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Abstract

The equilibrium shape of pure nickel and the effect of carbon on the changee
equilibrium shape at 12680 were investigated. A statistical observation over the
size-dependent, time-dependent, and carbon-induced morphological evolution of
crystallites suggested that the equilibrium crystal shageSjEof pure nickel is a
polyhedron consisting of {111}, {100}, {110}, and {210} surfaces. However, crystals
with an extensive portion of {320} surfaces were also frequently obserle
appearance of {320} surfaces were interpreted as kineticalhjizeal metastable
surfaces which survived during the thermal equilibrating processbposhie to a
high nucleation energy barrier for the removal of the surfacesh® other hand, the
ECS of pure nickel was observed to change drastically isfharical shape with the
facets of {111}, {100}, {110}, and {210} without exception under a carburized
atmosphere, which indicates that carbon not only facilitates tfi@csudiffusion by
which energetically more stable surfaces can be easilyapece but also decreases
the surface energy anisotropy. Together with X-ray photoelegetrescopy studies,

it was proposed that the carbon-induced changes in the ECS al®ypdsgsito a solid
solution effect which could lead to a reduction in the binding energpngratoms in

the bulk as well as on the surfaces.

Keywords: equilibrium crystal shape; surface energy anisotropy; nidigl (
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1. Introduction
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13 Nickel has been one of the materials of interest both in acadsuieties and in
15 industries due to its excellent mechanical and thermal propeBigsng the last
18 decade, special attention has been paid to the processing refatets decause nickel
20 is not only a key element for superalloys [1], but also an altemelectrode material
22 for multilayer ceramic capacitors (MLCCs) [2]. Especialty the case of MLCC
25 applications, obtaining a homogeneous microstructure with a uniforrm giae
27 distribution is one of the key issues in guaranteeing the consisaedcseliability of
the expected functional properties. It is known that pure nickel often exhibitsvadnor
32 grain growth (AGG) behavior during sintering or annealing [3, 4], wimeposes a
34 great challenge to the industrial side. As well, the presendmmirities such as
carbon is known to often result in a homogeneous microstructure fd]lolvs that
39 the understanding of the mechanism which can clarify the migobste evolution of

4l the nickel system would be a very important subject.

46 Doping foreign elements is commonly known to be highly effectiveointrolling

48 microstructures of materials. In fact, changes in ECS duéeoainicorporation of
51 foreign elements have been frequently observed and reported ius/aystems
53 including ceramics and metals [5], even though a decisive thebratidarstanding is

still lacking. One of the two most frequently-cited mechanismshiemicrostructure

http://mc.manuscriptcentral.com/pm-pml
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homogenizing effect of certain dopants is the well-known Zener drggdfect [6-8].
The other mechanism states that the coarsening behavior of polycrystedterals is
highly susceptible to changes in the anisotropy of the surfacgieng®-11]. This
mechanism predicts that the higher the anisotropy of the swefargies of a crystal,
the higher the probability that AGG can take place during the isigtenf

polycrystalline materials.

Recently, Leest al. [4] reported that the addition of a small amount of carbon is highly
effective in suppressing the AGG of nickel. They proposed that theesgaor AGG
in the presence of carbon could be due to a decrease in theaoyiswtthe interfacial
energies from the fact that grain boundary faceting is only wbdddn pure nickel
systems. In the meantime, Randle and Horton [3] reported thaprdsence of
impurities during the sintering of nickel tends to suppress the AQ&irteresting to
note that the Zener dragging effect as a working mechanisnfisgigin the case of
the effect of carbon on the microstructure evolution of nickel doesewmn to be
relevant, because the microstructure homogenization effect evidekely place even
in systems where the doping level of carbon is fairly belowstiebility limit [12].
Note that when the doping level is below the solubility limitfhei a solute atom nor
a secondary phase, which could retard the migration of the grain bmsnda
expected. Therefore, at least the effect of carbon on homogerzngitrostructure

of nickel could be attributed to a reduction in the anisotropy oftinace energies.

http://mc.manuscriptcentral.com/pm-pml
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The best way to monitor the changes in the surface energyrapisa to compare

the ECS of each system.

