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Abstract

While tailor-welded preforms are commonly used in sheet forming, to date, similar
technology has not been developed for bulk forming. In the present paper, the results of a
study that was conducted to investigate the feasibility of using solid-state welded
preforms in forging is presented. Both same-metal and bi-metal combinations were
considered and results indicate that in general friction welded preforms have adequate
workability based on upsetting and side pressing tests though flow tends to be
concentrated in the lower strength alloy for bi-metal preforms. Mechanical properties
obtained from tensile testing of specimens machined from side pressed preforms showed
that mechanical properties of welded preforms are comparable to that of the as-received
base metal pieces in the annealed condition. While further work is needed to develop the
process, results from the study confirm that friction-welded preforms have potential for
use in bulk forming applications.
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Introduction

Forging, which relies on the controlled plastic deformation of metals, has been used by
mankind since antiquity and still accounts for a significant percentage of modern
manufacturing activity. Statistics published by the Forging Industry Association show
that forgings are used in 20% of all products that represent the U.S. Gross Domestic
Product and that the non-captive forging industry has annual sales of $6 billion and
employs 45,000 personnel in North America alone [1]. Impression die forging, which
comprises the bulk of commercial forging output, remains an important technology in the
worldwide metalworking sector but faces intense competition and competitive pressures
from other materials and processes. Other significant challenges that the forging industry
faces include the movement towards accelerated product development times, shorter
product life cycles, and reduced order quantities.

Modern forging practice continues to rely on progressive deformation of monolithic bar
stock and in many cases requires multiple blocker or intermediate forging operations to
redistribute material prior to finish forging. These intermediate operations are necessary
to keep die stresses within acceptable levels and achieve the desired die fill but represent
considerable tool making time and cost. This is particularly problematic as the high costs
and long lead times associated with die tooling represent serious obstacles to forging
competitiveness [2]. While die costs can easily be amortized in large production runs, the
trend towards reduced lot sizes and shorter product life cycles often prevents forging
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from being competitive due to tooling costs associated with multiple forming (or blocker)
operations. As a result, many product designs can not be optimized to exploit forging
properties and are forced to use less robust components made by alternative processes.

A second problem related to current forging practice is the inherent limit it places on
product and design flexibility. Because the starting preform consists of a single piece of
monolithic bar stock, the alloy composition of a forged component can not be tailored to
satisfy multiple or conflicting design requirements that may exist at different locations in
a part. An example of this is an engine exhaust valve where high-temperature strength
and wear resistance are important properties in the head and generally necessitate the use
of alloys containing nickel to meet functional requirements. In comparison, lower
temperatures are normally experienced by the valve stem where the necessary strength
and wear resistance could be achieved using a less costly alloy. This suggests that an
optimum solution would be to use a “bi-metal” alloy to minimize material cost and still
fulfill the necessary mechanical requirements. However, this is not possible with
traditional forging practice where a monolithic piece of bar stock composed of a single
alloy must be used. While “bi-metal” valves have been produced by friction welding and
machining dis-similar metals, this precludes a wide range of geometries and asymmetric
parts that could be efficiently produced by forging.

In the present report, the results of an investigation using friction-welded preforms for
bulk forming are presented. The investigation was carried out by collaborating teams at
Marquette University in Milwaukee, WI at and Ohio University in Athens, OH. The team
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at Marquette University consisted of Dr. Joseph Domblesky and Mr. Benjamin Druecke.
The team at Ohio University consisted of Dr. Frank Kraft and Mr. Bart Sims. Study
objectives were three-fold. The first was to assess the workability of same-metal and bimetal preforms relative to the base metal materials. The second was to evaluate the
mechanical properties and fracture behavior of welded preforms after forging using base
metal properties as a basis for comparison.

