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Abstract 

 

The equilibrium shape of pure nickel and the effect of carbon on the changes in the 

equilibrium shape at 1200oC were investigated. A statistical observation over the 

size-dependent, time-dependent, and carbon-induced morphological evolution of 

crystallites suggested that the equilibrium crystal shape (ECS) of 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 observed. The 

appearance of {320} surfaces were interpreted as kinetically-stabilized metastable 

surfaces which survived during the thermal equilibrating process possibly due to a 

high nucleation energy barrier for the removal of the surfaces. On the other hand, the 

ECS of pure nickel was observed to change drastically into a spherical shape with the 

facets of {111}, {100}, {110}, and {210} without exception under a carburized 

atmosphere, which indicates that carbon not only facilitates the surface diffusion by 

which energetically more stable surfaces can be easily developed but also decreases 

the surface energy anisotropy. Together with X-ray photoelectron spectroscopy studies, 

it was proposed that the carbon-induced changes in the ECS are possibly due to a solid 

solution effect which could lead to a reduction in the binding energy among atoms in 

the bulk as well as on the surfaces. 

 

Keywords: equilibrium crystal shape; surface energy anisotropy; nickel (Ni) 
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1. Introduction 

  

Nickel has been one of the materials of interest both in academic societies and in 

industries due to its excellent mechanical and thermal properties. During the last 

decade, special attention has been paid to the processing related aspects because nickel 

is not only a key element for superalloys [1], but also an alternative electrode material 

for multilayer ceramic capacitors (MLCCs) [2]. Especially in the case of MLCC 

applications, obtaining a homogeneous microstructure with a uniform grain size 

distribution is one of the key issues in guaranteeing the consistency and reliability of 

the expected functional properties. It is known that pure nickel often exhibits abnormal 

grain growth (AGG) behavior during sintering or annealing [3, 4], which imposes a 

great challenge to the industrial side. As well, the presence of impurities such as 

carbon is known to often result in a homogeneous microstructure [4]. It follows that 

the understanding of the mechanism which can clarify the microstructure evolution of 

the nickel system would be a very important subject. 

 

Doping foreign elements is commonly known to be highly effective in controlling 

microstructures of materials. In fact, changes in ECS due to the incorporation of 

foreign elements have been frequently observed and reported in various systems 

including ceramics and metals [5], even though a decisive theoretical understanding is 

still lacking. One of the two most frequently-cited mechanisms for the microstructure 
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homogenizing effect of certain dopants is the well-known Zener dragging effect [6-8]. 

The other mechanism states that the coarsening behavior of polycrystalline materials is 

highly susceptible to changes in the anisotropy of the surface energies [9-11]. This 

mechanism predicts that the higher the anisotropy of the surface energies of a crystal, 

the higher the probability that AGG can take place during the sintering of 

polycrystalline materials.  

 

Recently, Lee et al. [4] reported that the addition of a small amount of carbon is highly 

effective in suppressing the AGG of nickel. They proposed that the suppressed AGG 

in the presence of carbon could be due to a decrease in the anisotropy of the interfacial 

energies from the fact that grain boundary faceting is only observed in pure nickel 

systems. In the meantime, Randle and Horton [3] reported that the presence of 

impurities during the sintering of nickel tends to suppress the AGG. It is interesting to 

note that the Zener dragging effect as a working mechanism specifically in the case of 

the effect of carbon on the microstructure evolution of nickel does not seem to be 

relevant, because the microstructure homogenization effect evidently takes place even 

in systems where the doping level of carbon is fairly below the solubility limit [12]. 

Note that when the doping level is below the solubility limit, neither a solute atom nor 

a secondary phase, which could retard the migration of the grain boundaries, is 

expected. Therefore, at least the effect of carbon on homogenizing the microstructure 

of nickel could be attributed to a reduction in the anisotropy of the surface energies. 
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The best way to monitor the changes in the surface energy anisotropy is to compare 

the ECS of each system. 