In principle, there are two ways to experimentally induce th& BCa crystal. One
that is the most straightforward, though it is only qualitatieslgeptable [13-15] is to
monitor the shape of isolated crystals in a closed systens@dafic temperature of
interest [16, 17]. When a consensus on the shape of the majority @l<iggeached,
the shape can be approximated as the ECS. The other is to anabyzalled negative
shape of crystals from nano-sized annealed cavities[18, 19]. Froexpleeimental

point of view, the latter method is easier and more reliables gime size of cavities
can be as small as a few nanometers, which allows the shagsckothe equilibrium
state relatively easier [13, 20]. However, a couple of disadvestaigthis method is
that it only provides two-dimensional information, which is not quite malcin

analyzing the ECS with a low symmetry, and the applicabdftyhe technique is
usually confined to ceramic systems that are brittle enoughnerage crack-induced

cavities.

Considering the ductile nature of nickel as an elementary lmetistem, we
investigated the ECS of both pure and carburized nickel crystateldgrmer method,
l.e. from the positive crystal shape. To induce the isolatedatsysith sizes in the

micrometer range, we used sapphire single crystals as aasebstr which the

http://mc.manuscriptcentral.com/pm-pml
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wettability of nickel is known to be very poor [21]. Although the lveay to break up
deposited films into isolated single crystals is to heat-tie@m above their melting
point where the surface tension is operative to form small dsp@tthe specimens
were merely heat-treated at 1200due to the significant solubility of aluminum in
molten nickel [22]. The comparison of the ECS’s suggested that calbgas an
important role in reducing the surface energy anisotropy ofittiel system, though
the operating mechanism is not satisfactorily explained flmrekisting theory that
states the changes in the surface energy anisotropy rslyme consequence of
impurity adsorption on surfaces. From the analyses on the phenomenoésgieats
monitored by a scanning electron microscopy (SEM) and X-ray plectoah
spectroscopy (XPS), a possibility was proposed that the chanyjes surface energy

anisotropy in the presence of impurities may also be induced by a solid-solution.

http://mc.manuscriptcentral.com/pm-pml
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2. Experimental Procedure

Continuous nickel thick films were deposited on sapphire single crysitstrates of

high purity of 99.995% (2.0x1mm, ILJIN Display Co., Ltd, Korea) at room

temperature. Since even a small amount of impurities could reswdt notable
deviation from the real ECS, highly pure nickel (99.99%, 4 inch dia., 3meR, thi
Kojundo Chemical Laboratory Co., Ltd, Japan) was used as a targgtainand the
sputtering was carried out by a DC magnetron device (VSDS-8aéyum Science
Co., Ltd, Korea). To minimize possible contaminants, which could adEGS
modifiers, the base pressure was set to Betd®. For the generation of a plasma that
facilitates the sputtering process, a continuous and steady dfovargon gas
(99.9999%) was purged into the chamber to make the chamber pressuamtbonst

maintained at 8L0? torr. Under these deposition conditions, nickel films with a fairly

uniform thickness of ~ 300 nm were obtained as shown in Fig. 1.

All the deposited specimens were sealed in a highly pure quézntvacuo (10*
torr), and then placed in a vacuum furnace (JMVF-HT-3, Jeong Minthydk®rea).

The isolation and thermal equilibration of the deposited nickel filiie carried out

at 1200C for 100 h at €10° torr. This heat-treatment condition was chosen on the

basis of preliminary experiments. Although the heat-treatmestoagied out at the

http://mc.manuscriptcentral.com/pm-pml
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temperature that is fairly below the melting point, it isrs¢hat nicely dispersed and
isolated microcrystallites were obtained from the deposited Mlshshown in Fig. 2
(a) and (b), the size distribution and highly uniform contact aofyte 13¢ between
the nickel crystals and a (0001) oriented sapphire substrate inditatéise formation
of nickel microcrystallites of high crystallinity is the cogaence of the
heterogeneous nucleation and growth process. It is interestingetohat the uniform
contact angle between nickel crystals and the substratendarger than the known

wetting angle between liquid nickel droplet and the sapphire [23].sidee of the

isolated nickel crystallites ranged from about 0.5 tpn3, as is clearly visible in Fig.

