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W. R. Kanne, Jr.*

ABSTRACT
The characteristics
of solid-state resistance upset welding make it
uniquely suitable for joining many alloys that are difficult to weld
using fusion processes.
Since no melting takes place, the weld metal
retains many of the characteristics
of the base metal.
Resulting
welds have a hot worked structure,
and thereby
have higher
strength than fusion welds in the same material.
Since the material
being joined
is not melted,
compositional
gradients
are not
introduced,
second phase materials are minimally disrupted,
and
minor alloying elements do not affect weldability.
Solid-state
upset welding has been adapted
for fabrication
of
structures
considered
very large compared
to typical resistance
welding applications.
The process has been used for closure of
capsules, small vessels, and large containers.
Welding emphasis has
been on 304L stainless steel, the material for current applications.
Other materials have, however, received enough attention
to have
demonstrated
capability
for joining alloys that are not readily
weldable using fusion welding methods.
A variety of other stainless
steels (including A-286), superalloys (including TD nickel), refractory
metals (including tungsten), and aluminum alloys (including 2024)
have been successfully upset welded.
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INTRODUCTION
Joining of advanced materials using conventional
fusion welding
processes often presents problems
that result from the complex
structure or multiphase nature of the material to be joined. These
problems include a reorientation
or redistribution
of second phase
materials,
reactivity
with the environment
or between
phases,
cracking of hard alloys, or softening from loss of a worked structure.
Solid-state
welding of these same materials
can eliminate
or
minimize
most problems
encountered
with fusion
welding.
Redistribution
of second phase materials is minimal and may make
the difference
between
the material
being
weldable
and
nonweldable.
Temperatures
are lower than for fusion welding, and
there are no transformations
or solidification
stresses induced by
melting.
Refractory,
reactive,
heat sensitive and perhaps
even
intermetallic
metals and alloys may be readily joined using solidstate upset welding.
Messler, Ref. 1, in his section on welding metal matrix composites,
suggests that nonfusion
processes are preferred
above all other
processes for joining advanced metals and alloys. Additionally, he
points
out for resistance
welding,
benefits
are achieved
by
minimizing time at peak temperature.
Resistance welding is usually considered
a fusion welding process.
However, in the form of upset welding in the configurations
described in this paper the process produces no melting. The solidstate resistance welding process discussed here combines the best of
resistance welding and solid-state welding with the development
of
an upset welding process that can be applied to parts much larger
than those conventionally
considered
for fabrication
by resistance
welding.
Resistance upset welding compares favorably with other solid-state
welding processes.
Upset welding provides more control over both
process parameters
and the resulting weld configuration
than do
either friction welding or homopolar resistance welding, Ref. 2.
Devletian, Ref. 3, found that SiC/A1 metal matrix composites could be
welded by the capacitor
discharge
resistance
welding process.
Similarly, the potential
for using capacitor
discharge
resistance

" - ---

v

welding to produce solid-state welds in SiC fiber-reinforced
Ti-6A14V was evaluated by Cox et al, Ref. 4. They found that tensile shear
fracture occurs remote from the solid-state spot weld interface in the
fiber-reinforced
alloy.
The potential exists for producing similar
welds in much larger structures, in a more controlled manner, using
resistance upset welding.

WELDING PROCESS
Upset welding is a form of resistance welding, applied in this case to
a relatively large weld joint area. Heat is obtained from resistance to
electrical current passing through the joint. Force is applied before
heating and is maintained throughout the heating period. Control of
the weld is maintained by selection of current, force, and time. The
entire area to be joined
is welded at one time.
Significant
deformation of the weld joint takes place during welding.
The resistance upset welding process is attractive for many joining
applications
because it is reliable and employs equipment
that is
easy to operate, maintain and control. Furthermore,
the solid-state
welds
produced
by this process
have improved
mechanical
properties
and metallurgical
structure
compared
to fusion welds.
Advantages,
as outlined
in Table I, include fewer defects and
stronger welds with a fast and simple process.
TABLE
I.
ADVANTAGES
OF SOLID-STATE
WELDING COMPARED WITH FUSION WELDING

RESISTANCE

I

i

1. High reliability, quality, and yield have been demonstrated
production solid-state resistance welding processes.

for

2. The upset welding process is fast and easily controlled.
Fixtures
are not complex, set-up is minimal, few welding variables need to be
controlled, and welding takes only one second.
3. Defects typical of fusion welding processes
Porosity, missed joints, incomplete fusion, spatter,
not occur in resistance upset welds.

are eliminated.
and cracking do
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4. Metallurgical properties of the weld metal and heat affected zone
are those of hot forged material.
Strength of the weld zone is not
reduced to that of a solidified structure,
as is the case for fusion
welds.
5. Welding equipment is not complex. There are no rotating parts
and maintenance
is minimal.
High welding current
is easily
controlled using standard equipment.
6. Minor alloying elements
Attention to alloy composition

do not affect upset weld quality.
for weldability can be eliminated.

