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adhesion in several representative systems
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Abstract

This paper describes the effect of substrate crystallographic orientation on the wettability and adhesion and explains the relatec
mechanisms. Four representative systems are exemplified to show this effect. The effect, in nature, is determined by the characteri
tics of the atoms terminated at the substrate surface, which include their type, quantity and bond strength with the molten materia
atoms.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 2. Effect of crystallographic orientation

A comprehensive understanding of the factors responsi-2.1. In strong-interaction single-component systems
ble for the wettability and adhesion of a solid by a liquid
metal is not only of scientific interest but also of con- As an illustration, we use the results from Naidich et al.
siderable technological importance. This is particularly [1] on the wettability of the different oriented faces of ger-
important for the fabrication of metal-ceramic compos- manium (Ge) single crystals by its own melt, as shown in
ites, joints and thin-film materials. It has been realized Table 1 The work of adhesionyW,q, was calculated from
that the wettability of a solid by a liquid is not only the Young-Dupré equation:
determined by the thermodynamic characteristics of the
system such as solubility and reactivity, but also affected Wad = 0sg+ 0lg — 05 = 0ig(1 + COS0) 1
by some external factors such as temperature, working
atmosphere (especially oxygen partial pressure), impu-
rities and substrate surface conditions including surface
roughness, crystallographic orientation and adsorption,
etc.

To the best of our knowledge, there have not been many
investigations on the effect of the crystallographic ori-

where osg, 019 and o are the solid—gas, liquid—gas and
solid—liquid interfacial free energies, respectively. Note that
the contact angle and the work of adhesion vary with the
crystallographic orientation of the Ge substrates. The low-
est contact angle and the highest work of adhesion appear
on the face with the smallest atomic density and the largest

entation despite the fact that the knowledge itself plays interplanar spacing, indicating that the wettability and the
an important role in understanding and controlling the adhesion on the less close-packed faces are better than those

physical or chemical processes such as thin-film/crystal on the cIoser-pa.cked faces. This may be understood frqm
epitaxial growth and adhesion. In this article, we present the surface physics of metals and the nature of the adhesion
such a study mainly based on our previous and recentat the interface as well as the cohesion in the bulk crystal.

experimental results with an emphasis on the related As is known, during the formation of a new surface, energy
mechanisms is required to break the bonds between atoms either in the

bulk (i.e., the origin of the cohesion) or at the interface (i.e.,
the origin of the adhesion). The energies, both the cohesion
and the adhesion, depend on the number of broken bonds.
* Corresponding author. Tek:81-6-6879-8653; fax:-81-6-6879-8689. | € MOSt stable surface has the smallest number of broken
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Table 1
Contact angle and work of adhesion of Ge single crystals by its own [fielt
Crystal Face Contact angte(°) Work of adhesionWag (mJ/n?) Some physical characteristics of crystals
Germanium (111) 36 3 1194 d =1.4113,p = 14.42<104
(110) 17+ 3 1252 d =2.0224,p = 8.82x10
(100) 9+ 4 1272 d = 2.4467,p = 6.24x10™

d = interplanar spacing (A)p = reticular atom density (atoms/én

[2]. In other words, the surface atoms are still relatively 2.3. In weak-interaction metal/oxide systems

tightly bound by the bulk ones. As a result, the liquid on

its own closest-packed surface develops a relatively weaker Table 3lists the results of the contact angle and the
adhesion at the interface despite the fact that the atomic denwork of adhesion of some non-reactive metals (Bi, Pb, Sn)

sity at the solid surface is the highest. on three different faces of MgO single crystals. It can be
seen that the best wettability and the highest adhesion of
2.2. In weak-interaction metal/carbon systems the MgO single crystals by all the liquid metals are on the