The Case for Welded Preforms in Forging

Many of the issues that exist in bulk forging have parallels in sheet metal forming. As lot
sizes approach single digits and cost pressures continue, new innovations are required to
reduce die costs while maintaining the advantageous properties that forging offers. High
tooling costs and reduced production quantities in sheet forming have been the driving
force behind efforts to develop re-configurable die tooling which has been the topic of
investigation by various researchers [3, 4]. The need to optimize performance and weight
in the automotive industry has driven the development of laser- or tailor-welded blanks
which is now an accepted practice in automotive design and stamping. In comparison,
hybrid technologies have not been widely investigated in bulk forming and welded
preforms thus offers a new approach in bulk forming that does not rely solely on die
tooling to optimize preform volume control and material composition.

The underlying concept behind tailor-welded forging preforms is to use solid-state
welding to “assemble” a forging preform (Figure 1) similar to that employed in
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producing laser-welded blanks used in sheet metal forming. The proposed approach can
be considered to be hybrid processing where both solid-state welding and forging are
used to generate an optimum forged shape and composition. The rationale for this is twofold in that it would a) enable an alternative avenue for control of volumetric distribution
with the potential for reduced tooling requirements and b) allow composition of a forging
to be tailored to specific properties in a monolithic preform.

The advantage that welded preforms offer is that a starting workpiece that is near netshape could be assembled using simple unit shapes sheared from bar stock. Because
volumetric distribution in the preform can be controlled with reduced need for die
tooling, this could yield a potential reduction in the number of die cavities needed in a
progression. An example of this is shown in Figure 1 for a turbine blade. Typical forging
practice would call for extruding monolithic barstock to distribute material using hard
tooling prior to finish forging and trimming the part which would require three dedicated
die sets. Use of a preform where two pieces of bar stock are welded together would
eliminate the need for extrusion tooling and require only 2 dedicated die sets with
proportionally lower die costs, lead times, and a reduced break-even point for tooling
costs. Moreover, if different mechanical properties are required in the blade and boss,
these could in fact be met by joining two different materials.
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a) extruded monolithic preform

b) proposed friction welded preform

c) finish forging after trimming
Figure 1. Example showing a) standard die extruded monolithic preform, b) equivalent
friction welded preform and, c) finish forging after trimming.

An additional advantage that welded preforms offer is the potential to extend the
capabilities of existing forging presses. In many forging progressions, blocker design is
dictated by available press tonnage and an optimal number of impressions may not be
feasible if press capacity is insufficient [5]. Having the ability to tailor volumetric
distribution and achieve a more complex preform geometry could increase forging
capability in an existing press or enable a smaller press to be used in some applications.
This is illustrated in Figure 2 where the tonnage for a large cold-formed AISI 1035
component is shown. When the part is forged directly from bar stock to minimize
preforming die costs, the load is approximately 2,100 tons. In comparison, when an
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optimized preform geometry is used, a 70% drop in tonnage can be achieved and would
permit the use of a smaller forging press to form the same part.

a) no preforming –2090 tons

b) optimized preform –625 tons

c) finished shape

Figure 2. Finite element simulation showing press tonnage for a) monolithic bar stock
and b) an optimized preform for an AISI 1035 steel component and c) finished
shape. Note the reduction in forging load.

Survey of Existing Research

With respect to welded preforms in bulk forming, little work appears to have been done
in this area. A review of the literature shows that current research related to preforming is
focused on efforts to reduce development and tryout times by automating engineering
steps and attempting to generate a desired preform geometry through alternative forming
processes such as cross-wedge rolling. A number of case studies have been published
which have demonstrated the use of various modeling techniques such as FEM [6, 7],
UBET [8], plasticine [5], and visio-plasticity [9] to verify preform designs and efforts to
automate preform design include work by Lee et al. [10] and Kang et al. [11] who have
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investigated the use of various back-tracing schemes to identify an optimum preform
geometry. While these efforts address cost and time elements associated with process
engineering, they do not address the key manufacturing cost element and bottleneck.
Making physical tools for part development and manufacturing production represents one
of the longest and most costly phases in product development [12].

Other researchers have focused on alternative methods such as cross wedge rolling [13,
14] to produce preforms. However, such processes generally require dedicated tooling
and thus have many of the same problems associated with blocker dies. Rapid tooling is
another area where work is on-going but concerns remain about using such tools in
production forging based on their limited ability to support the high stresses generated
during forging.

