The Mechanism of Electrodeposition of Chromium
Coatings with Different  Phase Structure

By ZA. Solovyeva

Study of chromium phase structure and the surface com
position of chromium deposited by pulsed current has
shown that when the hcp structure forms, the thickness o
oxy-hydroxide Cr(lll) compounds film increases on the
deposit surface. Increase of this film thickness over som

of colloidal film on the cathode. This film is formed as aresult

of the interaction of products of the incomplete reduction of
[ Cr(VI) anions with solution components (B chromate

anions and catalysts). There is opidfaiso about complex
eformation between chromate anions and catalysts (species of
heteppoly acids) i(e., on increasing the ability of these

value (about 100 A) results in maintenance of the hydridg
complexes to complete reduction).

CrH as the first stage of chromium crystallization. Study
of the phase structure of chromium from solutions with
formic acid has shown that formation of the hcp structure

Inrecentyears, the concepts of the influence of catalysts on
reduction of Cr(VI) ions has received more thorough devel-
opment in the investigations of J.P. Hodr& He offered a

is promoted by oxidation of the organic additive by
model of the intermediate complex formation between in-

chromic acid (.e., by increasing the Cr(lll) concentration

completely reduced chromium ions and catalytic anions. For

in the solution and by decreasing its acidity). This inten-
example, in solutions with sulfate additions, a chromous-

sifies the formation of oxy-hydroxide Cr(l1l) compounds

on the chromium surface during electrolysis.

Many different theories have been published on the me

oxybisulfate complex can be formed. This complex is then

reduced to chromium metal.
chaWithout entering into discussion of the existing theories of

rahe mechanism of chromic acid reduction to metallic chro-

nism of chromium electrodeposition from solutions of ch

mic acid. The role of catalytic anions (OCI, F) in the | mium (because it is not the purpose of this paper), it is

process of reduction of Cr(VI) anions to the metal is one of thecessary to note that the mechanism of chromium

basic arguable questions in all the existing theories. A consitkctrocrystallization with different crystal structure has been

erable number of research€fdhave explained the positivebarely addressed by researchers. Only in the work of C.A.
i@navely® was it assumed that the pH near the cathode

influence of catalytic anions by the formation and destruc
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Fig. 1—XPS spectra of the Cr 2p 3/2 line from chromium deposited by (a) direct, and (b) pulse gurreptt 10 msec):
Curve 1 - without etching; Curves 2 and 3 - after ionic etching for 20 sec (2) and 120 sec (3). Etch rate was-thA/
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influenced the formation of the chromium crystal structy

It is known that a chromium coating deposited fr
chromic acid solution can have two different crystal str
tures: A body-centered cubic (bcc) lattice, designaté€x,
and a hexagonal, close-packed (hcp) lattice, desigfat
Cr2%2tt is known also that the amount of hydroge+@Gr
is considerably more than Cr and that electrolytif-Cr
is practically chromium hydride, CrA.The transformatior
of hexagonal chromium into cubic is accompanied by ev
tion of a large amount of hydrogen.

The phase structure of a chromium deposit is governe
electrolysis conditions, mainly by the temperairi@ody-
centered chromium is deposited at 45265and is used a

re. Conditions of hexagonal and cubic chromium formation
drhave been discussed, based on the molecular and statistical
utheory of a new phase formatiéiit was established that for

the small-sized crystallites, the free energy of the hexagonal
eathromium is lower then that of the cubic chromium. Accord-
ingly, under conditions providing bright chromium deposi-
tion, accompanied by formation of fine crystalline deposits,
crystallization proceeds with formation of a hexagonal lat-
pliilce. While crystals are growing, the free energy of the cubic

lattice decreases and, at a certain crystal radius, it becomes
dlbwyer than the free energy of hexagonal lattice. As a result,

the hexagonal structure becomes less stable than the cubic
5 structure, resulting in the transformation of hcp chromium

functional, protective and decorative coatings. Hcp chrimto bcc chromium.

mium deposition requires special conditions, such as
temperature (below 10C) and very high chromic aci
concentration (more than 500 gA)as well as bichro-
mateé*?* and organic substance additiGh&lectrodeposi-
tion with pulsed current instead of direct current enhar
formation of3-Cr.2 In this case, hcp Cr can be deposi
from a solution having lower chromic acid concentrat|
(350-400 g/L) and a higher temperature (up t6G

