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CORRELATION BETWEEN SURFACE
TENSION, WORK OF ADHESION IN LIQUID
METALS/CERAMIC SYSTEMS,

AND ACOUSTIC PARAMETERS

In the paper, a correlation between acoustic velocities V, elastic moduli M, and den-
sities p, with surface tension c,, and work of adhesion W, of different liquid met-
als on a given ceramic is studied and demonstrated. Simulation program is devel-
oped and used for scanning acoustic microscopy (SAM) under operating conditions,
which favour the generation of acoustic waves. As found, for the given systems, all
investigated acoustic parameters exhibit good dependences with both o, and W,.
Analysis and quantification of the results lead to the determination of semi-empir-
ical formulas. The expressions are as follow: log(V}) = 0.49log(c,,/p,,) + B, M =A,G,,
W,,=CV,and W _,=E(M/p,,)""*+ D,, where A, B,, C,, A,, &, and D,, are characteris-
tic constants for velocities and elastic moduli, the subscripts m relate to the elastic
moduli (Young’s or shear ones), and i = L, T, R — to the propagating longitudinal,
transverse, and Rayleigh waves’ modes. The importance of the deduced formulas
lies in the possibility of prediction of surface tension and work of adhesion of such
metal/ceramic interfaces depending on the elastic and acoustic characteristics.

Keywords: surface tension, work of adhesion, acoustic velocities, elastic constants,
ceramics, liquid metals, interfaces.

Introduction

The interfacial phenomena between metals and ceramics are one of
interest subject in science and engineering. The performance of sev-
eral technological applications such as ceramic metal bonding, metal—
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ceramic joining, ceramic—metal Tv
matrix composites [1], thermal-

barrier coatings (TBC) [2], hard  Vapor Liquid
TiN-coating [3], photovoltaic mate- Ten
rials [4], and thin metal films on |[Solid

ceramic substrates [5] is directly Fig. 1. Contact angle 6 in equilibrium
linked to the nature of the metal/ 1iquid/solid system [7]

ceramic interfaces. The behaviour

of this interfacial phenomenon is related directly to the nature of in-
terfacial bonding between metal and ceramic [6]. The adhesion of the
metal/ceramic system is the most important factor of all metal bonds.
It is defined by the change in the free energies of two materials when
they come into contact [7].

The work of adhesion W,,, between liquid metal and ceramic sub-
strate is given by Young—Dupré equation relating surface tension of
molten metal above melting temperature ¢, and measured equilibrium
contact angle 0 formed between deposited liquid metal and its ceramic
substrate (see Fig. 1) [6]:

W, =0,(1 + cosd). 1)

Various non-destructive techniques are established to characterize
the metals-ceramic interfaces [8]. Scanning acoustic microscope (SAM)
is one of the important tools for non-destructive determination of adhe-
sion [9]. It can be used quantitatively (microanalysis) and qualitatively
(imaging). The microanalysis mode is employed to characterize not only
the elastic properties of materials but also the interfacial adhesion via
propagation of acoustic wave’s measurement. It is possible when the in-
terface lies in a plane xy and disturbs the propagation of surface acous-
tic waves (SAWs) [9].

In this paper, a new acoustical approach has been proposed to in-
terpret and estimate the surface tension and work of adhesion in the
molten metal/ceramic systems; it shows that these parameters are de-
termined simultaneously via acoustic velocities and elastic moduli ac-
cording to the semi-empirical formulas.

6

Vsv

Methodology and Materials
SAM Technique

Scanning acoustic microscope can be applied for a quantitative charac-
terization of the interfacial adhesion via the investigation of acoustic
material signature, V(z). This analog signal received by transducer and
focused by the position of the acoustic lens at the sample against the
distance z, under an incidence angle with the reflected ones [10—12]. Its
determination based on the calculation of the reflection coefficient R(0).
The V(z) is the result of the several interferences of all the leaky wave
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modes, such as leaky SAW, leaky pseudo-SAW, leaky surface-skimming
compressional wave, leaky Lamb wave, and harmonic waves. However,
only the velocity of leaky SAWs has been extracted from the V(z) curves
in microanalysis mode [13]. In effect of the operating conditions of the
SAM, only one significant mode dominates all other leaky SAWs modes.
Hence, the introduction of fast Fourier transformation (FFT) analysis
of V(2) is adopted for the directly determining of the acoustic velocities
of materials [13].