In terms of creating workpieces for forging, solid-state welding processes such as friction
and flash welding represent an ideal means for assembling preforms. The principles of
friction welding have been well established over the last 50 years though the process has
generally been used as an assembly process to minimize machining in net and near netshape parts rather than a means for developing preforms for deformation processing.
Friction welding is a good candidate for preform assembly as it is very tolerant of prewelding interface conditions [15] and provides a high integrity joint with properties
comparable to those of monolithic bar stock even when dis-similar metals are welded
together. The advantages of friction welding are that it a) requires less energy than other
joining processes [16], b) readily welds a wide range of dis-similar metals, and c) has
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minimal need for hard tooling. Although friction welding is associated with axisymmetric
parts, a limited range of asymmetric geometries can also be welded under appropriate
conditions and this further extends the potential of the methodology.

Experimental Setup

The experimentation conducted consisted of four activities which included preform
assembly, compression testing (upsetting), side pressing, and mechanical testing. The
intent of the compression or upset testing was to assess weld integrity and formability
under representative hot forging conditions and to establish insight into metal flow
behavior. The objectives of side pressing were two-fold as it was not only desired to
assess workability when a tensile stress perpendicular to the weld plane was present, but
also to generate forged specimens that could be used in mechanical testing. Each of these
activities are discussed below.

Preforms – For the study, AISI 1018 steel, 304 Stainless Steel, Aluminum Alloy 2024,
and ETP Copper in the as-received condition were selected as candidate materials in
large part because these represent materials that are hot-forged commercially and can be
satisfactorily friction welded. The preforms used during the study consisted of 9.5 and
19.0 mm diameter bar stock that was welded at American Friction Welding Corp.
(Brookfield, Wisconsin USA) using direct drive (continuous) friction welding machines.
The characteristic flash or collar (Figure 3) resulting from the friction welding process
was machined from each preform prior to forging to prevent it from influencing
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deformation during testing. The machining was performed using a single point cutting
tool mounted on the friction welding machine.

Figure 3. Representative welded preforms used in the investigation showing
characteristic collar generated by friction welding. Two 9.5 mm diameter
steel/copper welded preforms are shown.

Compression Testing – An important consideration in using welded preforms is to ensure
that the workability of the weld zone will be comparable to that of the base metal pieces
used. As compression testing is an accepted procedure for testing formability in forging,
upsetting was selected as the primary means of assessing preform workability. All
compression testing for the investigation was performed on a Gleeble 3500 testing
machine at DSI in Poestenkill, NY. The Gleeble 3500 (Figure 4) is a hydraulic-based
testing system capable of applying 10 tons of compressive force at strain rates that are
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representative of hydraulic and mechanical forging presses while simultaneously heating
a specimen.

Figure 4. Photograph showing a compression test being performed on a Gleeble 3500.

Following welding, the 9.5 mm diameter specimens were machined to obtain an overall
length of 15 mm while ensuring that the weld line was centered. Monolithic pieces of
steel and copper were also prepared for comparison purposes. All specimens were heated
at a rate of 300 degrees C per minute and equilibrated for 1.5 minutes at the desired
forging temperature prior to upsetting. Temperature during heat-up and compression was
monitored using Type-K thermocouples welded to the specimen surface with sheets of
14

graphite and tantalum foil being placed between the preform and the platens to provide
lubrication. Forging temperatures for bi-metal preforms were selected based on the
forging temperature of the lower strength alloy while same metal preforms were heated to
normal hot forging temperatures for each particular alloy. Upon completion of the
heating cycle, each specimen was then upset to a 50% reduction in height at a constant
strain rate of 1 s-1 with each condition being replicated once. Specimens were allowed to
air-cool at the completion of the test. A complete summary of the experimental
conditions is provided in Table 1.
Table 1. Experimental conditions used for compression testing of monolithic and welded
preforms in the investigation. All specimens were 9.5 mm diameter and forged
at a strain rate of 1 s-1.
Temperature (oC)
450
750
450
1200
1200
1200
450
1200
1200