It is considere#f?'that in chromic acid electrolytes
electrocrystallization of bright chromium with bcc structt

proceeds in two stages. Hexagonal chromium forms at
initial stage of the crystallization. As the deposit grows,

becomes unstable and breaks down, forming bcc chrom
There are several opinions concerning the process of
stage bright chromium crystallization which will be sumn
rized below.
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Fig. 2—XPS spectra of the Cr 2p 3/2 line from electrolytic chrom
hydride before etching (1) and after ionic etching for 20 sec (2) and 12

lowFormation of the hexagonal phase at the initial stage of
d crystallization is also enhanced by adsorption of atomic
hydrogen. Hydrogen adsorption decreases the surface energy
of the newly formed structure while increasing stability of the
ocaxry small-sized crystalline centers. It should be noted that
eldexagonal chromium shows an interstitial hydrogen phase
ofor chromium hydride) and that it has an elementary cell
volume eight percent higher than that of cubic chromium.
5, The interstitial hydrogen atoms located in the chromium
riattice also decrease the energy required for crystalline lattice
foemation? As the deposit grows, however, and the depos-
ited layer moves away from the surface, where hydrogen
iwwolves, the phase formed at the beginning of
tvetectrocrystallization becomes unstable and hcp chromiumiis
ndransformed into bec chromium.

It is also consideré®lthat the formation of hexagonal
chromium or chromium hydride during crystallization is
associated with the reduction mechanism of Cr(VI) ions and
specifically with the reduction of chromium ions of an
intermediate valency into chromium hydride by atomic hy-
drogen. As the chromium hydride is covered by the newly
deposited layers, it loses contact with the atomic hydrogen
and breaks down, forming bcc-chromium.

Experimental confirmation of the fact that unstable hcp-
chromium, formed at the beginning of electrodeposition, is
transformed into bcc-chromium by the electrolysis, would be
a considerable contribution to the development of chromium
electrocrystallization theory.
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ufg. 3—Diffractograms showing kinetics of disintegration at 3&0Time
D sdgvarming (min): 1 - 0.2, 2 - 42, 3- 132, 4 - 210.

(3). Etch rate was 0.3 fA-min.
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duration decrease to 0.5 msec, the

Table 1 hydrogen contentincreasesto 38.6
Phase Composition,  Structure & Hydrogen Content of Chromium at. pct (Table 1, Row 4) and the
Coatings at Different  Polarizing  Cunments hcp fraction of the chromium de-

Temp 55°C , Current density 50 A/d

posit increases. If the pulse dura-
tion increases to 10 msec, while
the off-time remains at 0.5 msec,

Polarizing Hydrogen  Structure of Deposit Surface Comp. the hydrogen content of the de-
current content by method posit decreases to 3.2 at. pct and
of Cr,%  X-ray Electrography XPS the hcp structure disappears again
(Table 1, Row 5).
1 Direct 3.2 bce Cr bce Cr Cr During chromium electrodepo-
texture texture sition at low-frequency pulsed
{111} current (0.1 Hz) with t =t . = 10
sec, the hydrogen content of the
2 f=100Hz 2.3 bcc Cr bcc Cr Cr chromium does not change sig-
sinusoidal texture texture texture nificantly compared with direct-
{111} current plating” The same phase
structure (bcc-chromium) is ob-
3 f=50Hz 31.2 bcc Cr Cr(OH) Cr(OH), tained, therefore, in both cases.
t,,=t; =10 msec CrH, hcp ©., CP CrO,, CP Experiments show that the pres-
ence of a short pausg,jtand spe-
cific ratio of { /t . (the duty cycle)
4 f=1000 Hz 38.6 bce Cr Cr(OH) Cr(OH) are required to obtain the hcp-struc-
t,, =t = 0.5 msec CrH, hcp @, CP  CtO,, CP ture in the standard chromic acid
electrolyte at high temperature.
5 f=95.23Hz 3.2 bce Cr bcc Cr Cr Composition  of the

t,,= 10 msec
t.; = 0.5 msec

Influence  of Current

OnStructure & Surface  Composition

Crystal  Structure  of Electrodeposited Chromium
The influence of non-stationary currents on the phase s
ture of electrolytic chromium were investigatetly the
Institute of Physical Chemistry of the Russian Academ)
Science. Chromium was deposited from the standard Sar|
type electrolyte (250 g/L Cr(and 2.5 g/L HSO)) at 55°C
and 50 A/dM Sinusoidal current obtained by full-wa
rectification of alternating current at 50 Hz (Table 1, Row,
was used for electrolysis, as well as rectangular pu
current at different frequencies (Table 1, Rows 3-5).
structure of electrolytic chromium, composition of the
posit surface and hydrogen content of the chromium
examined. The structure of the chromium deposits was §
ied by X-ray and electronographic methods, and the cor
sition of the chromium surface by XPS. The amount
hydrogen was determined by the method of vacuum-ex
tion at 500°C and residual pressure ofl@m Hg.