V(z2) Calculation. The most important quantitative method for elas-
tic parameters determination, in particular, SAW velocities in scanning
acoustic microscopy are acoustic material signatures, also known as
V(z), which are obtained by recording the output signal, V, as the dis-
tance, z, between the sample and the acoustic lens is varied. Such curves,
that can be measured experimentally, can also be calculated theoreti-
cally, via the angular spectrum model [14], from the following expres-
sion:

max

V(z) = I P2(9)R(6)[exp(2jkoz cos 0)]sin 0 cos 6d0. (2)

Here, P(0) is the distribution function, k, = 2n/A is the wave number
in the coupling liquid, j2 = —1, 0 is the angle between the wave vector
k and the lens axis, and R(0) is the reflectance function of the speci-
men. The latter function, for acoustic waves, can be found by solving
the acoustic Fresnel equation. The reflection coefficient [15, 16] from
a layer reads as 7 _g7
R(0) =—"——, (3)
Zin +Zliq

where Z,, is the impedance of plane wave in the liquid, Z,, is the input
impedance of the layer that is the impedance at the layer—liquid bound-
ary, which is expressed by the formula:

Zin :Zch Zsub — lZchtg(p

; (4)
Zch - lZsubtg(p

with ¢ = k,h,cos0, being the phase advance of the plane wave passing
through the layer of an A thickness, and Z_, and Z, are the acoustic
impedances of substrate and layer given by

Zi = ini/Cos ei’ ()

where subscript i = lig, ch or sub stands for liquid, layer, or substrate,
respectively. It is clear that, at normal incidence, the acoustic imped-
ance becomes simply the product of density and velocity. Hence, the
intensity reflection coefficient of a layer on a substrate is as follows:

_ Zczh (Zsub _Zliq )Zcoszkchh + (ZsubZliq B Zczh)2 Sinzkchh
Z:(Z,, + 2, ) cos’k,h+(Z + Z2)sin’k, b

sub lig sub Zliq
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V(2) Viens(2) — V(2)
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Determination of Determination of
elastic constants g acoustic velocities o
d

Fig. 2. Schematic diagram showing different calculation steps: a — V(z) signature,
b — lens response, ¢ — sample signature, and d — spectrum of the fast Fourier
transormation (FFT)

Note that the reflection coefficient is a complex-valued function
with an amplitude and a phase and the total reflections obtained for
|R(0)| = 1. Therefore, the V(z) calculation from relation (1) can readily be
carried out by just knowing the SAW velocities and material densities.

Acoustic Velocity Determination. The schematic representation of
V(z) curves, given by Eq. (1), is shown in Fig. 2, a; it consists of many
peaks and valleys due to constructive and destructive interference be-
tween different propagating modes, with a main peak at the focal dis-
tance (z = 0) representing the lens response. However, successive peaks
decay exponentially when z increases, because of the influence of the
acoustic lens signal, V,, . (Fig. 2, b). Thus, the real signal of the speci-
men, V (z), would be

ens

V() =V(z) - V,.(2). @)

Thus, the obtained signal (Fig. 2, ¢) is a periodic curve character-
ized by a spatial period Az. Hence, its treatment can be carried out via
fast Fourier transform (FFT), which exhibits a large spectrum consist-
ing of one or several peaks (Fig. 2, d).

The dominant mode (usually Rayleigh one) appears as a very sharp
and pronounced peak, from which the Rayleigh velocity can be deter-
mined [8] according to the relation:

I/liq
, ®)
1= (v /2fa2))

where V,, is the sound velocity in the coupling liquid and f the operat-
ing frequency.

Elastic Constants Determination. It is well known that the Ray-
leigh velocity is generally determined experimentally from SAM, satis-

V, =
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fying the standard equation. In order to determine the elastic constants
E and G, Viktorov’s formula was used [10]:

_y 0718 - (V, V)’

05—V, V)
Elastic constants can be expressed in term of density p and velo-
cities of the longitudinal V, and transverse V, modes of acoustic waves
[11].

o PVIBVE - 4]

, 10
1 VLz _ VT? ( )

G, = pVy. (11)

On the other hand, another approach has been proposed [17] to
find the relationships between the velocities of the different modes
(Rayleigh, longitudinal, and transverse ones) of acoustic waves in order
to determine the Young’s module E and the shear modulus G by an ex-
pression that contains only one of these terms:

E, =2.99pV}, (12)
E, =0.757Tp V2, (13)
E, =2.586p V7, (14)
G, =1.156p V7, (15)
G, =0.293p V>, (16)

The application of these equations removes several limitations re-
lated to SAM operational conditions.