 

In principle, there are two ways to experimentally induce the ECS of a crystal. One 

that is the most straightforward, though it is only qualitatively acceptable [13-15] is to 

monitor the shape of isolated crystals in a closed system at a specific temperature of 

interest [16, 17]. When a consensus on the shape of the majority of crystals is reached, 

the shape can be approximated as the ECS. The other is to analyze a so-called negative 

shape of crystals from nano-sized annealed cavities[18, 19]. From the experimental 

point of view, the latter method is easier and more reliable since the size of cavities 

can be as small as a few nanometers, which allows the shape to reach the equilibrium 

state relatively easier [13, 20]. However, a couple of disadvantages of this method is 

that it only provides two-dimensional information, which is not quite practical in 

analyzing the ECS with a low symmetry, and the applicability of the technique is 

usually confined to ceramic systems that are brittle enough to generate crack-induced 

cavities.  

 

Considering the ductile nature of nickel as an elementary metallic system, we 

investigated the ECS of both pure and carburized nickel crystals by the former method, 

i.e. from the positive crystal shape. To induce the isolated crystals with sizes in the 

micrometer range, we used sapphire single crystals as a substrate on which the 
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wettability of nickel is known to be very poor [21]. Although the best way to break up 

deposited films into isolated single crystals is to heat-treat them above their melting 

point where the surface tension is operative to form small droplets, all the specimens 

were merely heat-treated at 1200oC due to the significant solubility of aluminum in 

molten nickel [22]. The comparison of the ECS’s suggested that carbon plays an 

important role in reducing the surface energy anisotropy of the nickel system, though 

the operating mechanism is not satisfactorily explained from the existing theory that 

states the changes in the surface energy anisotropy is merely a consequence of 

impurity adsorption on surfaces. From the analyses on the phenomenological aspects 

monitored by a scanning electron microscopy (SEM) and X-ray photoelectron 

spectroscopy (XPS), a possibility was proposed that the changes in the surface energy 

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

 

Continuous nickel thick films were deposited on sapphire single crystal substrates of 

high purity of 99.995% (10××××10××××1mm, ILJIN Display Co., Ltd, Korea) at room 

temperature. Since even a small amount of impurities could result in a notable 

deviation from the real ECS, highly pure nickel (99.99%, 4 inch dia., 3mm thick, 

Kojundo Chemical Laboratory Co., Ltd, Japan) was used as a target material, and the 

sputtering was carried out by a DC magnetron device (VSDS-81A, Vacuum Science 

Co., Ltd, Korea). To minimize possible contaminants, which could act as ECS 

modifiers, the base pressure was set to be 10-6 torr. For the generation of a plasma that 

facilitates the sputtering process, a continuous and steady flow of argon gas 

(99.9999%) was purged into the chamber to make the chamber pressure constantly 

maintained at 5××××10-2 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 quartz tube in vacuo (10-4 

torr), and then placed in a vacuum furnace (JMVF-HT-3, Jeong Min Industry, Korea). 

The isolation and thermal equilibration of the deposited nickel films were carried out 

at 1200°C for 100 h at 6××××10-3 torr. This heat-treatment condition was chosen on the 

basis of preliminary experiments. Although the heat-treatment was carried out at the 
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temperature that is fairly below the melting point, it is seen that nicely dispersed and 

isolated microcrystallites were obtained from the deposited film. As shown in Fig. 2 

(a) and (b), the size distribution and highly uniform contact angle of ~ 130o between 

the nickel crystals and a (0001) oriented sapphire substrate indicates that the formation 

of nickel microcrystallites of high crystallinity is the consequence of the 

heterogeneous nucleation and growth process. It is interesting to note that the uniform 

contact angle between nickel crystals and the substrate is even larger than the known 

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

isolated nickel crystallites ranged from about 0.5 to 3 μm, as is clearly visible in Fig. 