It was previously determinétthat bcc chromium (Tabl
1, Row 2) can be obtained using pulsed current with siny
dal waveshape when the duration of the current pulse is 1
and without off time. In this case, the hydrogen content o
deposit is 2.3 at pct, which is 40 percent less than that g
deposits plated by direct current (Table 1, Row 1).

If chromium is deposited with pulsed current when the
times (§ ) and off-times (1) are equal (10 msec, frequency
p/sec), the hydrogen content of the deposit increases to
at. pct (Table 1, Row 3) and hcp structure appears in
deposit simultaneously with the bcc lattice. If the pu

Chromium Surface
Change of the chromium phase
structure by the specified pulse
current regime is accompanied by
a change of state of the metal sur-
face. It can be determined by an electrochemical method, by
recording an oscillogram of the potential transition curve
after the polarizing current is switched off. If, at the deposi-
trtion of bcc chromium, the current is switched off, the poten-
tial (NHE) of the cathode would correspond to that of the
attive chromium (-0.5 V) in 5 x 10sec. In the case of hcp
gehtomium deposition, the electrode potential that would be
reached in the same time span (5% 4¢€x) after switching off
ethe current would correspond to the potential of the passive
2¢hromium (-0.2 V).
Isedrhe X-ray and electronographic analyses of the electro-
Ihetic chromium surface allowed determination of the change
def composition of the surface layer of the deposited hcp
vesteucture. The data presented in Table 1 show that only
statktallic chromium is found on the surface of the deposits
n@ving bece structure (Table 1, Rows 1 and 2). Oxy-hydroxide
aebmpounds of Cr(Ill), Cr(OHrnd CrO, are revealed on the
raeposit surface when both hcp and bec structures are present
in the deposit.

The Cr 2p 3/2 XPS spectra of chromium having different
sprase structures are shown in Fig. 1. The peak of oxy-
Ohwpdroxide Cr(l1l) compounds and the vague peak of metallic
tbleromium reveal the surface of bcc chromium deposited by
f thezct current (Fig. 1a, curve 1). lonic etching of the surface

layer (thickness of the removed layer is 18-20 A, Fig. 1a,
OBurve 2), causes the disappearance of the initial peak of the
50xy-hydroxide Cr(lll) compounds and the appearance of a
Fledr peak of metallic chromium.

the\nother picture is observed in the case of chromium
Isgeposits obtained by pulsed current and having both hcp and

D

current frequency increases to 1000 p/sec, while thed t,
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bcce structures (Table 1, Row 3). Metallic chromium as well
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as oxy-hydroxide Cr(lll) compounds are revealed on

deposit surface before argon etching. After etching off
surface layer of the deposit (thickness of the removed lay
18-20 A, Fig. 1a, curve 2), the metallic chromium pe
becomes clearer, but the peaks gfizand Cr(OH) remain

clear as well. These compounds are still presentin the de
after removal of a surface layer of 100 A (Fig. 1b, curve
although the peaks are not as clear as before. These r
demonstrate that a considerably thicker layer of oxy-hyd
ide Cr(Ill) compounds is present on the surface of chrom
with hcp structure, compared with bcc chromium. It can
supposed, therefore, that a certain connection exists bet
the hcp-chromium stability and thickness of the oxy-hydr
ide Cr(lll) compounds on the chromium surface.