Preform Material
2024 Al/ETP Cu
1018 Steel/ETP Cu
2024 AA/2024 AA
1018 Steel/304 SS
304 SS/304 SS
1018 Steel/1018 Steel
2024 AA (Monolithic)
1018 Steel (Monolithic)
304 SS (Monolithic)

Side Pressing – In addition to characterizing workability under representative forging
conditions using upsetting, it was also desired to determine if weldment properties were
adversely affected by forging and whether failure would occur in the weld zone or base
metal. Additionally, it was of interest to investigate weld integrity under forging
conditions when a tensile stress perpendicular to the weld plane was present. Based on
these considerations, it was decided to use side pressing which would not only enable
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weld workability to be evaluated but also to generate specimens for use in mechanical
testing.

Side pressing was performed at Marquette University using a 10-ton hydraulic press and
an instrumented die set (Figure 5). The die set consisted of 25.4 mm wide flat platens
fabricated from M2 tool steel that were securely held in aluminum blocks mounted on an
Fortel die base that was contributed by Superior Die Set Corp. Die heating was
accomplished using a torpedo-style heating element embedded in each platen and enabled
die surface temperatures of 500 oC ± 10 oC to be achieved. With the exception of the
working surfaces, all exposed platen surfaces were wrapped with an insulating blanket.
Die temperature was monitored using Type-K thermocouples mounted on the working
surface of each platen. Prior to side pressing, each preform was gradually heated to the
desired forging temperature in a Lindberg tube furnace and allowed to soak for 30
minutes. As it was not possible to directly control ram velocity, an average strain rate of
0.04 s-1 was obtained during testing. Reductions of 50% were used for all materials
except stainless steel where a 25% reduction had to be used due to the high flow stress
and force capacity of the press. Each condition was replicated and a complete summary
of the experimental conditions used is provided in Table 2.
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Table 2. Experimental conditions used in the side pressing testing of monolithic and
welded preforms in the investigation. All specimens were 19 mm diameter and
forged at an average strain rate of 0.04 s-1.

Preform Material

Temperature (oC)

2024 Al/Cu

450

1018 Steel/Cu

750

2024 AA/2024 AA

450

1018 Steel/304 SS

1200

304 SS/304 SS

1200

1018 Steel/1018 Steel

1200

2024 AA (Monolithic)

450

1018 Steel (Monolithic)

1200

304 SS (Monolithic)

1200
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a) instrumented side pressing die set used in the investigation

b) closeup of a steel bar being side pressed
Figure 5. Photograph showing a) the instrumented side pressing die set used in the
investigation and b) close-up of a welded stainless steel/steel bar after being
side pressed.
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Mechanical Testing – Key concerns when using any joining process is achieving
sufficient joint integrity and verifying that mechanical properties are not adversely
impacted by welding. To assess the mechanical properties and the joint integrity of
forgings made from welded preforms, tensile testing was used to determine the percent
elongation to fracture, yield, and tensile strength of the side pressed preforms. Following
deformation (Figure 6), all preforms that had been successfully forged were machined on
a CNC mill to generate specimens for tensile testing (Figure 7). Tensile testing for all
base metal pieces and welded preforms was performed at room temperature using an
Instron Universal Testing Machines with a rated load capacity of 50 kips (Figure 8).

Figure 6. Deformed pairs of a) side pressed stainless steel/steel, b) copper/steel, c)
copper/copper and d) steel/steel welded preforms after side pressing.
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Figure 7. CNC mill used to machine the tensile specimens used in the investigation.

Figure 8. Testing machine used to tensile test monolithic and welded preforms in the
study.
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Results – Workability and Mechanical Properties

