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CHAPTER I

SUMMARY

Beryllium has a combination of physical end mechanical proper-
tles which makes it attractive for wide use as a reflector, moderator,
and fuel cladding material in the nuclear field and in gyroscopes and
other flight components in the aircraft industry. In most of these
applications, beryllium mist be joined to itselfl or other metals and
brazing is one of the most useful joining procedures. The determi-
nation of the wetting behavior of certain pure metals and alloys on
beryllium is very dmportant in the development of brazing alloys fTor
Joining beryllium

The wetting behavior of liguid silver, gold, germanium, aluminum,
copper, palladium—=2.1 weight per cent beryllium, zirconium—5 weight
per cent beryllium, and titanium-6 weight per cent beryllium on the
surface of solid beryllium is discussed. In general, the wetling of
these metals was investigated at 50 and 100°C above their melting
points in argon and in vacuum. The general experimental method employed
the use of sessile-drop techniques for the evaluation of wettability
and the associated calculations.

Interfacial contact angles between drop and solid were measured
for the various metals as a function of time, temperature, and atmos-
phere. The results of these measurements indicate that the wetting
of beyyllium follows the general Ttheoretical pattern; that is, it in-

creases with increasing temperature. Eiffects of vacuum and argon
w3 s



environments showed no general trend, but instead, the behavior with
regard to these environments appeared to be dependent upon the par-
ticular system being tested.

Extensive metallographic examination revealed that beryllium
had alloyed, to varying extents, with gold, silver, copper, germaniuu,
and palladium2.]1 weight per cent beryllium and that the liquid had
penetrated into the solid. Little or no beryllium alloying was ob-~
served on samples wetted with aluminum, zlrconium—5 weight per cent
beryllium, and titanium-6 weight per cent beryllium, although wetting
was obgerved for the latter two cases.

Surface tension calculations, using the sessile-drop technique,
were made for the three systems which revealed little or no penetra~
tion into the beryllium., The calculations of the liquid-vapor and
liquid-solid surface tensions, the work of adhesion, and the coef-
ficient of spreading served as a qualitative means of measuring the
wettability of beryllium by these three metals. The results indicated
that the titanium—6 welght per cent beryllium alloy produced the
lowest liquid-vapor and liquid-solid surface tensions and highest
work of adhesion and spreading coefficients, indicating the best

overall wetting characteristics.



CHAPTER TIT

INTRODUCTTON

Beryllium, in the past, has been considered primarily as an
alloying addition to other metals, principally copper. This usage
still represents at least 80 per cent of the total amount manufactured.
Currently, the pure metal has become attractive to the nuclear and
aircraft industries because of its very low thermal-neutron~absorption
cross section, 1ts high thermal conductivity and specific heat, its
high elastic modulus, and its high strength to weight ratio (1—4).

The use of pure beryllium in these applications is made difficult by
such undeslirable properties as high toxlelty and generally poor fab-
ricability; however, one of the greatest problems has been that of
Jolning and, in particular, brazing.

Beryllium, in genersl, is very difficult to braze successfully.
Industrial experience has indicated that poor flow and brittle Joints
are commonly encountered (5,6). Also, very little information is
available on the use of brazing for high-~temperature service., In
order to fruiltfully develop brazing alloys for Joining this material,
information on the wetting behavior of different liquid metals is
important. A comprehensive theory of the wetting or spreading of
ligquids on solid surfaces has been presented by Hawkins (7). The
complete and detailed derivation of the quantitative relationships
will not be repeated here; only the necessary definitions and equations

relating to the discussion are presented,
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The Tree surface energy of a substance at constant temperature

(T), pressure (p), and concentration (N) is defined as

(BF/BA)p ry =7 = free gurface energy (usually dynes) per square
) =2
centimeter, (1)
where
F = the free energy of the substance,

A = its surface (or interfacisl) area.
The thermodynamic condition for spreading to occur is that, for

an incremental increase in area,the entire system will have

aF <0 . (2)
Conversely, for nonspreading

dF > 0 . (3)

If it is assumed that in the course of spreading of a ligquid,
L, in equilibrium with its own vapor, V, on a surface, S, in equi-

librium with its own veapor, the following area relation exists:

ah = A, = —aA, (4)

v SL 8y

then

(OF/OA) = Ty * V51, T Ty - (5)



]

the liquid-vapor surface energy,

il

the solid-liquid surface energy,

the solid-vapor surface energy.

i

Iet ~dF/dA be designated as the final spreading coefficient,

SIS; then, at constant temperature and pressure,

) (6)

= — + 9
s = 7sv T Uy T 7g1) -
As a measure of the attraction between different materials, the

work of adhesion can be obtained as

Wog = Oy + 7gy) ~ 715 - (7)

The work of adhesion represents the decreage in energy in bringing
together a unit area of liquid surface and a unit area of solid surface
to form a unit area of interface.

Experimentally, it is observed that liquids placed on solid
surfaces usually will not completely wet bdbut rather remain as a drop
having a definite contact angle between the liquid and solid phases.
This condition is illustrated in Figure 1. The Young and Dupré equa~-
tion (8) permits the determination of change in surface free energy,

(=4
AF”, accompanying a small change in solid surface covered, AA. Thus,

S _ - A
AF” = AA (7SL 7SV) + OA YL, cos (6 — no) . (8)



Liquid

e 1. A
e r th y

se
syste



7

At equilibrium,

Lim AF°/AA = O

M — 0
and

Yo, " gy t Yy cos € =0 (9)

or

7gr, = Tev T Yoy €08 © - (10)

With this relationship combined with equation 7, we obtain

g = 7gy (1 + cos 0) . (11)

In eguations 9 and 10 it can be seen that 9 will be greater
than 90 degrees when 7SL ig larger than 7SV and less than 90 degrees
when the reverse is true. For greater wetting, 9 should be as small
as possible so that cos 8 approaches unity.

The interfacial tension between a solid and a liquid may be
considered as a measure of the it or misfift between the two phases.
Qualitatively, the gmaller the difference in misfit that is present
the smaller will be the magnitude of the surface tension. The lower
1imit of any interfacial tenslon may be considered as that tension
existing between the sgolid and liguid phases of the same metals. In
cases where considerable interaction occurs between the solid and

ligquid phases, the measurement of any surface tension becomes



meaningless. This situation exists as a result of the continuocus con-
centration changes occurring in both phases produced by the rapid atom
movement of material across the interface. In gituations such as
these, the mutual solubility of the phases in each other and the pos-
sibility of intermediate phase formation at the interface must be

consgidered,
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CHAPTER IIT

OBJECTIVES

The general objective of this investigation was to determine
the wetting behavior of pure gold, silver, germanium, sluminum, copper,
and the binary alloys of titanium6 weight per cent beryllium,
zirconium—5 weight per cent beryllium, and palledium—2,1 weight per
cent beryllium on solid beryllium. These metals are likely candidstes
as components of brazing alloys for elevated-temperature service,

The specific objectives were (1) to measure the contact angles
of the molten metsls on beryllium as a function of test temperature,
time at temperature, and atmosphere; (2) to investigate the solid-
liquid interfacial reactions occurring as a function of test tempera-
ture and atmosphere; and (3) to calculate the liquid-vapor and
interfacial surface tensions for those systems where interfacial

reactions did not appear to occur or were small,



10

CHAPTER IV

PRTOR WORK

Some effort has been made in an attempt to develop solders and
brazing alloys for Jjoining beryllium to itself and to other materials;
this work has been concentrated on applications having service temper-
atures less than 538°C. Very little published work has appeared in
the literature concerning the basic wetting behavior of molten metals
on beryllium.

