
Hot Cracking in Fusion Welds in Tungsten 

Intergranular hot cracking in fusion welds in tungsten is caused by the growth and 

linking up of grain-boundary pores 

BY K. FARRELL, J. T. HOUSTON AND J. W.CHUMLEY 

ABSTRACT. Electron fractography is used 
to examine porosity and hot intergranu
lar crack formation in the heat-affected 
zone and weld bead in fusion welds in 
tungsten. It is demonstrated that cracking 
is caused by the growth and coalescence 
of small pores on the grain boundaries. 
The pores are believed to initiate as gas 
bubbles, and this affords an explanation 
of why cracking is confined to the heat-
affected zone in some grades of tungsten 
and to the weld bead in others. Calcula
tions show that it is feasible for suitably 
arranged pores to grow and coalesce into 
a grain-boundary crack by a model in
volving stress-induced diffusion of vacan
cies into the pores. The possibility of 
pore growth by mechanical means is also 
considered. 

Introduction 
There appears to be little or no 

published information on microstruc
tural defects in fusion welds in tung
sten, but experience1- indicates that 
porosity and hot intergranular crack
ing may be problems in such welds. 
These defects are particularly obvious 
when welding base metal made by 
chemical vapor deposition (CVD). 
This process involves reducing tung
sten hexafluoride vapor with hydro
gen/5 Gas bubbles (gas porosity) 
develop in the base metal during 
high-temperature annealing.4 Many of 
these gas bubbles lie on grain bound
aries, and it has been demonstrated 
that tensile stresses applied at elevated 
temperatures will cause some of the 
bubbles to grow along the plane of the 
boundary and merge with one another 
to form intergranular fissures.r''" Sim
ilarly, intergranular creep cracking 
in powder metallurgy tungsten has 
been shown to result from stress-
induced linking up of grain-boundary 
cavities.7 

Both stresses and high temperatures 
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are involved in making a fusion weld. 
It was suspected, therefore, that the 
hot cracking observed in welds in 
CVD tungsten might result from 
stress-induced growth of grain-
boundary bubbles or pores just as in 
creep tests. Moreover, other forms of 
tungsten cculd possibly be subject to 
the same phenomenon since gas bub
bles have been reported in powder 
metallurgy tungsten8-10 and in arc-cast 
tungsten.u On this reasoning, fusion 
welds were made in sheets of CVD 
tungsten, powder metallurgy (PM) 
tungsten and vacuum arc-melted tung
sten, and were examined for porosity 
and cracking. 

Experimental Procedure 
Materials 

The various grades of tungsten base 
metal were in the form of 0.050 to 
0.060 in. thick sheets, as follows: 

1. CVD tungsten that was rolled 
through a 60% reduction in thickness 
at 1000° C. 

2. High-purity, undoped PM tung
sten, heavily rolled then stress-relieved 
at 1150° C for 5 min. 

3. Wrought, commercial PM tung
sten advertised as "weldable," with 
unknown fabrication history. 

4. Wrought, commercial PM tung
sten of unknown origin and history. 

5. Vacuum arc-melted tungsten, ex
truded at 1900° C to r , / s in. thick 
sheetbar then rolled at 1200° C to 
0.060 in. sheet. 

Chemical analyses for the common 
gaseous elements in the sheets are 
given in Table 1. 

Welding Procedure 

Full penetration bead-on-plate welds 
were made along the lengths of 
the sheets by the gas tungsten-arc 
process. Each sheet was clamped over 
a V2 in. wide by V4 in. deep channel 
in a large copper block seated on a 
traversing table. The copper block 
contained a cartridge heater to pre
heat the sheet to 150° C, as described 
by Cole et al.1- The welding chamber 
was evacuated of air and was purged 
with high-purity argon several times 
before welding in argon. The work 
piece was driven beneath a stationary 
1 / 8 in. diam electrode at a speed of 
10 ipm. The arc gap was 3 / 8 2 in. and 
the dcsp current was 310 to 350 amp 
at 12 to 15 v. 