An examination of micrographs for compression specimens confirmed that friction welds
remained sound after deformation. In all of the same-metal preforms, no trace of the weld
could be found after sectioning and etching the upset specimens. An example of this can
be seen in Figure 9 where a section of the weld region for a steel preform at 200x is
shown using Nomarski Differential Interference Contrast (DIC). From the micrograph, it
is evident that no weld line is visible and that complete metallurgical fusion has occurred
between the two base metal pieces consistent of a high integrity weld. Similar results
were found in the bi-metal preforms and Figure 10 shows a micrograph for a
steel/stainless steel bi-metal preform taken at 50x where the edge of the compressed
specimen can be seen at the upper right side of the photo. The bi-metal preform was
etched with 4% HNO3 (nitric acid) in reagent alcohol which revealed the steel
microstructure but did not etch the 304 stainless steel. It is evident from Figure 9 that
bonding at the interface was maintained and that weld integrity was not affected by
deformation. Some carbon depletion appears evident in the lighter color band of steel
adjacent to the interface though further metallographic evaluation of the weld plane is
needed to confirm this. In general, it was found that the welded preforms demonstrated
good workability for the conditions that were used in the experimentation and that
properties were comparable to those of the monolithic base metal pieces. A detailed
discussion of the results from deformation testing is presented below.
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Figure 9. Cross-section of the weld region for upset steel/steel welded preform. Note the
complete coalescence and absence of the weld line taken at 200x magnification.

Figure 10. Cross-section of the weld region for upset stainless steel (lighter region)/steel
(darker region) welded preform taken at 50x magnification. Note the continuous
interface at the weld line.
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Compression Testing – In order to be a viable preforming process, the workability of
welded preforms should be at least equivalent to the performance of monolithic preforms.
For the conditions considered, it did not appear that welding had a significant impact on
workability. All of the same- and bi-metal alloy combinations tested demonstrated
satisfactory workability with no visible signs of surface fissuring or weld separation
being evident on any of the specimens. In several of the same-metal specimens, a slight
circumferential groove was observed in the vicinity of the weld plane but did not appear
to be detrimental. A comparison of same-metal welded preforms showed that peak
upsetting forces were comparable to those of the monolithic base metal preforms tested.
The two monolithic aluminum preforms tested developed peak forging loads of 12,112
and 11,330 N while the peak loads for the welded preforms were 11,841 and 12,104 N.
Welded steel preforms were also found to provide peak loads very similar to those
obtained from the monolithic steel preforms.

While metal flow characteristics of same-metal preforms were found to deform
symmetrically on both sides of the weld plane, not surprisingly, bi-metal preforms tended
to deform non-uniformly (Figure 11). Deformation occurred preferentially on the lower
strength material in all bi-metal preforms and the extent to which differential deformation
occurred was related to the difference in room temperature yield strengths of the base
metal alloys used. This is evident in Figure 11 where the deformed configuration of
aluminum/copper and steel/copper base preforms after upsetting is shown. Aluminum
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and copper, which have yield strengths of 373 and 345 N/mm2 respectively, can be seen
to have deformed almost equally. In comparison, the steel/copper preform, with steel
having a yield strength of 558 N/mm2, appears to have deformed almost entirely in the
copper portion of the preform with little deformation apparent in the steel section. A
further observation that can be made is that deformation was skewed towards the base of
the copper segment due to the restraint imposed by the weld (Figure 11). In spite of the
large strain gradient created, no weld separation was evident. However, large differences
in yield strength and the restraint imposed by the weld area in bi-metal preforms will
likely affect die design and metal flow and this topic will be considered in a future study.

a) aluminum/copper

b) steel/copper

Figure 11. Bi-metal welded preforms after upsetting showing a) aluminum/copper and b)
steel/copper combinations.
Side Pressing
Similar materials - Of the same-metal preforms that were side pressed, aluminum,
stainless, and steel proved to be the most successful. In particular, copper and steel
preforms exhibited the best workability with no surface cracking evident in the weld
24

region or deformation zone which was also observed to be the case with monolithic
preforms of the same materials that were tested. The welded aluminum and stainless
preforms did not exhibit as high a level of workability as surface fissures with an average
depth of 5 mm developed along the weld line during forging. However, as 2024
Aluminum is noted to be one of the more difficult aluminum alloys to form [17], it is
likely that fissuring was the result of magnesium-rich second phase particles that were
oriented along the weld plane during preform assembly. In the case of stainless steel, as
the fissures were shallow and did not fully extend into the specimen, the aluminum
preforms were considered to have acceptable workability. However, as room temperature
bend tests on as-welded stainless steel preforms indicated that the welds had adequate
ductility and strength, weld fracturing was attributed to insufficient die heating being
used [18] rather than weld or preform workability. No assessment could be made
regarding the workability of copper preforms as all preforms completely fractured along
the weld either during forging or cooling.

