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Abstract 

The experimentally determined surface tensions of over twenty metals 

and twenty-five organic liquids have been compared. with the predicted 

values by various equations. For liquid metals there is an excellent 

correlation between the molar surface tensions and the heats of vaporiza-

tion, Yn = 0.15 ~H while sioilar correlation does not hold for . ",m vap 

organic liquids. For solid metal surfaces the molar surface tensions 

can be correlated with the heats of sublimation, Y = 0.16 ~H b. These sm su 

simple relationships have strong physical basis and can be utilized to 

estimate surface tensions to evaluate surface compositions for multi-

component systems, adhesion, or other thermodynamic parameters. 
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Estimation of Surface Free Energies of Metals 

P. A. Bertrand and G. A. Somorjai 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory~ 

and Department of Chemistry; University of California, 

Berkeley, California 94720 

Introduction 

One of the fundamental thermodynamic parameters Which characterize 

s surfaces isthe surface free energy per unit area~ G • which is identical 

to the surface tension, y, for one-component systems. It is the source 

of various other thermodynamic parameters, such .as the surface entropy 

which is obtained from the temperature dependence of GS
• The specific 

surface free energy is also used to calculate the work of adhesion or wet-

ting.- The specific surface free energy is important in determining the 

surface composition of multi-component systems such as alloys and solid 

solutions. Utilizing Auger electron spectroscopy, the composition of 

the top-most layer can be readily determined to within 1% of a monolayer 

(about 1013 atoms/cm2
). As a result the surface composition may be 

determined by experiment as a function of the bUlk composition for various 

'. 
systems. Since the solid or liquid multi-component system in equilibrium 

will have minimum surface free energy, equilibrium Will be achieved by 

enrichmentof the surface with the component that has the lowest surface 

free energy. Thus the surface composition of multi-component systems 

may be markedly different from the bulk composition. 
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Since the surface composition has an important effect on the surface 

reactions (gas-solid, liquid-solid), that may take place, it would be 

desirable to be able to determine the surface comp~sition from the avail-

able thermodynamic data. The surface free energies of each component of 

the multi-component system are the thermodynamic functions that determine 

the surface composition. Their experimental determination for liquid 

metals, although far from being simple, can readily be carried out by 

1 contact angle or several other techniques that ha~e been reviewed recently. 

For solids, however, the measurement of the surface free energy is very 

difficult indeed. There are techniques to determine the ratio of the sur-

face free energies of various crystal faces, however, using grain boundary 

2 
grooving or other measurements. It would thus be important to be able to 

estimate the surface free energy where such data are not available from 

experiments. 

We have reviewed the surface free energies that were reported for 

over 20 liquid and solid metals and have found a useful correlation that 

permits estimation of the surface tension of metals to Within 8% from the 

well known heats of vaporization and sublimation. This correlation can 

then be used to estimate unknown surface free energies and to predict the 

surface compositions of several solid solutions that are commonly utilized 

or to calculate other thermodynamiC parameters of the studied systems. 

The Surface Tension of Liquid Metals 

The surface tension of many liquid metals has been measured over the 

345 past decade. ,. The surface tension was frequently determined as a 
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function of temperature in a finite temperature range. The surface 

tension of liquid metals decreases with increasing temperature, and of 

course it must vanish at the critical point, Tc. One equation used to 

describe this behavior is the Guggenheim equation
6 

which is based on the 

corresponding states principle: 

y = Y 1 --'( T)l+R 
,0 Tc 

(1) 

where y , R, and T are adjustable parameters to give the best fit to the o c 

experimental data. R is usually taken as R = 2/9. Another equation 

frequently employed, especially to determine interfacial tension, assumes 

linear temperature dependence: 

y = y _(2):' T 
o 'dTJp 

(2) 

This equation derives from the expression of the Gibbs specific surface 

free energy, GSCT) = HS 
- TSs , since for the one-component system yeT) = 

GSCT),Ss = (dy/'dT)p and Yo = H~. For the case when HS and SS are inde­

pendent of temperature, it is possible to obtain both functions from the 

temperature dependence of y. The intercept of the straight line (y vs. 