Swbity  of Electolyticaly Deposited  Chromium

thete (500 g/L of CrQand 5 g/L of HSQ), at low temperature
t(®-8 °C), by pulsed current electrolysis (¥ 1 msec and }
eri@ msec) and at current density of 40 Afdiie X-ray study
alf the deposit has actually shotwthat, under these condi-
tions, chromium with single-phase hcp structure has been
pdsjposited i(e., pure chromium hydride). The electron
J)iffractometry has revealed the presence ojOCrand
e€lif®H), compounds. As for the Cr and CrH, it is impos-
osible to state with confidence that they are present on the
wurface othe deposit having single-phase structure. The X-
bay method did not permit discovery of Cr or CrH on the
waanface of single-phase hcp-chromium as well. The Cr 2p 3/
p2-spectra of chromium before (curve 1) and after the ionic
etching for 20 sec (curve 2) and 120 sec (curve 3) are shown
in Fig. 2, which shows that only oxide Cr(lll) compounds
Cr,0, and Cr(OH) are present on the deposit surface both

Hydride & Composition of Its Surface
The results obtained have served for an assumption tha

before and after etching. The peak of metallic chromium or
t@rH, however, does not appear even after five min of etching,

substantially thicker film of oxy-hydroxide Cr(lll) com-when the thickness of the removed layer reached 125 A.
pounds exists on the surface of chromium having single-Neither hydride nor metallic chromium, therefore, which
phase hcp structurd.€., in the case of pure chromiumcould appear as a result of the hydride breakdown in the

hydride). To check this assumption, single-phase chrom
hydride was obtained according to the reported techniq
Proskurnikov and Krilo#thatis, from concentrated electr

575
Potential, b
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Fig. 4—XPS spectra of the Cr 2p 3/2 line of chromium from vacuum me
before (a) and after (b) cathodic polarization at potential of -0.3 V (NH
in chromic acid electrolyte at 5%: 1 - without ionic etching, 2 & 3 - afte
ionic etching for 20 sec (2) and 80 sec (3).

iyomocess of investigation, are not found on the surface of the
eetdctrolytic chromium hydride. There are two possible expla-
pnations of these results: (1) The nresence of oxv-hvdroxide

Cr,0,
IIII,'_,‘1..CT(OH)3
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Itirig. 5—XPS spectra of the Cr 2p 3/2 line from chromium deposited from a
1Eolution of 250 g/L CrQwith 1-pct HSO, (1), 0.2-pct HSO, (2) and without
H,SQ, (3). Dashed lines - without ionic etching.
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films with thickness up to several hundreds of Angstroms
which masks the hydride on the deposit surface; (2)
absence of CrH compounds in the deposit having an
lattice. In the latter case, it could be supposed that
chromium is the hydroxide Cr(OH)modification that
saturates with hydrogen because of large adsorption cap
of the hydroxide. In this case, the deposit oxygen con
must correspond to Cr(OH)Two different methods: Neu
tron-activation and preparatory gas chromatography u
the melting have demonstrated that the oxygen content ¢
deposit is about one wt pct (0.8 at pct). This is 50 times
than the quantity of oxygen corresponding to Cr(QH)
These data show clearly that the deposits studied ar
chromium hydroxide. The results of the investigation
thermal stability of hcp chromium deposits confirm t
conclusion. The continuous X-ray study at 1Cthas shown

aRdrming & Thickening ~ Conditions

Toke Oxy-hydroxide  Cr(lll) Compounds

harpthe Chromium Surface

HEpe oxy-hydroxide Cr(lll) compound films on the cathode
surface can be of a different thickness, depending on their

afitynation conditions. Films formed as a result of redox

témteraction of a cathode metal with chromic aciel (without

- current applied) are very thfiThey do not mask metallic

ndéromium, contrary to the films formed under cathodic
filmdarization. This can be confirmed by examining the change

legssurface composition of high-purity chromium in chromic
acid solution. Figure 4a demonstrates the Cr 2p 3/2 spectra

e floothe vacuum-melted chromium, which is of higher purity
ahan electrolytic chromium. In this case, the peak of chro-

nimium CFP is revealed clearly, even without ionic etching
(curve 1) despite presence of the oxide, Qo After short-

that hcp chromium is transformed completely into bce chrterm (20 sec) ionic etching (curve 2), the oxide peakXgr

mium in 2.5 hr (Fig. 3), not into chromium hydroxide wi
various structural modificatior?$3! It confirms that the in-
vestigated deposits are the chromium hydride, covered
a layer of oxy-hydroxide compounds.

