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Abstract

Molybdenum belongs to the group of refractory metals and is characterized by its high
melting point of 2623 °C. As a result, common arc welding technologies are not feasi-
ble anymore and do not deliver satisfying results. Solid state welding technologies offer
an interesting alternative and produce bonding at temperatures essentially below the
melting point. Latest studies have shown that rotary friction welding of commercially
pure molybdenum is challenging and providing a sufficient drive power, extensive plastic
deformation and rapid upset rates are only selected challenges to deal with. A further
study for a better understanding of the behavior, especially the plasticization process of
molybdenum and its alloys during friction welding is required to develop a stable and
capable general process design.

In this work, rotary friction welding is performed in commercially pure molybdenum, the
carbide stabilized molybdenum alloy Titanium-Zirconium-Molybdenum and a reference
low-carbon steel by the means of a friction stir welding device providing comprehensive
parameter recording. Molybdenum and Titanium-Zirconium-Molybdenum reveal a com-
pletely different plasticization behavior compared to the reference low-carbon steel. The
molybdenum metals require a general re-design of the process in order to keep the plas-
ticization behavior manageable and to generate sound joints. The evolved microstruc-
ture in the weld zone displays the for friction welding representative weld sections and
the presence of an equiaxed, fine grained fully plasticized zone. The hardness profiles
of the molybdenum metals reveal no major difference between the base material and
the weld zone, only a slight increase in the fully plasticized zone for TZM is notable.
The recorded typical thermal cycles during rotary friction welding reflect molybdenum’s
unique thermophysical properties. The specific heat capacity ¢ and thermal conductivity
A determine the distribution of the formed transient temperature field and reveal the
necessity of short process times to oppose the heat dissipation.
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Kurzfassung

Molybdéan zahlt zu den Refraktarmetallen und zeichnet sich durch seinen hohen Schmelz-
punkt von 2623 °C aus. Konventionelle Lichtbogenschweifiverfahren sind nur bedingt
geeignet und liefern keine zufriedenstellenden Ergebnisse. Festkorperschweifiverfahren
hingegen bieten eine interessante Alternative zu den etablierten Schmelzschweiflverfahren
und ermoglichen ein Filigen bei maximaler Temperatur unterhalb der Liquiduslinie. Ak-
tuelle Veroffentlichungen zeigen zum einen ein sehr herausforderndes Materialverhalten
von Molybdéan beim Reibschweiflen und zum anderen die Notwendigkeit einer hohen
Maschinenleistung zur Aufrechterhaltung des Prozesses. Wahrend des Schweiflzyklus
wurde eine starke Materialplastifizierung mit hohen Verkiirzungsraten beobachtet. Fiir
ein besseres Verstandnis iiber das Materialverhalten von Molybdan beim Reibschweiflen
und um einen stabilen Prozess zu definieren, sind zusatzliche Untersuchungen erforder-
lich.

Im Zuge dieser Masterarbeit sind auf einer Reibriihrschweiflanlage die Materialen reines
Molybdéan, die Molybdéanlegierung Titanium-Zirkonium-Molybdan und ein unlegierter
Referenzstahl rotationsreibgeschweifit geworden. Es zeigte sich, dass die Molybdénmetalle
ein ganzlich anderes Plastifizierungsverhalten aufweisen als der Referenzstahl. Die grund-
satzliche Umgestaltung des Prozessdesigns war daher erforderlich, um das auftretende
Verkiirzungsverhalten zu kompensieren und um eine fehlerfreie Verschweilung zu er-
zielen. Die auftretende Mikrostruktur weist die fiir das Reibschweiflen typische Zonen
auf, inklusive einer gleichméfiigen und feinkornigen, vollstandig plastifizierten Zone. Die
Hérteverteilungen der Molybdanschweiffungen zeigen keine grofie Abweichung vom un-
beeinflussten Grundwerkstoff und der vollstandig plastifizierten Zone. Es ist lediglich
ein kleiner Harteanstieg in der vollstandig plastifizierten Zone fiir TZM erkennbar. Die
aufgezeichneten Temperaturzyklen wahrend des Rotationsreibschweiflens spiegeln die
speziellen thermophysikalischen Eigenschaften von Molybdén wieder. Die spezifische
Wirmekapazitat ¢ und die Wéarmeleitfahigkeit A von Molybdén bestimmen die Aus-
breitung des instationdren Temperaturfeldes und zeigen die absolute Notwendigkeit von
kurzen Prozesszeiten, um der erhohten Warmeabfuhr entgegenzuwirken.
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1 INTRODUCTION

