Hardness and Structure
From a Nickel

of

By V.B. Singh an

The influence of various factors, such as current density
bath and annealing temperatures, on microhardness o
electrodeposited nickel from a nickel sulfamate-

formamide bath was investigated. Bright, adherent, fine-
grained and almost defect-free nickel deposits with modr

erately high hardness were obtained at 56C and a
current density of 0.6 A/dnt. The microhardness of the

nickel deposits decreased with an increase in annealin

temperature. The effect of annealing at various tempera

tures on structure of the deposits was also studied. Re¢-

crystallization of grains and grain growth in the deposits

were clearly observed at high annealing temperatures.

The structural and crystallographic features of the de-
posits were examined by SEM, TEM and X-ray diffrac-

tion studies. Hydrogen content of the deposits was als
determined. The structure and hardness showed correla

tion with hydrogen content in the deposits.

Electrodeposition of metals from aqueous solutions is
ited by the discharge potential of hydrogen. Conseque
the main impetus for electrodeposition studies in non-a
ous solvents is the need to obtain electrodeposits of m
that have a more electronegative discharge potential
hydrogen. In electrodeposition from aqueous media, hy

gen evolution reduces the efficiency of deposition of me

and affects the hardness, ductility, brittleness, and mi
structure of the deposits. It has been established that 3
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Bath Compositon and Conditions

Parameters Values
Nickel sulfamate, Ni(SQNH,), - 2HO ......... 0.4M
BOriC acCid ........cccuuiiiiiiiiieeiee 0.2M
Current density ........ccveeeeieeeeiiieesiieeeeennes 0.4-2 A/ldm
g Bath temperature ................ccocccciiiiiiniieee 20€30
Duration of electrolysis..............cccoeccicnvvninnnns 30 min
AGITALION ... none
Cathode current efficiency .........ccccceeeeeiinnne 84-93%
Thickness of deposits ........cceveeeveeeeeeeennnnn. 3.1-ufin5

sition of metals from non-aqueous bathseemed promis-
oing, and indeed proved quite responsive, emerging as a good
| alternative to aqueous solutions.

Many investigators have discussed the role of hydrogen in

the structure and properties of electrodepdsithe effects
irgf hydrogen inclusion in nickel deposits have aroused much
niljterest. The possibility of a high rate of deposition and
ydermation of a deposit with low internal stress and high
chagdness are some advantages offered through use of a
tiigkel sulfamate electrolyte. Because of this, a systematic
gipgvestigation of electrodeposition of nickel from a non-
ta@agueous solvent (formamide) was undertaken. The physical
cRyoperties and structure of the deposits were studied under
svaéous experimental conditions for the effects of hydrogen.

amount of hydrogen codeposited with the coating decreases,

microhardness is loweréd.Hydrogen codeposition caus
displacement of metal atoms from their normal sites, anc
resulting crystal lattice distortions give rise to a series
physico-mechanical property changes, as well as to
structure of the deposit. The larger size and different ng
of the organic solvent molecules offer a variety of

solvation probabilities; the deposits may have some

different and desirable mechanical properties compared

sdExperimental  Procedure

| tHee same procedures were followed as described in earlier
s work.® Typical bath compositions and conditions are givenin
the table. The plating solution was prepared by dissolving the
tigguired amounts of nickel sulfamate and boric acid in
opurified formamide. A glass cell containing 250 mL of the
@fating solution was used for deposition. A mechanically
wpelished, scratch-free rectangular copper sheet (2 x 1 x 0.01

deposits from aqueous systems. Consequently, electrogéjip) degreased and pickled, was used as a cathode by placing
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Fig. 1—Variation with current density of hydrogen content of deposit}
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Fig. 2—Effect of current density on microhardness (0.4 M nickel sulfamate
and 0.2 M boric acid).
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Fig. 3—e—- Variation of microhardness with bath temperature (0.4
Nickel sulfamate, 0.2 M boric acid and CD 0.6 A7Jdm—o annealing
temperature (for deposits obtained at € Temperature scale is x 10 fq
dotted line curve).

it between two parallel pieces of sulfur-depolarized elec
Iytic nickel anodes. The interelectrode distance was 2 cnj
the cell was thermostatically controlled.

All experiments were performed without agitation and
30 min duration. The microhardness tests of the def
surfaces were performed using a microhardness tester \
136-degree Vickers diamond pyramid indenter and 2
load. Each hardness value in this report is the averag
several measurements. The nickel-plated specimens
vacuum-sealed in a glass tube and annealed at various
peratures 200 to 80%TC for two hr, then allowed to cog
slowly to room temperature. The specimens for the T
studies were prepared by thinning the as-deposited nick
electropolishing, as reported earfi&icrostructure of nickel
deposits was examined using SEM and TEM; X-ray diffr
tion used Culé radiation and accelerating voltages of 10,
and 100 kV at 20 mA. Hydrogen content was determine
the hot extraction method.