Metallography 

The welds were first examined by 
conventional optical microscopy be
fore and after etching in a 50:50 
volume solution of hydrogen peroxide 
and ammonium hydroxide. Later, the 
welds were broken open at room tem
perature to expose cracks and gas 
pores deep inside the weld and heat-
affected zcne. Where the brittle frac
ture path was transgranular cleavage, 
it randomly intersected pores within 
the grains and many were not ex
posed. However, where the room tem
perature fracture ran along grain 
boundaries all pores and hot cracks 

Table 1—Analyses of Tungsten Sheets 

Mater ia l 

Rolled CVD 
High pur i ty PM : i 
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Arc-mel ted 

c 
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< 1 
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F 
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nd1 ' 
nd 
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' PM — Powder Metallurgy. 
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lying there were bisected and revealed 
for examination. 

Features on the fracture surfaces 
were studied in detail in an electron 
microscope by the use of direct car
bon replicas. With this technique 
small pores look like water droplets 
on the fractographs, and hot cracks 
appear as shallow, smooth depres
sions. 

Results 
Rolled CVD Sheet 

Recrystallization occurred in the 
heat-affected zone, and large grains 
were prevalent in the weld metal. The 
fusion line was apparently free of 
gross porosity, and at low magnifica
tions porosity was not readily appar
ent in the heat-affected zone. Howev
er, at high magnifications porosity was 
clearly visible in the heat-affected 
zone, and near the fusion line some 
grain-boundary cracks were obvious— 
Fig. 1. 

Electron fractography confirmed 
the presence of fine porosity in the 
heat-affected zone, the size of the 
pores increasing the closer to the fu
sion line. The concentration of pores 
was particularly heavy along grain 
boundaries. Examples of such pores 
can be seen in Figs. 2a and b. Note 
that in Fig. 2b the pores on the 
cleavage facet—that is, within the 

Fig. 1—Porosity and hot cracks in heat-
affected zone near fusion line in rolled 
CVD tungsten. Arrows indicate fusion 
line. X500 reduced 49% on reproduc
tion) 

grain—are smaller and fewer than 
those on the grain boundaries. Near 
the fusion line, in those regions where 
the highest temperatures were reached 
without melting, significant coales
cence of pores occurred on some 
grain boundaries forming irregular-
shaped tunnels that eventually im
pinged on one another to make inter
granular fissures—Figs. 2c and d. Fur
ther extension of the fissures appeared 
to occur by consumption of pores 
around their peripheries—Fig. 2d. 
These fissures are the intergranular 
cracks we can see in cross-section in 

Fig. 1. 
No cracks or evidence of pore-pore 

impingement was found on fracture 
surfaces from within the weld bead. 
Pores were present in the bead but 
those on grain boundaries were small 
and much more widely spaced than 
those in the heat-affected zone (com
pare Fig. 2e with Fig. 2a) . 

High-Purity Powder Metallurgy 
Sheet and "Weldable" Sheet 

The welds in the high-purity, un-
doped PM sheet and the "weldable," 
commercial PM sheet were quite simi
lar in appearance. Both exhibited 
gross spherical porosity at the fusion 
line and in the lower portion of the 
weld bead, but neither of them 
showed any evidence of cracking in 
the weld bead or heat-affected zone. It 
is convenient, therefore, to list these 
two materials together. 

A photomicrograph of a section 
through the fusion line in the high-
purity sheet is shown in Fig. 3. Frac
tographs of the heat-affected zones 
showed some defects (particle beds or 
small pores typical of annealed pow
der metallurgy tungsten) on the grain 
boundaries—Fig. 4a. The pores were 
large at the fusion line but with no 
interconnection. In the weld bead, 
pores were widespread over grain 
boundaries (Fig. 4b) and within the 
grains (Fig. 4c), but we found no 
cracks and little or no evidence of 

ata 

' 

. 

Fig. 2—Hot crack development in heat-affected zone near fusion line in rolled CVD tungsten sheet, (a) porosity on grain bound
aries, X2500; (b) closer to the fusion line, showing porosity on boundaries and within grain, X3400; (c) tunnelling on a grain 
boundary, note that adjacent boundaries are not tunnelled, X3700; (d) mature crack propagating along a grain boundary, 
X3000; (e) porosity on grain boundaries within the weld bead, X3200. (Reduced 30% on reproduction) 
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pore coalescence. 