1 Introduction

The introduction of this thesis focuses on the background of the topic and leads to the
issues behind this work. Moreover, the purpose and the objectives of this thesis are
presented.

1.1 Motivation

Molybdenum belongs to the group of refractory metals, which are characterized by their
high melting point. Molybdenum’s melting point of 2623 °C, the embrittlement of the
crystal caused by impurities, grain coarsening, and the tendency to form molybdenum(VT)-
trioxide (MoOj3) at elevated temperature complicates fusion welding. Common arc weld-
ing technologies, e.g. tungsten inert gas (TIG) welding, do not deliver satisfying results.
Solid state welding (SSW) technologies offer an interesting alternative and produce bond-
ing at temperatures essentially below the melting point. In friction welding, the welded
joint is generated by the combination of heat input obtained by the relative movement
of the weld specimens and the simultaneously applied friction pressure.

Friction welding processes are significantly faster compared to more conventional weld-
ing methods. Rapid welding cycles linked with a concentrated heat input at the weld
interface results in a narrow heat-affected zones (HAZ). More uniform properties, higher
joint efficiencies, and stronger welds can be achieved. Further, the joint preparation for
rotary friction welding requires a minimial machining effort, saw-cutted and even sheared
surfaces are weldable. Friction welding also features a natural self-cleaning effect, this
means that after starting plasticizing the initial surface-oxides and impurities are ex-
truded into the flash and provide a clean metal-to-metal contact in the weld interface.
From a methodological point of view, solid state welding techniques, including rotary
frcition welding, seem suited for welding molybdenum and can overcome previously men-
tioned challenges.

The weldability of molybdenum, especially by electron beam (EB) and by tungsten
inert gas (TIG) welding, has been studied in the past. However, industrial applications
of friction welding of commercially pure molybdenum are so far not known and scientific
research is limited in certain field. Therefore, the publicly co-funded project JOIN Moly
M1, in co-operation with the industrial partners Plansee SE, Raiser GmbH & Co KG
and voestalpine Bohler Welding Austria GmbH, was launched in September 2014 at the
Graz Unwversity of Technology. The aim is to establish a fundamental understanding
of the processes and to investigate the capability to generate integral structures from
semi-finished molybdenum parts.

First, rotary friction welding attempts of commercially pure molybdenum, and for
comparison low-carbon steel (LCS) with large cross-sections (4,400 mm?) were carried
out on a heavy-duty direct drive friction welding (DDFW) machine. The conducted
welding attempts of molybdenum and low-carbon steel revealed a completly different
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process- and plasticization behavior of the welded materials. For commercially pure
molybdenum, a much more sudden and steeper increase of the upset in the friction
phase (molybdenum 7.0 mm/s and low-carbon steel 0.1 mm/s), as well as an increased
power demand were observed. The large plasticized zone, the fast upset-rate and the
high power demand are the identified key challenges and complicate setting up a stable
process design for rotary friction welding of molybdenum. A more basic study for a better
understanding of the behavior, especially the plasticization process of molybdenum and
its alloys during friction welding is required to further develop a stable and capable
general process design.