2 (b). Except the crystals that inherently conceive a twin or low-angie lgoundaries,
all the observed crystals showed practically the identicageshahich indicates that
they are very close to their equilibrium state. The only indinathat the system is
still away from the equilibrium shape was a slight deviation inafeal fraction of
each surface on the ECS. However, the deviation became lesptipdeceithin the

resolution limit of the SEM used (JSM-6330F, JEOL, Japan) when teaktsyze was

near or below a micrometer.

Some of the specimens were then resealed in a quartz tube unsmtheondition to
induce the ECS of carburized nickel crystals. To introduce carltoreach isolated
nickel crystal, a carburizing atmosphere was realized byngazipowder compact,

which was made of 4 wt% nickel and 96 wt% carbon powder mixturetigingext to

http://mc.manuscriptcentral.com/pm-pml
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the specimen inside the quartz tube. The use of a carbon-nickel mixture insteas of pur
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carbon as a source of the carburizing atmosphere was to avoid a sumtdase in the
13 vapor pressure of carbon and to maintain as stable a supply of carberspetimens
15 during the heat-treatment as possible. These specimens weenaésaed at 1260

18 for 100 h. The morphological aspects of the ECS from each speciaremvonitored
20 by SEM and then characterized by Wulffman software [24]. Ahgnge in the
22 bonding features of nickel crystals induced by the incorporation of canam
25 evaluated by using an X-ray photoelectron spectroscopy (Kratos, Erigland)

27 method.

http://mc.manuscriptcentral.com/pm-pml
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3. Resaults & discussion

It was observed that all the induced near-ECS’s of the pure nigstelns belong to

Page 10 of 35

one of the two representative shapes shown in Figs. 3 (a) and (b). Notice thatthese t

shapes are identical except the symmetry of the surface wbos@l vector is nearly
parallel to the substrate normal. From the rotational symraetdfithe surfaces, i.e. the
one in Fig. 3 (a) is 6-fold and the other in Fig. 3 (b) is 3-fold, @vislent that the top
surface is {111} which has the highest symmetry for the facgeoced cubic (fcc)
systems. It is interesting to note that the nickel crystaéneated are
crystallographically very coherent to the substrate, though theelattismatch
between the nickel {111} surface and sapphire {0001} surface is relativgh. This
implicitly indicates that there might be a buffer layer be&meahe grown nickel
crystals and the substrate, which could be formed by a diffusionmiralm from the
substrate [22]. Considering the symmetry constraints imposed diecleystals, a
crystallographic characterization of the observed facets erratraightforward
except the surfaces in contact with the {111} surfaces, e.g. 6 esrfiacontact with
the top {111} surface. The determination of the surfaces will be fudiseussed later
in detail. A statistical observation on all the crystals frowm $mallest to the largest
revealed that {100} surfaces with a 4-fold rotational symmetry an@}Xlrfaces

with a 2-fold rotational symmetry are also a part of the ECS.

10
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On the other hand, the shape of all the crystals formed undecatieirizing

©CoO~NOUTA,WNPE

atmosphere showed a drastic difference from that of the putalsryd/hen observed

13 at low magnification, the shape of each crystal is practieafiphere regardless of the

15 crystallite size. This means that the role of carbon in nisiglems is obviously a

18 surface energy anisotropy reducer. However, a close look on the ualivstals

20 reveals that the induced spherical crystallites are intextdut several discrete facets

22 as exemplarily shown in Fig. 4 (a) and (b). Similar to the cagaire nickel crystals,

o5 the facet on the top is easy to be identified as a {111} surfacee she {0001}

27 oriented sapphire substrate is used. Three big facets, one of whpiglsesnt at the top
center region of the image and the other two of which are locatedjuivalent

32 positions with 120intervals, are also assigned to {111} surfaces. Another three large
34 facets whose angular interval is again 21a6e the {100} surfaces, and a group of
surfaces which are also distributed by % fiervals consists of two {210} surfaces

39 (this could also be {320} at this stage) and a {110} in the middlehqlgh these

41 surfaces are not clearly discernable in fairly small elljts as shown in Fig. 4 (a)

a4 due to the limited resolution of the SEM, a close look of the morphology shown in Fig.
46 4 (b) confirms that it also has discrete {111}, {100}, {110}, and {210} (or {320})

48 facets.