T) at absolute zero, y , yields a specific surface enthalpy, and the 
o 

slope (dy/dT)p' is the specific surface entropy. 

The first three columns of Table I show the values of the parameters 

of the Guggenheim equation (y , T , l+R) that give the best least squares o c 

fit to the experimental surface tension values for 15 different metals. 
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The last three columns of Table I give the values of the parameters y o 

and (~) in equation 2 that give the best fit to the same data. The 
dT p 

references identify sources of experimental data. The Yo values that 

were determined from fitting the experimental values to both equations 

are almost identical. Thus, one has no reason to prefer one equation 

over the other on this basis. The two equations give different results 

in their prediction of the critical temperature. This is due to the 

different functional dependence of y on T and the long extrapolation 

required to reach the point where the surface tension is zero. The 

linear and Guggenheim relations are equally accurate in the region where 

data are available, but they begin to deviate at aboutlOOO-3000oK, 

depending on the metal. 

Although the temperature dependence of the surface tensions of liquid 

metals are certainly not negligible, inspection of the (~)p values 

listed in Table I reveals that most surface tensions ch~nge by no more 

than 5% in a 100 0 temperature interval. This variation is not greater 

than the uncertainty of most surface tension experiments. Thus, the sur-

face tension may be taken as constant in most cases, as long as the 

temperature range of experimental interest is limited. 

There are anomalies reported in measurements of the temperature 

dependence of y that indicate deviations from the straight line y vs. T 

behavior. A change of slope of the y vs. T curve indicates a change of 

surface entropy that may signify ordering on the surface. The considera-

tion of these anomalies is outside the scope of this paper. 
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Correlation Between Surface Tension of Liquid Metals 

and Their Heats of Vaporization 

The specific surface free energy for anunstrained phase is equal 

to the increase of the total free energy of the system ,per unit increase 

of the surface area: GS = (aG/dA)T,P. Thus, creation. of more surface 

always increases the total free energy of the system. Since atomic bonds 

must be broken to create surfaces, it is expected that the specific 

surface free energy be related to the heat of vap~rizatio~which reflects 

the energy input necessary to break all the bonds of atoms in the condensed 

phase. The heat of vaporization is a molar quantity (energy/g-atom), while 

the specific surface free energy is defined as energy per unit area 

(energy/cm2
). In order to compare 'the two values, we must convert the 

7 
specific surface free energy to molar surface free energy (energy/g-atom). 

Because of differences in the densities of various materials, they will 

have differing numbers of atoms occupying a unit area. Let us define an 

area, A, as the area occupied by Avogadro's number of atoms, N. The 

atomic volume V is given by a 

= 
M 

N P 
(3) 

where V is the molar volume, p is the density, and M the atomic weight. 
m 

7 Thus the area per atom A is given by 
a 

A = a 
= f(21-)2/3 

\~ P 
(4) 
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where f is a structure factor that corrects for the assumption that the 

surface is the (100) face of a -simple cubic lattice (this was implicitly 

assumed in using V2./3 as the surf~ce area).* The value of f is 1.09 for 

melts of fcc solids, 1.12 for melts of bcc solids, and 1.14 for molten Bi, 
7 

Sn, and Sb (orthorhombic in the solid state). The molar surface area is 

. then given by 

A = N A = fN 1
/

3(M)2/3 
.a p 

(5) 

and the molar surface tension or molar surface free energy of the liquid 

is defined as 

Y £m (T) = AY£(T) (6) 

Now we can proceed to compare Y£m directly to the heat of vaporization 

since both quantities are known from experiments for the 22 liquid metals 

that are listed in Table II. The plot of Y£m at the melting point for 

each metal vs. their heats of vaporization is shown in Fig. 1. A least-

squares fit yields the relationship 

Y tm. = 0.15 llli vap 

.' 