1.2 Objectives

Basic direct drive friction welding trials, with adapted cross-sections and more accu-
rate process control and monitoring will be performed under laboratory conditions at
the institute’s friction stir welding (FSW) machine. Feasible parameter configurations
should be identified and a general process design should be established. Further, the
recorded typical thermal cycles during rotary friction welding linked with the applied
pressure levels should provide a better understanding of the complex relations between
thermophysical-, thermomechanical properties and material softening during friction
welding.

The objectives are summarized as follows:

1. Adjustment of the friction stir welding (FSW) machine and the experimental set-
up for direct drive friction welding (DDFW)

2. Determination of input parameter configurations for RFW of molybdenum

3. Detailed knowledge about the influence of input parameter configurations on the
output parameters (e.g. torque, upset, upset-rate, etc.)

4. Detailed knowledge about typical REW thermal cycles of molybdenum

5. Comparison of the upset behavior of molybdenum and carbide stabilized
Titanium-Zirconium-Molybdenum (TZM) to a low-carbon Steel (LCS)



2 STATE-OF-THE-ART

2 State-of-the-Art

This chapter provides a basic theoretical background of the applied materials including
its unique properties and the fundamentals of the rotary friction welding process.

2.1 Molybdenum and Molybdenum Based Alloys

Molybdenum has a body-centred cubic lattice and belongs to the group of refractory
metals as for instance tungsten and niobium. It is characterized by its high interatomic
bond, hence it possesses an excellent high-temperature strength, heat resistance, and a
melting point of 2623 °C [1]. Further, molybdenum combines unique physical properties,
e.g. high thermal conductivity and low coefficient of thermal-expansion, and is therefore
widely applied in lighting technologies, high-performance electronics, high-temperature
furnace constructions and as sputter targets for the coating technology [2,3]. Due to
molybdenum’s high melting point and oxidation behavior, semi-finished parts of molyb-
denum are nowadays mainly produced by powder metallurgy (PM) (fig. 1) [4,5]. A
minimized amount of interstitial impurities in the raw material combined with continu-
ous improvement of the powder metallurgic process leads to more uniform and improved
properties [6].
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Figure 1: Process chain of powder metallurgy (PM) to produce semi-finshed molybde-
num components [4]

The for the molybdenum powder production required molybdenum(IV)-sulphide
(MoS5) is extracted from the initial ore in a series of grinding and separation steps.
The isolated material is roasted under atmospheric condition to gain molybdenum(VI)-
trioxide (MoOj3) and the by-product sulphur(IV)-oxide (SO3). MoO3. The technical ox-
ide, contains about 57% molybdenum and less than 0.1% sulphur. However, the technical
oxide needs to be purified by further steps, e.g. by dissolvent in ammonium hydroxide
and filtration/solvent extraction, to dispose it from its impurities. The received high-
purity ammonium molybdate (ADM) is the starting material for molybdenum powder
production and is heated up to high temperatures (calcination) for the production of
a high-purity molybdenum(VI)-trioxide. A subsequent two staged hydrogen reduction
of the purified MoOj3 (eq. 1 & 2) creates the pure molybdenum metal powder (>99.97
wt%) [2,4,5)].

MOO3 + Hy, — M002 + HQO (1)
MOOQ + 2 HQ —— Mo + 2 HQO (2)
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With respect to the final material applications and the therefore required properties,
e.g. recrystallization behavior, selected alloying elements are added. Beside commer-
cially pure molybdenum, a wide variety of available molybdenum alloys exist, providing
tailored properties. In general, they can be classified as substitutional solid solution-,
carbide stabilized-, and oxide dispersion strengthened-alloys [7].