53 To determine the uncertainties of the facets developed both in pureagnatized

nickel crystals, the Wulffman software [24] was used to siraula¢ experimentally

11

http://mc.manuscriptcentral.com/pm-pml



©CoO~NOUTA,WNPE

Philosophical Magazine & Philosophical Magazine Letters Page 12 of 35

observed morphologies. The focus was made mainly on characterigeng t
crystallographic identification of the small facets near the{tdd} surface, since the
identity of all the other facets is already clear evemfthe SEM images due to the
inherent symmetric constraints imposed on fcc crystals. By atmglthe ECS of
crystals with all possible candidates of the surfaces of antyiguis concluded that
the surfaces could be either {210} or {320} depending on the symmetry of the
adjacent {111} surface. That is, when the symmetry is 6-fold, thecasfare to be
{210} as in Fig. 3 (a), while when it is 3-fold, the surfaces are {886} as in Fig. 3
(b). Interestingly, however, the facets observed in the carburiz&dl rigystallites
never showed {320} surfaces within the resolution limit of SEM, which atdi& the
{320} surfaces observed in the pure nickel system might not be aopatie
equilibrium shape but kinetically existing metastable ones. How#vsrhypothesis

needs more systematic and carefully controlled experiments to be confirmed.

The software-generated ECS’s of pure nickel for Fig. 3 (a)(Bphdnd that of the
carburized nickel for Fig. 4 (a) or (b) are presented in Figa)s (p), and (c),
respectively. It should be noted that in Fig. 5 (a) the areaidraof {210} is even
larger than or at least comparable to that of {111} that is commonly known as the most
stable surfaces in fcc with the lowest energy, but is almagigi®y small in Fig. 5
(b). If we assume that the observed shape in Fig. 3 (a) is th&@8eof the pure

nickel, the relative energies of each surface normalized byngrgyeof (111) surface

12
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are given asy,o,/ 7,1,=1.01, 7,0/ 7,,,=0.95, and y,,,/,,,=1.0. This makes the
11 rank of the surface energies in the pure nickgh < 7110<711:<7 10od) 7 20> Which is

14 considerably different from that of other fcc metals. On the dthed, if we assume
16 that the shape in Fig. 3 (b) is the true ECS, the relative sueiaergies normalized

become 7,00/ 711:=1.11, %110/ 711:=1.02, 7,10/ 711,=1.06, and y,,/ y,,,=1.01,
21 which makes the ranky,,, <7:,0<7110<7 26<7 10» Which is again quite different

24 from that of other fcc metals. However, if we only focus on theethprincipal
26 surfacesj.e. {111}, {100}, and {110}, the rank of the energy of each surface is in a

29 good agreement with that determined by first principles calculations [25].

The broken bond model, which is commonly used to roughly estimateutfazes

36 energies of simple metallic elements, states that the &C&etals with the fcc
38 symmetry consists of three major low-index surfaces, i.e. {111}, {100}, and {110}
Although it is frequently reported that the ECS predicted by timple approach has a
43 certain degree of deviations from that observed experimentally, kmmwvn

45 experimental work that has a significant deviation from the onesthtsaapproach
predicts has been reported yet. For example, pure copper [26] andeporanium

50 [27] were reported to have additional surfaces in their ECS’s hwinze proposed as
52 {311} facets whose energy is still considerably high in terms oftiluken bond

55 model. Though the unexpected surfaces were observed, the rank of theseotrg

57 each surface was always in conformity with that predicted by the modgls regard,

