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Abstract

The objective of the present paper is to discusspibiarization and microstructure behaviour of
copper electrodeposit from the electrolytic refqiwith various additives compositions in the
electrolyte. The effect of the concentration ofeyland thiourea and the concentration ratio of
glue/thiourea at different current densities andgderatures on the cathode polarization has been
investigated by galvanostatic polarization methdthiourea was found to have cathodic polarizing
effect at a current density of 300 Anand a depolarizing effect at higher current désits00 and
900 Am?). Glue was identified as a cathodic polarizer urmerent densities of 300 to 900 Am
The polarizing effect of glue was reduced signiithaat a temperature of ?C and after 12 and 24
hours exposures. Test series with various glueftberatios in the electrolyte were also conducted
at 65°C, for 48 hours, under current densities of 350%ArAs the results of short term gal-
vanostatic polarization, a higher glue/thiouredorag¢sulted in a higher cathode polarization during
copper deposition. The metallographic analysisefdopper deposit indicated the growth of basis-
oriented reproduction (BR) crystal followed by largolumnar crystals of field isolated crystal (Fl)
type at a high ratio of glue/thiourea. The exteasgrowing of copper grain at extremely high
cathode polarization during electrolysis was idediin correlation with the growth of dendritic
cathode and nodulation.
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1 Introduction

The optimization of the additives in the copperktaouse remains a topic of concern in producing
good quality of cathode with the increase of theent density applied. The research efforts are
focusing on the determination of the appropriatecentration of the mostly used additives, moni-
toring and control of the actual additives activitythe electrolyte as well as the use of alteueati
additives [4,6,14]. The most common additives aqutfyeused in the electrorefining of copper are
thiourea, glue, and chloride. Although the glue #@mdurea have been used nearly as long as the
application of copper electrorefining, the behaviamd inhibition mechanism are not yet com-
pletely understood.

Basically, a combination of several addition agesiEh as glue, thiourea and chloride is necessary
for optimal control of copper electrocrystallizatif®]. An inhibitor is needed to slow down the rate
of electrocrystallization but there must also beme@ossibility to reactivate the process by means
of nucleation. Overall control of the electrodepiosi process is thus achieved by the use of two
counteractive regulators. Improper concentratiash @ncentration ratio of the additives can lead to
cathode nodulation [6,10]. The optimum concentratemd concentration ratio of the inhibitor
depends on the electrolysis parameters, mainlgotdensity, anode composition, temperature and
hydrodynamic behaviour of electrolyte. Those patanseoften vary considerably over the elec-
trolysis time. In this regard, a system for monitgrof actual inhibitor activity is necessary to be
esta- blished.

Electrochemical measurement techniques have beggiywised in laboratory for investigating the
additives behaviour during copper electrolytic dapon, such as potentiodynamic polarization,
cyclic voltammetry, current transient and galvaatstmethod [3,5,7]. Among the available tech-
niques, galvanostatic technique is a rapid onediatoe used to evaluate the additives performance
during electrodeposition under a certain curremtsdg. Following Lafront [3], the galvanostatic
technigue on a laboratory scale can be used irctiiegethe presence of nodules on the cathode
during copper electrodeposition by evaluating tlaeting cathode potential and by the presence of
a cathodic polarization peak on the potential-tiomeves. In industrial tank houses, systems for
monitoring actual additives activity have been &apkuch as CollaMat (using glue as the control
reagent) and Reatroll (using thiourea as the cbréagent) [8]. A comprehensive knowledge of the
additives behaviour at various electrolysis paransets a prerequisite for the optimal benefit of
such measurement systems. In the present workffénet ef glue and thiourea on the cathode po-
larization during copper deposition at various abads has been investigated using galvanostatic
measurements. Longer periods of electrolysis wise eonducted to evaluate the additives per-
formance over a long time period and the effe¢hefvarious additives compositions on the copper
deposit microstructures and the cathode noduld@raviour.
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2 Experimental

