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The effect of substrate surface nature on texture
formation in nickel oxide
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X-ray diffraction was used to study the influence of surface finishing on polycrystalline
nickel and its modification with ultra-fine dispersions of CeO, on crystallographic texture
development in NiO scales, grown at 1073 K in 760 torr oxygen for time periods up to 75 h.
Ni substrate characterized by {100}(02 3) texture and surface with an atomic structure
revealed by chemical polishing led to the formation of NiO with {100}(0 1 3) texture,
indicating an epitaxial growth. After applying CeO, on the Ni surface prior to the oxidation,
no essential changes in NiO texture were detected. When the Ni surface was deformed by
mechanical polishing, NiO exhibited a fibre texture with a major component of (110)
oriented along the growth direction. The presence of CeO; on this substrate changed the
dominant fibre axis to (100). The texture data are discussed in terms of the oxide
microstructures and their growth kinetics. In particular, for CeO,-modified NiO scales with
complex depth structure, the possible contribution of individual sublayers to the overall
measured texture is estimated. © 17998 Kluwer Academic Publishers

1. Introduction easy diffusion paths for metal and oxygen ions, but also
The importance of cold work and surface finishingas paths for ions of the reactive element. In this way,
in oxidation of polycrystalline nickel was well docu- they affect the stability of reactive element concentra-
mented in earlier studies by Grahatnal.[1, 2]. Since tion inside NiO as well as its effectiveness [6]. It is ob-
the higher growth rate of NiO on cold-worked Ni com- vious that a crystallographic texture is a basic indicator
pared to annealed Ni, observed especially at temperaf grain boundary character in polycrystalline material
tures between 773 and 1073 K, was accompanied bl/]. Therefore, the objective of this study isto assess the
finer oxide microstructure, the authors concluded thatole of surface finishing of polycrystalline nickel sub-
grain boundaries in NiO acted as “short circuit” pathsstrate and its modification with ultra-fine dispersions of
for the diffusion of ionic species. Our recent experi- CeQ, in texture development in NiO layers.
ments revealed that substrate surface finishing also ex-
erted a crucial influence on the oxidation behavior of
Ni, when superficially modified with reactive elements 2. Experimental
or their oxides. Although the presence of 14 nm GeO The material used for oxidation was 0.8 mm thick nickel
derived from sol-gel markedly reduced the oxidationfoil of 99.5% purity, supplied by Johnson Matthey
rate of mechanically polished Ni, the oxide still grew (Ward Hill, MA). Cold-rolled coupons with a size of
faster than that found for uncoated Ni with a substratel5 x 25 mm were at first annealed in flowing argon at-
finished by chemical polishing [3]. Moreover, the effec- mosphere at 1173 K for 1 h. Two techniques of surface
tiveness of a reactive element as a function of exposurénishing were then employed: (i) mechanical polishing
time, evaluated from a change in the instantaneous ratgith 1 um diamond paste and (ii) chemical polishing
constants, was decreasing with time for the mechaniat room temperature in a solution consisting of 65 ml
cally polished substrate [4]. acetic acid, 35 ml nitric acid, and 0.5 ml hydrochloric
In order to estimate the contribution of grain bound-acid. Coatings were deposited by dipping the cold sub-
ary diffusion to oxide growth, in addition to grain strate in high purity sol containin5 g dnr3 of CeQ,
boundary density, their structure should be taken intd3]. After deposition, the coatings were dried at room
account. For oxidation of pure Ni, the importance oftemperature for about 20 h and converted to nanocrys-
grain boundary characteristics is clearly seen from théalline ceramics by calcination at 573 K for 1 h. The
experiments on single crystal faces [5]. The crystallo-oxidation was performed in a quartz tube furnace at
graphic structure of grain boundaries seems to be eveh073 K in pure oxygen at 760 torr pressure.
more important for NiO modified with a reactive ele- The oxide phase composition was examined using
ment. Here, the grain boundaries may not only act asn X-ray Rigaku diffractometer with rotating anode
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and Cuk, radiation. Textures of Ni substrate and ox- modified before oxidation. The purpose of chemical
ides were measured using a D-500 Siemens X-rapolishing was to remove the thin film of oxide formed
goniometer. Pole figures were obtained using the refleaduring argon-annealing and to reveal an atomically
tion technique up to a maximum tilt of 80 deg in 5 deg clean surface with the arrangement of atoms, specific
polar and radial intervals. The results were correctedor the crystallographic orientation of each grain.
for absorption and defocussing using a standard ranconversely, to suppress the influence of crystallo-
dom specimens prepared from Ni or NiO powder. Forgraphic orientation of the individual Ni grains, the
morphological observation of oxide growth surfaces, asurface of Ni was mechanically polished lightly using
scanning electron microscopy (SEM) was used. a 1um diamond paste. This treatment produced on the
substrate surface an uniformly deformed metallic film.