2.1.1 Strengthening Mechanisms of Molybdenum Based Alloys

Solid solution strengthening is an applied method to improve the mechanical properties
of molybdenum [8]. Substitutional solid solution is formed (fig. 2b) by adding additional
alloying elements (e.g. rhenium) to the crystalline lattice of the solvent. Some alloying
elements are only soluble in small amounts, whereas molybdenum in combination with
some other solutes (e.g. tungsten), a continuous solid solution at all temperatures and
concentrations form (fig. 2a) [9].
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Figure 2: (a) Equilibrium phase diagram molybdenum-tungsten [1] and (b) schematic
illustration disordered substitutional solid solution

Considering the Hume-Rothery rules, maximum substitutional solubility can be
achieved if: 1) The relative difference between the atomic radii of the solvent and solute
is less than 15%, 2) the crystal structure of the involved elements is identical, 3) the
solute and solvent atoms have the same valence, and 4) the electronegativity potential is
close to zero [10,11]. The transition metals of group Va (vanadium, niobium, tantalum)
and VIa (chromium, tungsten) have a body-centered cubic lattice too and further suffi-
ciently fulfill the previously mentioned requirements for substitutional solubility [1]. The
solute atoms replace the molybdenum atoms in their lattice position, thereby the lattice
gets locally distorted and the material’s yield strength is increased [2]. Substitution-
ally solid solution strengthened molybdenum-tantalum (MT11), molybdenum-niobium
(MoNb10), and molybdenum-tungsten (MW20, MW30, MW50) are commercially pro-
duced, sold and applied in coating technologies [4].
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Beside solid solution strengthening, molybdenum is primarily strengthened by work
hardening [12]. After pressing and sintering, the material is further processed and me-
chanical deformed by thermomechanical processes (e.g. rolling, forging). During hot
deformation, molybdenum evolves dislocation networks and forms a distinct subgrain
structure (fig. 3) [13-16]. The developed subgrain boundaries in combination with the
actual grain boundaries act as barriers and hinder the dislocation movement [17]. How-
ever, highest degrees of deformation can only be achieved by annealing which weakens
the effects of work hardening. The occurring primary recrystallization decreases the ma-
terial strength as a result of the annihilation of subgrains and recovers the unworked
properties. Consequently, recrystallization limits the achievable working/service tem-
peratures, hence to provide high-temperature strength a different alloying approach is
needed [18].

Figure 3: Formation of dislocation networks (subgrains, cell walls) in “as-worked” molyb-
denum alloy TZM (TEM) [18]

By adding fine particles of reactive metal carbides to molybdenum, precipitated finely

distributed carbides (fig .4) act as recrystallization inhibitors, and recrystallization tem-
perature of pure molybdenum (1000-1200 °C) and hence high-temperature strength can
be increased significantly [19]. Earlier studies [20,21] attributed carbide stabilized al-
loys a combination of several strengthening mechanisms included: 1) Precipitation and
dispersion hardening by carbide and oxide particles, 2) the preservation of the mechan-
ically deformed structure and work hardening properties, and 3) a interstitial /substi-
tional solid solution strengthening by alloying elements not contained in the carbide
particles. Recent studies [22,23] supplement earlier perceptions, no direct-strengthening
(Orowan-strengthening) by the fine distributed carbide particles, which act as barriers to
dislocation motion during deformation, was observed. Instead it is assumed that the car-
bides pin the grain boundaries and subgrain boundaries and lead to a more fine-grained
structure (indirect strengthening). The fine-grained microstructure further improves the
mechanical properties ductility and fracture toughness.
Commercially produced carbide stabilized strengthened molybdenum alloys are e.g.
Titanium-Zirconium-Molybdenum (TZM) or Molybdenum-Hafnium-Carbon (MHC).
These alloys are applied in high-tempearature applications with demanding loading con-
ditions such as forging tools, extrusion dies or rotating anodes in X-ray tubes [4].
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Figure 4: Carbide precipitations in TZM: (a) Mo,C at grain boundaries (SEM) and (b)
(Mo, T1),Cy at subgrain wall (TEM) [18]

Indirect strengthened carbide stabilized molybdenum alloys (e.g. TZM and MHC)
possess a high recrystallization temperature and high-temperature strength. However,
the suitability of certain alloys for long-term service applications at elevated tempera-
tures above 0.5 - T}, are limited. During service, the carbide precipitations are not stable
at the high temperature exposure and will coarse or dissolve into solution. Thereby, the
strength by carbide stabilization is lost and the material does not provide a sufficient
level of creep/tensile strength anymore [21,24,26]. Due to molybdenum’s very low solu-
bility of oxygen and the moderate affinity to form oxides, oxide dispersion strengthening
(ODS) offers an interesting alternative to carbide strengthening of molybdenum [25,26].