Materials and Simulation Conditions. It is important to note that
the determination of Rayleigh velocities of several deposited liquid met-
als is impossible in using the SAM technique. For this reason, the simu-
lation of deposited metals was taken in a bulk state for determining
these Rayleigh velocities, and comparison between obtained results and
experimental sound velocities of several deposited liquid metals was
made to enrich this study.

The calculations were approved out in case of a reflexion scanning
acoustic microscope; Rayleigh mode dominate and appears under normal
operating conditions (half-opening angle of lens 50°, working frequency
is 142 MHz and water as a coupling liquid whose wave velocity V,,, =
=1500 m/s and density p = 1000 kg/m?) or with annular lenses.

The final step consists in determination of the Rayleigh velocities
from reflection coefficient and the acoustic signature; for example sim-
ulation, it will be taken two metals tin (Sn) and silicon (Si).

Reflection Coefficient. The reflection function, R(0), was first cal-
culated for two deposited metals (Sn and Si) to show their effects in the
experimental calculation of Rayleigh velocity. The curves obtained are
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Fig. 3. Reflection coefficients: amplitude (a) and phase (b) as a function of incidence
angles at deposited Sn (dash line) and Si (solid line) metals

shown in Fig. 3. For a better representation of the curve and since R(0)
is a complex function, we have separated the amplitude curves (Fig. 3,
a) from those of the phase (Fig. 3, b). Then, for the deposited metals
mentioned above, the real parts and the imaginary parts were super-
posed as a function of the angles of incidence 0..

Following Fig. 3, a, representing the amplitude of R(0) as a func-
tion of the angle of incidence 6,, we can clearly observe a first amplitude
fluctuation when the angle of incidence reaches the values of the criti-
cal longitudinal angles 0,. A change from 0, to higher values. Then, a
second fluctuation when the angle of incidence reaches the values of
the critical transverse angles, 0,. Between 6, and 6,, amplitude of R(6)
remains constant. Finally, beyond 6,, the amplitude of R(0) increases to
reach the unit corresponding to total reflection.

Following Fig. 3, b, representing the phase of R(0) as a function of
0,, it can be easily noticed that almost a 2n transition is obtained for
Si. This transition occurs at the critical angle, 6,, which corresponds to
the Rayleigh mode, which is the most important in the current simu-
lation conditions. Thus, the Rayleigh mode dominates all other modes
leading to the fact that the longitudinal critical angle, 6,, is not very
noticeable.

It can also be seen that the amplitude of the transition in the
Rayleigh mode phase becomes lower than the usual 2n value for Sn.
While the position, i.e. the value of 6, moves to lower values (similar
behaviour to that observed with 0, in Fig. 3, a. In addition, it is clear
that all modes are generated with angles less than 20°. These critical
angles strongly depend on the simulation conditions, in particular the
coupling liquid densities.

Acoustic Signature. The acoustic signature can be calculated from
the spectral angular model. The curves obtained for the two deposited
metals (Sn and Si), are shown in Fig. 4.

It is clear that the two curves of V(z) exhibit an oscillatory be-
haviour, with a spatial period Az, due to constructive and destructive

ISSN 1608-1021. Usp. Fiz. Met., 2018, Vol. 19, No. 2 173



Z. Hadef, A. Doghmane, K. Kamli, and Z. Hadjoub

p—

Relative amplitude

0 600
Ray number
a b
Fig. 4. Acoustic signatures (a) and FFT spectra (b) for deposited Sn (dash line) and
Si (solid line) metals

interferences between the propagation modes. It should be noted that
the two curves are distinct in amplitude as well as in the periods, Az. In
amplitudes, the curves attenuate faster for Si corresponding to a large
period. Such behaviour is the result of previously observed changes in
the module and phase curves of the reflectance functions.

The FFT spectral analysis of these periodic curves V(z) is shown in
Fig. 2, b. These spectra are characterized by a principal peak represent-
ing the most dominant mode, which is that of Rayleigh, under the pres-
ent conditions. However, the efficiency of this mode represented by its
height is more important for higher V,. Moreover, a small shift is ob-
served for the main ray highlighting the spatial differences Az obtained
in the curves V(z).

Several deposited metals parameters used in this investigation are
listed in Table 1; sound velocities at melting temperatures are tabulated
by Blairs [18], surface tension values are proposed by Keene [19], liquid
densities are taken by Crawley [20] and by Baykara et al. [21].While
the elastic constants and solid densities are obtained from Briggs [10],
Rayleigh velocity determined by SAM and Rayleigh velocity calculated
from one-parameter approach are given in Table 1.

