuunu HAnOH u enracmuyHu Mooyia, 0obujeHu
mecmupareem Hanpe3arba, 3HAMHO Npesaswiase 8peOHOCmU 3a 01060. Memanozpaghcrum
UCIUMUBAILEM NPOYEFEHA je YHUMOPMHOCH Oucmpubyyuje 0106Q Y Mamepujany, Kao u
noposnocm, koja je marwa 00 1 % 3a eehuny npoyuasanux xomnoszuyuja. Kpamxopounum
mecmoguma Oeno3uyuje o00pehugana je noOmpowreq eHepauje, KeAIUmMem Oeno3uma,
epuxacnocm cmpyje u 2youmax medicure HO802 anOOHo2 mMamepujana. Mamepujan ca camo
30 3an.% onoea nokazyje ckopo ucme eleKmpoxemujcke nepopMance Kao aHodd 00 YUCHO2
0n06a, anu uMa MHO20 00/6a MEXAHUYKA CEOJCMEA KOJa CHpevasqjy Kpusmoerse u
npooyoicasajy eex mpajarea anooe.

Kayune peuu: Tuman; 01060, enekmpooe; enexmpoau3a; MexaHuyka c60jcmeda.

1. Introduction

The use of electrowinning technologies in the extraction of copper from concentrate
has been gaining a great deal of interest in industry over the past few years for obtaining
copper deposits of high purity [1-3]. Electrowinning still remains the process that uses the
highest amount of energy, about 8-10 times more than smelting and electrorefining, in the
production of pure copper [4]. In an effort to reduce this energy burden, new anode materials
have been under development [5-10]. For the most part, lead alloys have replaced pure lead as
the insoluble anodes of choice in the electrowinning industry [S5, 8]. The most common
insoluble anodes are Pb-Sb for copper electrowinning and Pb-Ag for zinc electrowinning {8,
11-13]. Though Sb helps to lower the oxygen overvoltage on Pb, it can lead to increased
corrosion and a shortened anode lifespan [7]. Concentrations of the alloying elements, Ag and
Sb, are relatively low, usually less than 5-10 %, but still significantly increase the cost of
anodes.

The mechanical properties of the electrodes in electrowinning are becoming
increasingly important. Deformations of the soft lead anode that can occur during operations
are enougﬁ to cause non-uniformity in deposits on the cathode, irregular current density and,
in extreme cases, short circuits [8, 14]. Therefore, materials that have mechanical properties
that limit the amount of warping and still retain the electrochemical properties need to be
designed.

This paper reports on the mechanical and electrochemical properties of a new kind of
electrowinning anode, a titanium-lead composite [9-10]. This novel material was tested
against pure lead to assess its benefits over conventional electrowinning materials.

2. Materials and Experimental Procedure

The material we worked on was a Ti-Pb composite. It was supplied by Electrodes
International. Titanium powder was consolidated into a porous titanium compact. The porous
titanium compact was then infiltrated with lead by placing the appropriate amount of solid
lead below the porous titanium compact and heating to 650-700°C in a neutral atmosphere.
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Titanium compacts of different porosities were used, creating samples with different lead
contents, as can be seen in Fig. 1. Lead content ranged from 20 to 51 vol.%, with a 20 vol.%
porous Ti sample (titanium sponge) and a fully dense Pb sample serving as references
(Tab. D).

Fig. 1 SEM images of Ti-Pb composite material fracture surface: (a) is 20 % porous Ti; (b) 24 % Pb,
75 % Ti, 1 % pores; (¢c) 51 % Pb, 49 % Ti, 0 % pores; (d) 37 % Pb, 61 % Ti, 2 % pores.

Tab. I Composition of tested materials

Ti (vol.%) Pb (vol.%) Porosity (vol.%)
49 51 0
61 37 2
66 33 1
70 30 0
70 25 4
75 24 1
79 20 1
80 0 20

The samples were further machined, using standard machining techniques to produce
samples of the correct dimensions for mechanical and electrochemical tests. The tensile
samples were in accordance with ASTM standard E8 (Fig. 2a). 3cm square plates were used
in the electrochemical analysis (Fig. 2b), with a 3 cm square stainless steel plate serving as the
cathode.

An MTS tensile testing machine was used to mechanically test the samples are
atmospheric conditions. A universal locating coupling was used on the machine to ensure
proper alignment of the samples prior and during loading. Samples were then pulled until
failure, measuring the force, displacement and time. From these values, subsequent values for
stress, strain and elastic modulus were calculated using the following equations:

o =F/A, (L

e=Al/l, 2
E=0/¢, 3)



78

where F is the instantaneous force applied, A is the cross sectional area of the reduced section,
Al is the instantaneous change in length of the reduced section, and I, is the original gauge
length. The elastic modulus was calculated by determining the slope of the stress strain
diagram in the elastic regime. The calculated modulus value was found using the rule of
mixtures

E = ViEri + VpoEpy, 4

where V is the respective volume fraction and E is the elastic modulus.

Fig. 2 Photograph of tensile samples (a) and electrochemical samples (b) before and after testing.