By adding molybdenum-oxides to a liquid rare-earth solution (S-L wet doping), oxide
dispersion strengthened (ODS) molybdenum alloys containing fine dispersed rare-earth
oxides (e.g. LagO3, Y203) can be produced [26-28]. To improve the mechanical prop-
erties, these alloys are further processed and work hardened to achieve final degrees of
deformation up to 99%. TEM studies focusing on the oxide shapes and the interface
between particles and molybdenum matrix revealed a different deformation behavior of
the processed oxide particles. During mechanical processing a distinction can be drawn
between the rigid and non-deformable particles (e.g. Y20O3) causing microvoids at the
interface, and the softer deformed particles (e.g. LayO3) [29]. The created microstructure
of Mo-La ODS consists of high aspect ratio pancake-like shaped grains and fine dispersed
oxides. The fine dispersed oxides are presented as ribbons or stringers (fig.5) and aligned
along the working direction and the grain boundaries [30]. For ODS molybdenum alloys,
the recrystallization temperature is determined by 1) the oxides size, 2) their distribu-
tion, and 3) volume content. While large particles tend to particle stimulated nucleation
(PSN) of recrystallization and decrease the recrystallization temperature, smaller ones
are able to pin subgrain boundaries, retard nucleation and thus shifts recrystallization
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to elevated temperatures (e.g. ODS Mo - 0.3wt% La 203 -1800 °C) [31, 32].
Commercially produced and sold oxide dispersion strengthened molybdenum alloys are
e.g. Molybdenum-Lanthanum-Oxide (ML) and Molybdenum-Yttrium-Cerium-Oxide
(MY). Certain alloys are applied for high-tempearature applications such as furnace
components, in the lightning industry, and in coating technologies [4].

Figure 5: Oxide particles in ODS molybdenum: (a) Ribbon & discrete LasO3 oxides and
irradiation caused voids (TEM), and (b) ODS molybdenum sheet discrete &
ribbon oxide particles and dislocation networks (TEM) [33]

2.1.2 Oxidation, Cold Brittleness, and Recrystallization

The influence of impurities on refractory metals has been studied intensively in the
past. It has been observed that there is a high chemical affinity especially at elevated
temperatures of molybdenum to gases (oxygen, nitrogen, hydrogen). A higher volume
of the formed surface oxides compared to the specific volume of the base metal leads to
cracking or exfoliation of the formed oxide layer, and further increase the oxidation rate.
However, oxygen does not only occur in the formed surface oxide layers; it also might
form a solid interstitial solution within the base metal [1]. The group VIa transition
metals (molybdenum, tungsten, chromium) show a low solubility of oxygen in solid state
condition. Therefore, if the solubility of oxygen in molybdenum is exceeded, oxides are
formed along the grain boundaries and increase the hardness noticeable. The distributed
brittle oxides along the grain boundaries weaken the grain boundary strength, reduce
the material toughness significantly, and promote intergranular fracture (intergranular
embrittlement) [1,34,35].

Despite a minimized amount of interstitial impurities in the raw material and continuous
improvement of the powder metallurgy process, the harmful impurities cannot be avoided
completely. Two strategies are possible to prevent the impurity driven grain boundary
embrittlement: 1) Gettering or replacement of the harmful impurities by grain boundary
cohesion enhancing impurities [36,37] or 2) by adding s-block and p-block elements for
grain boundary segregation to provide cohesion [38,39]. Recent rescarch [40] identified
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carbon and boron (p-block elements) as the main grain boundary strengthening elements.
The segregated elements along the grain boundaries increase the grain boundary cohesion
and promote transgranular fracture. For future alloy design, a further reduction of oxygen
in combination with the addition of carbon and boron is recommended.