Results and Quantification

The objective of this quantification is to find correlations applicable for
the estimation of surface tension and the work of adhesion for different
liquid metals in contact with ceramic as function of acoustic velocities
and elastic constants of these metals.
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Table 1. Experimental sound velocities, ¢, surface tensions, ¢, densities, p,,,
of different liquid metals at the melting temperature, elastic moduli, densities,
p,n» and calculated Rayleigh velocities, V, of these metals at solid state

Metal ¢ On Pin £ ¢ Pom Ve (/9)
(m/s) |(md/m?)| (kg/m?) | (GPa) | (GPa) |(kg/m®)| gapnr | 0. P. approach
Na 2526 203 951 10 3.9 968 | 1720 1875
Mg 4065 577 | 1589 45 17.4 1738 | 2879 3078
Al 4561 1075 | 2390 70 271 2700 | 2929 3130
Si 6920 859 | 2524 169 18.2 2330 | 4598 4863
Ca 2978 362 | 1378 20 7.7 1550 | 2036 2203
Fe 4200 | 1909 | 7042 211 81.6 7874 | 2806 3003
Co 4031 1928 | 7740 209 80.8 8900 | 2808 3005
Ni 4047 | 1834 | 7889 207 80.0 8908 | 2607 2796
Cu 3440 | 1374 | 8089 130 50.3 8920 | 1993 2159
Zn 2850 817 | 6552 108 41.8 7140 | 2175 2348
Ge 2693 631 | 5487 89,6 | 34.6 5323 | 2165 2337
Ag 2790 955 | 9329 83 32.1 (10490 | 1414 1558
Cd 2256 637 | 7997 50 19.3 8650 | 1306 1446
Sn 2464 586 | 6973 50 19.3 7310 | 1262 1400
Sb 1900 382 | 6077 55 21.3 6697 | 1589 1740
Ba 1331 273 | 3343 13 5.0 3510 | 1011 1140
La 2030 728 | 5940 37 14.3 6146 | 1303 1443
Ce 1694 750 | 6550 34 13.1 6689 | 1183 1318
Pr 1926 716 | 6500 37 14.3 6640 | 1243 1380
Yb 1274 320 | 6720 24 9.3 6570 966 1093
Ta 3303 | 2083 [14353 186 71.9 |16650 | 1919 2082
Pt 3053 | 1746 |18909 168 65.0 [21090 | 1574 1724
Au 2568 | 1162 |17346 78 30.2 {19300 | 1008 1136
Sc 4272 939 | 2680 74 28.6 2985 | 2841 3039
Ti 4309 | 1475 | 4141 116 44.8 4507 | 2862 3061
A% 4255 | 1856 | 5340 128 49.5 6110 | 2641 2831
Y 3258 872 | 4180 64 24.7 4472 | 2093 2263
Zr 3648 | 1463 | 5650 68 26.3 6511 | 1846 2006
Nb 3385 | 1757 | 7830 105 40.6 8570 | 1954 2118
Pd 2657 | 1482 [10495 117 45.2 | 12023 | 1637 1789
Hf 2559 | 1517 [11550 78 30.2 (13310 | 1361 1503
Nd 2212 685 | 6890 41 15.9 6800 | 1272 1411
Sm 1670 431 7420 50 19.3 7353 | 1359 1501
Eu 1568 264 | 5130 18 7.0 5244 956 1083
Gd 2041 664 | 7790 55 21.3 7901 | 1394 1537
Tb 2014 669 | 8050 56 21.7 8219 | 1382 1525
Dy 1941 648 | 8370 61 23.6 8551 | 1417 1561
Ho 1919 650 | 8580 65 25.1 8795 | 1447 1592
Er 1867 637 | 8860 70 271 9066 | 1480 1626
Lu 2176 940 | 9750 69 26.7 9841 | 1395 1538
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Estimation of cand p,, in Terms of V;
and p,, for Different Solid Metals

In this article, analytical study has been proposed to express the rela-
tion between experimental sound velocities of liquid metals at the melt-
ing temperature and determinate acoustic velocities of these metals at
solid state by SAM program.

It is noted that Rayleigh velocities of bulk metals determined by
SAM have almost the same values that these calculated by one param-
eter approach using Eq. (11).