2 (b). Except the crystals that inherently conceive a twin or low-angle grain boundaries, 

all the observed crystals showed practically the identical shape, which indicates that 

they are very close to their equilibrium state. The only indication that the system is 

still away from the equilibrium shape was a slight deviation in the areal fraction of 

each surface on the ECS. However, the deviation became less perceptible within the 

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

near or below a micrometer. 

 

Some of the specimens were then resealed in a quartz tube under the same condition to 

induce the ECS of carburized nickel crystals. To introduce carbon into each isolated 

nickel crystal, a carburizing atmosphere was realized by placing a powder compact, 

which was made of 4 wt% nickel and 96 wt% carbon powder mixture directly next to 
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the specimen inside the quartz tube. The use of a carbon-nickel mixture instead of pure 

carbon as a source of the carburizing atmosphere was to avoid a sudden increase in the 

vapor pressure of carbon and to maintain as stable a supply of carbon to the specimens 

during the heat-treatment as possible. These specimens were also annealed at 1200oC 

for 100 h. The morphological aspects of the ECS from each specimen were monitored 

by SEM and then characterized by Wulffman software [24]. Any change in the 

bonding features of nickel crystals induced by the incorporation of carbon was 

evaluated by using an X-ray photoelectron spectroscopy (Kratos, Axis, England) 

method. 
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3. Results & discussion 

 

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

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

shapes are identical except the symmetry of the surface whose normal vector is nearly 

parallel to the substrate normal. From the rotational symmetries of the surfaces, i.e. the 

one in Fig. 3 (a) is 6-fold and the other in Fig. 3 (b) is 3-fold, it is evident that the top 

surface is {111} which has the highest symmetry for the face centered cubic (fcc) 

systems. It is interesting to note that the nickel crystals generated are 

crystallographically very coherent to the substrate, though the lattice mismatch 

between the nickel {111} surface and sapphire {0001} surface is relatively high. This 

implicitly indicates that there might be a buffer layer between the grown nickel 

crystals and the substrate, which could be formed by a diffusion of aluminum from the 

substrate [22]. Considering the symmetry constraints imposed on the fcc crystals, a 

crystallographic characterization of the observed facets is rather straightforward 

except the surfaces in contact with the {111} surfaces, e.g. 6 surfaces in contact with 

the top {111} surface. The determination of the surfaces will be further discussed later 

in detail. A statistical observation on all the crystals from the smallest to the largest 

revealed that {100} surfaces with a 4-fold rotational symmetry and {110} surfaces 

with a 2-fold rotational symmetry are also a part of the ECS.  
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On the other hand, the shape of all the crystals formed under the carburizing 

atmosphere showed a drastic difference from that of the pure crystals. When observed 

at low magnification, the shape of each crystal is practically a sphere regardless of the 

crystallite size. This means that the role of carbon in nickel systems is obviously a 

surface energy anisotropy reducer. However, a close look on the individual crystals 

reveals that the induced spherical crystallites are intersected by several discrete facets 

as exemplarily shown in Fig. 4 (a) and (b). Similar to the case of pure nickel crystals, 

the facet on the top is easy to be identified as a {111} surface, since the {0001} 

oriented sapphire substrate is used. Three big facets, one of which is present at the top 

center region of the image and the other two of which are located in equivalent 

positions with 120o intervals, are also assigned to {111} surfaces. Another three large 

facets whose angular interval is again 120o are the {100} surfaces, and a group of 

surfaces which are also distributed by 120o intervals consists of two {210} surfaces 

(this could also be {320} at this stage) and a {110} in the middle. Although these 

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

due to the limited resolution of the SEM, a close look of the morphology shown in Fig. 

4 (b) confirms that it also has discrete {111}, {100}, {110}, and {210} (or {320}) 

facets. 