Results and Discussion

Hydrogen Determination

It was found that the hydrogen content of the nickel dep
increased with increasing current density (Fig. 1). Hydro
codeposition at optimum current density (0.6 Affimas
0.7163 cr¥100 g, but 1.2591 c#100 g at the high curren
density of 1.8 A/drh The amount of hydrogen inclusion w
observed to be very low, compared with a reported aqu
bath!! It is known that crystal defects increase with incre
ing hydrogen content, but codeposition in these studies
low, therefore its effects on crystal growth, physico-n
chanical properties and deposit structure were expected
minimal.

Effect of Cument
Temperature

Bright, adherent and fine-grained deposits, free of pits
cracks were obtained at 3G and current density of 0.6 A

Density, Bath and Annealing

dn?. Microhardness was found to increase regularly frothoughtto be respon- i

555 to 660 DPH with increase in current density (Fig.

Such increase is attributed to progressive grain refinemesgposits. A remark- |

this trend being similar to that usually reported in the lite
ture, 1213

some extent. It can be seen from Fig. 3 that with increasing
bath temperature, microhardness increases up’0 §fom
553 to 622 DPH) and declines thereafter to 543 &30t
appears that 50C is the most suitable temperature for
obtaining hard deposits (622 DPH), because conditions are
favorable for formation of basic colloidal hydroxide, which
may yield harder deposits.
The influence of the annealing temperature (200 t6¢800
on microhardness of the as-deposited nickel, obtained under
optimum conditions, was investigated. The results are shown
in Fig. 3. Measurements showed more or less continuous
decrease as the annealing temperature increased. Different
temperature ranges revealed different magnitudes of varia-
tion; for example, the decrease in hardness in the range of 400
to 600°C is more significant than in the lower and higher
¥anges. Such trends can be considered as indications of the
occurrence of different physical phenomena in these ranges.
Itis likely that the deposits in the lower range resulted in relief
of internal microstresses that may have existed in the deposits
trbecause of cold working.
and he deposits became increasingly softer and more ductile
with elevated temperature. This may be ascribed mainly to
foecrystallization and partly to escape of some occluded hy-
atibgen. During recrystallization, new grains form and re-
vihdaial stress is practically eliminated; therefore, considerable
5dgcrease in hardness could be observed between 400 and 600
€©f Above 60CC, because grain growth appears complete,
weegling to abnormal growth, there is a relatively slow de-
ter@ase in hardness. Such variation with annealing tempera-
Iture has been reported earlier for nickel deposits from both
Edfjlueou¥ and non-aqueotfssolutions.
el by
SEMStudies )
a&EM studies showed [EFE
Bfhe formation of fine- &4
d gyained deposits
with nearly lamellar &
structure that were §
produced at 50C g
and current density £
qifs0.6 A/dnt, as is i
gemident from the mi-
crograph of Fig. 4a.
tNakahara and gl
a$eldet reportedthat &
cguslusion of basic
aselloidal salts influ- k&S
veaees the micro- g
nstructure of elec- #EE
torbdeposited nickel FiEg
and that these inclu-
sions are likely to be

trapped  during
growth steps in film
afmtmation. Inhibi-

/tion of growth is

Xible for fine-grained

rable alteration in the Fig. 4—SEM micrographs of electrodepos-
microstructure of the ited nickel: (a) deposits obtained under opti-

Physico-mechanical properties are also affected by
nature of the solvent used for electrolysis. The protic n

; _ mum conditions (0.4 M nickel sulfamate, 0.2
Weposits was ob- o id. Cb 0.6 Aldfat 50°C): (b) & (©)

wwerved when sub- deposits obtained under optimum conditions

of formamide probably allows a layer of nickel to contaijected to annealing; and subjected to annealing temperature at
hydrogen as a hydride, which also contributes to hardnesgite characteristic 400°C (b) and 800°C (c), respectively.
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a . = outlined V and around V. They may
K Lu base E contain hydrogen and could be an
CD 2.0 A/idm* | internal source of stress. Another
B | K microstructural feature can be identi-
= § [ fied (Fig. 5b) by two grains, indicated
r H [ around A and C and the grain bound-
' | ary BB. Another feature of the de-
JL ) J| ..J positis that it is in the form of ellipti-
cal precipitates, two of which are
marked by E and'EThese precipi-
tates and voids have been reported to
| play a significant role in modifying

Hi (220}

. CD 0.6 A/dm*

Relative intensity
=

e the annealing characteristiésThe
2 ‘ overall interpretation for Figs. 5a-b is
that the deposits are free of any type
' L\l of dislocations, twinning and stack-
MH’J ing faults. Such faults have been re-
L ported, however, for electrodeposits,
260 (Cu Ko 43 from aqueous sulfamate solutions,
that also exhibited preferred orienta-
tion under certain conditiort$*¥The
~ development of crystal defects such