2.1 Galvanostatic Polarization

Electrolytic cathodic copper was used as anodecatttbde. The anode and cathode were mounted
in acrylic resin in order to give an exposed acBueface area in the electrolyte of 1°crBefore
being introduced into the cell, the anode and adheere ground with SiC abrasive paper down to
600 grit, washed with distilled water, rinsed wéthanol and dried with an electrical dryer. Solu-
tions containing 175 g/l $80s, 45 g/l C4d* and 10 g/l Ni* were used as supporting electrolytes.
Glue and thiourea were added once before stattm@xperiments in the basis of mg per litre elec-
trolyte. Stock solution of glue in distilled wateralways prepared 24 hours before the additiam int
the electrolyte.

The electrolytic cell was a classical three ela#raeell containing 800 ml electrolyte. During
measurements, the solution was stirred with a ntagsirrer. The cathode and anode were handled
by a glass holder and the distance between thenfixegasat 2 cm. The cell was heated by an elec-
tric heater equipped with thermostat (temperatufe5 °C). Thiourea (further abbreviated by TU)
and glue (GL) were added individually with a cortcation range of 2, 4 and 8 mg/l, and in combi-
nation with GL/TU ratios of 2/4, 4/4, and 8/4 mdfhe investigations were done at 50, 65 and 70
°C, under current densities of 300, 600 and 900%A# constant current density was introduced
into the cell for one hour and cathode polarizatiata were recorded by Dasy Lab 5.6 software. A
Luggin capillary was used for cathode potential soe@ment during electrolysis and the potentials
were measured against silver chloride Ag/AgCl/KQkeference electrode. All measured cathode
potentials will be reported against standard hyenoglectrode (SHE).

2.2 Long Time Electrolysis

The experiments were conducted in a five litre kegkass. One anode and one cathode were used.
The anode is electrolytic copper having dimensibh3x10 cnd, the cathode is stainless steel plate,
having dimensions of 16x13 éniThe polished cathode has an active surface hatamimersed in

the solution of 105.5 ci The distance of the anode and cathode was kestantt at 2 cm. The
temperature of the electrolyte was kept constan6ZafC using electric heater equipped with
thermostat. A Marriot bottle containing distillaciter was installed to balance the evaporation loss
of the solution during electrolysis. The supportilgctrolytes containing 175 g/l,BO,, 45 g/l

CU?*, 10 g/l NF* and 50 mg/l Clwere used. Electrolyte circulation was performedtyse pump
with a flow rate of 3 bath exchange per hour.

GL and TU were added continuously during experimesimg Ismatec pump in the basis of g/t de-
posited copper. Test series were carried out fdiat8s at 65C under current density of 350 AJm
Fresh additive solution was provided by changirgygblution every 24 hours. The GL/TU ratios
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are in the ranges of 0.5 — 1.67 respectively 308355, 75/78, 80/60 and 100/60 g/tThree
experiments with GL/TU ratios of 30/60, 75/78, d@D/60 were conducted in 144 hours to study
the phenomena of cathode nodulation. Cathode patemd cell voltage were recorded using Dasy
Lab 5.6 software. A copper-saturated copper supbbectrode was used in a Luggin capillary as
a reference electrode. After the experiments, tpper deposits were dried and weighed for current
efficiency determination. Sectioning was perfornfrean the copper deposits from the experiments
with various GL/TU ratios. Metallographical analysivas carried out by using Nikon optical
microscope and Clemex Vision PETM 3.5 software.

3 Results and Discussion

3.1 Galvanostatic Polarization

The effect of TU concentration on cathode polaiizatinder current density of 300 Anat 65°C

is illustrated in Figure 1. Thiourea was found teega polarizing effect on copper deposition. The
polarizing effect increased slightly with the inese of thiourea concentration from 2 mg/ to 8 mg/I.
The change of polarizing effect into depolarizirfget of thiourea is recognized by the increase of
current density from 300 Athto 600 Am? and 900 Arif such as described in Figure 2. A signifi-