Dis-similar materials – The only combinations that were successfully side pressed were
copper/steel and stainless steel/steel as all other combinations fractured during
deformation or machining. In general all of the bi-metal preforms tested showed reduced
workability in comparison to monolithic preforms as surface fissures were evident along
the weld joint in each case. While one of the aluminum/copper preform was able to be
side pressed, as it fractured during machining, it ultimately could not be tested. However,
while further investigation is needed to identify the necessary metallurgical
characteristics for a good preform combination, forging conditions, and optimization of
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the friction welding schedules, these results along with the upsetting tests are evidence
that bi-metal preforms are feasible.

Mechanical Testing
Similar materials – One concern that arises when joining materials is that the weld or
adjacent heat affected zone (HAZ) can be a plane of potential weakness because of
thermal effects. An additional concern when welding dis-similar materials is the potential
for the formation of brittle phases at the weld interface that could be detrimental to
ductility. To assess the mechanical properties of the forged preforms, tensile test data for
the preforms was compared to the published properties [19] of annealed base metal
materials. As differences in metallurgical structure resulted from thermomechanical
processing and the as-received base metal showed evidence of work hardening, use of
these properties would not provide a meaningful basis for comparison to evaluate the
results. Consequently, published values from the literature for annealed materials having
the same composition were used.

Based on the data obtained, the results for aluminum, steel, and stainless steel welded
preforms demonstrated tensile properties that were very similar to values obtained for
monolithic base metals (Table 3). With the exception of steel which had slightly lower
values, the yield, tensile, and percent elongation for aluminum and stainless steel were
generally found to be slightly higher. As an example, consider stainless steel where
average yield strength was 272 N/mm2, average tensile strength was 600 N/mm2, and
percent elongation was 67% respectively. This compares very favorably to annealed
stainless steel [19] which typically has yield, tensile, and percent elongation of 215
26

N/mm2, 505 N/mm2, and 70% respectively indicating that properties of same-metal
forged preforms are not adversely affected by thermo-mechanical processing.
Engineering stress-strain curves for welded AISI 304, AISI 1018, and AA-2024 preforms
are shown below in Figures 12-13. Examination of all of the welded preforms that were
tested showed that ductile failure, typified by the cup and cone appearance of the
fractured test specimen, occurred away from the weld zone further indicates that
satisfactory weld integrity was maintained.
Table 3. Summary of average tensile properties of same- and bi-metal welded preforms
after side pressing. Monolithic properties taken from Reference [19].
Tensile
Strength
(N/mm2)
227

Elongation
(%)

Copper/steel

0.2% Yield
Strength
(N/mm2)
80

Copper (Monolithic)

69

221

55

Aluminum/aluminum

97

211

17

Aluminum (Monolithic)

76

186

20

Stainless steel/steel

231

422

---

Stainless/stainless

273

600

67

Stainless (Monolithic)

290

579

55

Steel/steel

219

422

17.5

Steel (Monolithic)

290

393

36.5

Alloy Combinations
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---

Figure 12. Engineering stress-strain curves for side pressed same-metal preforms for
steel, aluminum, and stainless steel material pairs.

Figure 13. Engineering stress-strain curves for side pressed bi-metal preforms for
copper/steel and steel/stainless steel material pairs.

28

Dis-similar – In light of the number of weld failures of bi-metal preforms during side
pressing, there was some concern that mechanical properties in the weld zone would also
be poor. While only copper/steel and stainless steel/steel preforms could be tested,
deformation dominated in the lower strength base metal material as expected with
fracture occurring outside of the weld area (Figure 14) in each case. While it was not
possible to make a direct comparison to base metal pieces or to partition the strain in each
material, reasonable ductility is still evident with fracture strains of 0.267 and 0.405 in
the steel/stainless steel and steel/copper preforms respectively.

a) steel/copper preform after tensile testing

b) closeup of failure zone
Figure 14. Fractured (side-pressed) specimen for a) steel/copper preform after tensile
testing and b) close-up of failure zone. Note that deformation is concentrated in
29

the lower strength copper and that ductile fracture has occurred outside of the
weld region.