The variation of V, values as function of ¢ was made; it shows a
linear increase of V, with ¢ increasing. Simple fitting was made and
resulted in a well-defined linear correlation between the quantities, as
can be seen in Fig. 5.

The quantified correlation between V, and c¢ can be written as

Ve=0.674c. am

Longitudinal and transverse velocities follow similar behaviours
that take the following form:
V, =1.342¢, (18)

V, = 0.724c. (19)

Relation between acoustic velocities of solid metals and experimen-
tal sound velocities of liquid metals can be generalized with following
analytical form:

V,=Ac (20)
where A, is a characteristic constant for velocities; the subscripts i = L,
T, R represent the propagating longitudinal, transverse, and Rayleigh
waves modes.

Vg, m/s Pams Kg/m3
5000 20000
L v,
4000 15000+
\Y/
3000
10000+
2000
1000 5000¢
0 1 1 1 1 0 1 1 1
1500 3000 4500 6000 5000 10000 15000
3
¢, m/s Pim» Kg/m

Fig. 5. Correlation between experimental sound velocities ¢ for liquid metals and
calculated Rayleigh velocities V, of these metals in solid state

Fig. 6. Correlation between densities for liquid (p,,) and solid (p,,) metals
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One can see also a clear tendency between the liquid-metals’ densi-
ties, p,,, with that of these metals at solid state, p,,, as can be seen in
Fig. 6. The relationship that expresses this tendency can take the fol-

lowing form:
owing form Psm = 1’088plm' (21)

The importance of Egs. (20) and (21) lies in the prediction of acous-
tic parameters from liquid to solid states of metals and vice versa.

Determination of ¢, in Terms
of the Acoustic Velocities for Different Metals

Many statistical theories established to associate the surface tension
and sound velocities [22—25]. In this context, Auerbach proposed semi-
empirical relation to express the sound velocity of such liquid metal at
the melting temperature in term of 5, and p,, [26]:

c=0,/6.33-10"%, . (22)
According to Mayer [27], the previous equation can be written as:
c =AWV, (o, /pi)"% (23)

where A is a constant, V, is the molar volume, and y is the ratio of the
isobaric, C,, and isochoric, C,, heat capacities. The plot of log(c) versus
log(c,,/p,,) may be linear with a slope equal to 0.67 for Auerbach rela-
tion and equal to 0.50 for Mayer relation. This point was study by Blairs
[18]; slope equal to 0.552 is found.

In this context, to analyse the functional dependence of ¢, and V,
of solid metals, a linear correlation between the behaviours of quantities
is found, where the deduced V, values increase with increasing of the
quantity (c,/p,,), as can be seen in Fig. 7.

To quantify the relation between V, and (c,,/p,,), a logarithmic plot
was made in the present work; a linear correlation between the quanti-

ties is defined by:
log(Vy) = 0.491og(5,,/p,,) + 8.53. (24)

It would be noted that similar behaviours were deduced for longi-
tudinal and transverse velocities; this is evident in the following rela-
tions:

log(V,) = 0.491og(o,,/p,,) + 9.22, (25)

log(V,) = 0.491o0g(5,,/p,,) + 8.60. (26)

The above relations of acoustic velocities take the following general
form: log(V) = 0.491og(, /p, ) + B, @7)

where B, is characteristic constants for velocities.
Equation (27) shows that the slope of the plot of log(V) versus
log (o, /p,,) is closer to the Mayer proposition than that of the Auerbach
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Fig. 7. Correlation between deduced Rayleigh velocities (V) and ration of surface
tension to density in solid state (¢, /p,,)

Fig. 8. Correlation between surface tension o, of different liquid metals and Young’s
modulus E of these metals

relation. It is finds application for the estimation of unknown surface
tension of metallic liquids using available acoustic velocities and den-
sity values in solid state.

Determination of ¢, in Terms of Elastic Constants
for Various Metals

A close comparative of Eqgs. (12), (17), and (23) shows a linier depen-
dence between E and c,, as can be seen in Fig. 8, where the results’
analysis shows increase comportment for surface tension with Young’s
modulus increasing according to linear relationship; similar behaviour
was also obtained for shear modulus.

