Kinetics  of Electroess NHP-B Aoy Depoasition

By S.S. Abd EFRehim, N.N. Ellbiari, MShaffei  &S. Abdel Halem

Using kinetics data, an empirical deposition rate was derived for electroless deposition of ternary alloys nickel-
phosphorus-boron on pretreated aluminum substratexr = 463.33 (HPO,)** (BH,)** (HCOOH)%% (H*)** exp
(18.15[T-353)/T) where r is the rate of deposition (mg/cfthr) and T is the absolute temperature, from baths
containing nickel ions, hypophosphite ions, borohydride ions and formic acid. This equation can be applied only in
limited ranges of concentration of the bath components at 8. The correlation coefficient between the experimental
plating rates and those computed using the developed empirical rate equation is 96 percent.

Within the past decade, electroless nickel plating has become commercially available on a broad scale. It has gained increasing
importance as a coating material having several unique properties, such as uniform thickness, hardness, corrosion resistance
and low porosity:® Because of all the merits of such properties, it has found extensive application in several industries, such
as petroleum, chemical, plastic, printing, aerospace, nuclear, textile and food industries, as well as in the computer and optical
hardware industries.

The aim of this study is to develop an empirical rate correlation that holds only in a limited range of operating conditions
for electroless nickel baths, using sodium hypophosphite and sodium borohydride as reducing agents.

Experimental  Procedure
The electroless nickel plating baths usedin

this study are listed in Table 1. The depc 1.2

sition was carried out on 0.3 mm thick

aluminum foil (99.9% purity) having a 10k _ - .

total surface area of 20 énthe aluminum =] o -
substrate was subjected to treatment b £ osl

fore plating by etching for three minin 12- E EF, AT

percent NaOH solution at room tempera g gl i [H,PO, | =0.3 mollL
ture. The weighed substrate was suspend & ™ [BH, =001 mosl
in the plating bath at a fixed depth with the a [HCBOH] = 0.6 mebL
help of a glass rod for a given time. The § gk § pH = 5.8

ratio between the substrate area (&)crr Temp. = 80 °C

and the plating bath volume €n¥) was r Tima =1 br
constant throughout all experimentsy(a/

= 1/5 cm* to ensure complete immersior 0.0 L g g . ; L i L ; ' :
of the substrate in the solution. All experi: A2t e A8 A8 AT A8 A8 A 4d a2 a0
ments were performed under stagnant co Log [MI*7], medL

ditions. At the end of each experiment, therig. 1—Determination of reaction order for nickel ions.

plated specimen was withdrawn, rinsed
with distilled water, dried and finally

weighed.

In such a solution, the concentration o —
the components changed little duringdepc o | ,Fsﬂ““'f
sition. The plating rate could therefore be E d_;_f‘ﬁ'
determined gravimetrically and calculatec ¢ o
as follows: £ 0er ¥arinbl Emtﬂm!
Plating rate = Weight gain/substrate are: & H,P0,; 1 Eglﬂ ]]= “ﬂ':;;’"““-hl

. . - o 4 =001 mo

plating time = mg/crihr. 04| [HEOOH] = 0.6 molL
Deposi . & pH=55

- Analysis Temp. = B "C
Nickel, boron and phosphorus percent 02 n,mmi 1he

ages in the deposits were determined t
analytical methods, after preparation o g, : . L : : A : ;
the samples for analysis, as follows: 1.2 - 1.0 0.9 £8 07 .06 0.5 44 0.3 0.2
1. The as-plated depositwas stripped fror Log [NaH,PO,]. maliL
the substrate by immersion in 5 cc o.
65-percent (v/v) nitric acid solution.

Fig. 2—Determination of reaction order for hypophosphite ions.
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2. The stripping solution was adjusted to 100 cc with distilled water. Analysis was as follows:
(a) Nickel percentage was determined by direct titrAtiath EDTA, using murexide indicator.
(b) Boron percentage was determined by spectrophotometer for sample absorbance at 585 nm in a cell of 1-cm light p
The sample was prepared by the “carmine method,” using carminic réagent.
(c) Phosphorus percentages were determined by subtracting Ni and B percentages from 100 percent.