Cohen (9) conducted preliminary work on the wetting of beryllium
using beryllium-rich binary alloys of silicon and silver. He found
that the addition of 20 atomic per cent silver to beryllium reduced
the interfacial reaction which existed when pure liguid silver was
in contact with berylliium, but the wetting of the alloy on beryllium
was nil, It was also found that the beryllium-silicon glloys did not
wet the base material.

Monroe et al. (10) studied the wetting of beryllium with
aluminum and its alloys. 7They found that, although the joints were
cften porous, Joints of reasonably good guality could be made with
an aluminum-12 weight per cent silicon allay.

Zunick and Illingworth (11) and Wikle and Magalski (12) have
successfully brazed beryllium to other metals (mainly refractory metals)

using pure silver and the silver-copper eutectic in vacuum.
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The suthor has performed preliminary work on the development
of veryllium brazing alloys for high-temperature, helium~atmosgphere
applications (13). A ternary alloy composed of 49 weight per cent
titanlum—+49 weight per cent copper—2 welght per cent berylliuwm was
found to join small sections of beryllium and stainless steel. The
leak-tight dissimilar Joints withstood high~temperature thermal cycles
while under irradiation.

The sessile-drop method, used in this study for the calculation
of the liquid-vapor surface energles, is presented by Ellefson and
Teylor (14). These investigabtors used this technique to study the

surface properties of fused salts and glasses.
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CHAPTER V
EXPERIMENTAL PROCEDURE

Several 3/8-inch-diameter X 12-inch-long beryllium rods were
procured from the Brush Beryllium Company, Cleveland, Ohio. This
material was manufactured using hot-pressing techniques followed by
machining to final size. The randomly oriented grain structure of
the beryllium metal produced by this fabrication procedure is repre-
sented by the photomicrograph of Figure 2.

A suitable brazing alloy is one having a melting point lower
than the melting point of the base metal and which exhibits a minimum
tendency to dissolve the base metal; it is of course essential that
wetting occurs. The materialsg used in this investigation were selected
with these points in mind and they are presented, together with their
melting points, in Table I. Prior work by other investigators has
indicated that aluminum-, copper-, and silver-base alloys appear
promising for brazing beryllium (10,15). Gold, copper, and germanium
possess melting points in the temperature range of interest and were
consequently considered to merit investigation. Previoué work by the
writer has demonstrated that titanium, zirconium, and palladium are
promising as major constituents of alloys for brazing beryllium (16-18).
In the present research, these elements have been prealloyed with
beryllium in order to obtain allowable melting points; the selection

of beryllium being made in order to keep the number of variables to a
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Unclassified
Y-84065

Figure 2. Photomicrograph of the beryllium metal showing the
randomly oriented grain structure. Polarized light. 100X,
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TABLE T

MATERIALS AND TEST TEMPERATURES USED IN

THE BERYLLIUM WETTABILITY STUDY

Melting Point Test Temperature

Materisl (°c) (°c)
Gold 1063 1070
Copper 1083 1108, 1133
Aluminum 660 710, 760
Silver 960 1010, 1060
Germanium 950 1000, 1050
Ti—6 wt % Be 1025 1075, 1125
75 wt % Be 280 1030, 1080

Pd—2.1 wt % Be 930 980, 1030




15

minimum, The solubility of beryllium in liquid aluminum and the liquid
binary alloys is quite low, but its solubility in liquid silver, gold,
and copper was somewhat higher at the temperatures under investigation.
The solubility of beryllium in liquid germanium is not known.

The wetting studies were performed using metals of very high
purity which had been arc melted into buttons as described in the
Appendix. Both the beryllium and the metals to be melted on it were
analyzed spectrographically. The results are presented in Table II.

The wettability study consisted of testing in both argon and
vacuum atmospheres at the temperatures indicated in Table I, page 14.
Tn most cases the testing temperatures were 50 and 100°C above the
melting points of the materials studled. The test temperatures for
the gold and copper experiments were lowered, however, to reduce the
extent of interfacial reaction and beryllium alloying observed during
preliminary testing,

Wettability data were obtained using the sesgsile-~drop method,
as described by Quincke (19) and Adam (20). This procedure is advan-
tageous Tor (1) it is a static method that is suitable for high-
temperature testing, and (2) it allows the measurement of contact

angles coincidentally with the determinabtion of the ligquid-vapor

The sample preparation for the wettablility testa consisted
initially of machining the 3/8-inch-diameter beryllium rods into wafers

or pads of 1/8-inch thickness. The arc-melted metal buttons were either



TABIE Ix

CHEMICAL ANALYSES OF BERYLLTUM-BASE METAL AWD TEE METAIS TO BE MEITED ow 17

Imourities Analyzed for
Bel Be Fe AT Mg Si C Ca  Mn

v
&
2
v

=
O

Material {wt %) (ppm)
Beryliium 1.37 Bal 1300 550 50 300 1200 100 100 - o 4o 4400
Silver -- -- 172 80 - . -~ e -- -- 323 120 2200
Goid -~ - -~ - -— - e T T 1 ¢ 21
Aluminunm -- -- -~ Bal -- __ - -- -- e - 57
Copper -- -~ - -~ -—— -- -- -- -- -~ Bal -- 45
Germanium -- -~ -~ ~— -—- -- -- -- -~ - - 10 20
16 wt 4 Be - 611 - o . == - - L . 21 560
Pa~2.1 wt 9 Be - 217 - Lo Ll 7 --  -e L . __ 38

Zr=5 wt % Be TR - e 17 440

91
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machined into 1/8-inch cubes or remelted into smaller buttons approxi-
mately 1/8- to 3/1l6-inch diameter.

The machined beryllium pad was precleaned by etching using an
aqueous golution of 2 parts HF, 3 parts lactic acid, 5 parts HNO3, and
10 partg Ho0. After this preparation, both the pad and the metal to
be melted were assembled on a molybdenum furnace boat in the manner
illugtrated in Figure 3. The methods for obtaining vacuum and inert-
gas atmosphere, btogether with a description of the furnace equipment,
are presented in the Appendix., A discussion of the optical system
used in the measurement of contact angles is also presented in the
Appendix.

After carefully loading the test assembly into the vacuum muffle
furnace and preclsely leveling the beryllium pad to permit accurate
optical measurements, the following procedure was used for ecach wetta-
bility test:

1. The ceramic muffle (at room temperature) was evacuated to
less than 1 x 1072 torr. Intermediate purging of the
system using high-purity argon was incorporated to improve
the purity of the gas remaining in the system.

2. The furnace, already at test temperature, was then rolled
over the muffle and the system was allowed to come to
test temperature.

