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Abstract

Oxidation behavior of electrodeposited nickel and Ni-Z{@.9 vol%) composite was studied using a thermogravimetric technique. The
weighed sample was oxidized in air for 2-8 h in the electric furnace at 873, 1073 and 1173 K. After predetermined time of oxidation, the
specimens were removed and weighed after sufficient cooling. From the weight gain, time of oxidation and temperature, the kinetics of Niand
Ni—ZrO, oxidation process, oxidation rate constant and the activation energy were determined. The structure and distributipadide®
in the electrocomposites were examined using scanning electron microcopy. To explore the possible structural changes during oxidation, X-ray
diffraction was used.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction As electrodeposited nickel does not have sufficient oxi-
dation resistance to withstand high temperature oxidizing
Among the electrodeposited metals, nickel is widely used atmosphere for long periods, the present work aims to inves-
because of its excellent physical and mechanical propertiestigate the effect of inert dispersed particles codeposited in a
and its chemical and corrosion resistaiite However, it nickel matrix on high temperature oxidation behavior. As
does not posses the high temperature oxidation and wearta preliminary step in evaluating their usefulness as high
resistance, as required for most industrial applications. Dur- temperature oxidation resistant coatings, the oxidation char-
ing the past few decades attention has turned towards theacteristics of electrodeposited Ni and composite Ni—=ZrO
development of nickel, cobalt or chromium based electro- coatings have been studied. Conditions for the codeposi-
composites, particularly those containing hard ceramic par- tion of zirconia into nickel matrix to obtain nickel-zirconia
ticles, as possible oxidation and wear resistant coatings for(Ni—9.9 vol% ZrQ) electrocomposites have been optimized
high temperature applicatiofig]. For example, nickel com-  [6]. A thermogravimetric techniqug/] was employed to
posites containing SiC and cobalt composites containing study their oxidation behavior. The weighed sample was
Cr3C, particles have been developed as coatings for injec- kept in the reaction tube and oxidation tests from 2 to 8 h
tion mouldg3] and as awear resistant coating in aero-engines were carried out in the electric furnace at 873, 1073 and
at high temperaturf!], respectively. Th@dispersed nickel 1173 K. After predetermined time of oxidation, the speci-
composite is now used as possible high temperature struc-mens were removed and weighed after sufficient cooling.
tural material in the nuclear, aircraft and aerospace industriesFrom the weight gain, the time of oxidation and tempera-
[5]. ture, the kinetics of Ni—Zr@ oxidation process, oxidation
rate constant and the activation energy were deternjBled
* Corresponding author. Tel.: +91 4565 227550; fax: +91 4565 227779. 1he structure and distribution of Zg(articles in the com-
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To explore the possible structural changes during oxida- Table 2 _ _ _
tion, X-ray diffraction pattern of the oxidized specimen was ©OXidation data of nickel and Ni-Zrxomposite deposits

recorded. Oxidation Specimen Weight gain (mg crf)
temperature
(K) 210 4W e 8K
2. Experimental 873 Nickel 019 023 025 028
- LXP Ni—(9.9v0l%) ZrQs  © c c 0.10
2.1. Oxidation characteristics 1073 Nickel 070 120 158  1.84
Ni—(9.9v0l%)ZrQy 036 0.46 059  0.70
Table 1gives the composition of Ni-Zr€composite plat- 1173 Nickel 270 328 369 391

Ni—(9.9 vol%) Zr& 0.74 0.86 0.95 1.07

ing bath[6]. The electrolyte was prepared from reagent grade
chemicals using de-ionized water. By means of a mechan- | Deposit thickness 150m.
ically controlled stirrer (Remi motors, India), 50gH of . aggﬁf;;fz'migmﬁcam
zirconia particles of average size §.h were kept in sus- '
pension in the plating bath. Five millimeters thick unbagged
nickel sheet was used as anode. Electrodeposited nickel an
Ni—ZrO, electrocomposites were plated to a thickness of
150wm on stainless steel substrate. The deposits were sep-

arated as foils and chemically polished to a bright smooth 3. Results and discussion
finish in a solution containing 60vol% glacial acetic acid,

35 vol% nitric acid and 5 vol% hydrochloric acid. Squares of 3.7 Oxidation characteristics
2cmx 2.cm samples were cut from the polished specimen,

degreased in acetone and ethyl alcohol and weigh&l ( In Table 2is given the weight gain values for electrode-
A thermogravimetric technique was employed to study posited nickel and Ni—Zr@electrocomposites oxidized in air
the oxidation behavior of the electrodeposited nickel and for 2-8 h at 873-1173 K. In general, the weight gain due to
Ni—ZrOz (9.9 vol%) specimen. The weighed sample was kept thermal oxidation is related directly to the quantity of metal
in the reaction tube and oxidation tests from 2 to 8 h were car- being oxidized in air under given conditions and hence can be
ried outin the electric furnace at 873, 1073 and 1173 K. After taken as measure of resistance to Oxidmmt can be seen
predetermined time of oxidation, the specimens were grad-that at 873K, Ni-ZrQ composite did not show significant
ually removed from the hot zone of the furnace, cooled in weight change during 6 h of oxidation where as nickel began
a desiccator and weighed after sufficient coolifig). The to oxidize from 2h. The Ni-Zr@ composite was found to
difference in weight ¥’ — W1) gave the weight gain due to  tarnish only after 8 h of oxidation at 873 K. With increasing
oxidation of the samples. The square of the weight gain wastime and temperature, the weight gain due to oxidation of
plotted against various time of oxidatior) @nd the oxida-  Nj and Ni-ZrQ, was found to increase significantly. How-
tion rate constari, (9 cm~*s~!) was determined. Fromthe  ever, under investigated temperature and duration, Ni»ZrO

temperature dependence of the oxidation rate constant, theyxidized to lesser extent compared to pure nickel deposit.
activation energyr, (kJ mol-1) was calculated. A minimum

of three specimens was used for each test and the average

é)xidation, X-ray diffraction pattern of the oxidized specimen
was recorded.

