Technical Article

46

‘ 46-49 46

Ni-W Alloy Electrodeposition
From a Bath Containing an Organic Amine
Substitute for Inorganic Ammonia

by Yiyong Wu,” Do-Yon Chang, Sik-Chol Kwon & Dongsoo Kim

In this work, a simple organic amine, glycine, was
used as a substitute for inorganic ammonia salts or
free ammonia, which are generally used in nickel-
tungsten (Ni-W) alloy electrodeposition. The results
indicated that glycine was more effective in increas-
ing deposition efficiency. However, it also reduced the
tungsten content, when compared with results from
inorganic ammonia systems, all other plating param-
eters being the same. Therefore—glycine functioned
similarly. Glycine however, forms a stronger complex
with nickel ions than does NH, and it has a completely
different hydrolysis mode. Thus the deposition behav-
ior from a solution containing glycine was somewhat
different. Accordingly, we studied the effects of bath
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Fig. 1—Tungsten content and deposition efficiency as a
function of sodium tungstate concentration in the solution.
m, amW and e, amC.E. indicate the tungsten content of the
deposit and the current efficiency in the bath with glycine,
respectively; o, basW and o, basC.E. indicate the tungsten
content of the deposit and the current efficiency in the
bath with: 16g/L NiSO,-6H,0, 40g/L H,[Cit]-H,0, 50 g/L
(NH,),S0, and 0.0, 1.6, 10, 20 and 32g/L Na,WO,-2H.0.
Plating parameters were pH 6.5, cathodic current density
6.0 A/dn? (55.7 A/ft?) and temperature 65°C (149°F).
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Nuts & Bolts:
What This Paper Means to You

Nickel-tungsten alloy deposits have great potential in wear
applications. Unfortunately, the ammonia-based baths com-
monly used are unstable and present obvious problems with
fumes. This work deals with a safe and improved substitute,
replacing the ammonia with an organic—glycine. This just might
be the key to more widespread use of this alloy coating in engi-
neering applications.

pH and glycine concentration. A significantly differ-
ent structure was found in the Ni-W alloy deposited
from the glycine-containing bath.
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Fig. 2—Tungsten content and deposition efficiency as a
function of glycine concentration.

Nickel-tungsten alloy electrodeposits have been of inter-
est to many researchers because of their excellent physical
and chemical properties. There are many published papers
related to plating procedures, deposition mechanisms
and structures/properties of the deposits. Up to the pres-
ent, almost all successful processes have some basic
requirements for the bath composition, as enumerated by
Brenner.! He wrote that, besides the presence of metallic
sources such as tungstate and the iron-group salt, it is
essential to include: @ ammonium salts such as ammo-
nium sulfate, b) excess ammonium hydroxide and c) at
least one complexing agent such as citric or tartaric acid.
Ammonium salts and free ammonia play a multiple role
in Ni-W plating baths to increase a) cathodic efficiency,
b) surface quality of the deposit and c) the solubility of
the nickel compounds and thus stabilize the bath against
precipitation. Ammonium salts and free ammonia are thus
critically important in Ni-W plating.

On the other hand, ammonium salts and free ammonia
can also cause problems. They are difficult to maintain at
elevated temperatures because of their volatility. Thus the
pH and solution chemistry are not as stable. Further, strict
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Fig. 3—Tungsten content and depositiofi@éncy as a
function of current density.

pH 'mlue

Fig. 4—Tungsten content and depositiofi@ééncy as a
function of pH value of the bath.

industrial limits on air quality are incompatible with the irritantResults & Discussion
ammonia gases. As a result, in earlier days some researchers tried ... . .
to use amines that were less volatile than ammonia in Ni-W all eposition Mechanism Studies

plating. Triethanolaming? guanidine, hydrazine, ethanolamitte, Figures 1 thru 5 show thefinence of the plating parameters on
tetraethanolamine and ethylenediarfinere studied and found tungsten content in the deposit and the cathode currfeciesty.

to have no effect or even a negative effect (decrease in cathddgure 1 shows that the depositiofi&&ncy decreased while the
efficiency, precipitation of metallic ions, etc.) during platingtungsten content in the deposit gradually increased with increas-
In our previous work, using triethanolaminend hydrazine ing sodium tungstate in the bath. The gradual, rather than sharp,
in an ordinary ammonia bath, we reached similar conclusionghange in the behavior of composition and Faradafisierficy is
Triethanolamine clearly decreased the current efficiency am@nsistent with that in the classical process from the bath contain-
slightly increased the tungsten content and surface quality of tig inorganic ammonium salts or free ammdfifdThis implies
deposits. Hydrazine strongly decreased the cathdidéeety and that, as a substitute for inorganic ammonia, glycine did not intrinsi-
caused serious pitting on the deposit surface. The main focuscafly change the deposition characteristics of the Ni-W alloy.