3. Results 3.2. Phase analysis of the oxides
3.1. Characterization of polycrystalline Ni No influence of the substrate surface finishing was de-
substrate tected on the phase composition of the oxides grown

The polycrystalline cold-rolled nickel after annealing during subsequent exposure to oxygen. In general, a
at 1173 K for 1 h ghibited the microstructure shown single NiO phase was grown on pure Ni (Fig. 2a). On

in Fig. 1a with an average grain size of 1@0n.  CeQ-coated substrate, in addition to NiO phase, some
According to X-ray measurements, the orientationtraces of Ce@were found (Fig. 2b). No mixed com-

of nickel grains was characterized ¢ 00}(02 3 pounds, however, between Ni, O and Ce were formed.
texture with a maximum intensity of 4.1 times random It should be noted that all the oxides were totally pen-

(Fig. 1b). The surface of such Ni specimens wasetrated by X-rays, which is evident from the presence
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Figure 1 Optical micrograph showing grain size (a), and pole figures characterizing texture (b) of polycrystalline Ni substrates after argon-annealing
at 1173 Kfor 1 h.
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Figure 2 X-ray diffraction patterns, characteristic for NiO grown on did not essentially affect the NiO growth anisotropy.

pure and Ce@coated Ni (Cuk, radiation).

of the substrate peaks on the diffraction scans. The
transmission of whole thickness by X-rays is impor-
tant to texture measurements of Gefodified oxides,
where some complex depth-structures are expected.
Thus, for those structures, all the individual sublayers
contributed to the pole figures measured. Moreover, the
X-ray diffraction patterns show that all the major peaks
of NiOi.e.,(111), (200), and (220) are clearly sepa-
rated from the other peaks for Ni or Ce@\s a result,

no interference is expected during texture measurement
when using an X-ray texture goniometer.

3.3. Texture and morphology of NiO grown

on chemically polished substrates
As previously described [1-4], the oxide growth on
chemically polished Niwas highly anisotropic. Itis ob-
vious that NiO morphology and thickness depend onthe
Ni grain orientation and on the type of Ni grain bound-
ary (Fig. 3a). Application of 14 nm thick Ce@oating

This means that the Ni face orientation and type of Ni

(b)

Figure 3 SEM morphology of NiO grown on chemically polished substrate: (a) without coating; (b) with €e&ing (1073 K, 5 h).
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Figure 4 Pole figures of NiO grown at 1073 K for 15, 35 and 75 h on pure Ni finished by chemical polishing.

grain boundaries still exerted the crucial effect on therolling and transverse directions of Ni are indicated.
oxidation process (Fig. 3b). Analysis of the pole figures shows that NiO exhibits a
The texture of NiO formed on chemically polished {10 0}(01 3 texture, very similar to that present in the
Niis represented by three basic pole figures in Fig. 4. IlNi substrate. Thus, the comparison of pole location on
order to compare the substrate and oxide textures, theole figures of Ni and NiO and the crystallographic re-
sample was oriented in the same way as during medationships between Niand NiO lattice, observed previ-
surements of Ni texture (Fig. 1b). The correspondingously for single crystalline Ni substrates [8, 9], suggest
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Figure 5 Pole figures of NiO grown at 1073 K for 15, 35 and 75 h on g@0ated Ni finished by chemical polishing.

the epitaxial character of the oxide grown after 15 haddition, the maximum intensity on (2 0 0) pole figures
exposure. A further oxidation of up to 35 h did not increased from 3.1 to 3.8 times random and remained
change the NiO texture. The shape of contour lines omt that level up to a period of 75 h of oxidation.

pole figures, however, seems to suggest the diminishing It is surprising that the application of Ce@oating
contribution of the epitaxy during oxide thickening. In did not essentially change the NiO texture. As seen in
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(b)

Figure 6 SEM morphology of oxide grown on mechanically polished substrate: (a) without coating; (b) withd@a@ng (1073 K, 5 h).