(100) face, whereas the worst wettability and the lowest
An opposite effect of the crystallographic orientation adhesion are on the (110) face. (100) is the most com-
as well as the surface atomic density on the wettability pact plane for the MgO crystal, however, the quantity (or
and adhesion was found by Nogi et 8] and Dezellus density) of oxygen ionsNO?") on the three faces is in the
and Eustathopoulof4] in their respective studies of the sequence of111) > (100 > (110 (seeTable 4 pro-
non-reactive metal (Sn, Pb, Bi, Ag, Cu and Au)/carbon viding that the atomic configuration at the surface is the
systems. These systems have a common characteristic, i.esame as that in the bulk. Obviously, the number of oxy-
the liquid metals are inert to carbon, neither forming car- gen ions alone cannot account for the order of the con-
bides nor significantly dissolving carbon. The predominant tact angle and the work of adhesion. Other factors must
interactions at the liquid—solid interface are van der Waals be taken into account. Nogi et g6] explained it from

dispersion forces, which can be expressefas the interactions (coulomb forcé;) between the top-layer
P 0%~ and the second layer Mg at the MgO surface. The
Evpw = 157 2 stronger are the O-Mg interactions towards the substrate
bulk, the weaker is the adhesion at the interface. Therefore,

wherek is the constant of the atom—atom pair potential, de- they employed the value diO?>~/F to evaluate the func-
pending on the nature of the atomsg,and p, are the num- tion of the crystallographic orientation. The larger is the
bers of atoms per unit volume at the liquid—solid interface, NO?~/F, the higher is the adhesion. As listed Table 4
andr is the separation distance between the two surfaces.the value ofNO?~/F for the three faces is in the order of
Since the van der Waals force is directly proportional to (100 > (111) > (110, thus, it was suggested that the
the atomic densities of the contact phases, the wettability NO?>~/F might explain the effect of the crystallographic ori-
and the adhesion are essentially dependent on the atomientation. Despite the fact that this explanation seems reason-
density of the substrate surface. As seen fitable 2 the able, the later AFM observation on the MgO single crystal
lowest contact angle and the highest work of adhesion aresurfaces indicates that the surface structures are quite dif-
displayed on the most compact (11 1) face of diamond for ferent from the bulk ones. The number of oxygen atoms on
all the metals except for Ag. The results of Au and Cu on the three MgO surfaces is in the order@f1 1) > (110 >

the pseudo-monocrystalline graphite and vitreous carbon(100) [7]. Therefore, theNO?~/F is not the sole decisive
substrates from Dezellus and Eustathopofjsalso indi- factor. Another possible factor is the interactions between
cate that the wettability and the adhesion increase with thethe liquid metal atoms and the surface Mg atoms. By re-
atomic density of the substrate surface. As a consequenceferring to the phase diagrams of the Bi-Mg, Pb—Mg and
it might be reasonable to expect that the wettability and Sn—Mg binary alloys and their thermodynamic data such
adhesion on the different oriented faces of diamond single as heat of formationA H) and partial molar Gibbs ener-
crystals should be in the order11) > (110 > (100). gies (AGvg and AGmeta) [8], the interactions between the
AFM measurements of the interactions between the dia- metal atoms and the substrate Mg atoms, resulting from ei-
mond surfaces and a8l probe further demonstrated this ther the dissolution or formation of an intermetallic com-
prediction[5]. Deviations from this order (as reflected in pound, cannot be completely neglected. Since the number
Table 2 may result from the influence of atmospherigfH  of Mg atoms at the (100) MgO face is more than that at
adsorption on the diamond surface and the surface structurathe other two faces, it is possibly responsible for the low-
transformation of diamond into graphite at temperatures est contact angle and the highest work of adhesion on the
above approximately 1000 [3,5]. (100) face.
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Table 2
Contact angle and work of adhesion of carbons (diamond, pseudo-monocrystalline graphite and vitreous carbon) by non-reactive melts (Bi, Pb, Sn, Ag
Cu and Au)

Metal Substrate Crystal face or some Contact anglé (°) Work of adhesion, Experimental
properties Wag (MJ/nd) conditions
Bi [3] Diamond single crystals 111) 98 301 T =853K
(110) 106 253 H atmosphere
(100) 113 213
Pb[3] Diamond single crystals a11) 101 352 T =873K
(110) 117 234 IH atmosphere
(100) 110 279
Sn [3] Diamond single crystals 111) 130 180 T =1023K
(110) 136 142 I atmosphere
(100) 133 160
Ag [3] Diamond single crystals 111) 147 146 T =1273K
(110) 103 700 IH atmosphere
(100) 135 265
Au [3,4] Diamond single crystals 111) 110 (0s)-134 (3.6'ks) 720-334 T =1373K
(110) 151 137 i1 atmosphere
(100) 151 137 (0.133Pa)
Vitreous carbon p = 1.50-1.58 135+ 2 338 T =1373K
Pseudo-monocrystal p = 2.255-2.266 119+ 2 595 Vacuum, 10° Pa
Cu [4] Vitreous carbon osg =32+ 2 139+ 2 319 T =1373K
Pseudo-monocrystal 0sg=151+ 38 1224+ 2 611 Vacuum, 10° Pa

aThe contact angle changes with time due to graphitization of diamond.
b p=density (x10°kg/m?).