Summary and Conclusions

In the present investigation, a hybrid method for producing forged parts was proposed.
The method, which relies on friction welding to create same- and bi-metal preforms, not
only enables an alternative means for volumetric control in preforms with a reduced
reliance on hard tooling but also offers the possibility for the production of forgings
where alloy composition can be tailored to specific mechanical requirements in a
monolithic part. The workability of welded preforms was assessed using compression
testing and side pressing under representative hot working conditions and, for the
conditions tested, indicate that welded preforms offer comparable ductility to monolithic
preforms. Tensile testing of side pressed preforms was also performed and results of
welded same-metal preforms were very similar to those of the base metal pieces. While
more detailed investigation is required to identify the metallurgical characteristics
required for successful bi-metal preforms, current results suggest that friction welded
preforms offer a viable alternative for forging preform development. Based on the results
obtained, the following conclusions may be made:

1. All combinations of welded preforms that were tested were found to exhibit good
workability based on results obtained from upsetting.
2. In same-metal welded preforms where the base metal alloys have similar yield
strengths, deformation and metal flow is essentially uniform.
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3. In bi-metal preforms, deformation occurs preferentially in the lower strength
specimen during upsetting. Additionally a deformation gradient was found to
develop in the low strength alloy due to the restraint of the weld plane.
4. In bi-metal preforms, deformation occurs preferentially in the lower strength
specimen during tensile tests of side pressed preforms. Fracture was found to be
ductile (cup and cone) and occurred away from the weld region.
5. Mechanical properties (yield strength, tensile strength, and percent elongation)
obtained from tensile testing for welded same-metal preforms were found to be
comparable to those of the base metal materials in the annealed condition.
6. In tensile tests of the side pressed copper/steel and steel/stainless steel bi-metal
preforms, ductile fracture was observed with fracture occurring outside of the
weld zone.

Future Work
While the present study has demonstrated that welded preforms represent an alternative
method for preform preparation in bulk forming and an avenue for monolithic bi-metal
forgings, additional investigation is needed to develop the technology before it can be
established as a viable commercial forging process. Because the technology relies on
welding, additional work will be needed to further assess the workability and mechanical
properties in both simple and more complex geometries. This will be a key task needed
to identify and establish any limitations that may exist in using welded preforms and to
better help designers properly exploit the method in product and process designs. This
work will involve engaging in an experimental testing program and development of a
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materials database. Ideally one or more commercial components could also be forged
using welded preforms and tested under normal operating conditions as part of this effort.

Further work will also be needed in developing guidelines for bi-metal forging practices.
Due to the differences in flow strength that exist in a preform, metal flow characteristics
will be significantly different that those in traditional monolithic preforms. Much of this
work can be achieved using FEM-based computer process modeling codes validated by
experimental or test forgings.

Another aspect is to work with friction welding companies to optimize the friction
welding process for welded preforms, particularly for non-ferrous materials. This would
likely permit additional combinations of materials to become viable candidates for use as
welded preforms.
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Appendix A – Testing Report from DSI International for
Workability (Compression) Testing
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DYNAMIC SYSTEMS INC.
MATERIALS RESEARCH/TESTING REPORT

DSI Project Title:

Flow Stress Compression Test

DSI Project Number:

CT040629A

Customer Company:

Marquette University

Purchase Order No.:

119493

Primary Customer Contact:

Joseph P. Domblesky

Primary DSI Contact:

Chris Christian

Other DSI Contact:

Jeremy Vosburgh

Testing Materials:

Welded copper, aluminum, 304SS and 1018 steel

Date of Release:

07/29/2004

35

Flow Stress Compression Testing
1. Test Material
The test materials are specified by the customer as welded copper, aluminum, 304SS and
1018 steel in various combinations.