Fig. 5, the clear contour lines on pole figures suggestexture with the major component ¢1 1 0 oriented
an even stronger influence of the substrate than that olalong the growth direction, and had an intensity of 3.5
served in the absence of coating. In addition, the maxtimes random. This intensity decreased to 2.6, and fur-
imum intensities of 3.6—4.3 are higher than previousther to 2.5, after 35 and 75 h exposure, respectively. The
ones and practically meet those measured for Ni. changes on (111) and (200) pole figures with oxida-
tion time show the growing importance (00 fibre
component for thicker scales. At this point however, it
3.4. Texture and morphology of NiO grown is difficult to explain the deviation afL 0 0) poles from
on mechanically polished substrates the pole figure centre (growth surface normal).
In contrast to NiO grown on chemically polished Ni, The presence of the reactive element coating changed
after mechanical polishing, the NiO was uniform in the NiO texture. As seen in Fig. 8, after 15 h of growth,
thickness and in morphology over the entire surfacdhe pole figures exhibit & 0 0 rough fibre. The shape
(Fig. 6a). No influence of substrate grain orientation orof contour lines, suggesting some influence of the
the type of substrate grain boundary on oxide growthsubstrate, should probably be attributed to the changes
was observed. The same was essentially true for,€eO of Ni-substrate surface during deposition of GeDat-
coated Ni (Fig. 6b). Thus, the major influence of the re-ing. One suspects that the plastically deformed surface
active element was the refinement of NiO grains, whichayer, obtained as a result of mechanical polishing, was
exhibited a “cauliflower like” morphology [3]. affected by acidic nature of CeQ®ol and the subse-
The different morphology of the oxide was accompa-quent thermal treatment at 573 K for 1 h. A further
nied by a different texture (Fig. 7). In general, no sim-exposure produced a cleér0 0 fibre, and the maxi-
ilarity with the substrate texture, indicating an epitaxy, mum intensity of (10 0) poles increased continuously
was found. The NiO grown on pure Ni showed a fibreup to 3.7 times random after 75 h oxidation.
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Figure 7 Pole figures of NiO grown at 1073 K for 15, 35 and 75 h on pure Ni finished by mechanical polishing.

4. Discussion of the reactive element, and evolution of surface topog-
The measurements performed in this study reveal theaphy, as reported in details previously [3, 4, 10]. In
essential differences in textures of oxides grown on in-order to correctly interpret the texture data, they should
dividual Ni substrates. These differences are accompae compared with the corresponding depth microstruc-
nied by changes in oxidation kinetics, depth locationtures of the oxides.
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Figure 8 Pole figures of NiO grown at 1073 K for 15, 35 and 75 h on ge0ated Ni finished by mechanical polishing.

Of all the substrates studied, the simplest oxide mi-exposure, however, there are signs of formation of the
crostructure was developed on mechanically polishegreferred orientation, as shown elsewhere by TEM elec-
Ni (Fig. 9a). When Ce@is absent, at the beginning, tron diffraction [4]. The pole figures of oxides formed
the fine and randomly oriented oxide grains nucleateduring longer exposures exhibit evident growth texture
on the deformed surface of Ni. After a few minutes’ (Fig. 7), apparently unrelated to the substrate texture
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the oxygen isotope experiment [14], however, the pre-
dominant reaction front is at the oxide—gas interface,
with the growth dominated by outward diffusion of Ni
cations (Fig. 9b). The oxide texture measured on this
substrate was therefore developed during growth from
a randomly nucleated NiO film on Ce@oating.

The literature suggests that during outward growth,
the oxide grains do not change their orientation and that
the texture must result rather from the growth selection.
According to Khoiet al. [16], the preferential absorp-
+—Ni substrate tion of oxygen at the oxide surface could be a decisive
factor in that mechanism. An alternative hypothesis,
suggested by Chadwick and Taylor [11], is based on
() the lower surface energy of (10 0) planes, as NiO has a
preferred cubic habit. The results of this study show that
Ce( affected the development of NiO-growth texture

NiO - single layer 1 orowth texture

random nucleation

I\

NiO outer layer = growth texture on mechanically polished Ni (Figs 7 and 8). Since no
Ce(G particles are present inside the outer layer, one
b random nucleation may suspect that Ce ions diffusing along NiO grain
: boundaries could contribute to the changes observed.
NiO + CeO2 «— random ttextture In fact, the presence of some ion segregants in outer
NiO inner — IOWLN texture . - , - :
random nucleation layer of NiO formed on mechanically polished Ni was
detected by some authors [11, 13].
The texture of pure NiO grown on chemically pol-
17— Ni substrate ished Ni should be considered a sum of textures devel-
oped on individual Ni grains. In general, oxide texture
(0) depends on Ni substrate orientation, and a number of