To quantify the relation between elastic moduli and o,, a simple
plot was made; a linear correlation is defined that it can be written as

E =0.083c,, (28)
G = 0.0320,. (29)

A close comparative analysis of the above equations derived expres-
sions shows that they can be taking the following form:

M=A,oc, (30)
where A, is characteristic constant for elastic moduli.
An important point that can be interpreted from Eq. (25) is the pos-

sibility of determining the unknown surface tension for liquid metals as
function of elastic moduli.
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Relationship between W_,in Metals/Ceramic
Systems and Acoustic Velocities

The principle of the present approach is to find a relation between the
acoustic velocities of different metals and the work of adhesion in this
several metals on a given ceramic. Experimental results of the work of ad-
hesion and the contact angle for various metal-ceramic systems are sum-
marized in Table 2. It should be taken that the criterion of metal-ceramic
systems selected in Tables 2 and 3 is the existence in the literature.

From the plotting of W, values given in Table 2 against the Rayleigh
velocities of the various metals, a linear correlation between these quan-
tities is observed, where W, increase with V, increasing as can be seen
in Fig. 9 for different metal-aluminium nitride systems.

It is reasonably to express the quantified correlation between W,
and V, as can be written as

W, = 0.434V,. (31)

Table 2. Experimental values of the work of adhesion W,
for different metal/ceramic systems

Ceramics| Metal | Atmosphere (m?/}:n 2) Refs. || Ceramics | Metal | Atmosphere (m?/};n 2) Refs.
AIN Au Vacuum 550 | [28] BeO Cu | Ar 600 | [31]
Co | Vacuum | 1270 |[28] Fe | He 717 | [32]
Cu | Vacuum | 1060 |[29] Ni | Vacuum 680 | [32]
Fe Vacuum | 1320 | [28] Pb | Vacuum 130 | [33]
Ga Vacuum 750 | [28] BN Au | Vacuum 205 | [34]
Ge Vacuum 911 | [28] Cu | Vacuum 345 | [34]
In Vacuum 448 | [28] Si | Vacuum 664 | [34]
Ni Vacuum | 1305 | [28] Sn | Vacuum 128 | [34]
Pb | Vacuum 203 | [28] MgO Ag | Ar 421 | [34]
Pd Vacuum 858 | [28] Fe | Vacuum 820 | [35]
Sn Vacuum 461 | [29] In | Vacuum 172 | [36]
Al,O0, | Al Vacuum 948 | [30] Ni | He 585 | [37]
Au | Vacuum 577 | [30] Sn_ | Vacuum 278 | [36]
Co Vacuum | 1141 | [30] NiO Ag | Ar 1267 | [35]
Fe Vacuum | 1202 | [30] Cu | Ar 1738 | [35]
Ga Vacuum 537 [30] Ni | Ar 2652 | [32]
In | Vacuum 335 | [30] Sn | Vacuum 921 | [35]
Ni Vacuum | 1191 [30] Sio, Au | Vacuum 165 | [1]
Pb Vacuum 218 | [30] Cu | Vacuum 390 | [34]
Pd Vacuum 704 | [30] si | Ar 708 | [38]
Sn Vacuum 305 | [30]
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Table 3. Slope parameter of Rayleigh Similar behaviours of other aco-
velocities, Cp, and the coefficient ustic velocities would also be dedu-
of the linear regression, K, ced; this is evident in the form:
determined for various ceramic
: W, =0.864V,, (32)
Ceramic Cy R
W, =0.467V,. (33)
Al .434 972 .
AII\(I) g 323 g g; 1 The above relations take the fol-
23 * M . .
BeO 0.947 0.986 lowing general form:
BN 0.137 0.972 W.=CV, (34)
Mfgo 0.236 0.934 where C, is slope parameter, which
N}O 0.859 0.960 gives the interfacial adhesion as
5i0, 0.151 0.976 function of acoustic velocities.

The points presented in Fig. 9
yields a slope parameter for AI-N. These results, together with the C, va-
lues obtained for other metals—ceramics systems, are given in Table 3.

Moreover, it should be noted that Eq. (34) and C, values presented
in Table 3 determine directly the work of adhesion of different metals—
ceramics systems depending on the acoustic proprieties of these
metals.

Relation between W, in Metals/Ceramics
Systems and Elastic Constants

To enrich this estimation, it would be useful to quantify the influence
of elastic constants on the work of adhesion. The plot of log(W,,) against
log(E/p,,) is evaluated. Some typical results are summarized in Fig. 10;
it is clear that the general tendency is for an increase in W, as (E/p,,)
increases.

Using a simple logarithmic plot, it is possible to find linear depen-
dence between logarithms of (E/p,,) and W, as follows:

log(W,,) = 0.50410g(E/p,,) — 0.648, (35)
log(W,,) = 0.50210g(G/p,,) + 2.138. (36)

The above elastic moduli (Young’s and shear ones) follow similar
behaviours, which take the following form:

log (W,,) = 0.5021og (M/p,,) + C,,, (37)

where C,, is characteristic coefficient for the elastic moduli depending
on the nature of ceramic.

