Morphology and Compo

sition of Electrodeposited

Zinc-Manganese Alloys

By M. Eyraud, A. Garnier, F. Mazeron and J. Crousier

The influence of plating conditions on the morphology
and composition of electrodeposited Zn-Mn alloys was
studied. The manganese content depends on the
composition, the pH, the temperature and the stirring
of the bath. It also depends on the current density useg
to prepare the deposits. The morphology was observed
by scanning electron microscopy, and the manganese
content was determined by energy dispersive X-ray
analysis. The structure was determined by X-ray
diffraction. A 12 a/o (atomic percent) Mn alloy was
compared with an alloy of the same composition
prepared by melting. They showed the same
diffractogram.

The literature contains few results on electrocrystalliza
of zinc-manganese alloys. The findings lack precision

are even contradictory. The only common parameter is
components of the baths, which are Zn&@l MnSQin Na-

citrate, as complexing agent, to bring the deposition pg
tials closei The composition of the bath varied over a la
range of concentratiof?ZnSQ from 0.03t0 0.31 M; MnSO
from 0.09 to 0.36 M; Na-citrate from 0.2 to 0.8 M. Plati
was done at room temperattiog at 50°C.2® The pH was
between 5 and 6. The manganese content of the dg
ranged from 5to 100 a/o0. Deposits containing 50 to 55 a/q
were obtained with current densities from 17 to 80 mA/
from non-stirred solutions.Other authors, using curre
densities from 15 to 80 mA/cpclaimed Mn content up t
100 a/c®With turbulent flow, itis possible to use high currg
densitieg* In this case, the Mn content increased with
applied current up to 300 mA/énthen at higher current
decreased and the deposits showed poor quality. The
content of the deposits also decreased with citrate conce
tion in the bath?3® An increase in the Mn content of th

aging has also been studigtAt 50°C, the bath precipitated

20 days later. Precipitation did not occur when bath pH was
higher than 5.4. During the plating, oxidation of manganese
species took place on the anode, but addition of zinc powder
in the bath allowed Mn(lll)-citrate to be reduced to Mn(ll)-
citrate?*

The goal of this study was to prepare Zn-Mn deposits from
the citrate bath described in the literature, and to test whether
it is possible to use this type of bath to prepare coatings. This
study describes the morphology and the composition of Zn-
Mn alloys obtained by changing the composition, pH and
temperature of the bath, and the applied current density.

Experimental Procedure
ieposit Preparation
aBdectrocrystallization of Zn-Mn binary alloys was conducted
thre cold-rolled low-carbon steel strip (0.28% Mn) substrates,
having an active surface area of 4.5%cfhe counter-
terlectrode was a gold sheet and all the potentials were reported
owith respect to a saturated calomel electrode. The pretreat-
ment procedure applied to the steel strips before each depo-
ngition consisted of the following sequence:
(1) cleaning of the surface with trichloroethylene, and
pasging with water; (2) immersing the sample in a 30-percent
Mydrochloric acid bath for 5 min and rinsing with water; (3)
crpolishing on automatic apparatus with emery paper down to
nt1200 grit; (4) cleaning in an ultrasonic bath.
b Steps (3) and (4) were performed just before the
rtlectrocrystallization experiments.
the Plating baths were composed of ZnSMnSQO, and so-
s dium citrate. To study a large range of bath compositions and
> phh, several solutions were prepared in which zinc content
nteanained constant (0.24 M) and the manganese content was
evaried from 0.12 M to 0.50 M. Bath formulations are indi-

deposit caused a decrease in the current efficiency. Add
of telluric acid or selenic acid increased the Mn con
without decreasing current efficiengyInfluence of bat
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h| crocomputer system.

itmated before the corresponding experiments. The apparatus
eabnsisted of a potentiostat/galvandgstBiar 273) and a mi-
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Fi-g. 1—Morphology of deposit from
MnSO,. Current density, 20 mA/cm2,
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Fig. 3—Manganese contentvs. current density
for freshly prepared solution and after two
months’ aging.
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Fig. 4—Manganese in deposit: 30 a/o; 0.30 M
MnSO, solution; current density, 25 mA/cm2.

P e

Coating Analysis and Characterization

Surface morphology was examined by optical and scan
electron microscopes (SEM). Chemical analysis of the

face was performed by energy dispersive X-ray anal
(EDAX). To verify the validity of the results obtained &
EDAX, some analyses were performed by aton
absorption spectroscopy (AAS) after dissolving the coatir
The table shows a comparison of the a/o Mn obtained by
two methods for five samples prepared under the s
experimental conditions. The results are similar and, bec
EDAX is easier and faster than atomic adsorption analy
all compositions were determined by EDAX.