3. After thermal equilibrium was established, individual photo-

graphs of the liguid metal-beryllium sample were taken at
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Unclasgified
Y-48031

o

e

Figure 3. Beryllium pad, metal to be melted, and furnace boat
ready for insertion in the Turnace muffle. 7%,
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time intervals of 0O, 15, 45, 90, and 150 seconds. Timing
was begun at the moment temperature stabllization was
attained as indicated by the muffle temperature recorder
and controller.

4, The hot furnace was rolled away from the muffle immediately
after the last picture was taken and the specimen was
allowed to cool to approximately room temperature inside
the muffle,

When tests were performed in an argon atmosphere, the same pro-
cedure was used except that the system was backfilled with high-purity
argon when the muffle temperature reached 800°C (500°C for the aluminum
tests).

The wetted specimens were removed from the furnace and mounted,
sectioned, and polished for metallographic examinetion. The mounting
and polishing technique employed is described in the Appendix. FExami-
nation of the mounted specimens was performed in both the as-polished
and polished-and-etched conditions, using both bright-rield and
polarized-light illumination.

The photographs of the liguid drops were printed on high-~contrast
matte paper to obtain the greatest detail and allow pencil marking of
the prints. Representative photographs are shown in Figures 4 through
11. These particular pictures of the molten-metal drop were taken
after a period of 150 seconds had elapsed at the indicated testing

temperature, It 1is obvious from these composite Tigures that the
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Unclassified
Y-49108

(a) Vacuum - 1010°C (b) Vacuum - 1060°C

(c) Argon - 1010°C (d) Argon - 1060°C

Figure 4. Sessile drop of silver on beryllium pad at 1010 and
1060°C in vacuum and argon almospheres. 7X.
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Unclassified
Y-49199

(a) Argon - 1070°C (b) Vacuum - 1070°C

Figure 5. Sessile drop of gold on beryllium pad at 1070°C in
argon and vacuum atmospheres. 7X,
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Unclassified
Y-49200

(a) Vacuum - 1108°C (b) Vacuum - 1133°C

(c) Argon - 1108°C (d) Argon ~ 1133°C

Figure 6. Sessile drop of copper on beryllium pad at 1108 and
1133°C in vacuum and argon atmospheres. 7X.
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Unclassified
Y-49201

(a) Vacuum - 1000°C (b) Vacuvum ~ 1050°C

(c) Argon - 1000°C (d) Argon - 1050°C

Figure 7. Sessile drop of germanium on beryllium pad at 1000
and 1050°C in vacuum and argon atmospheres. 7X.
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Unclasgified
Y-49202

(a) Vacvum - 980°C (b) Vacuum - 1030°C

(c) Argon - 980°C (d) Argon ~ 1030°C

Figure 8. Sessile drop of palladium—2.1 weight per cent
beryllium alloy on beryllium pad at 980 and 1030°C in vacuum and
argon atmospheres. 7X.
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Unclassified
Y-49203

(a) Vacuum - 710°C (b) Vacuum - 760°C

(c) Argon - 710°C (d) Argon - 760°C

Figure 9. Sessile drop of aluminum on beryllium pad at 710
and 760°C in vacuum and argon atmospheres. 97X,
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Unclassgified
Y-49204

(a) Vacuum ~ 1030°C (b) Vacuum ~ 1080°C

{c) Argon - 1030°C (d) Argon - 1080°C

Figure 10. Sessile drop of zirconium—5 weight per cent beryliium
alloy on beryllium pad at 1030 and 1080°C in vacuum and argon
atmospheres. 7X.
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Unclasgified
Y-49205

(a) Vacuum - 1075°C (b) Vacuum ~ 1125°C

{c) Argon - 1075°C () Argon ~ 1125°C

Figure 11, Sessile drop of titanium6 weight per cent beryllium
alloy on beryllium pad at 1075 and 1125°C in vacuum and argon
atmospheres, T7X.
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inerease in temperature generally produces increased wetting of the
beryllium surface by the sessile drop. The effect of atmosphere on
beryllium wettability appears to vary with the gystem in question.

Contact angle measurements were made on the photographs with
a protractor. The sessile~drop contact angle was taken to be that
angle between the line tangent to the sessile drop at the poiat of
contact with the beryllium pad and the horizontal surface of the
beryllium. Bince the contact angle is always measured through the
liguid phase, a contact angle of O degrees indicates complete wetting
while a contact angle of 180 degrees indicates no wetting. The con-
tact angle for each temperature and atmosphere was recorded for each
time interval at which photographs had been taken.

Tne Tinal phase of the study consisted of the calculation of
the surface tensions. Only those molten metals which indicated, by
metallographic examination, little or no interfacial reactions were
nsed in these calculationsg., The photographs of the test samples taken
at the 150-gecond time interval were assumed to represent equilibrium
and were used for the surface tension calculations.

The determination of the surface tension by the segsile-drop
method was accomplished by equating the hydrostatic pressure of the
liquid at any point on its surface to the excess pressure due to the
curvature and tension of the surface alt the point in question. The
actual calculation is therefore performed using the dimensions of the

molten-metal drop as it rests on the beryllium metal. The ghape of
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the sessile drop depends on the eguilibrium existing between the forces
of surface energy and of gravity., The relationships employed were
developed by Bashforth and Adams (21), and the calculations utilized
data from table prepared by them A discussion of thig method and a
sample calculation of the liquid and interfacial surface tensions,

the work of adhesion, and the interfacial spreading coefficient are

presented in the Appendix,
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CHAPTER VI

RESULTS AND DISCUSSION

I. QUALITATIVE DISCUSSION OF CONTACT ANGLE MEASUREMENTSS

The data resulting from the contact angle measurements of the
liquid metals at test temperatures are presented in Table ITI. The
measurements were recorded for various temperatures, times, and atmos-
pheres. The methods and criteria by which the data were obtained and
analyzed, respectively, are described in Chapter V.

Although during the testing period fluctuations in angle were
noted, the contact angles were observed to decrease with increasing
time at test temperature., This behavior is reflected in the data of
Table IIT. The fluctuations are possible due to alloying effects in
that, as alloying progresses, composition and temperature variations
will change the interfacial energiles.

These data provide a means of comparison of the wettability on
beryllium of the liquid metals under invegtigation. I one assumes
wetting for contact angles less than 90 degrees and nonwetting for
angles greater than 90 degrees, then these data permit qualitative
secparation of the systems into these two classes. Gold, pelladium=2.1
welght per cent beryllium, and titanium-6 weight per cent beryllium
were found to wet beryllium at both temperatures and in both argon
and vacuum atmospheres, 'The zirconium—5 weight per cent beryllium

alloy wets beryllium in vacuum at both temperatures. This alloy, as



VALUES OF CONTACT ANGIES FOR VARIOUS TIMES, TEMPERATURES, AND ATMOSPHERES

TABIE IIT

Tempersture Contact Angle for Tlapsed Tiwme {der)
System eg) Atmosphere U sec 15 sec 45 sec 90 sec 150 sec
Silver 101C vacuum 142.3 141,11 140. 6 141.2 140.2
1060 vacuum 135. 4 135.6 131, 4 133.2 127.9
101G argon 148,10 148.9 150.7 147.3 143, 4
1060 argon 61.C 59.9 5.2 54. 4 52.6
Gold 1070 vecuun 58.6 58.G 57.2 55.7 54.6
1070 argon 57.3 56.6 57.9 56,9 55.8
Copper 1108 vacuun 12,0 128.5 124.2 124.1 123,56
1133 vacuum 126.86 122.5 121.8 12C. 0 120.C
1108 argon Extreme Base Metal Solution
1133 argon Extreme Base Metal Solution
Germanium 1000 vacuum 145.5 145.3 144.3 143.7 143.6
1050 vacuum 102.9 100.0 100.9 96. 1 95.4
1000 argon 99,3 99.6 98.9 98.2 97.1
16590 argon 89,2 89.2 88.9 a87.1 87.1%
Pé2.1 wt % Be 98C vacuum 77.0 74,0 73.2 70. 8 69. 9
1030 vacuum 7.2 73.2 8.7 66.5 £5.6
980 argon 77.2 76.5 76.0 75.0 72.7
1020 argon 7C.2 63.1 61.7 57.2 57.2

e



TABLE ITI (continued)