 

To determine the uncertainties of the facets developed both in pure and carburized 

nickel crystals, the Wulffman software [24] was used to simulate the experimentally 
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observed morphologies. The focus was made mainly on characterizing the 

crystallographic identification of the small facets near the top {111} surface, since the 

identity of all the other facets is already clear even from the SEM images due to the 

inherent symmetric constraints imposed on fcc crystals. By simulating the ECS of 

crystals with all possible candidates of the surfaces of ambiguity, it is 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, the surfaces are to be 

{210} as in Fig. 3 (a), while when it is 3-fold, the surfaces are to be {320} as in Fig. 3 

(b). Interestingly, however, the facets observed in the carburized nickel crystallites 

never showed {320} surfaces within the resolution limit of SEM, which indicates the 

{320} surfaces observed in the pure nickel system might not be a part of the 

equilibrium shape but kinetically existing metastable ones. However, this hypothesis 

needs more systematic and carefully controlled experiments to be confirmed. 

 

The software-generated ECS’s of pure nickel for Fig. 3 (a) and (b) and that of the 

carburized nickel for Fig. 4 (a) or (b) are presented in Fig. 5 (a), (b), and (c), 

respectively. It should be noted that in Fig. 5 (a) the areal fraction of {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 almost negligibly small in Fig. 5 

(b). If we assume that the observed shape in Fig. 3 (a) is the true ECS of the pure 

nickel, the relative energies of each surface normalized by the energy of (111) surface 
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are given as 100 111/ 1.01γ γ = , 210 111/ 0.95γ γ = , and 110 111/ 1.0γ γ = . This makes the 

rank of the surface energies in the pure nickel 210 110 111 100 320γ γ γ γ γ< < < � , which is 

considerably different from that of other fcc metals. On the other hand, if we assume 

that the shape in Fig. 3 (b) is the true ECS, the relative surface energies normalized 

become 100 111/ 1.11γ γ = , 110 111/ 1.02γ γ = , 210 111/ 1.06γ γ = , and 320 111/ 1.01γ γ = , 

which makes the rank 111 320 110 210 100γ γ γ γ γ< < < < , which is again quite different 

from that of other fcc metals. However, if we only focus on the three principal 

surfaces, i.e. {111}, {100}, and {110}, the rank of the energy of each surface is in a 

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

 

The broken bond model, which is commonly used to roughly estimate the surface 

energies of simple metallic elements, states that the ECS of metals with the fcc 

symmetry consists of three major low-index surfaces, i.e. {111}, {100}, and {110}. 

Although it is frequently reported that the ECS predicted by this simple approach has a 

certain degree of deviations from that observed experimentally, no known 

experimental work that has a significant deviation from the ones that this approach 

predicts has been reported yet. For example, pure copper [26] and pure germanium 

[27] were reported to have additional surfaces in their ECS’s, which were proposed as 

{311} facets whose energy is still considerably high in terms of the broken bond 

model. Though the unexpected surfaces were observed, the rank of the energies of 

each surface was always in conformity with that predicted by the model. In this regard, 
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the abnormality in the rank of the pure nickel currently observed may be attributed to 

the fact that none of the crystallites could reach its true equilibrium state due to a 

significant energy barrier for a removal and formation of facet surfaces [13, 20]. This 

is also strongly supported by the fact that the relative surface energies estimated from 

the carburized nickel crystallites, whose surface energy anisotropy, equivalently step 

free energy that determines the nucleation energy barrier for the removal and 

formation of facets is considerably lower, are 100 111/ 1.00γ γ = , 110 111/ 1.04γ γ = , and 

210 111/ 1.04γ γ = , which results in 111 100 110 210γ γ γ γ< < ≤ . It is interesting to note that 

the rank in the surface energies in the carburized nickel is no longer in accordance 

with that predicted by first principles calculation [25] but agree with that from the 

broken bond model, except the practically identical energy value of {210} with {110}. 

