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Abstract : The paper dealswith thegeneralization
of investigations concerning current statein devel-
opment of trivalent chromium baths as environmen-
tally friendly aternativeto hazardous el ectropl ating
baths containing toxic hexavaent chromium. Themain
technological propertiesof trivalent chromium baths
contai ning carbamide and formic acid are described
and compared with thosetypical of common Cr(V1)

INTRODUCTION

Chromium electrodepositsarewiddy used for im-
proving hardness, wear resistance, corrosionresistance
and decorative appearance of engineering toolsand
components. Usually, Cr coatings are deposited from
electrolytesbasad on chromicacidwhicharehighly toxic
and oxidative¥, With increasing closeattention to envi-
ronmenta problemsthroughout theworld, hexaval ent
chromium el ectroplating facespossibleextinctionasa
result of itsserious health and environmental hazard. In
2006, EU adopted the Restriction of Hazardous Sub-
stances (RoHS) which extremely restrictsthe use of

plating bath. Thick nanocrystalline chromium-carbon
deposits may be obtained from the Cr(l11) electro-
lytes, some physicochemical and service properties
of such coatings exceeding those of “usual” chro-
miumdeposits. © Global Scientificlnc.

K eywor ds: Trivaent chromium; Electroplating; Elec-
trodeposition; Nanocrystaline coating.

hexavdent chromiuminéectrica and eectronicequip-
ment. Therefore, devel oping ecologically desirablea -
ternative surface treatment technologies to replace
hexava ent chromium el ectroplatingisakey problemin
modern surfaceengineering.

Inthe past decades, strenuous attempts have been
madeto obtain acommercially viabletrivalent chro-
mium plating bath asareplacement for the conventiona
toxic hexava ent bath?®. However, trivaent chromium
cannot bereadily deposited from aqueous solution and
thereare still many problemsthat need to be solved in
thetrivalent chromium plating processes. Firstly, itis
difficult toimprovethethicknessof chromium deposits
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intrivalent chromium plating®. Secondly, highly com-
plicated chemistry of Cr(111) compoundsresultsin com-
plexity of bath compositionand difficultiesinbath main-
tenance!”8. Furthermore, Cr(l11) ionsare easily oxi-
dizedto Cr(VI) ions near the anodeswhich would con-
taminatethe bath®. All these problemsrestrict the ap-
plication and expansion of thetrivaent chromium plat-
ing process.

Neverthel ess, agreat number of trivalent chromium
baths have been reported inrecent yeard 127, Recently,
anovd trivaent chromium bath containingformicacid
and ureawas proposed which allows obtai ning thick
coatingswithardatively high deposition rateé?1, How-
ever, dl above-mentioned papersare devoted to vari-
ousand separate physicochemica and technological
aspectsof the el ectrodeposition processformtheplat-
ing bathinvolved, and thereisavita need to summarize
the dataobtained and to provideinformation on cur-
rent state in the problem of the devel opment of eco-
friendly trivalent chromium baths. Theaim of thispaper
istogenerdizethemaintechnologica characteristicsof
thegate-of-the-art processof dectroplating fromatriva:
lent chromium bathin comparison with hexavaent chro-
mium baths.

EXPERIMENTAL

Chromium electrodeposition was performed
galvanostaticaly inausual glasscell. Coatingswere
deposited on adisc el ectrode of copper foil fixedina
plastic holder. Prior to each experiment, the surface
of copper foil wastreated with magnesium oxideand
then rinsed with hydrochloric acid solution and distil-
latewater.

Two trivalent chromium bathswith thefollowing
composition were applied in the present study: 1 M
Cr, 0.5 M HCOOH, 0.5 M CO(NH,),, 0.15 M
Al(SO,),-18H,0,0.3M Na,SO,, 0.5M H_BO,, and
0.1 gL of sodium dodecyl sulfate?®?4, “Common”
chromium sulfatewas used asourceof Cr(lll) ionsin
thefirst bath. The second plating bath was prepared
utilizing basic chromium sulfate (i.e. chrometanning
agent)25%30_ Thebasicity value of the chrometan-
ning agent was about 34%!*1. Formic acid and car-
bamide act as complexing agents. Sodium sulfate, du-
minium sulfateand boric acid areconducting sdtsand

buffer agent, correspondingly. Sodium dodecy! sul-
fateisused as surfactant. Let usdesignatefor conve-
niencethe bath containing chromium (111) sulfate as
Bath ““A” and the bath containing basic chromium sul-
fateasBath“B”.