Temperature Contact Angle for Blapsed Time (deg)
System {(°ch Atmosphere O sec 15 sec 45 sec 90 sec 150 sec

Aluminum 710 vacsuum 155.1  154.1 151.3 146. 6 142.0
760 vacuum 140.0  138.8 136.6 134.1 132.0

710 argon 46,2  139.6 130.5 126.1 116. 6

760 argon 108.2 106. 6 102. 3 100. 0 99.9

Zr—5 wt % Be 1030 vacuum 88.0 85.6 83.9 81.8 80.9
108C vacuunm £9. 8 67.7 67.3 65. 5 64.7

1030 argon 101, 4 98.8 99.2 %8.3 96, 2

108C argon 83.6 84.2 84.9 82. 4 79.7

Ti~6 wt % Be 1075 vacuum 15.8 14.8 14.5 14.0 13.2
1125 vacuum 14,2 13, 4 j2.1 11.2 10,7

1075 argon i3.4 12.0 11.9 9.7 8.6

1125 argon 10.0 7.9 7.8 6.8 5.6

ce
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well as silver and germanium, did not wet when tested in argon atmos-
pheres at the lower temperature. It was found, however, that an
increase of 50°C resulted in wetting. Aluminum exhibited a nonwetting
behavior at both temperatures and in both atmospheres. Copper was
observed to be nonwetting at both temperatures, but underwent extensive
alloying with the solld beryllium at these temperatures.

From these data it appears that the binary alloys have the
greatest tendency to wet beryllium  Although differences in wetting
behavior were observed for the vacuum and argon conditions, no general
trend was established., The increase in testing temperature was gener-
ally observed to improve wetting, although in some cases the increased

temperature initiated or accelerated reaction with the beryllium.

II. RESULTS OF METALLOGRAPHIC ANAIYSIS

t must be recognized that when a metal ig allowed to melt on
a solid surface some degree of reaction will occur at the solid-liquid
interface,

The extent to which this reaction occurs depends on the system
in question, particularly the mutual sclubility of each component for
the other and the wetting behavior of the resulting alloy formed.
Normally, interfacial energy studies involve interactilons which are
confined to essentially the interface, When high temperatures such
as those incorporasted in this study are used, the diffusion of com-

ponents across this interface becomes prominent, This diffusion
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produces layers each of which 1s one of the possible phases in the
system. Extended diffusion tends to give a liquid saturated with
beryllium at the interface and in contact with that solid phase
richest in the original liquid metal. Further changes then depend
upon solid-state diffusion through these layers; this stage is fre-
guently slow enough to consider the system in psuedoequilibrium.

As a consequence, it 1s necessary to utilize the equilibrium
diagram for each combination with beryllium in analyzing the wetting
behavior in each case. This has been done in the discussion of the
results of the metallographic studies which follows. From these
studies, the extent of alloying could be determined and a basis
establiched for the usefulness of carrying out surface tension

calculations.

Silver-Beryllium

The silver-beryllium alloy system is represented by the
equilibrium diagram of Figure 12 (22). When pure silver is in con-
tact with beryllium at 1010°C a concentration gradient is established
in the liquid phase with a maximum concentration of 2.3 weight per cent
beryllium (Figure 12), An examination of the microstructure of the
interface revealed a reaction zone in which molten silver had pene-
trated the graln boundaries of the beryllium. The grain-boundary
penetration is illustrated in Figure 13. Penetration has proceeded
to the peoint of leaving pure beryllium islands floating in the Ilicuid

silver-veryllium alloy. According to the silver~beryllium equilibrium
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Figure 12. The silver-beryllium equilibrium diagram.
(Hansen, M., Constitution of Binary Alloys, McGraw-Hill, New York,
1958.)
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Figure 13. Interface of silver wetting test showing grain-
boundary attack of silver on beryllium in a vacuum atmosphere at 1010°C.
Unetched. 500X,
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diagram, the delta phase should precipitate on cooling and this is
ohserved to occur along the boundary between the liquid and solid
phases, The lighter areas surrounding the solid beryllium islands
in Figure 13, page 36, are believed to be the delta phase.

Higher temperatures (1060°C) produced a greater reaction zone.
This probably resulted from more rapid diffusion and the ability of
the liguid to contain as much as 17.5 welght per cent beryllium. On
cooling from this temperature, the precipitation of alpha beryllium
oceurs initially and is followed by the precilpitation of the delts
phase at 1010°C. From this point the gystem behaves in e similar
manner to the low-temperature test.

The only noticeable difference in the wetting tests conducted
in argon and those conducted in vacuum at either temperature was the
degree of beryllium reaction. While beryllium reaction was found to
be greater at 1060°C in both argon and vacuum atmospheres, more
regction was found in the argon atmosphere tests. The extent of
reaction at 1060°C in vacuum is illustrated in Figure 1l4. Here the
penetration 1s greater than 50 per cent of the beryllium pad thickness.

Note the dendritic structure of the alloy drop.

Gold~Beryllium

The extensive reaction of pure gold with beryllium restricted
testing to 1070°C, approximately 7 degrees above the melting point of
gold. The partial equilibrium diagram for this system 1s presented

in Figure 15 (22). Metallographic examination of both the vacuum and
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Figure 14. Silver penetrating beryllium metal at 1060°C in
vacuum atmosphere. Unetched. 50X.
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Figure 15. The gold-beryllium equilibrium diagram.
(Hansen, M., Constitution of Binary Alloys, McGraw-Hill, New York,
1958.)
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argon tests revealed extreme alloying, as illustrated in Figure 16.
Metallographic examination revealed a second phase, shown in Figure 17,
which is probably one of the intermetallic compounds shown in the
gold-beryllium equilibrium diagram (Figure 15, page 39); no positive
identification was possible. No particular difference in the micro-

structure of the argon and vacuum tests was observed metsllographically.

Copper-Beryllium

The equilibrium diagram for the copper-beryliium systems is
shown in Figure 18 (22). low-temperature vacuum tests resulted in a
small amount of reaction with beryllium while at the same temperature
in argon extreme reaction occurred. This difference is shown in
Figure 19(a) and (b). In the case of the vacuum test, only the
reaction zone shows noticeable alloying; while in the argon test,
alloying was observed throughout the liquid phase. According to the
copper-beryllium equilibrium diagram, the delta phase should initially
precipitate on cooling until the liquid has been depleted of beryllium
to the point that the beta phase forms. This was observed to occur
by the initial formation of the delta phase that is believed to be the
dendritic growth seen in the reaction zones of Figure 19, Further
cooling formed the lighter matrix that is assumed to be either beta
phase or some decomposition product of this phase.