For metallographic preparation, a small section (approximately 5 mm) was cut off of
the reduced section of each tensile bar. These sections were then mounted in a hot mounting
press that operated at 180°C. The samples were then polished, four at a time, using the
following sequence: S#240 SiC paper until plane; S#500 SiC, 5 N, 10 min; 4 pm diamond 5 N
10 min; 1 pm alumina hand polish until smooth. The samples were cleaned between polishing
stages to remove excess polishing material, which ensured a better surface finish. After
mounting and polishing, they were examined under an optical microscope to determine lead
content, porosity, and grain size distribution throughout the sample.

For electrochzmical testing, short-term deposition tests in a 250 ml beaker were
utilized to compare the Ti-Pb composite material with lead. The beaker was filled with 150 ml
of electrolyte and heated to 49°C. The electrolyte was composed of 40 g/l Cu®*, 190 g/l
H,S0O,, and 1.5 g/l Fe** in distilled water. A single cathode (stainless steel) and anode (Ti-Pb
material) setup was then placed face to face in the electrolyte solution 2 cm apart. A constant
current density of 325 A/m? was passed through the setup for two hours. The cell voltage and
electrolyte temperature were measured in half hour intervals. After two hours, the current was
interrupted, the anode and cathode were rinsed in distilled water, dried and weighed and the
electrolyte was replenished. These two-hour cycles were repeated up until 14 hours.

X-Ray diffraction tests were performed for a materials characterization study,
specifically to determine the phase composition of the anodes. The samples tested were of
compositions 51 vol.% Pb, and porous Ti with O vol.% Pb. The results indicate that the
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samples did not contain any intermetallic compounds, as can be seen by the absence of peaks
other than Ti, Pb, and PbO in Fig. 3. Scanning electron microscopy (SEM) analysis was also
conducted using an Amray SEM.
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Fig. 3 X-ray diffraction spectrum for 51 vol.% Pb composite material.
3. Results and Discussion
3.1. Mechanical Testing

The goal of this portion of testing was to determine the mechanical properties of the
material under stress. Given the tensile test results, an estimate of the new material’s behavior
under normal electrowinning tankhouse conditions, as compared with traditional materials,
can be established.

From tensile test data analysis, all of the samples broke in the elastic regime before
any plastic deformation could take place (Fig. 4). The stress at fracture, as well as the elastic
modulus both increased with increasing Ti content, as can be seen in Figs. 5-6. From the data
it is apparent that the elastic modulus (Fig. 6), the tensile strength (Fig. 5), and the strain at
fracture (Fig. 7) all increase fairly linearly with decreasing Pb content.
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Fig. 4 Elastic behavior of the Ti/Pb composite, as compared to a porous Ti sponge and a fully dense Pb
sample.

Using SEM analysis (Fig. 1) of the new fracture surface, it can be shown that the
mode of fracture is brittle and intergranular in all cases. There is virtually no plastic
deformation in either the Ti or'the Pb grains. The fracture occurred primarily at the interface
between grains. Another thing to note is the amount of porosity present between the Ti and Pb
grains. These pores most likely serve as the crack initiation points, with the cracks
propagating along the boundaries between grains. Even in the samples that were nominally
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dense (based on density measurements), some pores were found of the fracture surfaces
(Fig 1c). Impure Ti, as well as Ti sponge, are brittle and show low deformability.
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Fig. 5 Measured tensile of the Ti-Pb composite with varying Pb and porosity a room temperature.

It is interesting that alone, very pure titanium and lead have an elongation of
approximately 50 and 40 % respectively, but the composite material had an elastic elongation
of about 3-5 %. The major factors influencing these values are porosity, impurities in Ti, and
Ti-Pb interfacial energy. Impure Ti, as well as titanium sponge also show low defofmability
and brittle fracture.
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Fig. 6 Measured variation of the Young’s modulus of the Ti-Pb compound with varying Pb
concentration.

The calculated elastic modulus for the porous Ti sample from the rule of mixtures
(Eq. 4) was slightly higher than the actual modulus of titanium (116 GPa), but this may be
due to the slight inconsistency in the porosity values that were stated by the material provider,
or hardening of the Ti sponge due to impurities that ‘cok place during compacting, resulting
in a higher stiffness compared with pure Ti. The higher strength, modulus and low
deformability of the Ti/Pb composites sl ould completely eliminate undesirable deformation
and warping of the anodes.
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Fig. 7 Measured variance of the elongation to failure of the material with changing Pb and porosity
values.

3.2. Electrochemical Testing

All of the deposits were smooth, compact and uniform. The mass of Cu deposited,
along with the current efficiency was fairly constant with all of the anodes. The current
efficiency of both the lead anodes and the Ti-Pb composite anodes varied between about 89
and 95 %, as shown by Fig. 8. The voltage also decreased approximately the same amount in
all cases. In pure lead, however, the voltage dropped approximately 3 % more than with the
new anode material (Fig. 9).
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Fig. 8 Measurement of the non-variant current efficiency with respect to time.
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Fig. 9 Measurement of the voltage drop of the Ti-Pb composite with varying values for Pb composition
with respect to time.
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Anode weight loss characteristics show that the new material is comparable to lead, in
this respect. All of the tests were within the range of data scatter of the lead reference. There
was slightly more loss of material in the anode with 25 vol.% Pb, whereas the material with
30 % Pb is very similar in behavior to pure lead (Fig. 10).
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Fig. 10 Measurement of the weight loss of the anode with respect to time.