Commercial Powder Metallurgy 
Sheet of Unknown Origin 

This sheet was from an unidentified 
source and of unknown fabrication 
history except that it was known to be 
a PM product and to be in a wrought 
condition. It is included here because 
it displayed hot cracking in contrast to 
the two previously described PM prod
ucts. 

Optical examination of the weld 
showed no visible porosity in the heat-
affected zone but large pores occurred 
along the fusion line and finer poros
ity was apparent throughout the weld 
bead. Hot cracks were observed only 
in the lower portion of the weld bead 
—Fig. 5. 

Fracture surfaces from the heat-
affected zone displayed features simi
lar to those shown in Fig. 4a for the 
previous PM products. However, the 
pore distributions on grain boundaries 
within the weld bead differed from 
those in the other PM sheets in that 
the pores tended to be clustered into 
groups and embryo cracks grow with
in these groups. Figure 6a shows a 
typical cluster of pores on a grain 
boundary in the weld metal. Incipient 
cracks appeared to develop from such 
groups—Fig. 6b. Occasionally these 
cracks spread along triple grain-
boundary junctions like a pipeline 
(Fig. 6c), but more frequently they 
advanced over two-grain interfaces as 
in Fig. 6d. 

Arc-Melted Sheet 
Welds in the arc-melted and rolled 

tungsten sheet were found to display 
only very infrequent pores along the 
fusion line under optical examination, 
but some fine porosity was evident 
within the grains in the weld bead. 
Cracking was found only along grain 
boundaries in the weld bead, the 
tracks being quite narrow and often 
uifficult to detect by optical metallog

raphy—Fig. 7. 
Fractographic examination of the 

weld bead revealed a dispersion of 
small pores. Those on grain bound
aries were easily detectable (Fig. 8a), 
most of them being associated with 
tiny solid particles. The distribution of 
pores on the boundaries varied from 
boundary to boundary, sometimes 
being fairly uniform and widely 
spaced, and in other cases displaying 
clustering. Clusters of pores appeared 
to be the centers for crack initiation. 
These cracks developed (Figs. 8b, c, 
d) by pore coalescence. There seemed 
to be more of a tendency for undirec-
tional tunnelling during pore coales
cence in the arc-melted sheet than in 
the CVD and PM sheets. 

Fig. 3—Section through the fusion line 
in high-purity powder metallurgy tung
sten sheet. X50 (reduced 46% on repro
duction) 

Fig. 4—Typical fracture surfaces in 
high-purity powder metallurgy tungsten 
sheet and "weldable" tungsten sheet. 
(a) pores and/or particles on grain 
boundaries in heat-affected zone, X2900; 
(b) pores on grain boundaries in weld 
bead, X2600; (c) pores within grains in 
weld bead, X2300. (Reduced 35% on 
reproduction) 

Discussion 

The photographs in Figs. 2, 6, and 
8 represent typical fracture surfaces in 
those regions where hot cracks were 
found by conventional optical micros
copy. It is obvious that the hot cracks 
were formed by the growth and coa
lescence of grain-boundary pores. The 
cracks are similar to those developed 
during creep tests in tungsten"'7 and 
were undoubtedly stimulated by the 
tensile stresses set up across suitable 
grain boundaries during cooling of the 
welds. 

These contraction stresses may be 
quite high at low temperatures. In 
fact, the 150° C preheat treatment 
was introduced into the welding proc
ess in order to prevent the formation 
of large brittle cracks transverse to 
the weld bead.1- But the magnitudes 
of the stresses and strains present 
during hot cracking are not known. 

Pore Growth 
Growth and coalescence of pores 

under an applied tensile stress can 
occur either by mechanical means or 
by a diffusional process. Mechanical 
growth involves the tearing open of 
pores by plastic strain such as grain 
boundary sliding;13-14 it is usually 
associated with high stresses and can 
operate over wide temperature 
ranges. The diffusional growth process 
is controlled by the stress-induced flow 
of vacant lattice sites into the 
pores;1"'- " ; this is favored by high 
homologous temperatures and can 
happen at low stresses. The observed 
hot cracking appears to be analogous 
to intergranular creep cracking for 
which current theoretical treat
ments17- 1N suggest that mechanical 
strain may be important in nucleation 
of creep cavities but diffusion of va
cancies into the cavities may govern 
their growth and subsequent coales
cence. 