(7) 

* Following MCLachan,8 the area of an atom is expected to be proportional 

to the square of some dimension of the atom and the volume proportional 

to its cube: A'= bD2., V = CD3. Thus A = ~/ V2./3. For the (100) face 
c2. 3 

of a simple cubic structure b = c = 1, so f = 1 as expected. For the (111) 

face of an fcc metal, b = 1:3/4 and c = 1/4, which yields f = 1.09. 
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All of the experimental data fit this equation with a standard deviation 

of 8%. 

The Yo VS. 6H correlation that is expressed in Eq.(7) that -vm· vap 

appears to hold so well for liquid metals does not hold for organic 

liquids of various types. In Fig. 2, surface tensions of various organic 

liquids at the melting point are plotted against their heats of vaporiza-

tion, assuming f = 1. As can be seen the data are widely scattered, 

reflecting the diversity and complex bonding characteristics and packing 

of these liquids. The first three columns of Table III give the values 

of the parameters y ,T and l+R of the Guggenheim equation that" give o c 

the best least-squares fit to the experimental surface tension values 

for 25 organic liquids. The last three columns of Table III show the 

values of the parameters of. equation 2 (Yo and (~)p) that give the best 

fit to the same data. 

Correlation Between the Surface Tension of Solids 

and Their Heats of Sublimation 

For monatomic solids surface tension determination is more difficult 

and the available experimental data are scarce and often determined only 

2 at one temperature. Nevertheless, we have collected most of the avail-

able data, which are tabulated in Table IV. In Fig. 3 the molar surface 

tensionsof the solids, y ,are plotted against the heats of sublimation, sm 

~H b' for various metals. A least-squares fit yields the relationship su 

= 0.16 ~H b • su 
(8) 
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The temperature dependence of y was disregarded in the correlation as 
sm 

discussed earlier. The validity of this approximation can be seen by 

examining the data for copper and nickel: the correction for the tempera-

ture dependence is well within the experimental error. There is excellent 

.. agreement between the experimental values and those calculable from Eq. (8), 

and the standard deviation is 8%. Thus it appears. that at least for 

monatomic solids the surface tension may be estimated when direct experi-

mental determination is difficult or lacking. 

Discussion 

The surface free energy is defined as the increase of the total free 

energy of the system per unit increase of the surface area. For metals, 

the creation of more surface requires the breaking of chemi.cal bonds 

which is accompanied by charge redistribution of the electron gas. 

Theoretical computations of the surface tension of metals have been per-

formed by .considering these contributions separately. 

The model Which takes .into account only the breaking of chemical 

bonds correlates the surface tension with the heat of vaporization or 

heat of sublimation. 
7 8 

Skapski and McLachan considered the breaking 

of only the nearest neighbor bonds in the condensed phase. For a close­

packed plane of a solid
9 

an atom in the surface has nine bonds to the 

interior of the solid; thus, the heat of sublimation corresponds to the 

energy necessary to break 18 half-bonds. The surface free energy is 

approximately equal to the energy of breaking the bonds by transferring 
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a bulk atom to the surface; since this is a close-packed solid (12 nearest 

neighbors in total), there will be 3 half-bonds per atom directed out of 

the plane at the interface. Thus the ratio of y to ~H b should be sm su 

3:18 or 1/6, which is approximately the same as the empirically deter-

mined value that is given in Eq.(8). Such a simple model does not explain 

the surface tension of organic substances as these simple assumptions are 

no longer valid. More detailed calculations should take into account 

longer range interactions, relaxation of the newly created surface atoms . 

into their new equilibrium positions, and the excess of binding energy 

the surface atoms may have as compared to those in the bulk due to the 

10 ' availability of surplus bonding orbitals. Such a model, when developed, 

would include both the bond breaking and the charge redistribution that 

take place on creating new surfaces. 

The simplest version of the free electron gas model used to calculate 

the charge redistribution that takes place at the freshly made surface 

is the particle in a box, with the surfaces of the metal corresponding 

11 to the walls of the box, which contains a uniform density of electrons. 