Presence of the oxy-hydroxide Cr(lll) layer thicker th
100 A, which was found on the surface of the electrolytic
chromium, leads to the following possible conclusions. F
these results explain the stability of the electrolytic ch
mium hydride CrH, compared with that of the hydride
tained by direct synthesis—the latter is unstable under
mal pressure and temperattrépparently, oxy-hydroxide
film of rather large thickness encapsulates the hydride,
venting its breakdown. Second, these results can serve
experimental proof of the fact that CrH formation is the f
stage of chromium electrocrystallization. As the outer 13
of the growing deposit (where the hydrogen evolves) ma
away from the inner deposit layers, hcp chromium dec
poses. This means that bcc chromium obtained under
electrolysis conditions is the product of hcp chromium
composition proceeding during electrolysis, because, u

tidisappears and the chromium peak becomes clearer. Short-
term cathodic polarization of vacuum-melted chromium,
wlhthwever, in chromic acid electrolyte at potential -0.3 V
(NHE) and 55 C results in disappearance of the pronounced
apeak and appearance of a Qs+ Cr(OH),)-phase (Fig. 4b,
hcprve 1). The 20-sec etching of a deposit surface (Fig.4b,
retirve 2) is insufficient for the complete removal of the oxy-
rbydroxide layer. A clear €peak appears only after 80-sec
pketching (Fig. 4b, curve 3).
norThe above data prove that oxy-hydroxide layers masking
the chromium peak are the products of incomplete cathodic
preduction of Cr(VI) ions to Cr(ll1¥+* This reduction pre-
asagies and accompanies the chromium deposition. Products
reif this reaction form the cathode film, which creates condi-
yeons for metal depositioh'° This film consists of a compact
veart (insoluble in the electrolyte) and a liquid part (soluble in
piite electrolyte when the current is switched off). This film
uqeaforms a dual role. On the one hand, it inhibits the easy
desactions: Cr(VI) —> Cr(lll) and H—> H; on the other
htk@nd, it promotes the reduction of chromium ions into metal,

these conditions, the thick film of oxy-hydroxide Cr(lll)which proceeds with participation of the cathode film prod-

compounds does not form.
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The surface investigation of the chromium depo:
its obtained in chromic acid electrolyte with differ-
entconcentrations of }$0,* provides additional proof
of the masking action of oxy-hydroxide Cr(lll) com-
pounds. Figure 5 shows corresponding Cr 2p 3£

240

spectra. It can be seen that, for chromium deposit § 180
from the solution of CrQ+ one-percent t80, ¢

removal (by ionic etching) of a surface layer only 2 -2
Athick leads to disappearance of@yand Cr(OH) E
peaks and to appearance of a clear Cr peak (curve
For chromium deposits obtained from the CrC.=
solution with lower concentration of,HO, (0.2%),
removing even as much as 500 A of the surface lay
(curve 2) does not lead to appearance of a clear '_?':_L
peak, but reveals only a small plateau. In the case
electrodeposition from chromic acid solution with
out H,SO, (curve 3), when only “black” chromium
is deposited, ionic etching of the deposit surfac
does not reveal the presence of Even after re-
moval of 500 A of the surface layer. These results3o °c,
confirm the influence of sulfate ions on the thickness

&l

gen

(=]
et

of film containing oxy-hydroxide Cr(lll) compounds on the

cathode surface. Obviously, itis connected with formatio
soluble complexes between Cr(lll) and sulfate ions.

Accordingly, formation and changing of the thickness
oxy-hydroxide Cr(lll) film on the cathode surface duri
electrolysis of chromic acid is related to the process
incomplete reduction of Cr(VI) ions and with its rate, whi
depends on electrolysis conditions, including solution ¢
position.

Mechanism of Chromium Hydride Formation

A natural question arises: Why does a compact film of g
hydroxide Cr(lll) compounds on a chromium surface
velop a thickness sufficient for encapsulation of chromi
hydride forming only under specific electrolysis condition
It can be supposed that formation of thick cathode films
to encapsulate CrH results from the change of equilibr
between the rate of Cr(lll)-ion formation and the rate of tf

rl

..... = ; 0,3 5 e

Conc. HCOOH, M

Fig. 7—Influence of formic acid on hydrogen content in chromium deposits. Temp

current density 40 A/t = 0.5 hr.
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&tbnc. HCOOH (M): 1 - 0.02, 2 - 0.03, 3-0.06, 4 - 0.1,

further reduction or transport into solution. From this poin
view, the influence of pulse current can be interprete

L 6f-0.2.
as

follows. During a current pulse, some part of the Cr(l|lyeduction or by transport into solution) also permits under-
hydroxide particles, having a certain orientation, and beistanding of the influence of other factors promoting electro-
part of a compact cathodic film, undergoes reduction |niigtic chromium hydride (CrH) formation, in particular, the
metal. During §,, a process of hydroxide Cr(lll)-particlgsinfluence of organic additives.

