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. H O U S T O N AND J. W . C H U M L E Y
ABSTRACT. Electron fractography is used
to examine porosity and hot intergranular 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 heataffected zone in some grades of tungsten
and to the weld bead in others. Calculations show that it is feasible for suitably
arranged pores to grow and coalesce into
a grain-boundary crack by a model involving stress-induced diffusion of vacancies into the pores. The possibility of
pore growth by mechanical means is also
considered.

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
grainboundary bubbles or pores just as in
creep tests. Moreover, other forms of
tungsten cculd possibly be subject to
the same phenomenon since gas bubbles have been reported in powder
metallurgy tungsten 8-10 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 tungsten, and were examined for porosity
and cracking.

Introduction

Experimental Procedure

There appears to be little or no
published information on microstructural defects in fusion welds in tungsten, but experience 1 - indicates that
porosity and hot intergranular cracking 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 tungsten hexafluoride vapor with hydrogen/5 Gas bubbles (gas porosity)
develop in the base metal during
high-temperature annealing. 4 Many of
these gas bubbles lie on grain boundaries, 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''" Similarly, intergranular creep cracking
in powder metallurgy tungsten has
been shown to result from stressinduced linking up of grain-boundary
cavities.7
Both stresses and high temperatures
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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 tungsten, heavily rolled then stress-relieved
at 1150° C for 5 min.
3. Wrought, commercial PM tungsten advertised as "weldable," with
unknown fabrication history.
4. Wrought, commercial PM tungsten of unknown origin and history.
5. Vacuum arc-melted tungsten, extruded 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 V 2 in. wide by V 4 in. deep channel
in a large copper block seated on a
traversing table. The copper block
contained a cartridge heater to preheat 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 before and after etching in a 50:50
volume solution of hydrogen peroxide
and ammonium hydroxide. Later, the
welds were broken open at room temperature to expose cracks and gas
pores deep inside the weld and heataffected zcne. Where the brittle fracture path was transgranular cleavage,
it randomly intersected pores within
the grains and many were not exposed. However, where the room temperature fracture ran along grain
boundaries all pores and hot cracks

Table 1—Analyses of Tungsten Sheets
Material
Rolled CVD
High purity PM:i
" W e l d a b l e " PM<
U n k n o w n PM"
Arc-melted
' PM — Powder Metallurgy.
' nd—not determined.
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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 carbon replicas. With this technique
small pores look like water droplets
on the fractographs, and hot cracks
appear as shallow, smooth depressions.

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 (compare Fig. 2e with Fig. 2a).
High-Purity Powder Metallurgy
Sheet and "Weldable" Sheet

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 magnifications porosity was not readily apparent in the heat-affected zone. However, 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 fusion 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 heataffected zone near fusion line in rolled
CVD tungsten. Arrows indicate fusion
line. X500 reduced 49% on reproduction)

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 coalescence of pores occurred on some
grain boundaries forming irregularshaped tunnels that eventually impinged on one another to make intergranular fissures—Figs. 2c and d. Further 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

The welds in the high-purity, undoped PM sheet and the "weldable,"
commercial PM sheet were quite similar 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 highpurity sheet is shown in Fig. 3. Fractographs of the heat-affected zones
showed some defects (particle beds or
small pores typical of annealed powder 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 boundaries, 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 products.
Optical examination of the weld
showed no visible porosity in the heataffected zone but large pores occurred
along the fusion line and finer porosity 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 heataffected zone displayed features similar 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 within 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 grainboundary junctions like a pipeline
(Fig. 6c), but more frequently they
advanced over two-grain interfaces as
in Fig. 6d.

raphy—Fig. 7.
Fractographic examination of the
weld bead revealed a dispersion of
small pores. Those on grain boundaries 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 undirectional tunnelling during pore coalescence in the arc-melted sheet than in
the CVD and PM sheets.

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
treatments17- 1N suggest that mechanical
strain may be important in nucleation
of creep cavities but diffusion of vacancies into the cavities may govern
their growth and subsequent coalescence.