Common hexava ent chromium bath was applied
inthiswork (250gL™* CrO,, 25gL"H,SO)).

Thedectrolysswascarried out either withtitanium-
manganese dioxideanodes (TMDA) or with compos-
ite TiO,/PtO, anodes®*. Lead anodes were applied
inthe hexava ent chromium bath.

Thecurrent efficiency and rate depositionwerecd-
culated using Faraday’s law by comparing the weight
gain of the cathode placed in the chrome-plating bath
with that of acopper coulometer connected in series.

The content of Cr(l11) and Cr(V1) ionsinthebath
was determined by spectrophotometric method. The
pH valuewas controlled by means of common poten-
tiometric method.

The chemical composition of the coatings under
sudy wasdetermined by X PSinvestigationswhichwere
described in detail in our previouswork®!, Inaddition,
the chemical composition of el ectrodepositswas es-
tablished by meansof aspectrophotometric analysis®!.

The covering power of the plating bath was deter-
mined usingausual Hull cdl (V =250mL, | =5A,t=
3 min). Copper-foil plates (75x100 mm) served asthe
working el ectrodes. The covering power of the chro-
mium bath was estimated measuring thelength of de-
posited area(mm).

Smdll-angle X-ray scattering (SAXS) experiments
were performed using an X -ray diffractometer DRON-
3.0 with asmall-angle X-ray cameraKRM-1in the
monochromatized Mo-K_ radiation'®. Thetribologi-
cal testswere conducted on the SM C-2 wear tester
under unlubricated conditiong?!. The hardness of
chromium coatings was determined usingaPMT-3
set-up at aload of 100 g and the coating thickness of
about 20 pm.

Theconductivity of chromium dectrolyteswasmea:
sured by means of usual ac Wheatstone bridge at a
frequency of about 510 Hz. A thermostated glass cell
with two Pt-electrodes, onwhich alayer of spongy plati-
num has been el ectrolytically deposited, wasusedin
theseexperiments.
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RESULTSAND DISCUSSION

It isbe stressed that chromium-carbon aloy de-
positsfromthe Cr(l11) plating bath containing organic
componentg?*2-28 whereas “pure” chromium is ob-
tained from the hexaval ent chromium plating baths.
Accordingto our X PS-investigations, carbonis present
inthe coatings as chromium carbide®!. The mecha-
nism of carbon co-deposition wasdescribed and dis-
cussed earlier’?28, According to thismechanism, car-
bonisincludedinthedepositsby achemicd interaction
of active chromium ad-atomswith adsorbed organic
molecules (carbamideand formic acid). With changing
incurrent density and bath temperature carbon content
variaionisreatively weak, chromium and carbon con-
tent in the deposited alloys being close to ~90+91%
and 9+-10% (wt.), respectively.

Figure 1 showsthe effects of current density on
current efficiency (CE) of el ectrodeposition processin
the plating baths contai ning chromium sulfate or basic
chromium sulfate. Ascan be seen, anincreaseinthe
current density and the decrease in the bath tempera-
turelead to anincreasein the current efficiency. Let us
notethat, in contrast to datareported inworks?24,in

thiscommunication theval uesof CE for overdl Cr-C
alloy electrodeposition (but not for thepartial process
of the chromium electrodeposition reaction) are pre-
sented. A fundamental difference betweentwo triva-
lent chromium baths under consideration consistsin
dissmilarity between theva ues of operating val ues of
cathodic current density. Indeed, whenin case of the
bath “A” chromium deposition starts at ~20 A dm™
(depending upon electrolyte temperature), chromium
electroplating processinthe bath“B” begins at ~10 A
dm2. Thus, themost suitablevaluesof current density
seemto becloseto 30+35 A dm?, and 15+20 A dm™
for the baths “A” and “B”, respectively. When ca-
thodic current density exceed indicated val ues, the
surface appearance of deposits becomesworse-the
coatings surfaceisrough and the“burning” occurs on
the deposits surface.

Itiswell known that bright coatings may be ob-
tained from the bath containing Cr(V1) compoundsonly
if the bath temperatureisintherangefrom about 45 °C
to about 55 °CYl, Curve5in Figure 1 givesthe depen-
dence of CE upon current efficiency for the case of
common hexaval ent chromium bath. Ascan be seen,
thevauesof CE inthetrivalent chromium bathsare
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Figurel: Effect of current density on current efficiency of Cr and Cr-C alloy deposition processesfor thebath “A” (1), (2),
for thebath “B” (3), (4), and for the hexavalent chromiumbath (5). Bath temperature40°C (1), (3); 35°C (2), (4); 50°C (5).
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Figure 2 : Effect of current density on electrodeposition rate of Cr and Cr-C coatingsfor the baths: “A” (1), “B” (2),
hexavalent chromium bath (3). Bath temperature35°C (1), (2), or 50°C (3). (Linesaredrawn only to guidethe eye)

gppreciably higher thanthosetypica of the Cr(VI) plat-
ing bath.