reorientation can proceed because of potential change.| This

leads to a decrease of the rate of their further reduction atltiieence
next current pulse and, consequently, to an accumulatiorDefpendence on Additive

of Formic Acid on Structure
Concentration

Cr(l11) hydroxide, and to a thickening of the compact part &formic acid (HCOOH) can serve as an example of an organic
the cathode film, promoting in this way, conservation of frsubstance that promotes production of the electrolytic chro-

initially formed chromium hydride.

mium hydride. As was shown earli@rformic acid allows

The occurrence of current interruptiong)(are, therefore,| formation of hcp chromium structure by d-c electrodeposi-

a necessary condition for chromium hydride formation.

hion at elevated temperature (30) in solutions containing

equilibrium can be re-established, however, and the filmw CrO, concentration (100 g/L). Itis interesting to note that
thickness will not increase if the pulse duration is longer thaimgle-phase hcp chromium structure.( 100 percent CrH)

that of the pause. Not only pause occurrence, but a sp
pulse duty cycle is necessary for obtaining hcp chromi
The analysis of the influence of pulse current parameter
the hcp structure formation proves thag attt . = 10 msec,
the deposit reveals hcp structure (Table 1, Rows 3 and
t; duration is decreased to 0.5 msec, wjtbft10 msec, hcp
structure disappears (Table 1, Row 5).

The assumption of the upset of the equilibrium between

aifio be obtained at a certain concentration of formic acid. As

uthe concentration of formic acid decreases or increases, the

samomium hydride fraction of the deposit diminishes, then
disappears completely.

1). ITo understand the reasons for such specific influence,
particular features of chromium electrodeposition from chro-
mic acid solutions with formic acid additives were studied in
ttine Institute of Physical Chemistry of the Russian Academy

rate of Cr(lll) formation and the rate of its removal (by furth

92

af Science’ The studies were carried out in a solution of 100

PLATI NG & SURFACE FI N SH NG



100

Relative intensity, %

- e _II._ — 1

1.0 1.5
Thickness, A

Fig. 9—Stroke diagrams obtained for chromium deposited without addition of HCOOH (a) and with

seen that for 0.04 M HCOOH,
1 g of Cr contains 200 chof
l i H,, or 0.93 gram-atoms of H
gram-atom of Cr. This ratio
corresponds to the formation
of the hydride, Crl,, The
hydrogen content of chromium
decreases at higher and lower

L ’ 2 concentrations of formic acid

and bcc chromium appears in

i the deposit together with hcp
[ chromium.

N . d Figure 8illustrates the varia-

I tion of hydrogen content of the
chromium, depending on time

t,, for different formic acid

- concentrations in the electro-

| l lyte. Chromium was deposited

for 30 min during 2-3 hr inter-
vals, changing samples every

0.5 hr. When plating with low

I b additive concentration,
samples were changed every

10-20 min, because at longer

deposition time, coating qual-

| ity was poor. Figure 8 shows

h N that the “hydrogen conteng;f

relationship has a clearly de-

2.0 fined maximum ataformic acid
concentration of 0.02-0.06 M
(curves 1-3). The higher the

addition of 0.03 M HCOOH for §,= 0.5 hr (b), 1.5 hr (c), 2.0 h (d), and with addition of 0.1 M HCOOH  concentration of formic acid,

fort,,= 0.5 hr (e) and 1.5 hr (f); thin line - bce Cr, thick line - hep Cr.

Table 2
Influence  of Formic Acid on Curent Peak |

HCOOH Conc. Current Peak Valug, mA/cnt

the longer the duration of in-

crease of hydrogen in the chro-
mium. At HCOOH concentration equal to 0.02
M, therefore, maximum hydrogen content is
reached at,f,= 20 min; for 0.03 M, the maxi-
mum is reached at = 30 min, and at 0.06 M,
the maximum is reached gf t= 60 min. The