Fig. 5—Porosity and intergranular hot 
cracks in lower portion of weld bead 
in powder metallurgy sheet of unknown 
origin. X200 (reduced 45% on repro
duction) 
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Nucleation of the pores in the tung
sten welds was no problem since, as 
discussed later, they essentially pre
existed as gas bubbles. So, if signifi
cant diffusion-controlled pore growth 
can occur, plastic strain may not 
necessarily be a prerequisite for hot 
cracking in tungsten, or, for that mat
ter, in any other weldment in which 
pore nuclei exist under appropriate 
stresses at elevated temperatures. Let 
us, then, consider diffusion-controlled 
pore growth. 

The diffusional growth mechanism 
postulates that the pores grow by ac
cepting vacancies from the surround
ing grain boundaries, which are re
garded as very effective vacancy 
sources and sinks. The applied stress 
plays a dual role in increasing the 
vacancy concentration at the bound
aries and in directing these vacancies 
into the pores. 

The most effective pore growth by 
this process occurs on those bound
aries lying normal to the tensile stress. 
Vacancies enter the pore through the 
ring that the grain boundary makes 
with the pore and are distributed over 
the surfaces of the pore by surface 
diffusion; this tends to make the pore 
retain a near-spherical shape. Howev-

• 
Mi 

er, if the vacancy influx exceeds the 
redistribution capacity of surface dif
fusion, the pores will become lenticu
lar-shaped with their major axes in the 
plane of the boundary and their effec
tive radii for coalescence with ad
jacent pores will be considerably in
creased. 

The very mention of the word dif
fusion subconsciously implies a long-
term process, a creep process. So the 
question arises: Is it possible to form 
cracks from pores in the short times 
at which the weld is at high tempera
ture, remembering that even though 
the time is short the diffusion rates 
may be quite high? 

We can explore this question using 
the simple model by Hull and Rim-
mer10 to estimate the time, tr, for a 
grain boundary to rupture by dif
fusional growth and coalescence of a 
square array of equal sized pores on 
the boundary. The appropriate equa
tion is: 

/cTtf' 

' " ' \6rrDgz o-il 

where k is Boltzmann's constant, 7' is 
the absolute temperature, a is the 
initial mean separation of pores of 
original size much less than a, Dv is 

*2> 

<*v 

A \ 

V. " 

Fig. 6—Hot crack development in weld bead in powder metallurgy tungsten sheet 
of unknown origin, (a) cluster of pores on a grain boundary, X5800; (b) incipient 
cracks growing from pore clusters, X3100; (c) tunnel-like crack extending along 
a triple grain-boundary junction, X2700; (d) larger crack growing across a two-
grain interface, X2700. (Reduced 29% on reproduction) 

the self-diffusion coefficient in the 
grain boundary, z is the grain-
boundary thickness, IT is the applied 
tensile stress, and Q is the atomic 
volume. 

Setting T = 3000° C, a = IO- 4 

cm (Figs. 2a, b, 6a, 8a), D„ = 3.33 
exp ( -92 ,000/RT) , 1 0 z = 1 0 - 7 

cm, o- = 500 psi (ultimate tensile 
strength values for CVD tungsten and 
PM tungsten at 3000° C are approx
imately 1000 and approximately 2500 
psi, respectively),20 and O = 1.3 X 
10—23 cm3, we get a rupture time of 
1.5 min. Admittedly, 1.5 min is longer 
than any grain boundary in the weld 
region spent at 3000° C, but the 
essential point of the exercise is that it 
demonstrates that rupture may be ex
pected in times well short of the time 
for a conventional creep test. In fact, 
the rupture time would be reduced 
considerably had we not deliberately 
used conservative numbers in the esti
mate. 

We have assumed that no new voids 
are created as the existing ones grow, 
we have overlooked the pressure of 
the gas in the bubbles (which should 
supplement the stress), and we have 
ignored the possibility that D„ might 
be increased by the stress. Moreover, 
the equation describes spherical 
growth of pores: lenticular growth 
would accelerate coalescence. Not 
only that, the equation is considered21 

to be an underestimate of the rupture 
time even for spherical pores. In 
short, there seems to be every indica
tion that the rupture time could be 
perhaps orders of magnitude less than 
1.5 min. Undoubtedly hot cracking 
can occur by diffusion controlled 
growth and linking up of preexisting 
pores in our tungsten weldments. 