The thickness of the deposits was estimated by weig
the steel strips before and after coating. Comparison with
thickness, determined by Faraday’s law from the cha
provided, made it possible to determine current efficien
Structural analyses were performed using an X-
diffractometer’. (D 5000 Siemens)

Results

From a Bath Containing 0.24 M ZnSO,, 0.12 M
MnSO, and 0.61 M Mn-citrate, pH 6.1

Deposits were made galvanostatically for currents from 2
40 mA/cnt, and potentiostatically at-1800 mV. The bath w
stirred or not stirred; the temperature was from room t
perature to 50C. Whatever the deposition conditions, d
posits analyzed by EDAX showed no manganese con
Analyses performed by AAS gave 0.28 percent Mn, wh
is, as indicated earlier, the manganese content of the
substrate. For the smallest currents, the morphology o
coatings took the form of hexagonal plates, characterist

Fig. 5—Manganese in deposit: 35 a/o; 0.30 M
MnSO, solution; current density, 35 mA/cm2,

W

Fig. 6—Cross section of 10-um-thick deposit
from 0.30 M MnSO solution; current density, 15
ma/CMz.

From a Bath Richer in Manganese (0.30 M MnSO,)
hifvg will be seen later, this bath made it possible to obtain
sdeposits containing a noticeable percentage of manganese.
ygibe bath was first tested for its stability. Two series of tests
wvere conducted under currents from 15 to 50 mA/drhe
nfast series (1) was performed with the freshly prepared bath
@d the second series (2) after two months’ aging. The results
Hre reported in Fig. 2, which shows current efficiency as a
afoaction of current densityj, and in Fig. 3, which shows
aunsEnganese content as a function dhe current efficiency
giecreases with the applied current density; also with solution
aging. On the other hand, the manganese content increases
himigh j and with bath aging. The applied current was divided
#raong three reactions: Reduction of zinc and manganese
rgations, and hydrogen evolution,, =], + jy, * iz, The
dyinetics of hydrogen evolution was determined on bulk
ralyanganese and zinc in sodium citrate solution without reduc-
ible cations. For a potential of 1.8 V, the current density was
5 mA/cn? for zinc and 42 mA/cifor manganese. These
values indicate that the presence of manganese increased the
part of the current consumed by hydrogen evolution; this,
therefore, explains the decrease in current efficiency. Some
Oetothors have indicated that the pH of the solution is a
gsarameter of first importance for bath agimgddition of
eginc powder in the solution may also slow the aging. An
endustrial bath should therefore test zinc and manganese
ariode efficiency.
ich
steel

the
dfodel 273, EG&G Princeton Applied Research, Princeton, NJ

a

O

apure zinc deposit (Fig. 1). For the highest currents, dend
were observed above the plates.
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Fig. 7—Lower part of steel su'bstrate; 0.30 M

MnSO,, current density, 35 mA/cmz. MnSO,, current density
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Fig. 8—Upper part of steel subtrate;

Mgdel D 5000, Siemens, Germany
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Fig. 9—Current efficiency vs. current density

, 35 mA/cmz2. for stirred and unstirred baths.
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Fig. 10—Manganese content vs. current den-
sity for stirred and unstirred baths.

As seenin Fig. 3, the manganese content in deposits \
from 23 to 46 a/o. Manganese in the deposit can be det
by optical microscope, because as soon as avery low pe
age of manganese is present in the deposit, the hexa
plate structure characteristic of pure zinc deposits disapj
and the morphology becomes nodular (Figs. 4 and 5).
size of the nodules decreased when the applied cu
increased. Because of low current efficiency, the dep

were thin: um forj = 25 mA/cni (the deposit in Fig. 4) and

2.5um forj = 35 mA/cni (the deposit in Fig. 5). A thicke
deposit (1um) was made with 15 mA/cnThe cross sectio
(Fig. 6) shows a structure composed of two layers; the |
of about 4um near the substrate was porous and the {op 3
layer was compact. The X-ray map shows good distriby
for manganese and zinc and no variation of the mangs
and zinc content through the two layers. The bath contai
0.3 M MnSQ made it possible to obtain a significant amo
of manganese in the deposit. Accordingly, this bath was
to study the influence of the various plating parameters o
characteristics of the deposits.