This behaviour has been remarked for all ceramics in contact with
several liquid metals studied. In this context, a new semi-empirical rela-
tion can be proposed to express the work of adhesion in term of E and
p,n as can be seen in Fig. 11.
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Fig. 9. Correlation between work of adhesion W, for different metal/AIN systems
and Rayleigh velocities V, of these metals

Fig. 10. Correlation between log(W,,) and log(E/p,,) of the metals

W,,, mJ/m’

1000

500

Fig. 11. Correlation between work of ad-
hesion (W) of liquid metals/ceramic

0 L L L ! - systems and elastic constant (E/p,,) of
50 100 150 (E/p,,)" these metals

Linear correlation between these quantities is defined; it can be
written as:

W,, = 8.08(E/p,,)"? — 41.5, (38)
W, = 11.75(E/p,,)"? + 52.9. (39)

A close comparative analysis of above-mentioned equations derived
from expressions shows that they could be taking the following form:

W, =¢8WM/p,,)"?+ D, (40)

where & represents the slope parameter of dependence on these quanti-
ties, and D, is characteristic coefficient for the elastic moduli depend-
ing on the nature of ceramic.

An important point that can be taken from Eq. (40) is the possibility
of prediction of work of adhesion in liquid metals/ceramic systems from
elastic moduli and densities of liquid metals.
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Conclusion

In this work, surface tension and work of adhesion of different liq-
uid metals on a given ceramic are investigated. Acoustic parameters
(namely, longitudinal, transverse, and Rayleigh velocities) and elastic
constants (namely, Young’s and shear moduli) are calculated for all
solid metals of the system at issue. It is shown that these parameters
change with increasing surface tension as well as with increasing work
of adhesion. Applying different complex-quantitative methods [39—43]
for the analysis and quantification, we found new linear semi-empirical
formulas, which express the variations of velocities and elastic con-
stants. The importance of this estimation consists in the prediction of
acoustic parameters for any surface tension and work of adhesion in
metals/ceramic interfaces and vice versa.
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3. Xade@, A. Jozman, K. Kamai, 3. Xadiyo
JlaGopaTopia HamiBIPOBiAHUKIB, Bigmia Gisuku,
daryabTeT HayK, YHiBepcuter Bamki-MoxTapa,
Amnnab6a, BII 12, DZ-23000, Axxup

KOPEJIAIIA MIGK IIOBEPXHEBUM HATATOM,
POBOTOIO ANTE3II V CUCTEMAX PIIKI METAJI/KEPAMIKA
TA AKYCTUYHUMMU ITAPAMETPAMU

B crarTi Bmepiie meMOHCTPYETHCA KOPEJAIiA MiK aKyCTUYHUMHU IIBUAKOCTAMU V,
npyskHiMu MoxyaamMu M, T'yCTUHAMU p Ta IOBEPXHEBUM HATATOM G,, a TAKOX Pobo-
roio anresii W , pisHux pigkux meraniB Ha ¢pikcoBaHiit Kepamini. BukopucrosyeTsca
o0uncIIoBaJibHA IIporpaMa AJs CKaHyBaJbHOTO akyctuuHoro mikpockony (CAM) sa
YMOB, II[0 € CIPUATJNBUMU 3aIJIs 'eHEePYBAaHHA aKYCTUYHUX XBUJIb. BUABIEHO, II[O
IJIsT KOHKPETHUX CHUCTEM yCi ZOCTifKeHi akyCTHUUYHi mapamMeTpu JeMOHCTPYIOTh XOPO-
Iy 3aJIe’KHIiCTh BiJi TOBEPXHEBOTO HATATY Ta poboTu anresii. AHasisa Ta KinbKicHe
BUBHAUEHHS Pe3yJIbTATiB IPUBEJU A0 BCTAHOBJIEHHS HaliBeMIIipuuHux dopmya. Oxep-
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JKaHi Bupasu MamoTh HacTynHuil Buraax: log(V)) = 0,49log(s,,/p,,) + B, M =A,G,,
W,.=CV.iW, , =&WM/p,)"?+ D, ne A, B, C, A,, £i D, € XxapaKTepUCTUUHUMHI
3HAUEHHAMMU IIBUAKOCTEH i MOJYJiB IPY’KHOCTH, Hi)KHI iHZEKCH m BigHOCATBHCA IO
moxyaiB nmpyskHocTH (FOHTra um 3cyBy), a imgexkcu i = L, T, R — 10 TOIIUPIOBAHUX
MO3I0BKHIX, momepeunux abo PeseiioBux xBujb. BasKauBicTh ofep:kaHux (GHopmyJt
TOJIATAE Y MOJKJIMBOCTI IepenbaueHHs ITOBEPXHEBOTO HATATY Ta poboTu anresii mesx

noAiTy MeTas/KepaMiKa, 3aJie;KHO BiJl IPY'KHIX i aKyCTUYHUX XapaKTEePUCTUK.