The microstructure of the drop sbove the low-temperature vacuum
reaction zone of Figure 19(a) is shown in Figure 20, The dendrites

are assumed to be the alpha phase since the beryllium concentration
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Figure 16. Gold penetration of beryllium metal at 1070°C in a
vacuum atmosphere. Unetched. 50X.
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Figure 17. The microstructure of the gold drop on beryllium
1070°C in a vacuum atmosphere. FEtchant: agua regia. 500X.
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Figure 18. The copper-beryllium equilibrium diagram.
(Hensen, M., Constitution of Binary Alloys, McGraw-Hill, New York,
1958.)
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Figure 19. (a) Microstructure of copper drop on beryllium
showing interfacial reaction area at 1108°C in a vacuum atmosphere.
Unetched. 50X. (b) Microstructure of copper alloying with beryllium
at 1108°C in an argon atmosphere. Unetched. 50XK.
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Figure 20. The microstructure of the copper drop at 1108°C in
& vacuum atmosphere. Etchanl: CpHs0H, HC1, FeCls. 200X.
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in the ligquid should be lower than that near the interface, Separation
of this phase will increase the concentration of the melt to near

4 weight per cent beryllium which will, on further cooling, form beta
or some trangformation product of beta.

High-temperature experiments (1133°C) revealed that beryllium
reaction had proceeded such that complete penetration of the beryllium
pad nad occurred in both the vacuum and argon tests. Metallographic
examination of these samples showed the same microstructure found in
the lower temperature tests, with the exception of a reaction band
near the pure beryllium-base metal as shown in Figure 21. As seen in
Figures 20, page 45, and 21, voids, which probably resulted from rapid
diffusion of the small beryllium atom into the two-phase (beta and
delta) region, are presgent in the reaction band. The extent of copper
diffusion is assumed to be the interface nearest the beryllium metal.
The band structure, shown in Figure 22, is helieved to be the result
of the formation of the 40,5 welght per cent veryllium—copper eutectic,
shovm in Figure 19, page 44. Since only a differential of 17°C sepa-
rates the assumed test temperature (1133°C) and the eutectic tempera-
ture (1150°C), tempersture inaccuracles could have existed such that
the test temperature was truly 1150°C, with the eutectic composition
Tormed by diffusion. One other possibility for this structure to be
the beryllium-rich eutectic would be that the esutectic temperature was

depressed as a result of the impurities presgent in the verylliumn.
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Figure 21. Photomicrograph of the 1133°C copper test in argon

showing the reaction zone band near the beryllium metal. Unetched.
50X.
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Figure 22. The copper reaction zone band showing its eutectic
microstructure. Magnified view of the enclosed area of Figure 21.
Unetched. 500X.
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Palladium-2. 1 weight per cent Beryllium-Beryllium

The partial equilibrium diagram for the palladium-beryllium
system is shown in Figure 23 (22). At each test temperature the micro-
structures were found to be independent of the testing atmosphere and
indicated moderate alloying with the beryllium, This small amount of
alloying is supported by reference to the palladium-beryllium equi-
librium diagram which shows that only sn increase of 0.9 weight per
cent beryllium in the liquid is necessary to produce saturation.

Representative microstructures of the low- and high~temperature
tests are presented in Figures 24 and 25, respectively. The analysis
off these microstructures wasg complicated by the absence of a more
complete palladium-beryliium equilibrium diagram. If it is assumed
that the liquid was saturated with 3 weight per cent beryllium, the
structures seen in both the low-temperature drop (Figure 24) and the
upper portion of the high~temperature drop (Figure 25) may be analyzed
in terms of the palladium-beryllium equilibrium diagram. The dlagram
suggests that the islands of these structures are BePdp; and the matrix
is the BePds intermetallic compound. The reaction zone, seen &t the
interface of the high-temperature tests (Figure 25), exhibited a
eutectic-like structure and should be beryllium vrich. A photomicro-
graph of this structure is shown in Figure 26. Since the structurs
was observed only at the higher temperature, there is probably a
eutectic which forms between 930 and 1030°C at compositions above

50 per cent beryllium.
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Figure 23. The palladium-beryllium equilibrium diagram.
(Hansen, M., Constitution of Binary Alloys, McGraw-Hill, New York,
1958.)




51

Unclassified
Y-48117

Figure 24. The microstructure of the palladium2.1 weight per
cent beryllium drop representative of tests in both argon and vacuum at
980°C. Etchant: KCN, (NH,)25,03. 250X.
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Palladium-Beryllium
Drop

Interface Reaction
Zone

Beryllium

Figure 25. The microstructure of the palladium—2.1 weight per
cent beryllium sample interface area representative of tests in both
argon and vacuum at 1030°C. Polarized light. 150%.
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Figure 26. The microstructure of the palladium-beryllium
interface area representative of tests in both argon and vacuum at
1030°C. Etchant: agua regia. 500X.
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Germanium-Berylliunm

No published equilibrium diagram is currently available for the
germanium-beryllium system. Metallographic examination revealed that
some interfacial reaction had occurred at 1000 and 1050°C ia both
argon and vacuum. A representative microstructure is presented in
Figure 27. The large, dendritic-like areas in the microstructure
were found to be sensitive to polarized light. The matrix phase is
probably the germanium-rich terminal solid solution, and the dispersed
phase is either an intermediaste phase or the terminal beryllium-rich

phase.

Aluminum~-Beryllium

Metallographic examination of the aluminum-beryllium test
gsamples revealed very little reaction with beryllium at any of the
testing conditions. This observation is verified by the aluminum-
beryllium equilibrium diagram of Figure 28 that predicts a ligquid
saturation limit of only 2.5 weight per cent beryllium at 760°C (22).
The aluminum-beryllium equilibrium diagram further indicates that on
cooling from the temperatures of 710 and 760°C the precipitation of
alpha beryllium will occur until the eutectic temperature, 645°C, is
reached where Tinal freezing results. A representative aluminum-drop
microstructure is presented in Figure 29, showing the ecutectic
structure. As a result of the limited beryllium reaction of this
liquid, further surface energy analysis was performed. The results

of this analysis are presented subsequently.
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Figure 27. Representative microgtructure of the germanium drop
at 1000°C in a vacuum atmosphere., Etchant: HCoH30,, HF, HNO3. 150X.
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Figure 28. The aluminum-beryllium equilibrium diagram.

(Hansen, M., Constitution of Binary Alloys, McGraw-Hill, New York,
1958.)
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Figure 29. Representative microstructure of the aluminum drop
showing the eutectic structure at 760°C in a vacuum atmosphere.
Etchant: Hp0, HF, HNOj;, HC1l. 150X.



58

Zirconium—>5 weight per cent Beryllium-Beryllium

Metallographic examination of the zirconium5 weight per cent
beryllium eutectic wetting samples revealed no beryllium reaction.
According to the zirconium-beryllium equilibrium diagram of Figure 30,
only 8 weight per cent beryllium is required to saturate the liquid
at 1080°C (23). This accounts for the sbsence of a reaction area and
permits calculation of surface energles.