13
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the abnormality in the rank of the pure nickel currently observedheattributed to
the fact that none of the crystallites could reach its trueibgquih state due to a
significant energy barrier for a removal and formation of facetaces [13, 20]. This
Is also strongly supported by the fact that the relative sugaergies estimated from
the carburized nickel crystallites, whose surface energy ampgotequivalently step

free energy that determines the nucleation energy barrierhforremoval and

formation of facets is considerably lower, agg,/y,,,=1.00, 7,,,/7,,,=1.04, and
Voro! 711,=1.04, which results iny,,, < 7100< 71105 7 25 It IS interesting to note that

the rank in the surface energies in the carburized nickel is nerlamgaccordance
with that predicted by first principles calculation [25] but agneth that from the
broken bond model, except the practically identical energy val{#16} with {110}.
This indicates that the lower energy of {110} surfaces compareu thét of {100}
surfaces both theoretically expected and experimentally obsanvixd ipure nickel
system may be due to a reconstruction effect which is only domim the
enthalpy-dominant faceted crystals [28]. On the other hand, considéatgthe
kinetics of facet formation is critically susceptible to themges in the step free
energy which is closely related to the surface energy anisofimgeneral, the higher
the anisotropy, the slower the kinetics), the observed shape irararized nickel
system can be safely assumed to be very close to the equilishae. However, the
shapes in the pure nickel system should be regarded as kinetioaky fones near

their equilibrium state. In fact, most studies on the equilibriuystal shapes have

14
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been done on crystals whose surface energy anisotropy is sotlsatathe shape

©CoO~NOUTA,WNPE

involves isotropic curved surfaces [17, 26, 29].

15 So far, the appearance of unexpected surfaces, as in the ¢a8&é}ah copper [26]
18 and germanium [27], has often been explained only qualitatively in tefms
20 adsorption effect due to the presence of impurities or a surfacéymgdatmosphere
22 [30, 31]. However, a decisive theoretical reasoning on the presenceicbf s
25 unexpected surfaces in ECS is still lacking. So is the origthedfdeveloped {320}
27 and {210} facets in ECS whose energy is almost comparable to thaLbf in the
current study. One possibility for the dominant appearance of the {@29}210}
32 facets is that it might be due to a small amount of remnant axygpped inside the
34 quartz tube during the sealing procedure. As is in conformity Wwélckassical theory,
only if the remnant oxygen can be assumed to be preferentishad only to the
39 surfaces of relatively high Miller indices, this preferent@dg@ption of oxygen might
41 lead to a disruption in the rank of the surface energies as obserthd current
44 investigation. However, this assumption is not highly plausible, bedhasexygen
46 adsorption would take place simultaneously on all the existing ssyfatiech means
48 it is not likely that the energy of only a specific surfatea high energy can be the

51 lowered.

Another possibility which seems more relevant to the current isaghat these

15
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surfaces are kinetically-stabilized metastable ones and thepecsted extent of
occupancy is merely a consequence of a sluggish kinetics foettheval of these
surfaces and the formation of new surfaces of a lower energy [13,A20fas
extensively reviewed in Ref. [5] and the references thereingrbwth of a faceted
surface is always followed in a layer-by-layer manner, khiequires a
two-dimensional nucleation before the formation of any layer abbkshed. The free
energy change during the formation of a two-dimensional nucleusamet®d surface

IS given as,
AGy, =—Ay - AG, 5 +Z|i & 1)
where A, and AG, ,, refer to the area of the nucleus and the drivarge for the

formation of the nucleus, respectively. Alsb; s, denotes the free energy increase

due to the formation of a step, wheke and ¢ are the length of an edge and the

corresponding step free energy. From Eq. (1), theca driving force for the

formation of a facet is derived as

Zli “&,
AG, 5, “TA (2)
which indicates that when it is assumed that timeesamount of atoms is grouped to
form a nucleus, the easiness of the formation micdeus mainly depends on the sum

of the step-induced excess energies. Since thefrete@nergy is, in definition, equal

to the surface energy per an atomic height withetfteopic effect ignored, nucleation

16
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takes place more actively and easily on the susfacth a higher energy. For example,
let us think of an fcc crystal only composed of {}land {100} surfaces, as is

schematically illustrated in Fig. 6. The energya&ietween the surfaces was arbitrary

taken asy,,,/ 7.,,=1.076. If we ignore the entropy contributions to thepsfeee

energy, the ratio of the step free energy of {1@0hat of {111} also can be assumed
as 1.076. Then, the ratio between the driving ®ifoe the formation of each nucleus
Is given