Asisknownitistoo difficult to deposit thick chro-
mium layersfromtrivalent chromium baths. Therate of
chromium deposition was reported to berapidly di-
minished with depositiontimeand after severd tenmin-
utes of dectrolysisno massgain wasobservabl€®l. On
the contrary, thevalue of e ectroplating rateaswell as
current efficiency doesnot practicaly changeinthetriva-
lent chromium bath proposed during el ectrolysisand
thick el ectrodepositsmay be easily obtained. Thisfea
tureisvery favorablefor practical use.

Thebathsunder consderationisdistinguished by a
relatively high electrodepositionrate (~0.5+1.5 pm
mint), thereforethick chromium-carbon layersarede-
posited during relatively short time. It should also be
stressed that the e ectrodepositionratein case of Cr(l11)
bathsisconsiderably higher thanthat incase of Cr(V1)
bath (Figure 2). Such afeatureof trivalent chromium
bathsistheir essentia advantage.

Thelower vdueof minimal current density, & which
Cr deposition reaction begins, points out that the cov-
ering power of the bath “B” is better. The results of the
Hull cell test confirmed thisconcluson (TABLE 1).

Comparingtrivaent and hexavaent chromiumbaths

(TABLE 2), inthefirst place, environmental safety of
trivaent baths should be emphasi zed. Thebathsonthe
base of Cr(l11) saltsincludeonly tracesof Cr(VI) ions
which areformedinavery smadl quantity ontheanodes
and can be further reduced on the cathode. As the
Cr(VI) content in such bathsisnegligible, mist evolu-
tion and waste water are practically Cr(V1)-free. The
Cr(111) plating bath has al ower concentration of chro-
miumin el ectrolyte (generally, 52 g dm®) compared to
~125 g dmfor hexavaent chromium. Therefore, there
iIsmuch lesschromium inthewastewater. Thereduc-
tion stepin wastewater treatment isnot required. As
waste management costs continueto rise, the savings
that trivaent chromium systemsoffer will incressemark-
edly.

Further, it must be noted thetriva ent baths distin-
guish by higher current efficiency and e ectrodepostion
rate, the operating current density and bath tempera-
turebeing gppreciably lower thaninthecaseof Cr(V1)
bath. It is profitable in terms of economic consider-
ations.

In caseof Cr(l11) bath, theelectrolysisiscarried
out using titanium-manganese dioxide anodes (Ti/
MnO,) or, asshowed inwork!®, composite TiO /PO,
anodes. On these anodes the electrooxidation of
Cr(1l) ionsto Cr(V1) occurswith arather smal rate”.
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TABLE 1: Covering power of plating bathsestimated by
Hull cell test

Type of the plating bath Covering power, mm

Trivalent chromium bath "A" 24
Trivalent chromium bath "B" 47
Hexavalent chromium bath 60

Bath temperature was 35 °C for both trivalent chromium baths
and 50 °C for hexavalent chromium bath

Therefore, electroplating can be performed without
separation of anode and cathode compartments. Al-
though titanium-based anodes arerdl atively expensive,
they are very long-lived and can be stably operated
during severd years. Toxic and expensivelead anodes,
which areutilized in hexava ent baths, areunworkable.

Thetrivalent chromium baths proposed are oper-
ated at higher pH vauesasthosebased on Cr(VI) com-
pounds (see TABLE 2). Therefore, theformer show
lower corrosion activity to congtructiona meaterialsand

equipmen.