A representative microstructure of the wetting drop under
polarized light is shown in Figure 31, According to the zirconium-
beryllium equilibrium diagram, the light, needle-like phase is probably
the intermetallic compound, ZrBep; it is dispersed in the eutectic

structure.

Titanium—6 weight per cent Beryllium-Beryllium

The highly wetting titanium—6 weight per cent beryllium alloy
was observed metallographically to cause no beryllium reaction at any
test condition. The partial equilibrium diagram of the titanium-
beryllium system, shown in Figure 32, predicts beryllium solubility
in the titanium liquid to be greater than 6 weight per cent, but the
exact solubility limit is not known (23). The absence of beryllium
reaction permitted further surface energy analysis and the results of
this analysls are discussed below. The alloy microstructure contained
islands of unidentified intermetallic compounds dispersed in a eutectic
matrix. The titanium-beryllium equilibrium diagram predicts the pos-

sible existence of as many as five intermetallic compounds, but no
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Figure 30. The zirconium~-beryllium equilibrium diagram.
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Figure 31. Representative microstructure of the zirconium-5
weight per cent beryllium drop at 1030°C in a vacuum atmosphere.
Polarized light. 150X.
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The titanium~beryllium eguilibrium diagram.
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definite identification could be made of the phases present in the
microstructure in guestion.

To summarize, the metallographic examination of each wetting
gsystem subjected to the testing condition outlined in Chapter V
revealed that only aluminum, zirconium—5 weight per cent bveryllium,
and titanium-6 weight per cent beryllium caused little or no base-metal
reaction with beryliium. Consequently, calculations of the surface
energies were performed only for these materials. A discussion of the

results of these analyses is presented in the next section.

ITI. RESULTS OF SURFACE TENSION CALCULATION

Surface energy calculations were performed on systems of beryl-
livum with aluminum, zirconium5 weight per cent beryllium, and
titanium6 welight per cent beryllium; these systems were Tound to
exhibit minimum reaction at the regpective test conditions. The
procedures and methods of surface tension calculations are outlined
and discussed in the Appendix. The results of these calculations are
presented in Table IV,

It must be recognized that these values are the results of
calculations of the surface tension properties of liguids saturated
with beryllium in contact with that solid phase essentially in
equilibrium with the ligquid. Although it has been demonstrated thet
time effects are small, the systems were undergoing slow interface

dilffusion and surface evaporation due to the dynamic vacuum. The



TABLE IV

RESULTS OF THE SURFACE TENSION DATA CALCULATION

Temper- Contact* . o 3
ature Atmos- Angle 7 yx 15 "ad is
Svstem (°C Phere (degree) (dynes per centimeter)

Aluminum 710 vacuum 142.0 831 2520 176 ~1490
Aluminum 760 vacuum 132.0 726 2350 239 —1210
Aluminum 710 argon 116.7 787 2220 434 —1140
Aluminum 760 argon 29,9 561 1960 464 — 658
Zr-5 wt % Be 1030 vacuum 79.8 625 1940 549 - 702
Zr=5 wt % Be 1080 vacuum 64.6 520 1770 614 — 427
Zr~5 wt % Be 1030 argon 97.0 488 1780 576 — 405
Zr-5 wt % Be 1080 argon 79.8 172 1690 569 - 225
Ti<6 wt % Be 1075 vacuum 13.2 492** 1380 970~ 9.00
Ti~6 wt % Be 1125 vacuum 10.8 277 1590 548 - 4.0C
Ti~6 wt % Be 1075 argon 8.6 424, 1440 844  ~ 1,00
Ti6 wt % Be 1125 argon 5.6 329%% 1530 660  +  3.00

*Average of two tests.

*x
One test only.

£9
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inherent inaccuracies associated with impurities in the materials,
their assumed final compositions, and the experimental measurements
1imit the use of the data for other than comparative purposes.

The calculation of the liguid-vapor surface tensions and the
resulting calculation of the respective liquid-solid surface tensions
were, in general, consistent with the measured contact angles for each
of the three systems. Also variations of surface tensions within each
system were generally in agreement with variations in contact angles.
When the test atmosphere was observed to affect the contact angle,
there was a consistent effect on the calculated surface tensions.

A method of analysis employed by Parikh and Humenik (24) is
usefully applied to the data presented here. The balance of forces
acting at a point of contact between the solid and liquid phases of
Figure 1, page 6, is expressed by one Torm of the Young and Dupré

equation (equation 10, page 7),

7or, = Yay T Yy 08 ©

The possible relationships that can occur as a result of thege
forces are shown graphically in Figure 33 where the liquid-solid

surface tension, is plotted as a function of the contact angle, &,

T1ae

for different values of the liquid-vapor surface tension, In

Ty

this graph and for the calculations of surface tension properties

presented here, the solid-vapor surface tension, is assumed to be

Ty

equal to 1863 dynes per centimeter,
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This general illustration helps to recognize several points
related to wettability:
1. When 9 equals 90 degrees, 7SV equals 7IS for any value of
Ty
2. 1f spreading is taken to be that condition where the contact
angle is equal to or is approaching zero, then spreading

will occur if is egual to or greater than 7EV'

Tsv
3. If 6 is less than 90 degrees and 718 is constant, ¢ decreases
with a decrease in VIN; also, 1T 6 is greater than 90
degrees and 718 is constant, & Increases with a decrease
in 7LV‘
This type of analysis is valuable; if one can measure 7EV independ-
ently, then a prediction can be made as to the possibility of spreading.
For the data presented here, it can be seen that these general
relationships have been obsgerved. Tor observed contact angles near

90 degrees, the calculated y is near the assumed value (1863 dynes

s
per centimeter) of Yy (see Table IV, page 63). For these systems it
is observed that the curve in Figure 33, page 65, is becoming flatter,
meaning that the tendency for spreading to occur is increasing.

In the case of the titanium6 weight per cent beryllium system,
the liquid-solid surface tension increases when the testing temperature
is raised. The predicted inverse relationship between the change in
liguid-solid surface tension versus the change in temperature was

observed in the case of the systems of aluminum and zirconium—5 weight

per cent beryllium. This discrepancy is probably caused by the
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sessile-drop measurement error, which would result in ecases of bubbles
having very low contact angles or effects resulting from changes in
liquid composition.

The work of adhesion, defined as the work required at constant
temperature and pressure to pull the interface apart to give clean
surfaces, was observed to vary directly with liquid wettability. This
variation was typified by the low values of work of adhesion calculated
for the nonwetting sluminum system and the high work of adhesion values
determined for the wetting system of titanlum—6 weight per cent beryl-
lium and zirconium5 weight per cent beryllium

The calculated spreading coefficients were negative for all
system test conditions included in the study, except in the case of
titanium—6 weight per ceant beryllium. Negative spreading coefficients
indicated a very definite trend. The greater the system wettability,
as indicated by lower contact angles and liquid-vapor surface tensions,
the greater the numerical magnitude of the spreading coefficient.