AGI9 1 AGYY, =0.815, (3)
which implies that the surfaces with a higher epeg energetically easier to be
formed. This also indicates that the surfaces waithigher energy would eventually
grow out of existence, being replaced by the sedagith a lower energy, as long as
the atomic flux is high enough to guarantee theimigi force for the nucleation.
However, when a morphological change of a crystdlighly dependent on a surface
diffusion due to a limited supply of the atomicxuhe driving force is mostly not
enough to remove those energetically unstable sesfdoecause even the removal of a

faceted surface has an energy barrier [13, 20].

Figure 7 shows an XPS spectrum of the 2p regiorthierECS of the pure as well as
carburized nickel. It can be noted that the bindingrgy peak of the carburized nickel
in Fig. 7 shows a slight negative shift. It is knothat the presence of binding states

associated with the adsorbed atoms of a high eleegativity such as carbon, oxygen,

17
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and etc. induces a positive shift in XPS spectr2].[Therefore, the drastic shift
induced by carbon may not be attributed to the qdiem of carbon on the surface but
a solid solution of carbon into the nickel lattitescause the interstitial type of solid
solution as in the case of the current study isAknto decrease the binding energy of
the system, resulting in a negative shift in theSXdpectra [33-35]. In fact, a number
of reports in the literature have implicitly indted that a solid solution has a
significant influence on the changes in surfacegge [36-39]. Especially in the case
of systems involving an interstitial solid solutiaghe surface energy decreases as the
level of solid solution increases [38]. Because dkerease in the surface energy is
mainly due to an entropic effect induced by therporation of foreign atoms into the
lattice interstitial sites, this type of intersditisolid solution is expected to result in a
decrease in the directionality in binding energyd & consequent reduction in the
surface energy anisotropy. Therefore, the changethe ECS of nickel by the
introduction of carbon could be attributed to afe@f of the solid solution between
nickel and carbon, the possibility of which has beén considered theoretically in the

literature yet.

18
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4. Conclusion

©CoO~NOUTA,WNPE

13 The equilibrium shape of the pure and carburizedkeli systems was investigated.
15 Due to a sluggish kinetics, only a near equilibrisivape consisting of {111}, {100},

18 {110}, {210}, and {320} surfaces was observed iretpure nickel crystallites. Those
20 kinetically stabilized shapes suggested that niyt the formation but also the removal
22 of faceted surfaces have a significant energy éarvhich is in a good conformity

o5 with the theoretical prediction [13]. On the otheand, it was observed that the
27 presence of carbon results in a drastic decredbe isurface energy anisotropy, which
was evident from the changes in the shape fromlghedral with sharp edges to a
32 sphere with some isolated facets. The role of caihoreducing the surface energy
34 anisotropy was explained in terms of the changésdarbinding state features of nickel

crystals due to the solid solution of carbon intuckel lattice.
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6. Figure captions

Fig. 1. SEM micrographs of (a) plane and (b) cresstioned view of the deposited
nickel thin film.

Fig. 2. SEM micrograph for (a) magnified nickel tal of cross-sectioned and (b) a
bird's eye view of isolated pure nickel crystalsnealed at 120C for 100 h under
10* torr atmospheric pressure.

Fig. 3. Near-equilibrium shape of pure nickel cajst annealed at 126C for 100 h
under 1¢ torr atmospheric pressure.

Fig. 4. Near-equilibrium shape of nickel crystalsnealed at 120 for 100 h under
carburizing atmosphere.

Fig. 5. Software-generated ECS simulated for theeementally observed pure and
carburized nickel crystals shown in Fig. 3 andad.and (b) correspond respectively to
(a) and (b) in Fig. 3, and (c) corresponds to 1tdyig. 4.

Fig. 6. Schematic of fcc crystal only composed d1X} and {100} surfaces. The

energy ratio between the surfaces was arbitrasntals y,,,/ 7,,,=1.076.

Fig. 7. XPS spectra of nickel 2p region for the gaye nickel and (b) carburized

crystals.
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