Influence of the Different Stages

Of Bath Preparation

Because the cations are not free but complexed, it ap
possible to observe a competition between the species
complexed. The preceding bath (0.30 M Mnb®Was pre-
pared in the following stages:

1. Preparation of the Mn§@olution;
2. Addition of ZnSQ
3. Addition of Na citrate.

Current density, mA/cm 2

Fig. 11—Current efficiency vs. current density
for various values of pH.
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Fig. 12—Manganese content vs. current den-
sity for various values of pH.

afedne authors used the following stages:

ected

rcéntPreparation of separate solutions of Zp9@nNSQO, and
gona&ja-citrate;

heardixing of zinc and citrate solutions;

TheAddition of the MnSQsolution 8 hr later.

r

t . .
Hydath with the same composition as the bath above (0.30 M

r
%%)SOA) was prepared using this last sequence. Whatever the
pcurrent, with or without stirring, the deposit contained no

|, manganese. This experiment shows that the sequence of the
a%@ges is of first importance. Therefore, the baths used to

_study the influence of the other parameters were prepared

tigging the first sequence.

ne -
hi Fuence of Stirring
LA experiment was performed using a bath stirred with a

L, dpaanet, at 35 mA/ctnThe substrate was immersed verti-
L Gally in the bath, and the part near the stirring magnet was
coated with a deposited layer thicker than that obtained on the
upper part. The micrograph in Fig. 7, which illustrates the
lower part, shows irregular nodules larger than the ones
obtained from a non-stirred solution. The micrograph in Fig.
by ghows the smaller and regular nodules obtained on the
tdipeer part. EDAX of the coating shows that the thicker
depositis less rich in Mn (10 %) than the deposit on the upper
part (21%).

Figures 9 and 10 show the relation between the applied
current and the current efficiency and the Mn content, respec-
tively, for stirred and non-stirred baths. Stirring increased the
current efficiency and decreased the Mn content. That is in
accordance with the thick manganese-poor deposit obtained
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Fig. 13—Current efficiency vs. current density
for various concentrations of Mn.
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Current density, mAlcm 2

Fig. 14—Manganese content vs. current den-
sity for various concentrations of Mn.
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Fig. 15—Cross section of a deposit from 0.30 M
MnSO, at 30 mA/cm?.
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Fig. 16—Cross section of a deposit from 0.35 M

MnSO, at 20 mA/cm?. Fig. 17—Current efficie

at 25 and 50 °C.

Effect of pH
To study a large variation of pH, two baths were prepare
pH 3 and 9. The solutions precipitated after 12 hr; the

bath as pink species covering the walls of the cell, which

be Mn-citrate’ the alkaline bath as dark brown speci
which may be manganese dioxide. This result is of con
because it indicates that the pH range that can be used i
narrow. The effect of pH was therefore studied betweer
and 6.3. The results obtained for currents from 15 to 60

cn? are shown in Figs. 11 and 12. The graphs show tha
pH is of first importance, and show the strong effect
variations of about 0.2 pH unit. The current efficiency

creased when the applied current increased and when tk
increased. The graph in Fig. 12 shows that high pH incre
the Mn content.

Influence of Higher Mn Content

Baths containing the same amount of Zn&@d MnSQ,

from 0.30 to 0.50 M, were prepared. The results are repc
in Figs. 13 and 14. The bath containing 0.50 M Mp9
possessed very low current efficiency (2 %), but the

Current density, mA/lcm 2

80
Current density, mA/cm 2
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ncy vs. current density  Fig. 18—Manganese content vs. current den-

sity at 25 and 50 °C.

Figures 15 and 16 show cross sections of two deposits
dodtained from the 0.30 M Mn bath at 30 mAf@and from the
a€iB5 M bath at 20 mA/ctnTheir thicknesses were 12 and 11
miamn, respectively. The depositillustrated in the micrograph of
e&ig. 15is columnar, consequently porous, with Mn content of
c&@®a/o. This deposit can be compared with the deposit in Fig.
5 Beprepared from the same bath, but with a larger current. The
Blé&posit in Fig. 16 is smooth and compact and contains 27
melb Mn, which is very close to the manganese content of the
t ttber deposit. The current efficiencies were also similar.
@fomparison of the two deposits shows that the structure was
deletermined not only by the amount of manganese in the bath,
néopHalso by the current density.
ased
Influence of Bath Temperature
The results from the solution containing 0.30 M Mn&&e
shown in Figs. 17 and 18. The current efficiency increased
with temperature, but the manganese content decreased. The
yrieckease in temperature resulted in increase of the limiting
5@urrent and allowed well-crystallized deposits to be obtained
Mar currents that gave powdered deposits at room tempera-

content was about 94 a/o. For currents higher than 25

Allee.

steep increase in manganese content was observed (Fig. 14).