This indicates that the lower energy of {110} surfaces compared with that of {100} 

surfaces both theoretically expected and experimentally observed in the pure nickel 

system may be due to a reconstruction effect which is only dominant in the 

enthalpy-dominant faceted crystals [28]. On the other hand, considering that the 

kinetics of facet formation is critically susceptible to the changes in the step free 

energy which is closely related to the surface energy anisotropy (in general, the higher 

the anisotropy, the slower the kinetics), the observed shape in the carburized nickel 

system can be safely assumed to be very close to the equilibrium shape. However, the 

shapes in the pure nickel system should be regarded as kinetically frozen ones near 

their equilibrium state. In fact, most studies on the equilibrium crystal shapes have 
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been done on crystals whose surface energy anisotropy is so small that the shape 

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

 

So far, the appearance of unexpected surfaces, as in the case of {311} in copper [26] 

and germanium [27], has often been explained only qualitatively in terms of 

adsorption effect due to the presence of impurities or a surface-modifying atmosphere 

[30, 31]. However, a decisive theoretical reasoning on the presence of such 

unexpected surfaces in ECS is still lacking. So is the origin of the developed {320} 

and {210} facets in ECS whose energy is almost comparable to that of {111} in the 

current study. One possibility for the dominant appearance of the {320} and {210} 

facets is that it might be due to a small amount of remnant oxygen trapped inside the 

quartz tube during the sealing procedure. As is in conformity with the classical theory, 

only if the remnant oxygen can be assumed to be preferentially attached only to the 

surfaces of relatively high Miller indices, this preferential adsorption of oxygen might 

lead to a disruption in the rank of the surface energies as observed in the current 

investigation. However, this assumption is not highly plausible, because the oxygen 

adsorption would take place simultaneously on all the existing surfaces, which means 

it is not likely that the energy of only a specific surface of a high energy can be the 

lowered. 

 

Another possibility which seems more relevant to the current case is that these 
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surfaces are kinetically-stabilized metastable ones and the unexpected extent of 

occupancy is merely a consequence of a sluggish kinetics for the removal of these 

surfaces and the formation of new surfaces of a lower energy [13, 20]. As was 

extensively reviewed in Ref. [5] and the references therein, the growth of a faceted 

surface is always followed in a layer-by-layer manner, which requires a 

two-dimensional nucleation before the formation of any layer is established. The free 

energy change during the formation of a two-dimensional nucleus on a faceted surface 

is given as, 

2 2 ,2 ,D D V D i i
i

G A G l ε∆ = − ⋅∆ + ⋅∑   (1) 

where 2DA  and ,2V DG∆  refer to the area of the nucleus and the driving force for the 

formation of the nucleus, respectively. Also, i il ε⋅  denotes the free energy increase 

due to the formation of a step, where il  and iε  are the length of an edge and the 

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

formation of a facet is derived as 

,2
2

,
i i

i
V D

D

l
G

A

ε⋅

∆ =
∑

  (2) 

which indicates that when it is assumed that the same amount of atoms is grouped to 

form a nucleus, the easiness of the formation of a nucleus mainly depends on the sum 

of the step-induced excess energies. Since the step free energy is, in definition, equal 

to the surface energy per an atomic height with the entropic effect ignored, nucleation 
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takes place more actively and easily on the surfaces with a higher energy. For example, 

let us think of an fcc crystal only composed of {111} and {100} surfaces, as is 

schematically illustrated in Fig. 6. The energy ratio between the surfaces was arbitrary 

taken as 100 111/ 1.076γ γ = . If we ignore the entropy contributions to the step free 

energy, the ratio of the step free energy of {100} to that of {111} also can be assumed 

as 1.076. Then, the ratio between the driving forces for the formation of each nucleus 

is given 

{100} {111}
,2 ,2/ 0.815,V D V DG G∆ ∆ =   (3) 

which implies that the surfaces with a higher energy is energetically easier to be 

formed. This also indicates that the surfaces with a higher energy would eventually 

grow out of existence, being replaced by the surfaces with a lower energy, as long as 

the atomic flux is high enough to guarantee the driving force for the nucleation. 