Results & Discussion
The main chemical reactions for electroless deposition of the ternary alloy (Ni-P-B) with hypophosphite and borohydride
reducing agents on etched Al substrate can be writtéh as:

Ni*2 + 2H,PO, + 2H, (in acidic medium)- Ni° + 2HPQ? + 4H + H,
2Ni*2 + BH, + 4H,0 (in acidic medium)- 2Ni° + B(OH), + 4H" + 2H,

The empirical rate equation for E(Ni-P-B) deposition depends on the variables that affect the platingfatél JRD],
[BH,],[HCOOH], [H] and temperature. Because there is no IROB(OH), species before plating and their concentrations
are very low during the early stages of deposition, they will not be introduced in the empirical rate equation. The general fo
of the reaction rate, therefore, will be:

Rate = dNi/dt = k[Ni*?]qH, PO, ] [BH,]{HCOOH]'[H*]® exp[(-Ea)/(RT)] Q)
Taking the logarithm:

Log rate (r) = {log k + a log [Nf] + b log [H,PO,] + c log [BH,] + d log [HCOOH] - e pH} (-Ea/2.3RT)
where log [H] = -pH.

Table 1
Plan of Process Kinetics
Ni*2 HCOOH Na,PO,-HO NaBH, Plating Plating Plating
Run  conc. conc. conc. conc. temp. parameter rate Ni P B
No.  mol/L mol/L mol/L mol/L pH 4 mg/cnt/hr % % %
1 0.1 0.6 0.2 0.01 5.5 80 Nickel 6.86 74.5 25.1 0.4
2 0.2 0.6 0.2 0.01 5.5 80 sulfate 7.35 84.9 14.8 0.3
3 0.3 0.6 0.2 0.01 5.5 80 NiSO, - 7THO 8.17 86.1 13.6 0.3
4 0.4 0.6 0.2 0.01 5.5 80 8.10 82.4 17 0.6
5 0.5 0.6 0.2 0.01 5.5 80 8.18 82.6 17.1 0.3
6 0.3 0.6 0.00 0.01 5.5 80 Sodium 0.00 — — —
7 0.3 0.6 0.05 0.01 5.5 80 hypophosphite 1.14 81.68 7.02 10.4
8 0.3 0.6 0.10 0.01 5.5 80 NgPO, - HO 4.43 83.21 11.19 5.6
9 0.3 0.6 0.15 0.01 5.5 80 5.71 91.6 3.9 45
10 0.3 0.6 0.25 0.01 55 80 6.88 94.6 4.5 0.85
11 0.3 0.6 0.2 0.00 5.5 80 Sodium 6.20 — — —
12 0.3 0.6 0.2 0.005 5.5 80 borohydride 6.26 78.3 21.3 0.4
13 0.3 0.6 0.2 0.015 5.5 80 NaBH 7.66 92.4 6.1 15
14 0.3 0.6 0.2 0.020 5.5 80 8.45 77.8 21.9 0.3
15 0.3 0.6 0.2 0.025 5.5 80 0 — — —
16 0.3 0.2 0.2 0.01 5.5 80 Formic 5.11 78.9 20.7 0.4
17 0.3 0.4 0.2 0.01 5.5 80 acid 6.30 79.9 18.6 15
18 0.3 0.8 0.2 0.01 5.5 80 HCOOH 8.39 88.2 10.2 1.6
19 0.3 1.0 0.2 0.01 5.5 80 8.61 92.7 7 03
20 0.3 0.6 0.2 0.01 4.0 80 pH 3.2 86.3 8.4 5
21 0.3 0.6 0.2 0.01 4.5 80 4.82 95.5 4.1 0.4
22 0.3 0.6 0.2 0.01 5.0 80 5.89 83.8 15.9 0.3
23 0.3 0.6 0.2 0.01 6.0 80 8.33 87.4 12.3 0.3
24 0.3 0.6 0.2 0.01 6.5 80 9.3 82.1 17.7 0.2
25 0.3 0.6 0.2 0.01 5.5 60 Plating 2.52 73.7 24.5 1.8
26 0.3 0.6 0.2 0.01 5.5 70 temp 4.60 78.5 21.9 0.6
27 0.3 0.6 0.2 0.01 5.5 85 7.36 85.7 14 0.3
28 0.3 0.6 0.2 0.01 5.5 90 10.25 81.0 18.8 0.2
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The reaction orders depend on bulk conce ~ '#
trations of various components of the platin # _f_.--—f”"
baths. So, as shown in Figs. 1-3, logarithmi 0.8 —
deposition rates vs. logarithmic bulk concer g fj__f.,g""
trations were plotted and the slopes of th & e
straight lines are the reaction orders, thatwe & 0.8 Pl «
determined by linear least-square fit. Th & T P Somcbat
effect of each component is discussed sef E o [HafiH, ] (NFY] =03 oL,
rately in the following paragraphs: i | M,PO;] =0.2 mold.
- [HCOOH] = 0.6 mobl
Effect of Nickel lon Concentration 0.8 | $H=5‘fm s
It was observed (Fig. 1) that the plating rate ki
independent of nickel ion concentration, an -
this agrees with references 8-11, where 28 24 23 22 .21 20 18 A8 AT -8 A8 14
log r/log [Ni?] = a = slope = zero L [N, J iy
Fig. 3—Determination of reaction order for borohydride ions.
Effect of Sodium Hypophosphite i
Concentration
Figure 2 illustrates the increase of plating ra 0
with increasing concentration of sodiun o e
hypophosphite according to: £ ff,ﬁ-—”
3
log /log [HPO,] = b = slope = 0.4686 2 0% _— _
§ f Variable 1:|:II'I-II‘JI'I1‘
It is proposed that the catalytic oxidation ¢ £ - a—" R II:I ;:;.':f;":h;nh
H,PO, takes place by hydride transfer to th g (BH.] = 001 mobl
catalytic surface in acidic solutiof. oH = 5.5
(1
Temp. = 80 “C
Effect of Sodium Borohydride Tma = 1 hr
Concentration 05 A : ; ) . ; :
The reaction order for sodium borohydrid 08 07 -0E 05 04 03 0F - 0 R ¥
\(/:v?]r:erbee calculated from the slope of Fig. Log [HCOGH], maiiL
Fig. 4—Determination of reaction order for formic acid.