M Stationary electrode Rotating electrode maximum hydrogen content of the chromium
rpm increases also, from 164 to 238%per gram
of chromium. For formic acid concentrations
0.0 180 1060 of 0.1 and 0.2, the hydrogen content of the
chromium is substantially lower (100 and 40
0.05 310 970 cm?/g of Cr, accordingly), although these
values are high enough, compared with the
0.44 285 1100 bcc-chromium. Also, the hydrogen content of

g/L CrO,+5g/L H,SO, at 30°C and at 40 A/di Chromium

the chromium increases with,} reaching

approximately the same maximum in 2-3 hr

(i.e., increasing to the level corresponding to
the chromium hydride CrH{,.

was deposited on steel cylinders. As the formic acid wasX-ray studies have shown conformity between change of

oxidized by chromic acid (2}€r,0,, + 9HCOOH + 18H

the hydrogen content of the chromium and the alteration of

—>6Cr+9CQ+20H0), the elapsed time from the momenthe chromium crystal structure with increase gf Figure 9

of the formic acid addition into the electrolytg ftwas taken

shows the stroke diagrams obtained for chromium deposition

into account during experiments. Preliminary work has shpdinom solution without (a) and with (b) addition of 0.03 M of

that regardless of the initial concentration of formic acid,
amount of oxidized additive is about 50 to 60 percent in
hr, although the oxidation rate increases linearly with
increase of formic acid concentration (Fig. 6).

tfiermic acid for {,,= 0.5 hr, (c) 1.5 hr and (d) 2.0 hr. It can be

osieen that the same result is obtained regardless of the x-ray

tlaegles. Addition of formic acid af,} = 0.5 hr leads to
disappearance of bcc chromium reflex lines and to appear-

Figure 7 shows the dependence of the hydrogen conterain€e of the reflex lines of hcp structure, or the chromium
the chromium on the formic acid concentration. These resiiglride. This corresponds to the maximum hydrogen content
were obtained for t = 0.5 hr {.e., chromium was depositgdof chromium. After 1.5 and 2.0 hr of electrolysis, when the

for 0.5 hrimmediately after addition of formic acid). It can
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bcce lines appear and gradually become clearer, whereascti®mium hydride can be formed on the cathode surface after
lines of hcp chromium become weaker. The opposite pigtwgreater time lag.

is observed for chromium deposited from an electrolyte Obviously, change of the thickness and density of a com-
containing 0.1 M HCOOH: At t,= 0.5 hr, the lines of hcp pact-phase cathode film dependent on the formic acid con-
chromium are not clear, but gj,t= 1.5 hr they can be seencentration and_f, must influence the rate of chromium
clearly {.e., in accordance with the increase of hydrogeteposition also. The curves in Fig. 10 show that, depending

content.

The given data show that hcp chromium formation
pends not only on the concentration of formic acid,
previously establishefi,but the elapsed time from the m
ment of formic acid addition to the chromic acid electrol
is a very important factor as well. The higher the concer
tion of the formic acid addition, the longer the timg,
required to obtain single-phase hcp chromium.

Mechanism of Formic Acid Influence

The reason for the specific influence of formic acid
chromium hydride formation during chromium electrode
sition can be easily explained on the basis of the above s
hypothesis on the encapsulation of chromium hydride for
during the initial stage of electrodeposition. Indeed,
formic acid can influence the thickness of a compact-p
part of a cathodic film because of the increase of the am
of oxy-hydroxide Cr(lll) compounds. This looks quite pc
sible for the following reasons. First, the Cr(lll) concen
tion increases because of oxidation of the formic aci
solution. This in turn should delay the transfer of Cr(lll) i
formed on the cathode, into solution, and should increas
Cr(lll) concentration on the cathodic film. Second, the
sumption of Hions during oxidation of the formic acid a
chromic acid electroreduction leads to increase of the
tion pH and particularly to the increase of pH near the cat
surface (pH. For example, within 30 min of electrolysis, t
solution pH increases from 0.09t0 0.14. With0.03MHCO
and after 2.5 hr of electrolysis, itreaches pH 0.27 and re
constant with further electrolysis. This process, together
increase of Cr(lIl) concentration, will promote the format
of Cr(Ill) oxy-hydroxide compounds. Naturally, the incre
of Cr(lll) oxy-hydroxide compounds near the cathode
face increases the thickness of the compact part of the ¢
film because there is not enough time for reduction of Cr
compounds.