In addition to the affinity to form oxides, molybdenum is prone to brittle fracture at
room temperature and its brittleness limits application and obstacle utilization like every
metal. The group VIa metals (tungsten, molybdenum), with their body-centred struc-
ture (bee) exhibit a transition from brittle to ductile fracture mechanism in a certain
temperature range (DBTT) [1]. Generally, metals with a bce lattice provide a sufficient
level of ductility at homologous temperatures of T/T,, > 0.3 [41]. For the application
below transition temperature (e.g. room temperature (T /Ty, ~ 0.1)) and in case of fail-
ure, the crack propagation is likely determined along cleavage planes (transgranular) or
along grain boundaries (intergranular) with nearly no elongation (fig. 6) [1].

Figure 6: Fracture surfaces of at room temperature tensile tested Mo-Hf alloys: (a) Inter-
granular fracture Hf 0.18 at% (SEM), and (b) transgranular fracture Hf 2.17
at% (SEM) [40]

However, the ductile-brittle transition temperature is not a constant value and it
also depends on various influence factors such as grain size and shape, grain bound-
ary character, purity of the metal, addition of alloying elemets or, and slip/deformation
mechanisms [42-47].

The recrystallization temperature is considered as a benchmark for the strength of the
interatomic bond of metals and alloys. The stronger the interatomic bond and higher
the recrystallization temperature, the higher the strength of metals and alloys at room
and elevated temperatures. Heating above the recrystallization temperature is in general
accompanied by a reduction of strength and simultaneous increase in plasticity. For com-
mercially pure molybdenum, the recrystallization annealing results in an embrittlement,
which is not an intrinsic property of molybdenum, but is caused by the redistribution of
the remaining impurities and their precipitations along the grain boundaries. During re-
crystallization annealing, the atoms of the distorted lattice overcome their atomic bonds
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with the nuclei of new, undistorted grains and their subsequent growth. Consequently,
there is a transition of the distorted to more thermodynamically stable, undistorted crys-
tallites and a relief of internal stresses. At the beginning of the two staged recrystalliza-
tion, the distorted grains are replaced by undistorted grains (treatment recrystallization),
then followed by the growth of the new and undistorted grains (collective recrystalliza-
tion) and resulting mutual contact in order to obtain the most thermodynamically stable
state of a single-crystal structure. However, the rates of collective recrystallization are
lower compared to the treatment recrystallization, and impurities and inclusions along
the grain boundaries retard the actual grain growth. Further, the commencement of
recrystallization and resulting grain size strongly depend on the previously experienced
manufacturing history and degree of deformation. Certain correlations are visualized by
recrystallization diagrams (fig. 7) and are helpful for the selection of heat treatments
after cold deformation or the determination of capable service conditions [1].

Grain Size [#m)

Figure 7: Recrystallization diagram of a rolled technically pure molybdenum sheet ma-
terial. HT: 20 min heating time, 1 h annealing & cooling in furnace [6]

To extend the field of application and improve service condition, increased recrystal-
lization temperatures are needed. By adding alloying elements, the commencement of
recrystallization may be shifted to elevated temperatures. Substitutional solid solution
strengthening of molybdenum (e.g. by rhenium) inhibits recrystallization caused by the
strengthening of the interatomic bonds in the formed solid solution. The addition of
rhenium not only provides room temperature ductility, it also increases the recrystal-
lization temperature by 400 °C [1]. Further, the recrystallization behavior is affected
by the purity of the metal with respect to interstitial impurities. Finely dispersed and
uniformly distributed inclusions of carbides and oxides of thermodynamically active el-
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ements substantially increase the recrystallization temperature of molybdenum. Major
impact is achieved by adding e.g. titanium, zirconium, or hafnium to molybdenum [1].