cant depolarizing effect is exhibited at a currdemsity of 900 Ari.
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Figure 1: Cathodic polarization of copper cathogesolutions without TU and with 2, 4 and
8 mg/l TU at 65°C, under current density of 300 Am
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The transition from polarizing effect into depoiang effect of thiourea by the increase of current
density was reported also by Jin and Ghali. Thezecatical current densities for a certain TU con-
centration in which polarizing effects of TU changw® depolarizing effects. A different result was
found by Wang and O’Keefe who identified the iditiepolarization of thiourea at low concentra-
tions (less than 5 mg/l at lower current densitimut 30 mA/cn) and a polarizing effect is noted
as the concentration and current density incregldas readily oxidized by cupric ions in the elec-
trolyte to form formamidinedisulphide (FDS). Botb$& and TU form complexes with cuprous and
cupric ions. The mechanism of polarizing and dejmteg of TU on copper cathode was believed
to be related with the predominance of the threeptexes ([Cu(FDS)] ([Cu(TU)]" and
[Cu(TU)]?" in the process of ionic copper deposition. A dapring effect is observed when the
complex of [Cu(FDS)]is more predominant than the other two complexgs [7

The adsorbed molecules hinder the surface diffusfadatoms and the resulting local build-up of
adatoms leads to a higher nucleation rate. Therlaedanolecule can create around itself a kind of
‘free island’ which can increase the number of laé¢ nucleation sites. These mechanisms per-
form only at low surface coverage and will not leserved at very high TU concentrations where
TU itself will block the nucleation sites [9].

350

—a—TU 4 mg/l, i = 300 A/m2
—&—TU 4 mg/l, i = 600 A/m?
——TU 4 mg/l, i = 900 A/m2
—a— without additives, i = 300 A/m3
—B— without additives, i = 600 A/m3
—e&— without additives, i = 900 A/m?3

325

Cathode potential (mV) vs SHE

250 1 T T T T T T T T
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time (s)

Figure 2: Cathodic polarization of copper cathomtethe solutions without TU and with 4 mg/l
TU at 65°C, under current densities of 300, 600 and 900°Am
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Individual glue was identified to have polarizinfieets in all applied current densities (Figure 3
and Figure 4). The polarizing effect increased with increase of GL concentration from 2 to
8 mg/l. Glue becomes cationic in acid solution enddsorbed where the local current density is the
highest [15]. The adsorption of glue on the cathsuléace prevents copper deposition and induces
the growth of existing copper nuclei. GL (2, 4 adng/l) and TU (4 mg/l) had a synergistic
polarizing effects at a current density of 300 Asuch as described by Figure 3. This synergistic
effect will disappear at higher current densitiesduse TU becomes a depolarizer at higher current
densities (Figure 2). Some cathodic peaks werdifaahon the potential-time curves under current
density of 900 Anf, without additives and with GL 4 mg/l at 86 (Figure 2 and Figure 4). Earlier
cathodic peaks were also identified on the potktitiee curves under current density of 300 Am
with GL 8 mg/l and GL/TU 8/4 mg/l at 86 (Figure 3). Cathodic peak or an increase of jxaar
tion means the deposition of copper is more diffidm the presence of organic inhibitors, a high
polarisation indicated a high inhibition of coppdposition due to the adsorption and blocking
effect of the inhibitor. SEM analysis conductedtbg other investigator on the cathode exhibiting
cathodic peaks on galvanostatic polarisation curgesaled the formation of nodule on the cathode

3].
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Figure 3: Cathodic polarization of copper cathodeshe solutions with various GL, TU and
GL/TU ratio at 65°C, under current density of 300 Am
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Figure 4: Cathodic polarization of copper cathontethe solutions without GL and with 4 mg/I
GL at 65°C, under current densities of 300, 600 and 900°Am