7. "Unweldable alloys" can be joined.
Choice of materials can be
broadened.
A variety
of stainless
steels (including
A-286),
superalloys (including TD nickel), and aluminum alloys (including
2024) have been successfully upset welded.

Equipment
Equipment
for upset welding large parts is relatively
simple.
It
consists of two welding transformers
providing
a capability
for
250,000 amperes welding current, a pneumatic
system capable of
75,000 pounds force, and a standard welding controller.
Welds
typically are made in one second in either air or vacuum, depending
upon the weld configuration
(the more upsetting, or deformation,
taking place the less advantage there is to welding in a vacuum).
The alternating
current
machine
used for development
work
described in this paper is shown in Figure 1. Direct current machines
have been shown to work equally well and have the advantage that
the electrical current can travel along long buss bars to the work
area without experiencing
inductive loss. Parts to be welded are
placed in a fixture that aligns the parts and carries the welding
current and force to the joint area.
Applications
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High current resistance
upset welding has been used for several
applications
at the Savannah River Site. The largest of these is the
closure of large containers for highly radioactive waste. These 304L
stainless steel containers, shown in Fig. 2, are closed by a five inch
diameter plug weld after being filled with radioisotopes
mixed in a
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glass matrix. Resulting welds are of very high quality as required for
long term containment
of highly radioactive material.
The welding
process, which uses 250,000 amperes current and 75,000 pounds
force, is described in Ref. 5.
A second application is closure of small aluminum capsules.
These
capsules have been used for irradiation
of samples in a nuclear
reactor.
Because of the low electrical resistivity of aluminum,
a
relatively high current of 100,000 amperes is used to weld these 5/8
inch diameter
capsules.
Only 2,000 pounds of force is used to
maximize the electrical resistance at the weld interface.
Capsules
are shown in Fig. 3 and the welding process is described in Ref. 6.
A third application
is closure of containers
used for charging
mechanical
test samples in a controlled
environment.
Small test
samples are assembled in 1.4 inch diameter containers
made from
304L stainless steel. The containers
are joined at the girth using
solid-state
upset resistance
welding.
Welding
conditions
of
approximately
50,000 amperes current and 20,000 pounds force are
used to effect closure of these containers.
Spherical containers have
also been made using the same technique.
Fabrication
of these
containers is described in Ref. 7 and a container assembly is shown
in Fig. 4.
WELD CHARACTERIZATION
Upset welds have a high-quality solid-state metallurgical
bond with
no melting.
Diffusion and grain growth across the interface are
present and ensure a strong weld. Properties of upset welds are
those of a hot worked metal and are therefore metallurgically
closer
to those of the base metal than are fusion welds, where properties
change significantly due to melting.
Configuration

and Microstructure

Because no melting is present in solid-state welds, the microstructure
is very different from the solidification
structures found in fusion
welds. Improved properties of the weld result from the solid-state
metallurgical structure.
Small containers
have been formed by joining together top and
bottom halves at the girth. The configuration
of upset welds used to
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fabricate containers from 304L stainless steel can be controlled by a
combination of joint design and welding parameters as shown in the
photographs
in Figure 5. Weld metal is extruded, or upset, in the
weld joint area. For these containers, the external upset is removed
by machining
the container
to the final
configuration.
Recrystallization
takes place in the heat-affected
zone and grain
growth develops across the interface.
The combination
of metal
deformation
followed by the high temperature
of welding nearly
eliminates all vestiges of the original interface. O_ualiW of the weld is
related to the metallographic
appearance
of the bond line at the
mating surface.
In upset girth welds much of the metal deformation
is toward the
outside surface.
This deformation,
or upsetting,
is removed by
machining
of the finished container.
The deformation
pattern of
upset welds can be observed directly when welding forged parts.
Flow line patterns are present on etched metaUographic surfaces, Fig.
6, as a result of the forging process.
Considerable upsetting to the
inside surface, as well as to the external surface can be seen. It is
this deformation
that helps produce
fresh metal at the weld
interface, which thereby eliminates contaminants
or residual surface
oxide. The deformation
brings the two halves of the container into
intimate contact to promote good bonding across the interface.
Welds are evaluated by a variety of nondestructive
and destructive
methods. Normal defects that occur in fusion welds, such as porosity,
lack of penetration,
and cracking, do not occur in solid-state upset
welds.
X-ray radiography
is therefore
used only to determine
internal
weld configuration
(of closed
containers).
Visual
examination,
physical measurements,
and leak tests are used as
appropriate.
Weld Strength