:1 _1‘:-:' Hi {220
[I__

(on

X; Cu base

as dislocations and twins may result
from the formation and subsequent
# coalescence of crystallites. These de-
| | fects determine the mechanical prop-
| | | | | ertie_s. _
|. I | | | Figure 5c corresponds to a ring
W diffraction pattern. The firsttwo lines
20 (Cu K 2 represent electron diffraction, show-
Fig. 6—X-ray diffraction patterns of as-deposited nickelIng the. pOchrySta”me .nature of the
film at different current densities: (a) before annealing; (b)depOS't' The first two |IﬂeS_ outward
after annealing at 80 only at optimum current density. from the origin have the indices [111]
and [200]. The next (third) line has
features can be identj-the index [220]. As can be seen in the third diffraction ring,
fied from the SEM mi-| the pattern does not represent complete randomization of the
crographs (Figs. 4b-c).| crystallites, but shows a rather discontinuous nature. These
Distinct change in the features suggest texturing of the nickel grain. It can be seen
Fig. 5—TEM micrographs of electrode- Microstructure is not not that the texturing feature has also been outlined in the micro-
posited nickel: (a) & (b) bright field im- ticeable when annealedstructural pattern of Fig. 5a. Here, slowly varying contrast
age, CD 0.6 A/d#n (c) & (d) SAD pat- gt 200°C, but at 306C, | between neighboring grains suggests texturing of the grain.
tern, CD 0.6 Aldfh definite change can be Figure 5d shows SAD from a single grain. In this case, the
observed. The fine cells spots are arranged on a nearly rectangular grid. The index of
grow to well-shaped subgrains; also, large numbers of recrire spot corresponding to the longer side is [220], that of the
tallized nuclei grow rapidly. At 40TC, the structural featuresshorter side is [002]. The similar SAD patterns obtained from
reveal that the deposits are almost recrystallized with hgnm@ighboring grains suggest that the preferred orientation is
geneous equiaxed grains (Fig. 4b). The recrystallizatiatong <120>. The broad microstructural characteristics emerg-
process appears complete at 800 but was followed byl ing are representative of a typical fcc lattice of nickel and
abnormal grain growth at 700 and 80D (Fig. 4c). This| preferred orientation of the grain in this system.
figure clearly indicates the presence of pores along the graitX-ray diffraction analysis of the as-deposited nickel at
boundaries. These pores may have developed as a resutifédrent current densities indicates the development of a
escaping hydrogen, or from any other non-metallic inclusistight preferred orientation of grains along [220] at the
upon annealing. optimum current density of 0.6 A/dmalso at 2 A/dr
(selected patterns only, shown in Fig. 6a). This can be
TEMand X-ray Diffraction Studies observed from the intensity of the Ni [220] plane, which is
Electropolished specimens of the as-deposited nickel,| astightly higher than that of the Ni [200] plane at both current
tained under optimum conditions, were subjected to TEd&nsities. According to the standard intensity ratio, the inten-
inspection for microstructural and crystallographic charasty of the Ni [220] plane must be lower than that of the [200]
teristics. Figures 5a-b and 5c¢c-d are the TEM microgrgppiane. The fcc structure of the nickel deposits was confirmed
representing the bright field image and selected area diffrag-X-ray diffraction, which yielded the lattice constant 3.325
tion (SAD) patterns of the deposits, respectively. Figure Bain close agreement with the literature.
represents the grain distinguished from the diffraction arqundDefects and texture formation in nickel deposits are com-
A and B. The slowly varying contrast throughout the redgianonly observed in deposition from aqueous solutibifs,
suggests grain texturing with preferred orientation. The r@ad they are significantly affected by the plating conditions.
gion of the deposit contains several voids; a typical voidFseferred orientation is considered the result of slow growth

Intensity
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of crystalline facets because of inhibition; adsorption
hydrogen or other foreign materials can modify the gro

rate. Preferred orientation is known to become increasind!

predominant in nickel deposits as the current density
creases, and as texture formation influences the bright
electrical contact resistance and corrosion resistdnge
change in preferred orientation in nickel deposits from
[100] plane to [210], with increased hydrogen permeat
with increasing current density, has been repdftéuthe
present bath, the nature, physical properties and structy
the deposits suggest that the inhibiting effect caused eith
hydrogen or other species, does not appear dominant
cause the deposits are almost free of defects.

The X-ray diffraction studies, after annealing at 8Q0
(Fig. 6b), revealed that there was only minor rearranger
in the microstructure. The deposit, which was slightly

ented preferentially along the Ni [220] plane (Fig. 6a) pri

to annealing, became randomly oriented along the g
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plane after annealing. Such minor structural rearrangems in corrosion studies and electrodeposi-

may be attributed to the probable escape of hydrogen al
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Conclusions
An overall examination of the experimental results indica
that the organic, non-aqueous bath may find applicatior
producing bright, adherent, moderately hard, fine-grair
and almost defect-free nickel deposits. In this study,
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hardness of the deposits decreased with increasing annedi@igers on electrodeposition of nickel.

temperature. X-ray diffraction revealed only a slight p
ferred orientation in the nickel deposits, which are rando

re-
mly

oriented when subjected to high annealing temperature
results also reveal that hydrogen inclusion and its conseg
structural implications can be effectively prevented if de
sition is from a non-aqueous bath.
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