Figure 9 Schematic representation of the cross sectional microstruc-speCIfIC ep|tz_aX|aI relationships is given in the “t?ratwe
tures of NiO formed on Ni mechanically polished: (a) without coating; [16]. According to our X-ray measurements, oxidation
(b) after coating with Ce@ of (11 1)Ni face leads to the growth of NiO charac-
terized by a single component (1 11) texture. In NiO
grown on (1 00)Ni, there is present(a11) fibre in

(Fig. 1). The major texture component observed hereaddition to (1 0 0) epitaxial component [5, 9]. The com-
a (110 fibre, was also detected by other authors [11]parison of pole figures of Ni substrate and NiO layers
in thick NiO scales formed at 1373 K. Although some (Figs 1 and 4) shows that oriented nucleation and epi-
possibilities to develop the duplex structures exist fortaxial growth dominate the oxide texture development
thick NiO scales and are believed to be caused by then chemically polished Ni. The same conclusion could
inward transport of molecular oxygen [12], accordingbe drawn from the oxidation of chemically polished
to SEM imaging of fracture cross-section, for temper-Ni substrate with another texture characteristic for ex-
ature and time range of this study, the single NiO layertruded rod [17].
existed and contributed to the X-ray diffraction signal. The development of NiO texture on chemically pol-

The presence of Cef@oatings on mechanically pol- ished Ni starts in the same way as for mechanically pol-
ished Ni leads to the more complex depth structure ofshed Ni. Namely, the presence of Cd€ads to random
the oxide (Fig. 9b). After oxidation, CeQs present nucleation of NiO on top of the coating at the beginning
in a well-defined two-phase layer composed of NiOof oxidation, as was shown by TEM electron diffrac-
and CeQ [3]. Thus, the X-ray signal was diffracted tion [18]. As soon as the Ce@nodified NiO layer is
from all three sublayers. While the texture of the mid-formed, the growth mechanism of oxide changes from
dle layer is apparently random [3], both the inner andoutward Ni to inward oxygen ion diffusion [14]. As a
outer layers are characterized by specific preferred oriresult, the dominant reaction front moves underneath
entations. After the oxidation of mechanically polishedthe CeQ-containing layer, and Ni orientation again
and coated Ni, the CeGcontaining partis located deep plays an important role in NiO growth, the same when
inside the oxide [13, 14]. In such a structure, the outelCeQ, coating was absent. In this process, the inner NiO
layer, being thicker, has a higher contribution to X-raylayer increases predominantly its thickness [4, 10] and
signal diffracted. It can be concluded therefore that thdinally contributes to the textures measured. This ex-
outer layer is characterized by(a00 fibre texture plains, why the textures of the NiO layers grown on
with strength increasing with oxidation time (Fig. 8). chemically polished Ni, both pure and Cepated, do

In order to follow the formation of the three-layer not exhibit substantial differences.
structure of oxide shown in Fig. 9b, one should remem-
ber that the Ce@particles in the coating are randomly
oriented, as is the first layer of NiO nucleated on top5. Conclusions
of the coating [15]. At a steady stage of oxidation, 1. Surface finishing of polycrystalline nickel exerted
two growth fronts are active: at the oxide—gas inter-a critical effect on texture of both pure and CeO
face and beneath the Cg@ich part. According to modified NiO grown at 1073 K in 760 torr O
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2. Oxidation of uncoated, Niwith{d 0 0}(0 2 3 tex-

3.

ture and an atomic structure of the surface revealed by

chemical polishing, led to oriented nucleation and the %

epitaxial growth of NiO with a fina{1 00}(0 1 3 tex-

ture. The presence of Ce@oatings on this substrate 5
caused a random nucleation of NiO during the initial

stages of growth, though it did not substantially change

the texture of thick NiO layers formed at a steady stage®-

of reaction.

3. Plastic deformation of Ni surface by mechani-
cal polishing, in the absence of CgQesulted in ran-

dom nucleation of NiO and development(@fl 0 fibre

growth texture. Deposition of Cef@oatings on plasti-

F. CZERWINSKI andW. W. SMELTZER, ibid. 140 (1993)
2606141(1994) L34.

F. CZERWINSKI, J. A. SZPUNAR, R. G. MACAULAY -
NEWCOMBE andW. W. SMELTZER, Oxid. Met.43 (1995)
25.

F. CZERWINSKI andJ. A. SZPUNAR, in “Textures of Ma-
terials — ICOTOM 11" edited by Z. Liang, Z. Zuo, and Y. Chu
(International Academic Publishers, Beijing, 1996) p. 1126.
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cally deformed Ni surface also led to the nucleation of

randomly oriented NiO at the beginning of oxidation. ;¢
The CeQ coating did, however, change the growth tex-11.

ture of thicker NiO scales on this substrate tdl#® 0
fibre.
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