Comparisons

Because there is no melting during upset welding, the strength of
welds is not reduced to that of the solidification structures found in
fusion welds. The hot working that the weld area receives during
upset welding results in a microstructure
that is often stronger than
the base metal, depending upon previous working of the base metal.
Upset weld metal is stronger than typical bar stock material, where
as forged material can be stronger than the upset weld metal.
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Strength patterns on a microscopic scale have been inferred from
hardness
traverses across metallographic
sections.
Soft materials
show an increase in hardness
across upset welds and heavily
worked materials have a somewhat reduced strength in the weld
area. In either case, the strength of the weld area in upset welds is
greater than that of fusion welds. The plot of hardness data shown
in Figure 7 illustrates
this for several stainless steels of different
strengths.
Strength of these upset welds has been demonstrated
by pressure
testing of containers, bend testing, tensile testing, and impact testing.
A spherical upset welded container which has been pressure tested
to failure is shown in Fig. 8. Note that the failure does not take place
in the weld. The reinforcement
that is often used for fusion welded
parts, is usually not needed for adequate weld area strength of upset
welds. Bend tests are used as a simple indication of weld strength.
Weld interface strength is related to the metallographic
appearance
of the weld as shown in Fig. 9.
RESULTS FOR DIFFICULT-TO-WELD MATERIALS
High current resistance upset welding has been applied to a selection
of metals and alloys that are classed as difficult to weld using
conventional
fusion welding processes.
Among these are 2024
aluminum,
tungsten,
Haynes 25, and thoria dispersed
nickel.
Metallographic
sections through capsule closure welds in these
materials are shown in Fig. 10.
The problems observed in fusion welds of these materials are not
encountered
with solid-state upset welds. Type 2024 aluminum is
considered difficult to weld using fusion welding, but small parts can
be joined using upset welding. Haynes 25 is crack sensitive in the
heat-affected
zone of fusion welds but does not crack during upset
welding. Agglomeration
of thoria dispersant
in TD nickel prevents
fusion welding but does not inhibit upset welding.

o

CONCLUSIONS
•

The resistance upset welding process has been used to create high
quality solid-state welds in a variety of materials.
Capability for
high electrical current has resulted in the ability to join parts up to 5
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inches diameter.
Being a non-fusion process, upset welding can be
used to join advanced
materials
without
the severe physical,
metallurgical,
and chemical changes
that result from melting.
Properties
of upset welded joints are those of hot worked base
material.
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Figure 2. Upset welded container for radioactive waste. Schematic of
ten foot high container (left) and 8X metallographic
section of plug
weld (fight) joining cap to body.
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Figure 4. Upset welded 30,.L stainless steel charging container.
Aswelded container
(left) and 10X metallographic
section of weld
(right) after removal of external upset.
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Figure 5. Size and shape of internal upset as determined by welding
conditions and joint design. Machined outside surface on left side of
each photograph
and as-welded inside surface on fight.
Narrow
upset at low force in top photo, minimum upset in lower left photo,
and large upset in lower fight photo. 20X
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Figure 6. Flow lines in a forged part show deformation
in the weld
area, with movement
to the inside and outside of the container
and
symmetry
about the horizontal
axis. Metal extruded
to the outside
was removed
by machining.
14X
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Figure 7. Hardness

traverse across upset weld in four materials.
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Figure 8. Pressure test to failure of 2.5 inch diameter spherical part.
Note that the failure location is not in the upset weld, which is
around the girth.
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WELD SECTIONS, 200X

BEND TEST, 1.5X

Figure 2. Weld interface metallographic
quality related
strength. Dark interface fails bend test.
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