log r/log [BH,] = ¢ = slope = 0.2952

The borohydride ion is a powerful reducing agent. The mechanisms proposed pré&Atindigated that the molar ratio
of reduced nickel to borohydride consumed is 1:1 and this was supported by experimental evidence according to the overall
reaction:

2Ni, + 4H0 + 2BH; - 2Ni° + B(OH), +B+3H +9/2 H,

Effect of Formic Acid Concentration

The concentration of complexing agent (formic acid) is an important rate-determining factor, as shown in Fig. 4. The rate of
deposition increases linearly with increasing formic acid concentration; the reaction order was determined as follows:

log r/log (HCOOH) =d = slope = 0.3474

Increasing the rate by use of the concentration of formic acid is attributed to the great ability of formic acid to make nickel

Table 3
Specific  Rate Constant
. Table 2 Rate Specific Rate
Empirical ~ Parameters Item Constant (k)  Constant (K')
[Ni*g=1 78.343 1421.92
Item Reaction Order Value [H,PO]=1 13.274 240.92
[Ni*g Zero [BH,]=1 26.062 473.02
[H,PO;] 0.47+0.01 [HCOOH] = 1 8.857 160.76
[BH,] 0.30+0.01 H]=1 1.104 20.04
[HCOOH] 0.3520.01
[H*] 0.15+0.01 At 80 °C, average value of K = 463.35
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complexes of low kinetic stability (pie 1.2
3.75). These nickel complexes yield a
sufficient quantity of adsorbed nickelions
on the catalytic surface and cause a high _ ;41
deposition rate. = "0