These considerations do not, of 
course, rule out mechanical processes 
of pore growth. Unfortunately, at ele
vated temperatures surface diffusion 
eliminates any evidence of plastic de
formation from the pore surfaces and 
causes the surfaces to be facetted.22 

This makes it difficult to estimate the 

Fig. 7—Narrow, intergranular cracks in 
weld bead in arc-melted tungsten sheet. 
X200 (reduced 46% on reproduction) 
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role of plastic strain in pore growth. 
However, the fractographs can be in
terpreted as providing support for 
both mechanisms of pore growth. For 
example, in Fig. 2c we can see that 
pore coalescence is well advanced on 
one grain boundary but has not yet 
commenced on adjacent boundaries. 
This is compatible with the diffusional 
growth mechanism where we assume 
that the favored boundary had lain 
more normal to the applied stress than 
had its neighbors. 

If grain boundary sliding had con
trolled the growth process, we would 
expect pore coalescence on all bound
aries since grain boundary sliding is a 
process requiring cooperative sliding 
of adjacent boundaries. On the other 
hand, the unidirectional tunnelling in 
Figs. 6c and d is more consistent with 
a picture of pore coalescence pro
moted by grain boundary sliding. We 
must conclude, therefore, that both 
mechanisms of pore growth were 
probably operative, there being no 
overwhelming evidence for a single 
dominating mechanism. 

Pore Nucleation 
A major difficulty when dealing 

with pores is the question of nu
cleation of the pore. Nucleation by 

mechanical means is usually invoked 
to explain the initiation of creep cavi
ties. But a more probable answer in the 
case of the welds is that the nuclei are 
pre-existent in the weld region, that 
gas bubbles are formed during the 
heating half of the weld cycle. This is 
certainly the case for the CVD mate
rials where annealing alone can de
velop grain-boundary bubbles.4 

Until recently it was thought that 
these bubbles were formed from fluo
rine impurities. But CVD material is 
deposited from the vapor phase at low 
homologous temperatures and our re
cent experiments on CVD materials 
suggest that the degree of supersatura-
tion of entrapped lattice vacancies 
might really be the factor determining 
the incidence of bubbles. Gas bubble 
formation requires the combination of 
gases and lattice vacancies. It follows 
that if a material contains some gas 
and an abnormally high vacancy con-
entration the probability of gas bub
ble nucleation during annealing is very 
much enhanced with respect to a ma
terial of the same purity in which the 
vacancy concentration is only at the 
normal equilibrium value. 

Once formed, the bubbles will grow 
by accepting thermally created vacan-

Fig. 8—Fracture surfaces in weld bead in arc-melted tungsten sheet, (a) cluster 
of pores on a grain boundary, X6000; (b), (c) linking up of pores to form tunnels 
that merge into cracks, X6200; (d) incipient cracks displaying directional growth, 
X2700. (Reproduced 28% on reproduction) 

cies; initiation is the most difficult 
stage. Grain boundary bubbles in 
CVD tungsten grow rapidly with in
creasing annealing temperature, espe
cially under an applied tensile stress.5' e 

It is not unexpected, therefore, that 
those bubbles in the heat-affected zone 
closest to the fusion line are the ones 
that coalesce into hot cracks. 

In the weld bead and at the fusion 
line, bubbles are exposed to a liquid 
medium; they grow large and their 
numbers are reduced. Many may es
cape to the argon atmosphere, but 
only a few small bubbles are trapped 
at grain boundaries in the solidified 
weld bead. So bubble coalescence, i.e., 
hot crack development, within the so
lidified weld bead is much less likely 
than in the heat-affected zone where 
the number of bubbles on grain 
boundaries is relatively high. 

The converse is true in the other 
grades of tungsten. Here bubble nu
cleation in the solid phase is more 
difficult than it is in the CVD tung
sten. This is because a suitable super-
saturation of entrapped vacancies 
does not pre-exist in these materials 
and, despite the impurity content, only 
few bubbles form in the heat-affected 
zone. The vacancies for more exten
sive bubble formation have to be sup
plied by thermal generation and, since 
such generation is greatest in the mol
ten weld bead, the formation of gas 
porosity is confined to the fused 
regions of the weld. 