this study was to investigate another simple amine, glycine, as aAs a source of amine, glycine sifjpantly raised the current
substitute for inorganic ammonia or its salts. efficiency when compared to the behavior with inorganic ammonia
(Fig. 2). However, when the glycine concentration was more than
5 g/L, the current édifciency gradually decreased with further addi-

Experimental _ ! _ _
tions of glycine (the maximum is greater than 55%. The tungsten

Nickel-tungsten alloys were deposited from a low-concentratioynent of the deposit decreased with increasing glycine concentra-
sodium tungstate solution containing no free ammonia or aMM@sn in the range under study.

nium salts. Instead, spéci quantities of glycine were added to the  c4thodic current density (CD) is an important factor in the
bath E_:lccording to our experimentgl design. The plat_ing soluticmating process. As shown in Fig. 3, the currefitcincyfirst
contained 20 g/L nickel sulfate (Nig®6H,0), 50 g/L dihydrate jncreased slightly and then decreased, while the tungsten content
sodium tungstate, 35 g/L monohydrate citric acid, 25 g/L boric acjf| geposit showed a reverse trend, but it was not as obvious.
and 15 g/L glycine. Figure 4 shows thefiuence of pH on tungsten content and current
The operating parameters were as follows except for thoggiciency. In the range from pH 4.5 to 8.0, the currditiehcy grad-
parameters under spécistudy: ually decreased with increasing pH, but the tungsten content sharply
] ] increased from about 15 wt% at pH 5.0 to about 38 wt% at pH 6.0. It
pH 7.0 (adjusted with 10% NaOH or then slowly decreased above pH 6.0. It should be pointed out that this

] 10% HSO) characteristic is completely different from that observed in the solution
Cathode current density 6.5 A/8I(60.4 A/fE) containing inorganic ammonia, where currefiency increaséd®
Temperature 6E (149F) and the tungsten content of the deposit exhibited the reverse behavior

) ) o with pH. The difference in behaviors can be explained on the basis
Insoluble mixed metal oxide(IrQIa,0,)(MMO)-coated titanium  of different hydrolytic equilibria between NEIH and glycine in the
was used as anode mateti@ihe deposit thickness for measuremengqution. This will be discussed further on.
was about 10um (0.4 mil). Pure iron sheet with an area of 4 x 2.5 MManother factor that should be considered is temperature, which
(0.16 x0.10in.) was used as a cathode. Before plating, the specimef$ an important fluence on the plating process (Fig. 5). It is easy
were degreased chemically in a solution containing 25 g/L NaOH, &) ynderstand that currentfieiency increased with temperature
g/L Na,CO, and 25 g/L NgPO, at 90C (194F) for about 20 min. pecause the higher temperature led to faster mass transport and
Pickling and etching were performed in a solution containing 35Qgher reactivity of the reacting ions. As to deposit composition,
mL/L HCI (37%) at room temperature for about two to three minte tungsten content increased from about 31 to 36 wt% when the
utes. All of the reagents used were of the chemically-pure grade. temperature increased frome@to 50C (104F to 122F), beyond

Surface morphologies and compositions were studied usigich it remained nearly constant regardless of temperature.

scanning electron microscopy (SEM) with added energy dispersedin order to analyze glycine behavior, effects of inorganic
spectra (EDS) measurement equipment. X-ray diffraction (XRRImmonia shouldirst be pointed out. From the results reported by
was used to identify the phases, using Curadiation, an younes andsileadil free ammonia may compete with citrate as a
acceleration voltage of 36 kV and a beam current of 26 mA.  jigand, forming bonds to nickel ions to decrease the concentration
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of [(Ni)(Cit)]. The ternary complelNi)(HWO,)(Cit)]? will then

Ni(W) codeposition reaction (1c) beldhincreasing the pH value

result in decreasing tungsten codeposition with nickel. In the normal the concentration of ammonium hydroxide should decrease the
solution with ammonia water or ammonium salts, the concentratitumgsten content in the deposit. Accordingly the Faradfiiesfcy

of free ammonia, NH is changed with its precursor concentratiorincreased because nickel could be directly reduced from the binary
and solution pH. From the hydrolytic reactions (1a), (1b), and tlewmplex Ni(NH), (where x is a complex number). The effects of
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Fig. 6—SEM morphologies of deposits from the solution containing 20 g/Ld
NiSQ,-6H,0, 35 g/L monohydrate citric acid, 25 g/L boric acid, 15 g/L gly-
cine, Wlth concentrations of dihydrate sodium tungstate at (a) 1.6, (b) 10, (

20, (d) 50, (e) 65 and (f) 99 g/L.
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Fig. 5—Tungsten content and depositiofi@ééncy as a
function of plating temperature.

other plating parameters on the process may also be related to some
extent to the hydrolytic equilibrium of ammonia during plating.