value was used for calculations. 16.0 N
&
~ 140 |- o N =14 _
! 5
2.2. Structure of the deposits £ £
o~ 120 412 3
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The structure and distribution of ZgOparticles in the E 100 b S 10 E
. . . . Q . .
electrocomposites were examined using scanning electron = 5
microcopy. To explore the possible structural changes during S 80 08 %
= ]
< <
O 60} H406 O
Table 1 £ £
Plating bath and operating conditions % 40 04 ©
w
Nickel fluoborate (gt1) 280 =3 =
Free fluoboric acid (git) 5 20 - 0.2
Boric acid (g 1) 40 . . .
Sodium Iauryl sulphate (g[l) 0.1 0.0 120 240 360 480
Zirconia (g?1) 50 TIME, t (min.)
pH 3.0
Current density (A dm?) 6 ) : - . )
Temperature’C) 50 Fig. 1. Parabolic plots for oxidation of electrodeposited nicl®) énd

Ni-ZrO, (O) composite deposit.
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Fig. 2. Temperature dependence of oxidation rate constants of nikel (
and Ni-ZrQ (O) composite deposit.

Incorporation of ZrQ into nickel matrix, in general, lowered

Table 3

Oxidation rate constant of Ni and Ni—-Zg@omposite deposits

Oxidation temperature (K) Rate constalgt(g? cm*s1)
Nickel Ni-ZrO; (9.9 vol%)

873 351x 1012 -

1073 1.10¢10°10  2.88x 10711

1173 6.41x 10710 550%x 107

Activation energyFa (kJmol) 143 139

oxidation product is generally retained on the metal surface,
the oxidation rate is usually expressed as weight gain per unit
area. Adherence to a straight line, as sedfign 1suggested
that the systems were found to follow a parabolic rate law of
the form, W2 = kpt, whereW is the weight gain per unit area,
kp the parabolic rate constant arid time of oxidation. Thus,
at1073 and 1173 K, the system follows a parabolic rate trend
and the oxidation is controlled by a diffusion proc¢s2].
This is in accord with earlier observatiofis3,14]

A plot of kp against 17" is shown inFig. 2 and from
the slope of the straight lines, activation energy,is cal-

the rate of oxide growth at elevated temperature and improvedculated. InTable 3is shown the oxidation rate constant for

their resistance to oxidatiqa0,11].

Ni and Ni—ZrQ, at various oxidation temperatures and acti-

Plot of the square of weight gain versus time for the oxi- vation energy of the oxidation process. The observed equal

dation of nickel and Ni-Zr@is shown inFig. 1 Since the

25KV X1000 4336 10.0U0  CECRI

activation energy value (1482 kJmol?) for nickel and

-

25KV X1000 4340 10.0U0  CECHI

Fig. 3. SEM photographs of Ni deposit oxidized at: (a) 873K, (b) 1073K and (c) 1173 K.
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15KV x1000 4345 10.0U CECRI

15KV x1000 4346 10.0U CECRI
(c)

Fig. 4. SEM photographs of Ni-ZrOromposite deposit oxidized at: (a) 873K, (b) 1073K and (c) 1173 K.

Ni—-ZrO, systems suggested that the inclusion of the ZrO
into nickel matrix has not altered the kinetics of nickel oxi-
dation mechanism substantially. However, it has some effect

Ni (200)
NiO (200)

Ni (111)

NiO (111)

on the ionic diffusion reaction, especially on adsorption of  ~ g
oxygen molecules on the nickel surface. Zirconia, which 3 ) S i
. . . . ~ | =
are incorporated in the NiO structure, are likely to decrease > |5 _ N
adsorption of oxygen molecules on NiO and restrict the mul- g z =z
tiplication of oxide nucleation. The observed lower oxidation € 0
P4

rate constant for Ni-Zr@is a good agreement with the above
fact and confirms that Ni—Zrg&s more resistant to oxidation
than nickel.

3.2. Structure of the deposits 26 (degrees)

. . Fig. 5. XRD pattern of Ni-Zr@ composite oxidized at 1173 K.

SEM photograph of the Ni and Ni—Zg(electrocompos-
ites oxidized at various temperatures is showrigs. 3and 4
respectively. In case of nickeFig. 3), the black oxide for- 4. Conclusion
mation can be seen to increase with oxidation temperature
whereas in Ni—ZrQ@ lesser black spots are found with Oxidation behavior of electrodeposited nickel and
brightening on the surfac&ig. 4). The surface morphology  Ni—ZrO» (9.9 vol%) electrocomposites was studied for 2-8 h
was completely different at 1173 K suggesting a complete duration between 873 and 1173 K using a thermogravimet-
coverage of the surface with formation of a new type of ric technique. The results indicate that at 1073 and 1173 K,
product (NiO Zr@Q) composed of oxides of nickeland ZsO  the system followed a parabolic rate trend and a diffusion
The observed peak intensity at 54&hd 73.4 in XRD pat- process controlled the oxidation. The observed lower oxida-
tern (Fig. 5) of the oxidized Ni—ZrQ confirmed the possible  tion rate constant for Ni—Zr@confirmed that they are more
structural changes and product formation during oxidation resistant to high temperature oxidation than electrodeposited
[15]. nickel.
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