A remarkable result that should be noticed is tifuénce of the temperature on the polarizing
effect of glue. As can be seen in Figure 5, no npmiarizing effect of glue was identified at 70

as exhibited at 50 and 6€. In other words, the inhibition capacity of glisesignificantly reduced

at 70°C. The reason for this is due to chemical decontiposof glue at 70C. Different to glue,
thiourea does not decompose at high temperatur@sduistrial tank houses, increasing temperature
can occur due to anode passivation. Regarding tthesconsequence of the increase of electrolyte
temperature on the performance of the inhibitor tnbb@ésconsidered. Degradation of glue was also
identified with time. The polarization effect ofugl (4 mg/l, at current density of 600 Ajnde-
creased after 12 and 24 hours exposures in acapper sulphate solution at 6& such as
described in Figure 6. Glue is hydrolysed slowlyhwime (within hours) if pH is low and/or if tem-
perature is high [15]. The products of hydrolysis aminoacids which behave also as inhibitor
(which different degree of inhibition as fresh gIji£5]. Less information concerning the exact life
time of glue and thiourea can be found in literatur

The measurement results have demonstrated a $tytahishort term galvanostatic polarisation
method for evaluating the inhibition behaviour dgricopper electrolytic refining. The method can
be used for testing of industrial solution in tabdratory and in the tank houses. A special design
polarisation cell is needed for measurement in tdrk house as well as a portable potentio-
stat/galvanostat and a software for data colleciwh acquisition.
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Figure 5: Cathodic polarization of copper cathontethe solutions without GL and with 4 mg/I
GL under current density of 600 Amat 50, 65 and 7%C
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Figure 6: Cathodic polarization of copper cathodethe solutions without additive and with
4 mg/l GL in different times after GL addition, werccurrent density of 600 Afn
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3.2 Long Time Electrolysis

The following section discusses the effect of wasi&GL/TU ratios on the cathodic polarisation be-
haviour and cell voltage during 48 hours electriglyhe growth behaviour and deposit quality
from the electrolysis with various GL/TU ratios atso evaluated. As has been found in the gal-
vanostatic measurement results, glue increasectatiedic polarization of the copper cathode.
Cathode potential measurements in 24 hours durim@y® electrolysis exhibited also a higher
cathode polarization at higher GL/TU ratio suchllastrated in Figure 7. Increasing cathode po-
larization at the higher GL/TU ratios increasededily cell voltage (Figure 8) and consequently
specific energy consumption. Under current densft850 Ami?, and by using pure electrolytic
copper anode, the specific energy consumptioreases from 160 to 211 kWg{tby the increase

of GL/TU ratios from 30/60 to 100/60 git

300

275

200

—¥— GL/TU 30/60 g/tCu
—o— GL/TU 53/55 g/tCu
175 | —&—GL/TU 75/78 g/tCu
—e— GL/TU 80/60 g/tCu
—8— GL/TU 100/60 g/tCu

Cathode potential (mV) vs SHE
N
N
(6]

150

0 4 8 12 16 20 24
time (h)

Figure 7. Cathode potential during 24 hours fromh8irs electrolysis at 6% with various
GL/TU ratios, under current density of 350 Am

Under very high cathode polarization at a high ®htent, nucleation process becomes more diffi-
cult and the growth of existing copper grain isilfeeted. Microstructures of copper deposits from
the electrolysis with different inhibitor dosage gresented in Figure 9. At GL/TU ratios of 80/60
and 100/60 large columnar crystals were predominant soon after the formation of the first layer
(Figure 9.c and 9.d).
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Figure 8: Cell voltage during 48 hours electrolysis 65 °C with various GL/TU ratios,
under current density of 350 Am

A finer grain size with a growth type of field onied texture type (FT) was obtained with lower
GL/TU ratio (Figure 9.a and Figure 9.b). Thiour@a énhibit the continuous growth of the crystals
by blocking the active surface of the crystal amducing a formation of new nuclei on the surface
of the crystals. An extra growing of copper grainthe electrolysis with GL/TU ratio of 100/60
g/tcy resulted in rough deposit. This extra growing @ber grain at a very high inhibition activity
of GL initiated a dendritic growth at the cathoded durther cathode nodulation in a longer time.
A smooth and dense copper deposit consisted oifaremand fine grain size with growth orienta-
tion of field-oriented texture type (FT) and uneoried dispersion type (UD) such as illustrated in
Figure 9.b.