12 13 This model was improved by various workers, , but until Hohenburg, 

Kahn and Sham 14,15 devised a more general formalism which can treat 

inhomogeneous electron distributions, the change of electron density at 

the surface of a metal was ignored. 16 Using this new model Lang and Kohn 

predicted metal surface free energies within about 25% of the experimental 

1 1 h d L 
17,18 

va ues. More recent y Sc midt an ucas proposed that the surface 

free energies of metals.are mainly due to the change in plasmon density 

caused by the introduction of a new surface. Their computed surface 
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free energies fall within 30% of the measured values and there is no 

attempt to fit the experimental data. 

These different types of calculations of the surface tensions of 

metals provide the physical basis of the observed correlation between 

surface tension and the heat of vaporizatio~ or heat of sublimation. 

It appears that Eqs.(7) and (8) can be used with confidence to estimate 

surface tensions and utilize them in evaluating many important properties 

of surfaces, their composition, adhesion or other surface 

thermodynamic parameters. 
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Table 1. 

Values of the parameters for equations 1 and 2 that give the 
best least squares fit to the experimental surface tension 
data for several liquid metals. 

Metal Corresponding States Linear 

Yoe:~Sj T oK 1+R (~) ~ T oK c Yo cm aT c 
A1a ,b 943.85 14481 1.22 9.43.17 0.0782 12061 Sba,b 403.17 12834 1.22 . 402.78 0.0375 10741 Bia,b 416.44 7719 1.25 415.54 0.0656 6334 Cda,b 700.54 6736 1.22 699.35 0.1238 5649 Csa,c,d 86.78 1958 1.19 85.57 0.0491 2087 Cua,b 1291.81 63540 1.21 1291.46 0 •. 0244 52927 Pba,b 489.06 9106 ·1.27 488.15 0.0663 .7363 
Lic 

483.27 3316 1.23 475.88 0.1640 2902 ~a,b 656.34 6350 1.22 654.09 0.1217 5375 K ,d 144.06 3126 1.03 138.52 0.0739 1898 Rbc,d 105.52 2185 1.33 103.56 0.0573 1807 Acra,b,e 1277 .11 5333 1.22 1262.43 0.2729 4626 N;a,b,c 252.51 2452 1.22 249.73 0.1161 2151 Sna,b,e 578.30 11876 1.22 577 • 93 0.0585 9879 Zna,b 832.74 9703 1.25 830.89 0.1037 8012 

a Hartdbookof Chemistry and Physics, 53rd edition, Chemical Rubber 

Publishing Co., Cleveland (1972). 

b 
V. K.Sementchenko, Surface Phenomena in Metals and Alloys, 

Pergamo.n Press, New York (1962). 

c J. Bohdansky and H. E. J. Schins, J. Inorg. Nuc1.Chem.29, 2173 (1967). 

d Yu. P. Osminin, Zh. Fiz. Khim. 44, 1177 (1970). -
e International Critical Tables, McGraw-Hill Book Co., Inc., New York 

(1928) • 
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Table II 

The densities, molar surface areas, heats of 
vaporization, and calculated and experimental 
values of YR, for several 1iqui~ metals. 

a.8!!!. ~m2 ) 

. Y (exp)~:~s 
till a ~gS) Y (ca1c)er~s 'tfiis others Metal p cc ole vap Ie R,. cm paper 

Al 2.29 8 12 937 870 914 ~825~S60~S6~ 4. 61x108 2.90xl°12 5b 6.13 6.67x108 
2.0Ox10

12
· 447 369 3S3 

Bi 9.15 7.13x108 1. 75xlO12 366 380 378~376c 
Cs 1.57 16.8x108 0. 69x1012 61 58 60a 

Cu 7.70 3.68xlOS 3.l1x1012 1259 1258 1270~1300~1220~1350d 
Ir 20.0 4.16x108 5.86x1012 2113 2250d 
Pb 6.80 6. 63x1R 1.S2xl°12 409 448 451a 
Li 10.16 5.3x10 8 1.39x1012 391 400 