Based on the change of influence of formic acid with t
and, in particular, the character of the relationship betw
hydrogen content of the chromium aggddan be interprete
as follows. Apparently, the formation of a sufficiently thi
film (for encapsulation of hydride) of Cr(lll) oxy-hydroxid
compound on the cathode surface requires a certain an
of time. During this time, appropriate changes of the Cr
concentration and pH should occur in the solution g
addition of formic acid. As a result, the maximum hydro
content of chromium is reached aftgy, tbut, as the oxy

hydroxide Cr(lll) film becomes thicker, it becomes more
voluminous and its density is decreased. In turn, looser films

probably have a weaker encapsulating action on the ¢
mium hydride. A portion of the hydride, therefore, decg
poses, the hydrogen content of chromium decreases ar
hcp chromium fraction diminishes.

To understand the reason for the maximum hydrg
content of chromium shifting to longgyf it is necessary t
consider the following. Formic acid is a complexing agent
Cr(lll) and, as a weak acid, it displays buffering propert
If the solution contains high concentration of formic acic
film of the necessary density and thickness to sustair]
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on the {,, the current efficiency actually changes, as well as
d&re hydrogen content of the chromium, which goes through
asaximum, shifting toward longey,jwith increase of formic
oacid concentration. In other words, as the cathode film
ytieecomes thicker, current efficiency increases, and as the film
ttzecomes thinner or looser, current efficiency decreases. As
I was stated earlier, this is connected with the fact that the
cathodic film, on the one hand, inhibits the accompanying
side reactions,.€., hydrogen evolution and incomplete re-
duction of Cr(lll) ions) and, on the other hand, creates
oronditions for chromium deposition.
po- Change of the deposit quality with increasg gsupports
tdtesd above-mentioned view on the role of oxy-hydroxide
mEd(I11) compounds in the process of chromium electrodepo-
tisition. Indeed, at small concentrations of HCOOH, cracking
named peeling of the chromium deposit begins a short time after
othre beginning of electrolysis. Presumably, this is connected
swith a large quantity of oxy-hydroxide Cr(Ill) compounds on
rdhe cathode surface, with loosening of the compact-phase
portion of the cathode film and its inclusion in the deposited
nsetal. This does not happen at high concentrations of formic
#oed, even with prolonged electrolysis, apparently because of
the buffering and complexing properties of the formic acid.
d The change ofthe current maximum of the potentiodynamic
olwltammetric curves confirms the buffering and complexing
aation of formic acid during chromium deposition. It is
&nown that formation of the cathode film, because of varia-
ibn of concentration near the cathode surface, results in
ainsrent decrease as negative potential increases, which leads
tththe appearance of the current maximum on voltammetric
onurves>*+*®Table 2 shows that on the stationary electrode,
sthe peak current valug, lincreases about 1.6-1.7 times with
uthe addition of formic acid. This means that the concentration
haitanges in the solution near the cathode surface become
IBmaller in the presence of formic acid. The values of the peak
current obtained on a rotating electrode in solutions with and
me
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without formic acid addition are almost the same, meaning ti& M.A. Shluger,Uskorenie i usovershenstvovanie
the influence of formic acid vanishes when there are no concen-chromirovaniya detalei mashiioskva, Mashgiz, 1961;

tration changes in the solution near the cathode surface.

p. 16.

In this case, clearly, an accumulation of formic acid oxidatidrY. J.P. Hoare]. Electrochem. Socl26, 190 (1979); 130,
products does not occur because of the short times necessary td475 (1983).
obtain potentiodynamic voltammograms. Under these candl8. J.P. Hoarelectrochim Acta, 27, 1751 (1982).

tions, the influence of HCOOH on the concentration cha
prevails in the near-cathode liquid film. These changes @
even inthe absence of formic acid, but not to such an ex
as to cause formation of hcp chromium structure.
Study of the influence of formic acid on the process
chromium electrodeposition has shown that formation of
hcp structure is mainly a result of chemical oxidation
formic acid by the chromic acid. This process increases
Cr(lll) concentration in the solution and decreases its aci
These changes promote increase of Cr(lll)- and-iOR
concentrations in the near-cathode-surface liquid film du
electrolysis. As a result, the rate of formation of oxy-hydr|
ide Cr(Ill) compounds on the cathode surface increg
Because the rate of their further reduction to metallic ¢
mium does not change, the compact-phase portion o
cathode film becomes thicker. This leads to accumulatig
chromium hydride, or hcp structure, which is the first stag
chromium electrocrystallization.

Editor's note: Manuscript received, July 1996; revisig
received, September 1997. Thanks are due Dr. N.V. Mar

for constructive suggestions concerning the manuscript.
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