£ o
Effect of Hydrogen lon £ i e
Concentration L] I o PR e
Figure 5 shows that the deposition rate = e L E:t FLT?':::wmu,q
increases slightly with increasing pH, and L " [BH; ] = 0.8 mall
the order of thg reaction W|th_ respect to g [HCOOH] = 0.6 malL
the hydrogen ion concentration ‘JHs Temp. = B0 “C
very low where Time =1 hr

n‘ L 1 'l 1
log r/pH = -e = slope = -0.146 4 45 s na & 6.5
pH

The accumulation of hydrogen ionsin the Fig. 5—Determination of reaction order for hydrogen ions.
plating bath lowers the pH of the solution 1.2
and the deposition rate is decreased. It is 4L by il G ] Eonglant

known that nickel reduction is base cata-

lyzed (.e, increases with decreasing H =

concentration). At low pH values, there- £ ggl
fore, there is a side reaction that competes &

with the catalytic deposition of nickel, E 0.8 I
which agrees with the results of Hutig. g 0T}
Activation ~ Energy L e |
The quantity of energy required is one of 08
the most important factors affecting the wxk

kinetics and rate deposition reaction. The

Temparature  [Mi] = 0.3 mall
[H, PO, ] =0.2 mall
[BH, ] =0.01 moll
[HIEOEH] = U6 mali
pH=55

Time =1 hr

dependence of reaction rate on tempera- 0.3
ture is depicted in Fig. 6, where the appar-
ent activation energy can be calculated
from the slope of logarithmic rate vs.

A

2.8

2.8 a0 a
RV ERT

Fig. 6—Determination of activation energy.

reciprocal temperature plot (Arrhenius
plot) according to the following relation:

log r/(1/T) = -Ea/2.3 R = slope
E, = 12.6874 kcal/deg. mol

£
E
B
E
This value is in agreement with those g
computed by Feldstein and Amo#ifor %
other autocatalytic nickel baths. Thislow 3
value indicates that the reaction is self- g
sustaining.

Specific  Rate Constant

Correlation coeffickent: 0.5633

o
By using the extrapolation meth&dthe 0
specific rate constant K at 8C can be

Figs. 1-6, where the appropriate concen-
tration is unity and the respective deposi-
tion rates are equal to the rate constants (k), where

K =k exp (-Ea/RT)

r [at (Ni?) = 1] = K [H,PO,]°[BH,]¢ [HCOOHF [H*]®
r [at (H,PQ)) = 1] = K[Ni*?]2[BH,]¢ [HCOOH] [H"]°
r [at (BH,) = 1] = K [Ni*?]2 [H,PO,]"[HCOOH]* [H*]®
r [at (HCOOH) = 1] = K [Nig2[H PO ]°[BH ¢ [H*]°
r [at (H) = 1] = K [Ni*?2 [H,PO,]°[BH ]{HCOOHJ"
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evaluated by extrapolating the lines in fig. 7—comparison of experimental and computed plating rates.
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Empirical  Rate Law
For electroless nickel plating using sodium hypophosphite and sodium borohydride as reducing agents, the empirical rate law
can be obtained from sufficient data as given in Tables 2 and 3.

From Eg. (1) and the results of these experiments:
r = K[Ni*?]?[H,PO,]°[BH, ]THCOOH]{H"]® exp[(-Ea)/(RT)] [new] (1)

Multiplying the right-hand side of Eq. (1) by

[exp (Ea/353R) exp (-Ea/353R)], which equals unity, and because the order of the reaction with respect to nickel ions = 0,
then

r = k[H,PO,1°[BH,]THCOOHI[H*]® exp[(-Ea)/(RT)] [exp (Ea/353R) exp (-Ea/353R)]

r = [H,PO,]°[BH, ] [HCOOHJ[H"]¢ exp[(-Ea)/(RT)] Ea/353R) exp (-Ea/353R)
r = [k exp (-Ea/353R)] [EPO,]°[BH,][HCOOHF[H"] exp Ea/R(-1/T + 1/353)
r = K'[H,PO,T°[BH, 'THCOOH[H*]* exp Ea/R [(-353 + T)/353T]

r = K'[H,PO,]°[BH,"THCOOHJ[H"]® exp Ea/353R [(T-353)/T]

Because Ea/353R = E = 18.95, the empirical rate equation will be
Rate (r) = 463.33 [PO]**BH ]**THCOOH]*{HT** exp [18.15(T-353)/T] 2

Figure 7 shows a comparison between the observed plating rates and those computed using Eqg. (2). The agreementis excellen
(i.e., the correlation coefficient is 96 percent).
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