Some of these bubbles are caught at 
the grain boundaries during solidifica
tion. When these are in suitable con
figurations for coalescence, they re
spond to the applied stress and form 
the hot cracks. The absence of hot 
cracks in two of the powder metallur
gy sheets, despite the presence of 
gross porosity, is puzzling. Perhaps the 
kinetics of bubble growth in the melt 
in these particular materials favored 
the development of large bubbles at 
the expense of a lot of smaller ones. 
Therefore, the few bubbles that were 
ensnared at grain boundaries were too 
widely separated for subsequent coa
lescence. Certainly these two particu
lar sheets displayed the largest pores. 

Impurities 
The nature of the gas in the pores is 

not known. A combination of differ
ent gaseous elements may be involved, 
and it may vary from one grade of 
tungsten to another. The welds were 
made in a sealed chamber of argon, 
and if the argon was a source of 
impurities we were not aware of it. At 
the very least, our argon and our use 
of it was as good as, if not better 
than, regular commercial gas tung
sten-arc welding practice. However, it 
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should be mentioned that porosity oc
curs when significant quantities of ox
ygen or nitrogen are added to the 
argon during gas-shielded welding of 
nickel.23- 24 

We have analyzed the tungsten 
sheets for the common gaseous ele
ments. However, these are really no 
guide to the culprit in the bubbles 
since, at the tungsten melting temper
ature of 3380° C, a host of metallic 
impurities could sublime. Some tung
sten oxides are volatile at elevated 
temperatures, and so are doping addi
tives. But the presence of the gas in 
the pores is perhaps more important 
than the nature of the gas; the pres
sure of the gas will be added to the 
applied stress so that more extensive 
pore growth results or growth can oc
cur at lower applied stresses.6-2r> Also, 
contamination of the pore surfaces by 
the gas may reduce the surface energy 
and cause a further reduction in the 
stress needed for growth. 

Extent of Cracking 
The largest cracks observed were 

only one grain-boundary edge in 
length. Nevertheless, these would 
probably have a marked influence on 
low-temperature mechanical proper
ties. Moreover, and this point cannot 
be emphasized too strongly, in multi
pass welds those hot cracks that form 
in the earlier passes will be subjected 
to repeated severe heating and cooling 
cycles during the later weld runs; it is 
not difficult to imagine that this could 
greatly increase the extent of the 
cracking. 

Conclusion 
Intergranular hot cracking in fusion 

welds in tungsten is caused by the 
growth and linking up of grain-
boundary pores. It is demonstrated 
that pore growth may occur by the 
diffusion of vacancies to the pore dur
ing welding, but plastic strain may 
also contribute to growth. The pores 
are believed to be initiated as gas 
bubbles, and this affords an explana
tion of why cracks were observed only 
in the heat-affected zone in CVD 
tungsten and only in the weld beads in 
the PM and arc-melted tungsten. The 
nature of the gas in the bubbles is not 
known. This mechanism of hot crack
ing should not be peculiar to tungsten. 

A cknowledgments 
We thank L. G. Bryson and J. D. 

Hudson for making the welds. It is 
also to be noted that the research 
described in this paper was sponsored 
by the U.S. Atomic Energy Commis
sion under contract with the Union 
Carbide Corp. 

References 

1. Gilliland, R. G., Metals and Ceramics 
Division Annual Progress Report for Peri
od Ending June 30, 1961,, US-AEC Repor t 
ORNL-3670, p . 139. 

2. Cole, N. C . and Slaughter , G. M., 
Fuels and Materials Quarterly Progress 
Report for Period Ending June 30, 1968, 
US-AEC Report ORNL-4370, p. 73. 

3. Hees tand , R. L.. Federer , J . I., and 
Leit ten, C. F . . Preparation and Evaluation 
of Vapor-Deposited Tungsten, US-AEC Re
por t ORNL-3662, 1964. 

4. Farre l l . K.. Houston. J. T.. and 
Schaffhauser, A. C . Proc . Conf. Chemical 
Vapor Deposition of Refractory Metals, 
American Nuclear Society, 1967, p. 363. 