However, when a morphological change of a crystal is highly dependent on a surface 

diffusion due to a limited supply of the atomic flux, the driving force is mostly not 

enough to remove those energetically unstable surfaces, because even the removal of a 

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

 

Figure 7 shows an XPS spectrum of the 2p region for the ECS of the pure as well as 

carburized nickel. It can be noted that the binding energy peak of the carburized nickel 

in Fig. 7 shows a slight negative shift. It is known that the presence of binding states 

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

Page 17 of 35

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

Philosophical Magazine & Philosophical Magazine Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

18 
 

and etc. induces a positive shift in XPS spectra [32]. Therefore, the drastic shift 

induced by carbon may not be attributed to the adsorption of carbon on the surface but 

a solid solution of carbon into the nickel lattice, because the interstitial type of solid 

solution as in the case of the current study is known to decrease the binding energy of 

the system, resulting in a negative shift in the XPS spectra [33-35]. In fact, a number 

of reports in the literature have implicitly indicated that a solid solution has a 

significant influence on the changes in surface energies [36-39]. Especially in the case 

of systems involving an interstitial solid solution, the surface energy decreases as the 

level of solid solution increases [38]. Because the decrease in the surface energy is 

mainly due to an entropic effect induced by the incorporation of foreign atoms into the 

lattice interstitial sites, this type of interstitial solid solution is expected to result in a 

decrease in the directionality in binding energy, and a consequent reduction in the 

surface energy anisotropy. Therefore, the changes in the ECS of nickel by the 

introduction of carbon could be attributed to an effect of the solid solution between 

nickel and carbon, the possibility of which has not been considered theoretically in the 

literature yet. 

Page 18 of 35

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

Philosophical Magazine & Philosophical Magazine Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

19 
 

4. Conclusion 

 

The equilibrium shape of the pure and carburized nickel systems was investigated. 

Due to a sluggish kinetics, only a near equilibrium shape consisting of {111}, {100}, 

{110}, {210}, and {320} surfaces was observed in the pure nickel crystallites. Those 

kinetically stabilized shapes suggested that not only the formation but also the removal 

of faceted surfaces have a significant energy barrier, which is in a good conformity 

with the theoretical prediction [13]. On the other hand, it was observed that the 

presence of carbon results in a drastic decrease in the surface energy anisotropy, which 

was evident from the changes in the shape from a polyhedral with sharp edges to a 

sphere with some isolated facets. The role of carbon in reducing the surface energy 

anisotropy was explained in terms of the changes in the binding state features of nickel 

crystals due to the solid solution of carbon into a nickel lattice.  
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6. Figure captions 

 

Fig. 1. SEM micrographs of (a) plane and (b) cross-sectioned view of the deposited 

nickel thin film. 

Fig. 2. SEM micrograph for (a) magnified nickel crystal of cross-sectioned and (b) a 

bird's eye view of isolated pure nickel crystals, annealed at 1200oC for 100 h under 

10-4 torr atmospheric pressure. 

Fig. 3. Near-equilibrium shape of pure nickel crystals, annealed at 1200 oC for 100 h 

under 10-4 torr atmospheric pressure. 

Fig. 4. Near-equilibrium shape of nickel crystals, annealed at 1200 oC for 100 h under 

carburizing atmosphere. 

Fig. 5. Software-generated ECS simulated for the experimentally observed pure and 

carburized nickel crystals shown in Fig. 3 and 4. (a) and (b) correspond respectively to 

(a) and (b) in Fig. 3, and (c) corresponds to (b) in Fig. 4. 

Fig. 6. Schematic of fcc crystal only composed of {111} and {100} surfaces. The 

energy ratio between the surfaces was arbitrary taken as 100 111/ 1.076γ γ = . 

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

crystals. 
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