KarouoBi cioBa: moBepxHeBUI HATAT, podoTa anresii, akycTUuHi IMBUAKOCTI, IPYKHL
craii, Kepamika, pigki Merasnm, Merxa ImMOIiy.

3. Xaag, A. Joeman, K. Kamau, 3. Xadwuyo
JlabGopaTopus MOJYIPOBOAHUKOB, OTAEN (DUSUKH,

dakyabTerT HayK, YHuBepcurer Bamku-Moxrapa,
Amnnaba, BII 12, DZ-23000, Amxup

KOPPEJIANVA MEAOY IIOBEPXHOCTHBIM HATAWEHUEM,
PABOTOM ANITE3UU B CUCTEMAX HKUIKUE METAJIJIBI/ KEPAMUKA
1 AKYCTUYECKUMU ITAPAMETPAMMU

B craTbe mccienyerca U BIEPBbIE AEMOHCTPUPYETCS KOPPEIANUS MEXKIY aKyCTuue-
CKUMU CKOpPOCTAMU V, ynpyrumm mMoxyaamu M, IJIOTHOCTAMU P W ITOBEPXHOCTHBLIM
HaTAXKeHUeM G,, & Takxke paboroil agresum W , PasIWYHBIX KUAKUX METAJJIOB Ha
(puKcupoBaHHON KepaMuke. VICIONB3yeTCs BHIUNCIUTEIbHAS IPOrpaMMa IJId CKAHU-
pyforero akycruueckoro mukpockona (CAM) B ycaoBuAX, 0JarONIPUATHBIX IJIA TeHe-
PUPOBaHUA aKyCTHUEeCKUX BOJIH. OOHAPYKEHO, UTO IJId KOHKPETHLIX CHCTEM BCe HC-
CJIeJOBAHHBLIE aKyCTUUYECKHUE IMapaMeTpPhl AeMOHCTPUPYIOT XOPOIIYI0 3aBUCHUMOCTH OT
IMIOBEPXHOCTHOTO HATSKEHUS U Pa0OTHI aAresnu. AHaIN3 ¥ KOJUUYECTBEHHOE OIIpeje-
JIeHre Pe3yJbTATOB NPUBEJN K YCTAHOBJIEHHUIO MOJysMIupuuecKux gopmyia. Ilomay-
YeHHBIe IIPU STOM BBIpasKeHUA MMeIoT ciepyroomuit sug: log(V,) = 0,49log(c,/p,,) +
+B,M=A0,W,=CV.uW,_,=tWM/p,,)"*+D,rneA,B,C,A,, &uD, apna-
IOTCSI XapPaKTEePUCTUUECKUMY 3HAUEHUSIMU CKOPOCTEH M MOIYJIel YIPYTOCTH, HUMKHIE
UHAEKCBI M OTHOCATCSA K Moxyiasam yupyroctu (FOura waum casura), ai=L, T, R — K
PACIPOCTPAHSIOIINMCS IPOAOJILHLIM, ITOMEPEUHLIM MK PIJIEeBCKUM BOJHAM. BayKHOCTD
IMOJIyYeHHBIX (DOPMYJI 3aKJIIOUYAETCS B BO3MOYKHOCTH IPEACKA3AHUS MOBEPXHOCTHOI'O
HATAKEeHNs W PaboThl aAre3uy TPAHUI] pasfesia MeTaI/KepaMuKa B 3aBUCUMOCTHU OT
YIOPYTUX U aKYCTUYECKUX XapPaKTEePUCTUK.

KiroueBrie ciioBa: IOBEPXHOCTHOE HATs)KeHUe, paboTa aAresuu, aKyCTUUECKUE CKO-
pocTH, yIpyTrue IIOCTOSHHBIE, KePaMUKa, *KUAKNEe MeTaJlIbl, TPAHUILI pasaesa.
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