5. McCoy, H. E.. and Stiegler, J. O.. Proc . 
Conf. Chemical Vapor Deposition of Re
fractory Metals. Alloys and Compounds. 
American Nuclear Society, 1967, p. 391. 

6. Stiegler, J . O.. Far re l l , K., and Mc
Coy. H. E., J. Nucl. Mater., 1968. vol. 25, 
p . 340. 

7. Stiegler. J . O., Far re l l , K., Loh, 
B. T. M. and McCoy, H. E., Trans. ASM, 
1967, vol. 60, p. 494. 

8. Wronski , A., and Fourdeux, A., J. 
Less Common Metals, 1965. vol. 8. p. 149. 

9. Koo. R. C , Trans. AIME, 1967, vol. 
239, p . 1996. 

10. Das, G„ and Radcliffe. S. V., Trans. 
AIME, 1968. vol. 242, p. 2191. 

11. Blenkinsop. P. A., and Morton, P . H.. 
J. Inst. Metals, 1968. vol. 96, p . 248. 

12. Cole, N. C . Gilliland, R. G., and 
Slaughter , G. M„ "Welding of Tungs ten 
and I t s Alloys," to be published in WELD
ING JOURNAL. 

13. Gifkins. R. C . in Fracture, Tewks-
bury Symposium. University of Melbourne, 
ed. C. J . Osborn. Bu t te rwor th Company, 
London, August , 1963. 

14. McLean, D.. Reports on Progress 
in Physics, 1966, vol. XXIX. P t . 1. 

15. Balluffl. R. W.. and Siegle, L. L „ 
Acta Met., 1957, vol. 5, p. 449. 

16. Hull. D.. and Rimmer, D. E., Phil. 
Mag., 1959, vol. 4, p . 673. 

17. Greenwood, G. W., Phil. Mag., 1969. 
vol. 19, p. 423. 

18. Woodford. D. A., Metal Science J., 
1969. vol. 3. p. 50. 

19. Kreider , K. G , and Bruggeman, G.. 
Trans. AIME, 1967. vol. 239. p . 1222. 

20. Taylor, J . L.. and Boone. D. H.. 
J. Less Common Metals, 1964. vol. 6, p. 
157. 

21. Speight. M. V., and Harr i s . J . E„ 
Metal Science J., 1967. vol. 1, p. 83. 

22. Far re l l . K.. Loh, B. T. M., and 
Stiegler, J . O., Trans. ASM, 1967, vol. 60. 
p. 485. 

23. Krivosheya, V. E.. Automatic Weld
ing, 1968, vol. 21. (as t rans la ted from the 
Russian in Welding Research Abroad, 1969. 
vol. XV, p . 63). 

24. Kuzmin. G. S.. Lazarson. E. V.. 
Volovik, L. M.. and Volochikov. G. L.. 
Welding Production, 1968. vol. 15 (as 
t rans la ted from the Russian in Welding 
Research Abroad, 1969, vol. XV, p . 84) 

25. Hyam. E. D.. and Sumner , G , in 
Radiation Damage in Solids, vol. 1. Inter
nat ional Atomic Energy Agency, Vienna, 
1962. p . 323. 

FIRST INTERNATIONAL AWS-WRC BRAZING CONFERENCE 

APRIL 21-22, 1970 
CLEVELAND CONVENTION CENTER, CLEVELAND, OHIO 

The Brazing Research Subcommittee of the High Alloys Committee is 
co-sponsoring the First International Brazil Conference with the Brazing 
and Soldering Committee of the AMERICAN WELDING SOCIETY to be held 
in the Cleveland Convention Center, Cleveland, Ohio, all day on Tuesday 
and Wednesday, April 21 and 22, 1970. The two-day conference comprises 
16 papers from five countries. 

Co-Chairmen: 
R. L. Peaslee, Vice President 
Stainless Processing Division 
Wall Colmonoy Corporation 
Detroit, Michigan; Chairman AWS 
Committee on Brazing and Soldering; and 
G. M. Slaughter, Supervisor 
Welding and Brazing Research 
Oak Ridge National Laboratory 
Oak Ridge, Tenn.; Chairman WRC 
High Alloys Subcommittee on Brazing Research 
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