Table 3 the definition of the true contact angle in the dlAl,O3
Contact angle and work of adhesion of MgO single crystals by Bi, Pb system, refer t([ﬂ,lO].) Itis apparent that the Wettability and
and Sn melt{6] the adhesion are sensitive to the crystallographic orientation

Metal Crystal face Contact Work of adhesion, of a-Al,03. The adhesion is much stronger for the molten Al
angle, 6 (°) Wag (mJ/nt) on the R and A surfaces than that on the PC and C surfaces,
Bi (111) 148 52 especially at relatively low temperatures. For the C face, due
(110) 155 32

to the surface structural reconstruction fronflax 1) to a
rotated(+/31 x +/31)R £ 9° structure (here, R- 9° denotes
Pb (111) 148+ 2 63 rotation by+9°) at temperatures lower than 1200 in the

(100) 138+ 2 88

gégg ggi g é‘; presence of A[9], the contact angle increases and the work
of adhesion decreases. With the increase in temperature, the
Sn ((111101)) 11;10712 82 contact angle and the work of adhesion on the R and A
(100) 140+ 1 121

140

2.4. In strong-interaction metal/oxide systems ]
130 A e

A case in point is the Al-AIO3; system.Figs. 1 and 2 i \'\_\A Tg "
show our recent experimental results of the true contactangle® ] v _‘_‘_'_i_"[f:Fé X}

and work of adhesion of molten Al on the different oriented

— — 04
a-Al203 substrates, namely, €0 01), A1120), R(0112) B

Contact angle (d

and polycrystal (PC), over a wide temperature range. (For 5 100
90
Table 4 1
Quantity of @~ (NO%) at MgO surfaces and the value ND?/F [6] 80+
Crystal face NO?~ in 1cn? MgO NO?~/F T
surface &1079) (x10~" mol esur?) 700 800 900 1000 1100 1200 1300 1400 1500 1600
111) 2.18 6.0 Temperature, (°C)
(110) 1.33 45 , . .
(100) 1.88 9.0 Fig. 1. True contact angle of molten Al on the different orientedl ;03

surfaces.




P. Shen et al./Journal of Materials Processing Technology 155-156 (2004) 1256-1260

1259

1200 3. General conclusions
11004
€ 10001 - . Ky The nature of the substratt_a surfac_e atoms, _especially
E 900 ..«-"' g : ,,,,,,,,,, N thoge_ at the tpp—laye_r, and t.he|r qL_Jantlty or density play a
3 v A decisive role in the interactions with the molten material
s 807 ST AT atoms, thus determining the wettability and adhesion of the
S 700 et system.
% 600 ol A& == C (31331 ) RE9° In the systems composed of a single-element substrate
5 500 v 7 *"; but developing strong interactions with the molten mate-
¥ 100 ,_/‘ et G (11) rial, the wettability and the adhesion on the less compact
s e ceee PC faces are better than those on the more compact faces.
300 However, in the systems developing weak, van der Waals
Wr——T—7— 7 T T 1 T 71— interactions at the liquid—solid interface, the opposite effect
700 800 900 1000 1100 1200 1300 1400 1500 160

Temperature, (°C)

Fig. 2. Work of adhesion of molten Al on the different orieniedhl ;03
surfaces.

surfaces do not significantly change, while those on the C
and PC surfaces show a substantial increase.

is displayed. In systems composed of a multi-component
substrate, such as an oxide, the surface terminated atoms
as well as their quantity play an important role in the
determination of the wettability and adhesion of the
system.
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2— 13+
_ NO(S) Al 0
ad= &

3
Raig—0

where N is the number of Al)—Oe bond pairs and

Rainy—o(s) is the distance between the most neighboring oxy-

gen ions and aluminum ions at the interface (subscript | rep-

resents liquid state and s represents solid state). Obviously,
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