NH,OH NH,+OH" (1a)
NH,OH NH,+H,0 (1b)
[(Ni)(HWO,)(Cit)] 2+ 86 +3H,0  NiW + 7(OH) + Cit® (1c)

In our experiment, as a substitute for inorganic ammonia, glycine
(H,NCH,COOH) can be present in different forms in aqueous solu-
tion depending on the pH value:

H,NCH,COOH H,NCH,COOH+H* pKa=2.47 (2a)
H,NCH,COOH H,NCH,COO +H* pKa=9.66 (2b)

The amino group is protonated at pH values below 2.5, whereas gly-
cine exists in its anionic form at pH values aboveédig.isoelectric
point (IP) in aqueous solution is 5.97. Hence, in the intermediate pH
range, glycine takes on a neutral form in equilibrium with its zwit-
terions, HN*-CH,-COO . However, the concentration ratio of the
amino group EN*-R cation to the carboxyl group R-CO@nion
changes with pHUnder our experimental conditions, the proton-
ated amino group of glycine had a function similar to ammonia
as a ligand forming coordinate bonds to th& Mins. Therefore
increasing the glycine concentration (1) increased the concentrations
of the amino group cation and the binary complex betweBrahti
H,"NCH,COOH in solution, (2) increased the currefitagncy and
(3) decreased the tungsten content (Fig. 2). This is similar to the
behavior observed with free ammonia from inorganic ammonium salt
in the plating batf However, glycine was more effective because
it was much more effective as a ligand for the nickel ions when
compared to free ammonia or inorganic ammonium salf (K=
1.86 x1@ for [Ni(NH,)]*, K .= 2-3 x10" for [Ni(Gly),]*?).
Thus the current &tiency increased sharply to its maximum value
with increasing, but very low, glycine concentration up to the range
of 3.75 to 5.0 g/L, and then slowly decreased (Fig. 2). Accordingly,
the current dfciency was higher and the tungsten content was lower
when using glycine than when using inorganic ammonia, with the
Na,WO, concentration in the range from 0.0 to 65.0 g/L (Fig. 1).

According to reactions (2a) and (2b), decreasing pH favored an
increase in the amount of INICH,COOH cations, which may have
formed a binary complex with nickel ions to be deposited directly
on the cathode. Accordingly, less availabl¢? Mins were available
to assist in the deposition of tungsten. Thus, increasing pH had the
reverse effect from increasing glycine concentration. Moreover, the
lower the pH , the sharper the change of currditieficy and tung-
sten content. In the case of a pH value below the isoelectric point of
glycine (IPglycine= 5.97), the predominant form wag'"NCH,COOH
cation. Further, the JICH,COO anion was predominant as the pH
rose above Ip . Drastic changes in currenfiefency and tungsten
content occurred as the pH was changed from 5.0 (under the isoelec-
tric point) to 6.0 (over the isoelectric point) (Fig. 4). Thus, as shown
in Fig. 4, only a small change was observed above pH 6.0.

The irfluence of current density can be also explained with
the observations noted above. Because of the limitation of mass
iffusion, hydrogen evolution reactions could be accelerated by

Cbncreasmg the current density. However, there was an accompany-

ing decrease in currentfigfiency. On the other hand, the local pH
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] sten content than those from a conventional inorganic ammonia
pen L. bath. This was because of the stronger tendency of glycine to
form ligands.
WS 3. Because of the unigue hydrolytic behavior of glycine, the deposi-
2 T tion efiiciency decreased but the tungsten content increased with
0 VLT . . . .

oo increasing solution pH. Furthermore, this change was more dras-
Frig tic when the solution pH was close to the isopotential of glycine.
L1 . . . .

.E . 4. The nickel-tungsten deposits exhibited nodular morphologies.
£ WRLT The nodule size decreased with increasing tungsten content in
WIELE the deposit. With the tungsten content between about 15 and 40
fms wt%, new x-ray diffraction peaks appeared in addition to those
. for face-centered cubic nickel, suggesting that an unknown
L phase might have formed in the Ni-W alloy deposited from the
- i L] L§ . .. .
i ] &1 &l #00 glycine-containing solution.
201, Degres
Fig. 7—X-ray diffraction patferns of NW deposits with Acknowledgment
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tend to revert to the JMNCH,COO anion. Therefore, near the cath-
ode, the concentration of HICH,COOH cations may decrease References
and less nickel bi-complex with the amino group of glycine wil
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