A trivaent chromium bath can be prepared both on
the base of chromium sulfateand on thebase of chrome
tanning agent. As shown above, applying basic chro-
mium sulfate (instead of chromium sulfate) leadsto a
decrease of the current density at which chromium be-
ginsto dectrodeposit. Asaresult, the covering power
of thebathimproves. Such afeature hasbeen explained
by changing in the composition of el ectroactive chro-
mium complexes?®!. Excessive amount of OH" groups
intheinner sphere of thed ectroactive chromium com-
plexes|eadsto accd erating the chromium el ectrodepo-
sition reaction. Chrometanning agent isproduced ona
large scal e by modern chemical industry. Itiswidely
used to tantheleather and is much cheaper than chro-
miumsulfate

Itisimportant and interesting that, in accordance
with the results of our SAXS investigationg?32¢),

TABLE 2: Comparison tableof themain characteristicsof trivalent and conventional hexavalent chromiumbaths

Conventional hexavalent

Trivalent chromium bath

On the base of On the base of

Parameter . . .
chromium bath Chromium chrome tanning
sulfate ("A") agent ("B")
Total chromium content (Cr(I11)+Cr(V1)), g L™ ~125 ~52
Hexavalent chromium content, g L™ ~125 ~0.4
pH <0 15
Cathodic current density, A dm™ ~40-60 30-35 15-20
Bath temperature, °C ~45-55 35
Current efficiency, % ~12-18 ~30-35 ~28-30
Electroplating rate, um min™ ~0.2-0.6 ~1-15 ~0.8-1
Bath life From several monthsto At leagt two months
severa years
Application of toxic lead and its alloys Y es (as anodes) No
Anodes Pb or itsdloys Ti/MnO, or composite TiO,/PtO,
Cr(VI) mist evolution Intensive Non detectable
Structure of deposits Crystalline Nanocrystalline (with average grain
size~3-5nm)
Surface hardness, HV 800-900 (diminishing 800-900 (after annealing may be
after annealing) increased up to 1800-1900)

Friction coefficient

Maximal current density of anodic active
dissolution (critical current density) in0.5 M
H,SO, + 0.2 M NaCl, A dm’

Passive current density in 0.5 M H,SO, +
0.2M NaCl (at E=0.0V), A dm™®
Electrolyte conductivity, Q™ m™

0.06-0.5 (dependent on
the type of friction pair)

0.14 0.15

0.0236 Thereisno active dissolution region
1.41.10° 4.8510* 7.70.10"
~60 ~6
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nanocrystalline Cr-C coatings are formed when pro-
posed trivaent chromium bathsare applied. Theaver-
agegrainsizeisabout 3-5nm. Some physicochemical
and service properties of depositsfrom Cr(I11) baths
areclosetothose obtained from Cr(V1) bath and fulfill
al requirementswhich are claimed to hard chromium
plating. It should be stressed that the hardness of Cr-C
depositsincreaseswhen annealing in contrast to the
coatingsfrom hexavaent baths; in addition, thecorro-
sion resistance of the coatings considered isextremely
high#.

A long-continued test has been performedinwhich
electrolysslasted for 2 monthswith periodica bath cor-
rection®!, thetrivalent chromium bath “B” being used
intheseexperiments. The possibility of continuous ser-
viceof thetrivaent chromium bath under consideration
was confirmed.

Let usnotethat thetriva ent chromium bathshave
a so someshortcomingsa ongwith theobvious advan-
tages Firg of al, itisther rdaively low covering power
incomparison with the baths on thebase of hexaval ent
chromium, though the covering power of the bath con-
taining chrometanning agent approachestothat typica
of theconventiona Cr(V1) bath.

Another grave shortcoming of thetrivalent baths
proposedistheir low conductivity compared with the
hexavalent one (see TABLE 2). It leadsto an appre-
ciableincreaseinthebath potentid . Among other things,
small conductivity should result inanincreasein energy
consumption. At thesametime, higher depositionrate
and lower operating current dengity promotediminish-
ing energy consumptionin caseof trivalent bath in com-
parisonwith hexavdent one. Inaddition, it must benoted
that thetrivaent bath isoperated at |ower temperature,
i.€. heating expenses becomel esser. Taking in consid-
eration al thesefactsand on the ground of our rough
estimations, we supposethat thetota energy consump-
tionwould besmilar in cases of using both hexavalent
and trivalent chromium baths.

CONCLUSIONS

Somefunctiona advantagesand disadvantages of
eco-friendly triva ent chromium baths are summarized
in comparison with extremely toxic and hazardous
hexavdent chromium bath. Theinvestigationsperformed

ORIGINAL ARTICLE

show that developing Cr(I11) plating bathsisapromis-
ing areain modern surface engineering. A remarkable
progress achieved in recent yearsisconnected with the
devel opment of trivaent chromium bathswhich alow
obtaining thick hard coatings (with athickness of sev-
eral hundred micrometers). In spite of evident advan-
tages of such electrochemical systems, they possess
severa shortcomings (first of dl, relatively low cover-
ing power and conductivity); further investigationsshould
befocused on solving these problems.
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