2. Test Conditions
A Gleeble 3800 system was used to conduct all of the testing. The system has a
maximum speed of 2 meters/sec with a maximum static force of 20 metric tons in
compression and 10 metric tons in tension. The maximum dynamic force is around 8
metric tons at 2m/s. All of the tests were conducted with the Hydrawedge system, which
separately controls both the strain rate and strain accurately. The Hydrawedge is an
optional MCU (Mobil Conversion Unit) for high speed testing to simulate high speed
rolling and forging.
ISO-T™ anvils developed at DSI were used to conduct the test, which provides a nearisothermal condition within the specimen. A piece of tantalum foil (4mils thick) was used
at the interface of the specimen to prevent welding to the specimen and a piece of
graphite foil (~1mil thick) on the outside as a lubricant. A nickel based anti-seize
compound was also applied to both ends of the specimen and between the graphite foil
and the tantalum foil to minimize friction at the interfaces. All of the tests with 304
stainless steel and 1018 steel were conducted in a vacuum atmosphere. The copper and
aluminum tests were conducted in an air atmosphere. Detailed test conditions followed
those specified in an e-mail dated 07/22/2004 to Joseph P. Domblesky.

3. Test Results
The data acquired form each test was: stress (psi), true strain, force (lbf), specimen length change
(Jaw, in), stroke (in), Hydrawedge stroke (Wedge, in), specimen temperature (°C) and time. The data
was saved to individual files for each test in ASCII text format. The stress vs true strain curve and the
temperature vs time curve were plotted with each test with the data file name listed. The data file name
was designated by the material or materials being tested. For example, file AL_CU.D01 would be an
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aluminum and copper welded specimen or file HOMOCOP.D01 would be a homogeneous copper
specimen A data sheet is attached to this report with test results.

4. Observations and Remarks
a) HOMO1018.D01 was measured wrong and re-run as HOMO1018.D02
b) COPPER.D01 was DSI material Cu110
c) HOMO2024.D03 had uneven heating and was re-run as HOMO2024.D04
d) AL_CU.D01 showed signs of the aluminum rupturing due to secondary tensile forces
e) AL_CU.D02 only soaked at test temperature for 30 seconds and showed much higher
stresses than AL_CU.D01. AL_CU.D01 also had rupturing of the aluminum due to secondary
tensile forces.
f)

304_304.D02 had uneven heating and was re-run as 304_304.D03

There are 20 tested specimens and 3 untested specimens being returned along with a data sheet and
a CD with data for all tested specimens.
Please do not hesitate to contact us if we can be of any further assistance or if there are any questions.
Sincerely,
Chris Christian
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Appendix B – Photographs of Welded Preforms and Selected Monolithic Preforms
After Compression Testing
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Note all preforms were compressed to a 50% reduction in height at a strain rate of 1
s-1

a) monolithic steel preform

b) welded steel preform

Figure B-1. AISI 1018 steel preforms showing a) monolithic steel preform and b) welded
steel preforms.

Figure B-2. 304 Stainless Steel welded preform.
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a) monolithic aluminum

b) welded aluminum preform

Figure B-3. AA 2024 aluminum preforms showing a) monolithic aluminum and b)
welded aluminum preforms.

Figure B-4. Copper/aluminum bi-metal welded preform.
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Figure B-5. Steel/aluminum bi-metal welded preform.
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Appendix C – Photographs of Welded Preforms After Side
Pressing
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Figure C-1. Side pressed (forged) specimen pairs showing from left to right a)
copper/steel, b)stainless steel/stainless steel, c) stainless steel/steel, and d)
steel/steel preforms.

Figure C-2. Side pressed (forged) specimens showing from left to right a) 3 aluminum
preforms, b) 2 aluminum/copper, and c) copper/copper preforms.
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Appendix D – Photographs of Selected Side Pressed Specimens
after Tensile Testing
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Figure D-1. Fractured tensile specimen for steel/steel preform.

Figure D-2. Fractured tensile specimen for aluminum/aluminum preform.
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Figure D-3. Fractured tensile specimen for stainless steel/steel preform.

Figure D-4. Fractured tensile specimen for stainless steel/stainless steel preform.
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Figure D-5. Fractured tensile specimen for copper/steel preform.
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Appendix E – Stress strain curves Obtained from Compression
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