For this solution, containing the largest amount of mangapeseay Diffraction

(0.5 M), manganese content in the deposit increased shakfplyen an alloy has been obtained by electrocrystallization, a
for current densities from 30 mA upward, but concomitantlguestion arises; is the deposit an alloy (mono or polyphased)

the current efficiencies were very low.

or the juxtaposition of pure zinc and manganese crystallites?
To answer this important question, X-
ray diffraction analysis was conducted
on an electrodeposited Zn-Mn alloy.

electrodeposited Zn-Mn + JCPDS

322

Counts

For comparison, the analysis was also
conducted on a Zn-Mn alloy prepared
by melting pure zinc and manganese to
obtain a bulk alloy with similar compo-
sition. In both cases, the manganese
content was determined by AAS and
was 12 a/o manganese. Figure 19 shows

data for pure Zn

a-

the diffractogram of electrodeposited

322

Counts

electrodeposited Zn-Mn + JCPDS data for  f3Zn

Zn-Mn. The pattern for pure zinc (Fig.
I9a) and that for pure manganese (Fig.
I19b) were superimposed. Comparison
shows that the deposit does not contain
a pure zinc or manganese phase, except
perhaps #Mn phase. The equilibrium
phase diagraff indicates a ZpMn,,

e

26

Fig. 19—Diffractogram patterns for electrodeposited Zn-Mn alloy: (a) pure Zn; (b) Mn.
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compound at thé, phase boundary;
therefore, two possibilities exist: a
biphase compound, +y,, having a
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lowy, phase content, or onlyaphase. !
It is likely that the alloy corresponds to
the 6, phase. Inasmuch as there is no
Zn-Mn pattern available in the JCPDS
(Joint Committee on Powder Diffrac-
tion Standards) file, various structures
were simulated and the best fit was
obtained for ZpFe, which is
isostructural to thed, phase of the
Zn,Mn,,compound?Figure 20 shows
the comparison with the pattern for
Zn Fe. The shift of the rays is a result of .
the difference of the lattice constants. Y
Variations in the relative heights of the '
diffraction peaks suggest preferential '

322

Counts

electrodeposited Zn-Mn + JCPDS data for pure Zn  _Fe

. . . 3 i
orientations of the growing crystallites.
Figure 21 is acomparison between elec-

26

trodeposﬁed andbulkZn-Mn a||0y SPEC- rig. 20—Diffractogram patterns for electrodeposited Zn-Mn alloy and pure Zn Fe.

tra. The spectra are similar, except for
some rays in the powder spectra that
could not be identified. The pattern for

ZnFe is also superimposed.

Conclusions |
Fromthe 0.24 M ZnSQ0.18M MnSQ i
solution, whatever the current density,
the pH, the temperature, and the stir-
ring, the deposits contained no manga-

nese. Baths containing 0.30 M (or more)

MnSO, made it possible to obtain a
significant manganese content in the
deposits, but the current efficiency was
low. Improvements in current efficiency !
were obtained by either stirring the bath, . e |
or decreasmg the manganese content,2 C
or using baths at pH 5.7-5.9 at T0. T
The important effect of the pH, which
must be between 5.7 and 6.3, rules out
the use of this bath to prepare industriakg,
coatings. Another difficult task is that

an increase in manganese content was
always obtained to the detriment of

Counts

current efficiency. In industrial plants, close control of clur-
rent density on the whole substrate is not feasible; acqor@- M. Sagiyama, T. Urakawa, T. Adaniya, T. Hara and Y.
ingly, it is impossible to obtain regular Mn content in the
coating. Work is in progress to prepare Zn-Mn alloys from
baths without citrate, which should not be so strongly deper3. M. Sagiyama, T. Urakawa, T. Adaniya, T. Hara and Y.

dent on parameter values.

1
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21—Diffractogram for Zn-Mn Alloys: (a) electrodeposited; (b) bulk.

Fukuda,AESF Fifth Continuous Strip Plating Sympo-
sium,Dearborn, Ml (1987).

Fukuda,Plat. and Surf. Fin.74, 77 (Nov., 1987).

X-ray analysis shows that the 12 a/o Mn deposit hag the H. Yoshikawa, H. Iwata, T. Urakawa and M. Sagiyama,
same structure as the alloy of the same composition prepared Proc. Int’l Conf. on Zinc and Zinc Alloy Coated Steel

by melting. From simulation of various structures, it
shown that the 12 a/o Mn alloy is isostructural withFn

as

SheetThe Iron and Steel Institute of Japan, Galvanatech,
59 (1989).

Experiments are in progress to study the corrosion resis ange T. Urakawa, Y. Sugimoto, M. Sagiyamaand T. Watanabe,

of various zinc-manganese alloys in relation to their ma
nese content.
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