2250~20S0d Mo 9.33 4.44x108 6.16x1012 2081 
Ni 7.8 3.54x10S 3.79x1012 1606 17S0~1725~1720d 
Nb 7.83 4. 95x108 6. 99x1012 2118 190<1 
Pd 10.7 4. 26x10S 3.74x1012 1317 1500 
Pt 19.7 4.25x10S 5.12x10l2 lS07 lS00~1699~lS65~1740d 
K 0.72 12.4xlOS 0.Slx1012 97 114 114e 

Rh 11 4.0Sxl08 5.33xlO12 1960 2000d 
Rb 1.45 14.lxlOS 0.78x10l2 82 86 76~92e 
Ag 9.00 4.74xlOS 2.59xlO12 S14 926 785';930f 

Na 0.74 7.77x10S 1.0Ox1012 192 207 206~220~191a 
Ta 15.0 4.97x10a 7.34x1012 2215 2150~23g0~2020d 
Sn 6.29 6. 24x10S 2.35x1012 561 549 526~550 
W 17.6 4.53x108 7.S4x1012 2596 250<1 
V 5.55 4.15x10 4.S2x10 1742 1950 

a Handbook 'of CheJilistry and Physics, 53rd edition, Chemical Rubber 
Publishing Co., Cleveland (1972). 

b V. K. Sementchenko,SurfacePhenomenain Metals and Alloys, Pergamon 
Press, New York (1962). 

c A. Bondi, Chem. Revs. 52, 417 (1953). 
d ' -

B. C. Allen, Trans. Met. Soc. AIME 227, 1175 (1963). 

e Yu. P. Osminin, Zh. Fiz. Khim. 44, 1177 (1970). 
f -

A. W. Adamson, The Physical Chemistry of Surfaces, Interscience 
Publishers, Inc., New York (1960). 
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Table III. 

Values of'parameters for equations 1 and 2 that give the best \./ 

least-squares fit to. the experimental surface tension data for 
several organic liquids. 

a b Compound ' Corresponding States Linear 

(~) T oK l+R. (~) h T OK Yo 2 Yo 2 aT cm c cm c 

C2H2 73.38 287 1.22 64.64 0.2380 272 

CH 3OCH3 61.81 397 1.22 56.64 0.1530 370 

CH2CH2O 76.86 480 1;22 72.54 .0.1646 441 

(CH 3)2NH 44.52 522 1.22 42.87 0.0910 . 471 

(CH 3 ) 3N 48.37 472 1.22 46.13 0.1074 430 

C2HSNH2 51.86 563 1.34 49.02 0.1019 481 

CO 29.57 131 1. 75 27.22 0.2266 120 

CHC1 3 72.00 523 1.18 67.47 0.1373 491 

HCN· 59.97 466 1.22 54.95 0.1266 434 

HCOOH 71.91 711 1.22 69.17 0.1077 642 

CH 3COOH 58.17 593 1.08 55.90 0.0962 581 

C2HsCOOH 57.24 631 1.22 53.75 0.0925 581 

CH 3CHO 64.67 467 1.13 61.22 0.1366 448 

CH 3COCH 3 63.99 507 1.15 60.46 0.1254 482 

C2Hs02 77.35 889 1.21 75.55 0.0952 794 
.-

HCOOC 2Hs 66.03 508 1.20 57.67 0.1168 494 

CH 3COOCH 3 70.71 507 1.22 60.48 0.1230 492 

n-C 6H11t 51.97 494 1.15 49.02 0.1041 470 

n-C aH18 53.75 561 1.22 50.69 0.0985 515 
." 