The copper deposit appearance from the experimégtiidifferent inhibitor dosage is presented in
Figure 10. Under current density of 350 Arand by using pure electrolytic copper anode, smoot
deposits were obtained from the experiments with @./TU ratios close to 1 (53/55 gftand
75/78 g/ty). Rough and dendritic cathodes were obtained firexperiments with GL/TU ratio of
0.5 and 1.67 (30/60 gft and 100/60 g4) and the experiment without additivéisshould be em-
phasized that the appropriate GL/TU that resultegaod quality of cathode will be different if im-
pure anode is used. As has been known, parts cAr@&LTU react with the impurities from the
anode and anode slimes and consequently the adeomtio must be corrected if impure anode is
used.
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(@) (b)

(€) (d)

Figure 9: Microstructures of copper deposits frdme electrolysis with various GL/TU ratios
(9/tcy): () 30/60, (b) 53/55, (c) 80/60, and (d) 100/@@gnification 50x

(@) (b) (€)

(d) (e) (f)

Figure 10: Copper deposit appearances obtained 4&hours electrolysis at 6&, under current
density of 350 Arf with various GL/TU ratio (g4): (a) without additives,
(b) 30/60, (c) 53/55, (d) 75/78, (e) 80/60, andL(D/60
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Cathode nodulation started by a change of growibntation in perpendicular direction to the
substrate and the predominant growth type was iselidted crystal type (FI). Two examples of the
microstructures of nodulated cathodes from 144 i@lectrolysis with GL/TU ratio of 30/60 and
100/60 are presented Figure 11. Nodule growth th bamples is initiated by the growth of coarser
grains. In the nodule sample from the experimeth @L/TU ratio of 30/60, fine grains of FT type
was formed in the beginning of electrodepositiotilancertain thickness where the growth of large
grain began, prior to the growth of the noduletha nodule sample from GL/TU ratio of 100/60,
the significant higher amount of glue against théauin the electrolyte induced the growth of BR
type followed by large crystals of Fl type since #arly stage of the electrodeposition. Different
microstructure behaviour was also identified instle nodule. Inside the nodule sample from
GL/TU ratio of 30/60, the grain size is much firkan in the sample with GL/TU ratio of 100/60.
Finer grain size was facilitated by a higher nubtearate at a low inhibition (low GL activity).
Cathode polarization measurements on the nodudidmcand on the cathode edge exhibited lower
cathodic values (15 - 20 mV) comparing with theeptils on the smooth surface at the same
cathode.

No pinholes were detected surrounding the roohefrtodule which is commonly associated with
the inclusion of anode slime particles as mostlected from the analysis of nodulated industrial
cathodes [10]. As has been mentioned, the anodkisigeire electrolytic copper and no significant
anode slimes were produced during electrolysis.uNadithn occurred only due to improper glue and
thiourea activity that resulted in inappropriateleation and growth of the copper deposit.

(a) (b)

Figure 11: Microstructures of nodulated cathodeod@gdrom the experiments with GL/TU ratio of
(a) 30/60 and (b) 100/60. Magnification 50x.
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4 Conclusion

At low current densities thiourea and glue prowsgaergistic polarizing effects on copper deposi-
tion. At higher current densities thiourea behaags depolarizer. The depolarizing effect of thio-
urea is needed to reactivate the nucleation proghgsh is slowed down by a high activity of glue.
Polarizing effect of glue is reduced significaraly70°C due to chemical degradation of glue. The
inhibition effect of glue also decreased signifibamfter 12 hours exposure in the electrolyte at 6
°C. Improper glue and thiourea ratios resulted imgroand dendritic cathode and caused cathode
nodulation. Galvanostatic polarization measurenvdtit microelectrode can be used as a tool in
detecting bad conditions of copper electrorefinnegarding improper inhibition. A significant
cathodic polarization and cell voltage increase wastified to facilitate the growth of dendritic
cathode.
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