The 25 % lead anode had a porosity of about 5 % after metallographic analysis,
whereas the other anodes have porosities from 0-2 %. That may explain why it has a behavior
that is slightly different than the rest. Considering all of the tests fall within in same range of
scatter, it is safe to say that the anode weight loss behaviors are comparable to what is
currently in use. Porosity seems to have a dramatic effect on the loss properties, though; so
minimizing porosity in the material should be a design criterion. Also, during the short-term
deposition testing, the titanium helped to stabilize the lead, preventing it from spalling,
eliminating the need for the addition of Co to the solution. This would help to decrease costs
considerably. Future polarization tests would help to confirm the feasibility of this.

4. Conclusions

The Ti-Pb composite far outperformed traditional electrowinning alloys in terms of
mechanical properties. This should translate into anodes that have a longer lifespan under
industrial operating conditions. Deformations in the anodes under normal electrowinning
conditions will be eliminated completely by using the Ti/Pb composite. Irregular current
density, uneven deposits and short circuits due to anode warping that occur when lead anodes
are used would be greatly lessened by the implementation of the composite. The composite
with 30 vol.% lead showed electrochemical behavior similar to pure lead. Thus, Ti/Pb
composite with 30 % lead has the optimal combination of mechanical and electrochemical
properties.

Acknowledgements

This project was funded by DOE grant number DE-FG36-01GO11061 to Electrodes
International. The authors would like to take the time to thank David Von Rohr for his help
with microscopy and metallographic preparation, Patrick Ndungu and Dr. Jean-Claude



33

Bradley for supplying electrolyte chemicals, Nikola Trivic and Dr. Surya Kalidindi for use of

their mechanical testing facilities and Dr. Vladimir Moxson at Advanced Materials Products

for his help in manufacturing the samples.

References

10.

11.

12.

13.

14.

R. C. Yafie, SX/EW copper production lumps 15.3 %: ICSG, American Metal Market,
108 (47) (2000) 2.

R. C. Yafie, Copper output via SX/EW seen up 6.2 % a year to '04, American Metal
Market, 109 (90) (2001) 2.

G. F. Chlumsky, and T. L. Wallis, Economic Considerations for SX/EW Operations, in
Copper Leaching, Solvent Extraction, and Electrowinning Technology, G.V.J. I, Editor,
SME: CO, 1999.

B. Panda, S. C. Dos, Electrowinning of copper from sulfate electrolyte in presence of
sulfurous acid, Hydrometallurgy, 59 (2001) 55-67.

A. J. Colby, D. R. Gabe, Anodes for electrodeposition (Technology Update), Finishing,
26 (6) (2002) 36.

X. Chen, G. Chen, P. L. Yue, Stable Ti/IrO,-Sb,05-SnO, Anode for O, Evolution with
Low Ir Content, Journal of Physical Chemistry B, 20 (105) (2001) 4623-4628.

A. Hrussanova, L. Mirkova, Ts. Dobrev, Anodic behaviour of the Pb—Co;0, composite
coating in copper electrowinning, Hydrometallurgy, 60 (2001) 199-213.

St. Rashkov, Ts. Dobrev, Z. Noncheva, Y. Stefanov, B. Rashkova, M. Petrova, Lead
cobalt anodes for electrowinning of zinc from sulphate electrolytes, Hydrometallurgy, 52
(3) (1999) 223-230. '

C. W. Brown, J. I. Bishara, L. M. Ernes, A. W. Getsy, K. L. Hardee, B. L. Martin, G. R.
Pohto, T. J. Schue, T. R. Turk, United States Patent No. 6,352,622, 2002.

A. Ferdman, United States Patent No. 6,287,433. 2000.

T. J. O'Keefe, P. Yu, Evaluation of Lead Anode Reactions in Acid Sulfate Electrolytes,
Journal of the Electrochemical Society, 149 (5) (2002) A558-A569.

C. Rerolle, R. Wiart, Kinetics of Pb and Pb-Ag Anodes for Zinc Electrowinning-L.
Formation of PbSO, Layers at Low Polarization, Electrochimica Acta, 40 (8) (1995) 939-
948.

C. Cachet, C. Rerolle, R. Wiart, Kinetics of Pb and Pb-Ag anodes for zinc
electrowinning-1{. Oxygen evolution at high polarization, Electrochimica Acta, 41 (1)
(199¢6) 8§3-90.

C. P. Camurri, M. J. Lopez, A. N. Pagliero, F. G. Vergaraz, Deformations in lead—
calcium—tin anodes for copper electrowinning, Materials Characterization, 47 (2001) 105-
109.