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-
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The photographs in Figs. 2, 6, and
8 represent typical fracture surfaces in
those regions where hot cracks were
found by conventional optical microscopy. It is obvious that the hot cracks
were formed by the growth and coalescence 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 process 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

Arc-Melted Sheet

Fig. 3—Section through the fusion line
in high-purity powder metallurgy tungsten sheet. X50 (reduced 46% on reproduction)

Discussion

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)

Fig. 5—Porosity and intergranular hot
cracks in lower portion of weld bead
in powder metallurgy sheet of unknown
origin. X200 (reduced 45% on reproduction)

Nucleation of the pores in the tungsten welds was no problem since, as
discussed later, they essentially preexisted as gas bubbles. So, if significant diffusion-controlled pore growth
can occur, plastic strain may not
necessarily be a prerequisite for hot
cracking in tungsten, or, for that matter, 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 accepting vacancies from the surrounding grain boundaries, which are regarded as very effective vacancy
sources and sinks. The applied stress
plays a dual role in increasing the
vacancy concentration at the boundaries and in directing these vacancies
into the pores.
The most effective pore growth by
this process occurs on those boundaries 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-

er, if the vacancy influx exceeds the
redistribution capacity of surface diffusion, the pores will become lenticular-shaped with their major axes in the
plane of the boundary and their effective radii for coalescence with adjacent pores will be considerably increased.
The very mention of the word diffusion subconsciously implies a longterm 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 temperature, 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 Rimmer 10 to estimate the time, tr, for a
grain boundary to rupture by diffusional growth and coalescence of a
square array of equal sized pores on
the boundary. The appropriate equation 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

•
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*2>
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the self-diffusion coefficient in the
grain boundary, z is the grainboundary thickness, IT is the applied
tensile stress, and Q is the atomic
volume.
Setting T = 3000° C, a = I O - 4
cm (Figs. 2a, b, 6a, 8a), D„ = 3.33
exp ( - 9 2 , 0 0 0 / R T ) , 1 0 z = 1 0 - 7
cm, o- = 500 psi (ultimate tensile
strength values for CVD tungsten and
PM tungsten at 3000° C are approximately 1000 and approximately 2500
psi, respectively), 20 and O = 1.3 X
10—23 cm 3 , 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 expected 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 estimate.
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 considered 21
to be an underestimate of the rupture
time even for spherical pores. In
short, there seems to be every indication 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 elevated temperatures surface diffusion
eliminates any evidence of plastic deformation from the pore surfaces and
causes the surfaces to be facetted. 22
This makes it difficult to estimate the
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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 twograin interface, X2700. (Reduced 29% on reproduction)
WELDING

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 interpreted 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 controlled the growth process, we would
expect pore coalescence on all boundaries 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 promoted 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 nucleation of the pore. Nucleation by

mechanical means is usually invoked
to explain the initiation of creep cavities. 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 materials where annealing alone can develop grain-boundary bubbles.4
Until recently it was thought that
these bubbles were formed from fluorine impurities. But CVD material is
deposited from the vapor phase at low
homologous temperatures and our recent experiments on CVD materials
suggest that the degree of supersaturation 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 conentration the probability of gas bubble nucleation during annealing is very
much enhanced with respect to a material 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-

cies; initiation is the most difficult
stage. Grain boundary bubbles in
CVD tungsten grow rapidly with increasing annealing temperature, especially 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 escape 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 solidified 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 nucleation in the solid phase is more
difficult than it is in the CVD tungsten. This is because a suitable supersaturation 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 extensive bubble formation have to be supplied by thermal generation and, since
such generation is greatest in the molten 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 solidification. When these are in suitable configurations for coalescence, they respond to the applied stress and form
the hot cracks. The absence of hot
cracks in two of the powder metallurgy 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 coalescence. Certainly these two particular sheets displayed the largest pores.
Impurities

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)
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The nature of the gas in the pores is
not known. A combination of different 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 tungsten-arc welding practice. However, it

should be mentioned that porosity occurs when significant quantities of oxygen 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 elements. However, these are really no
guide to the culprit in the bubbles
since, at the tungsten melting temperature of 3380° C, a host of metallic
impurities could sublime. Some tungsten oxides are volatile at elevated
temperatures, and so are doping additives. But the presence of the gas in
the pores is perhaps more important
than the nature of the gas; the pressure of the gas will be added to the
applied stress so that more extensive
pore growth results or growth can occur 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.

Conclusion
Intergranular hot cracking in fusion
welds in tungsten is caused by the
growth and linking up of grainboundary pores. It is demonstrated
that pore growth may occur by the
diffusion of vacancies to the pore during welding, but plastic strain may
also contribute to growth. The pores
are believed to be initiated as gas
bubbles, and this affords an explanation 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 cracking should not be peculiar to tungsten.

Extent of Cracking
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The largest cracks observed were
only one grain-boundary edge in
length. Nevertheless, these would
probably have a marked influence on
low-temperature mechanical properties. Moreover, and this point cannot
be emphasized too strongly, in multipass 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.
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