CsHsN 86.40 598 1.22 81.17 0.1476 550 

CsHsN02 82.60 775 1.33 77.23 0.1140 678 

CsHsOH 79.70 704 1.11 72.75 0.1086 670 

CSHSNH2 80.38 729 1.22 76.68 0.1153 665 

CsHsCHO 76.80 709 1.22 74.22 0.1167 636 

C6HSCH3 62.21 606 1.21 58.65 0.1048 560 
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(Table III continued) 

a Handbook .of Chemistry and Physics, 53rd edition, Chemical Rubber 

Publishing Co •• Cleveland (1972). 

b 
International Critical Tables, McGraw-Hill Book Co., Inc. , New York, 

(1928) • 
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Table IV. 

The densities, molar surface areas, heats of sublimation, 
and calculated and experimental values of ys for several' 
metallic solids. 

Metal . a(2) A(cm2 ). tJI b(ergS) (calc) ergs' ( ) ergs TOK of y ( ... Yft) 
P cc mole . sub mole y s cm2 y s exp cm2 s -r 

A1 

Cu 

Au 

Ni 

Nb 

Pt 

Ag 

Ta 

Sn 

Ti 

2.70 4.24x108 3.14x1012 

8.96 3.7 X10 8 3.39x1012 

8.90 3.22X10 8 3.39xl012 , 

8.60 4.56xl08 7.20Xl012 

21.45 4.06x108 5.56x10 12 

10.5 4.34X10 8 2.85xl011 

16.6 4.64xl0 8 7.78X1012 

5.76 6.89Xl0 8 2.30xl0 11 

4.5 4.47xI0 8 4.73xI012 

1198 

1484 

1343 

1706 

2557 

2219 

1064 

2713 

541 

1712 

1140±200c 

1670d 

1710e 

1750f 

1400±65g 

1370±150h 

1410d 

1850d 

1860±200i 

2100±100d ,j 

2550±550k 

2300±800R. 

2340d 

1140±90m,d 

2680±500k 

600±75n ," 

17000 

450 

1320 

1273 

1173 

1315. 1290 

1313 

1300 

1523 

1493 

2523 

1773 

1310 

1311 

1203,1180 

1773 

488 

1873 

a International Critical Tables, McGraw~Hi11 Book Co., Inc., New York 
(1928) • 

b A. N. Nesmeyanov~ 'Vapor Pressure of the Chemical Elements, Elsevier 
Publishing Co., New York (1963). 

c 
R. E. Smallman, K. H. Westmacott, and P. S. Dobson, Metal Sci. J. !, 
177 (1968). 

d 
J. M. Blakeley and P. S. Maiya, in Surfaces and Interfaces, J. J.Burke 
et a1., eds., Syracuse University Press, Syracuse (1967). 
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(Table IV continued) 

e H.Udin, A. J. Schaler, and J. Wulff, Trans. All1E 185, 186 (1949). 

f J. H. Hoage,'U. S. Atomic Energy Comm. Report HW..;.78l32, 1963. 

g F. H. Buttner, H. Udin, and J. Wulff, Trans. AIME 191, 1209 (1951). 

h E. D.~ondros and R. Gladman, Surface Sci. !, 471 (1968). 
i 

J. M. Blakeley and P. S. Maiya, J~ App1.Phys.38. 698 (1967). 

j s. V. Radcliff, J. Less-Common 'Metals 1, 360 (1961). 
k 

E. M. Hodkin, M. C. Nicho1as,and D.M.Poo1e, J. Less-Common Metals '20, 
93 (1970). -

R, 
J. M. Blakeley and H. Mykura; Acta Met. 10, 565 (1962). 

m E. R. Funk, H. Udin, and J~ Wulff, Trans. AIME 191, 1206 (1951). ,-
n E. D. Greenhill and S. R. McDonald, Nature!Zl, 37 (1953). 

o V.I". KostikOv, A. V. Kharitonov and V. Z. Savenko, Phys. Met. Mettal1. 
26, 181 (1968). 
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'Fi9ure'Captions 

Molar surface tensions of liquid metals, Y1m, as a function 

of their heats of vaporization. 

Molar surface tensions of organic liquids, YR.m' (assuming f .. 

1) as a function of their heats of vaporization. 

MOlar surface tensions of several solid metals as a function 

of their heats of sublimation. 
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P-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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