Of the three systems used in the calculations, the titaniumrt
weight per cent beryllium was observed to provide the greatest
wettability on beryllium; the zirconium—5 weight per cent beryllium was
next in order. While no basic significance can be given Lo the
absolute values of the surface tension properties calculated, they are
useful in indicating the relative tendencies for these liquids to wet

beryllium,



CHAPTER VIT
CONCLUSTONS AND RECOMMENDATTONS

Conclusions

1. By measurement of contact angles, beryllium wettability by
the 1iquid metals of aluminum, germanium, silver, palladium~2.1 welght
per cent beryllium, and titanium-6 weight per cent beryllium is iun-
ereased wnen webting is performed in an argon atmosphere rather than in
vacuum. Beryllium wettability by the liquid metals of gold, copper, and
zirconium-5 weight per cent beryllium was found to elther be unaffected
by the testing atmosphere or favor the vacuum over the argon atmosphere.

2. It was established thalt the wetting behavior of beryllium by
liquid metals studied is in agreement with basic wettability theory in
that beryllium wetting 1s promoted by increasing temperature.

3. The results of an extensive metallographic examinstion of
wetting samples tested at all conditions are presented. These data
showed that only aluminum, zirconiuw—5 weight per cent beryllium, and
titanium~6 weight per cent beryllium produced little or no alloying with
the beryllium. Beryllium alloying of the other liquid metals included
in the investigation was so0 extreme that in some cases liguid phase
penstration of greater than 50 per cent of the thickness of the beryl-

1lium pad was found.
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4. Calculated surface tension properties of those alloy systems
found to produce little or no beryllium reaction are presented. These
calculations provided a means of relative comparison of the beryllium
wetting behavior by these three liguid metals. These data revealed
that the liquid-vapor and liquid-solid surface tensions were greater in
magnitude for the nonwetting aluminum than for the wetting liquids of
titanium-6 weight per cent beryllium and zirconium—5 welght per cent
beryllium, Of the three liquld metals submitted for surface tension
calculations, titanium6 weight per cent beryllium was found to have
the lowest calculated liguid-~vapor and liquid-solid surface tensions;
zirconium—5 weight per cent beryllium and aluminum were next in order,

5. Caleculations are presented for the work of adhesion and the
coefficient of spreading for aluminum, zirconium—5 welght per cent
beryllium, and titanium6 weight per cent beryllium. These data
qualitatively indicated that these parameters were greatest for the

highly wetting titanium—6 welight per cent beryllium liguid.

Recommendations

1. It is recommended that an investigation be performed to
reduce the magnitude of the beryllium solution by more nearly pre-
saturating with beryllium the materials of gold, silver, copper,
germaniumy and the palladium-2.1 weight per cent beryllium binary alloy.
Wettability studies gimilar to those conducted here should then be

performed.



70

2. It is recommended that the effect of beryllium surface
preparations on wettability be investigated., While this study did not
attempt to determine this effect or the part surface films played on
beryllium wettability, it is well known that surface preparation has a
marked effect on surface tension properties and that the beryllium oxide
film must always be taken into account when considering beryllium

surfaces.
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APPENDIX

I. EQUIPMENT

Furngce and Vacuum Equipment

A photograph of the furnace and vacuum system used for the
beryllium wetting studies is shown in Figure 34. The furnace consistsg
of a Nichrome wound, resistance heating element capsble of attaining a
temperature of 1200°C. The furnace is positioned on tracks secured
to the workbench +to permit it to be readily rolled over the 2-inch-~
diameter quartz muffle. A tapered glass Jjoint with an optically flat
plate on one end was Inserted into the tapered Joint on the quartz
muffle to provide a means of introducing the test specimens and to allow
undistorted visual observation of the specimen. The furnace 1ig con-
trolled (*5°C) by an on-off controller, and the sample temperature is
continucusly monitored by & recorder and a platinum versus platinurl0
per cent rhodium thermocouple positioned in the interior of the muffle
immediately adjacent to the sample.

The furnace is equipped with a vacuum system capable of
obtaining pressures of less than 1073 torr and an arrangement Tor
introducing an inert gas. High-purity argon, with a nominal analysis
as shown in Table V, was further purified by passing it through
columbium chips heated to 816°C just before it entered the furnace

maffle.
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Unclassifie
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¥igure 34. Photograph of furnace and vacuum system used in
beryllium wetting study.
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TABLE V
NOMINAL CHEMICAL AWNAINSIS OF HIGH-PURITY

ARGON USED IN THE WETTING STUDIES

Element Analysis (vol %)
Oxygen 0. 0001
Nitrogen and carbon monoxide 0. 0034
Carbon dioxide 0. 0002
Hydrogen 0. 0003

Argon 99. 996
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Photographic Equipment

The arrangement for phctographing the sessile drops is shown in
Figure 35. The drops were viewed through the telemicroscope attached
to a Gaertner cathetometer and were photographed with a Baush and Lomb
eyepiece camera as shown. Kodak "plus-X" film was used for all

photographs.

Arc-Melting Fouipment and Procedure

Where necessary, experimental materials used in the webting
experiments were prepared by arc melting using the furnace shown in
Figure 36. The furnace chamber was initially pumped to less than
2 x 1072 torr and was subsequently backfilled with high-purity argon to
2 to 3 pounds per square inch, gage pressure. After gettering the
chamber atmosphere by arc melting a zirconium button, the pure metals
or alloys were melted five times to ensure good homogeneity. The
buttons were then machined into small cubes or were broken up and

remelted using the above procedure to obtain pellets of a reduced size.

Metallographic Equipment and Procedure

The test specimens were prepared for metallographic examination
by first mounting in clear epoxy resin and sectioning so as to permit
obgervation of the sgessile drop~beryllium interface, The mounted and
sectioned specimens were then ground flat using a silicon carbide
abrasive (approximately 600 grit) dispersed in water, The initial
polishing was performed with a nylon cloth-covered vibratory polisher,

using O.3-micron aluminum oxide. The final polishing was performed
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Figure 35.

Equipment used in photographing the samples.
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Figure 36. Arc-melting furnace used in preparation of metal
buttons.
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with another vibratory polishing machine covered with a deep-nap cloth
with O, l-micron aluminum oxide—ethylene glycol slurry as the sbrasive.

The specimens were then washed in hot water, rinsed with absolute ethyl
alcohol, and dried in an sir blast.

The specimens were examined and photographed using either
polarized or bright-field illumination. No etchant was needed on the
samples wetted with the binary alloys of titanium—6 weight per cent
beryllium and zirconiwr5 weight per cent beryllium. The etchants used
on the samples wetted with the pure metals and the palladium2.1 weight

per cent beryllium binary allay were:

Aluminum - HNO3, HC1, HF, H0

Silver - No etchant required

Copper - CoHs0H, HCL, FeCls

Gold - Agqua regia

Germanium - HNO3, HF, HC,H30,
Palladium2.1l wt % beryllium KCN,(NH4)23203 or aqua regia

II. SAMPLE CAICULATIONS

The Seggile-Drop Mesthod

The determination of the surface tension by means of the sessile-
drop method depends on the attainment of equilibrium between forces of
surface tension and of gravity. When this premise is satisfied, a

molten metal drop rests on a solid surface as 1llugtrated in Figure 37.
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The fundamental equation of surface tension at any point requires

1 1
71y < 7t §;> =P =glz + ¢ (12)

where
7IV = liquid-vapor surface tenslon,
R = principal radius of curvature for surface perpendicular to
the plane of Figure 37, page 79,
R’ = principal radius of curvature for surface in the plane of
Figure 3'7,* page 79,
P = pressure,
c = constant,
g = gravitational acceleration
d = density
7Z = axis of rotation,

z = distance aloug Z-axis.

*The two radii of curvature (R, R’) for some arbitrarily curved
gsurface are obtained by erecting a normal to the surface at any point
on the gurface and then passing a plane through the surface which
contains the normal. The line of Intersection will in general be
curved. The radius of curvature is that radius for a circle tangent
to the curved line at the point in questlon., The second radiug of
curvature is obtained by passing a second plane through the surface
also containing the normal, but perpendicular to the first plane.

This gives a second curved line of intersection and a second radius
of curvature.



g2

If p is taken as the radius of curvature of a meridional section
and ¢ is the angle between p and z then R = p and R” = x/sin ¢.

Equation 12 then reduces to

1 sin ¢
7LV<E+T>=gdZ+C . (13)

If b is defined as the radius of curvature at the drop apex, then at

the apex p = b, x/sin ¢ »b, and z = 0. Therefore, from eguation 13

27
v
S . (14)
By substitution and multiplying by b, equation 12 becomes
1 sin ¢ gd b <jz > ,
+ = 2 + B = . 15
(o757 © /%) Yoy \ U (13)
.oogd b2 .
If the quantity . is defined as B, we have
v
1 . sin ¢ Z
} =2+ B = 16
COINETD) i (16)

By developing differential increments of this relationship,
Bashforth and Adams (21) prepared tables of f and x/z for ¢ =
90 degrees and x/b for various values of B and ¢. The measurement
of x and z shown iun Figure 37 makes it possible to determine 8 and b
from the tables and the surface tension is then calculated from the

relation

_gdbv?
TV B .

(17)
Using x, x*, z7, 6, b, and B the drop volume can be calculated

from the relationships of the following situations:

for cases where 6 1s greater than 90 degrees
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X 2 (x)2| 2 2sin@ , 8 z']
v = [ = - = + ne (14) (18)

for cases where 9 is less than 90 degrees
ﬂ d Id ’
Vo=z (27 + 3(2)(x)?] - (14) (19)

Typical Calculation of 7BV

g b2,
o

For 6 greater than 90 degrees. To obtain The test sample

used for the calculation of a typical liquid-vapor surface tensilon,
Y i is that of aluminum wetted on beryllium in vacuum at 760°C
(Figure 9, page 25), which has a countact angle, 6, measured to De
127.0 degrees, The measurements on the aluminum drop were tegken from
the photograpn exposed after 150 geconds at that temperature., Refer-
ring to Figure 37(a), page 79, the parameters were found to be
x = 0.259 centimeter
z = 0,246 centimeter
x” = 0.172 centimeter
z” = 0,446 centimeter
x/z = 1.050, when ¢ = 90 degrees.
Referring to the portion of the Bashforth and Adams tables
relating values of B to (§)¢ - 90° and interpolating, the following

is obtained:

Referring next to the portion of the tables giving values of
x/b and z/b in terms of B and ¢, linear interpolation provides

¢ = 90 degrees, p = 0.25, x/b = 0,96312, and z/b = 0.91699. Knowing



both x and z by direct measurement, b is calculated to be 0.268
centimeter. By combining this with previous data, the following
equation 1s obtained:

gd b?

2 = 282,04
p

&+

To obtain density: From the values of x, x”, z7, b, and B
measured or determined above, the volume was calculated using equation
18 to be 0,0665 cubic centimeter. The weight of the aluminum was

0.1644 gram. Using these values of drop volume and weight, the

0. .
density equals 6«%2%% equals 2.47 grams per cubic centimeter,
To obtain surface tension: By combining the results of the
2
calculations obtained for gégm and density above, it is found that for

the aluminum molten drop on beryllium at 760°C in vacuum the liquid
surface tension 1s

_gd p?
" T TR

= 697 dynes per centimeter,
g b°
B

for a typical surface tension calculation for the case where 6 is less

For & less than 90 degrees. To obtain The sample used

than 90 degrees is the zirconium—5 weight per cent beryllium oinary
alloy in vacuum at 1020°C. The molten alloy drop is shown in Figure 10,
page 26. The contact angle, O, was measured to be 77.1 degrees.

The measurements were taken on bthe molten drop after 150
seconds alt test temperature. The radius of curvature of the drop at
its apex, b, was geometrically found to be 0.273 centimeter. Referring
to Figure 37(b), page 79, the measurement of the following parameters

yielded:



85

0. 195 centimeter

I\
if

x’ = 0,251 centimeter

li

at ¢ = 60 degrees
x = 0,220 centimeter
z = 0.114 centimeter
x/b = 0.806
z/b = 0,418,

Referring to the Bashforth and Adams tables glving values of
x/b and z/b in terms of B and ¢, we obtain by linear interpolation
¢ = 60 degrees, x/b = 0.806, z/b = 0,418, and p = 0.968. Combining
these measured or calculated parameters, the following equation is
obtained:

_gd b2
"w T TB

=753 4

To obtain density: From the values of x° and z” cbtained by
measurement of the photograph of the molten drop photograph, the
volume was calculated,using equation 19, page 82, to be 0.0232 cubic
centimeter., The weight of the zirconium—5 welght per cent beryllium
alloy drop was O.1457 gram. The values of drop volume and weight gave
a calculated density of 6.28 grams per cubic centimeter.

To obtain surface tension: Using the values calculated for
g b*

B

zirconium5 weight per cent beryllium alloy at 1030°C in vacuum on

and density above, the liguid-vaspor surface tension of the

beryllium was found to be

3 b2
Yoy = 2
v B

= 473 dynes per centimeter
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. s .
Typical Calculation of ySL’—ﬁad?—mm— ________ 1S

The interfacial liquid~-solid surface tension, can now be

781
calculated using equation 10, page 7. The sclid-vapor surface tension,
ATy of beryllium was assumed to be constant over the temperature range
studied and equal to 1863 dynes per centimeter (25). A typical calcula~

tion using the aluminum system for € greater than 90 degrees (page 82)

is presented below.

Liguid-gsolid surface tension, VSL:
Yor, = Ygy ~ Ly 08 9 = 1863 — (697) cos 127
Yar, = 2280 dynes per centimeter

The calculation of the ligquid-solid spreading coefficient, SL%’

and the work of adhesion can next be calculated using equations & and
11, pages 5 and 7, respectively. Typical caleculations for these
parameters for the case of the high~temperature, vacuum-atmosphere
aluminum system are presented below.

Spreading coefficient, SLS:

La = Yoy~ (Fpy *o7pg) = 1863 — (697 + 2280)

SLS = -1110 dynes per centimeter .

Work of adhesion, W_.:
ad

aq = (7py) (1 + cos 8) = (697) (1 + cos 127.0°)

wad = 267 dynes per centimeter

The methods and procedures presented above for the calculation

of surface tension data were used throughout the study.
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