However, being a body-centered cubic metal entails a high stacking fault energy
(molybdenum 0.3 J/m?), and recrystallization behavior is predominated by concurrent
recovery process [48]. The formation of recrystallization nuclei of subsequent static re-
crystallization occurs via coalescence and growth of subgrain regions (fig. 8) that have
been formed during dynamic recovery (in-situ recrystallization). The required coales-
cence of neighboured subgrains is formed by small rotations in their orientations, and is
promoted by the distinct hot-worked and sharp texture of molybdenum which contains
small orientation differences between the grains [6,49]. The distinct primary hot-worked
texture is weakend during recrystallization caused by a steady growth of the subgrains
and influences subsequent evolved microstructure and texture of recrystallization [50,51].
Recovery and recrystallization are the only mechanisms that control microstructure evo-
lution of technically pure molybdenum in solid state [52].

Figure 8: Coalescence of subgrains (arrow) acting as recrystallization nucleus and re-
crystalized by in-situ recrystallization (ECCI) [6]

2.1.3 Weldability of Molybdenum and Molybdenum Based Alloys

Nowadays, semi-finished molybdenum products are mainly produced by powder metal-
lurgy (PM) and achievable dimensions are restricted to process limits. The application
of joining technologies is a major interest to generate integral structures made out of
the powder metallurgically processed molybdenum parts, though materials physical and
chemical properties (e.g. melting point T\, solubility, chemical reactivity) challenge join-
ing and restrain applicable welding procedures. Molybdenum’s melting point of T, =
2623 °C combined with its high thermal conductivity and low heat capacity require a
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high and concentrated heat input at the weld interface to countervail the rapid heat dis-
sipation. Moreover, the material’s susceptibility to embrittlement caused by low amounts
of impurities (e.g. absorbed from weld atmosphere [53]) segregating along grain bound-
aries and extensive grain growth during recrystallization in the heat affected zone (HAZ)
further limits the weldability. High-intensity heat sources such as electron beam, laser
or tungsten inert gas welding are the most promising procedures to deal with molybde-
num'’s special properties.

In [54] and [55], the mechanical properties of TIG welded TZM sheets were evaluated.
Extensive grain coarsening in the heat-affected zone (HAZ) and fusion zone (FZ) were
observed and resulted in embrittlement of the welds (fig.9). Arc welded TZM revealed a
poor joint performance premised on a reduction of ultimate tensile strength (UTS) ac-
companied by nearly no fracture elongation. To provide a sufficient level of ductility of
the weldments, a change of the chemical composition offers a suitable alternative. Beside
the addition of rhenium to form a softened ductile substitutional solid solution [56,57],
the adding of small amounts of boron and zirconium prevents grain boundary embrittle-
ment and extends the fracture elongation [47,58]. The segregated boron, zirconium, and
carbon suppress the formation of harmful molybdenum-oxides and oxygen concentration
along the grain boundaries. The inhibited oxygen segregation shifts the predominant in-
tergranular fracture failure to a transgranular failure, and results in an improved ductility
of arc welded TZM [36,59].

Electron beam welding (EBW) is a more suitable alternative to TIG welding and en-
ables the joining of refractory metals without the need of a filler material. The vacuum
in EBW ensures no contact to oxygen during processing and provides a high energy
density resulting in a narrow weld zone (fig. 9), and heat-affected zone, which leads to
less impact of the HAZ on the weld’s properties [60].

Figure 9: Weld cross-section of electron beam welded (EBW) 2 mm TZM sheets without
filler material, with PWHT [61]

By using EBW, the obtainable ultimate tensile strength of molybdenum metal joints
can be increased compared to TIG welds and extensive grain coarsening is suppressed.

11
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Therefore, for joining molybdenum, high energy density welding procedures are prefer-
able over common arc welding techniques [54,55,62]. However, regarding a nearly similar
insufficient fracture elongation and the material’s intrinsic residual oxygen level (e.g.
250 ppm), the influence of oxygen even at welding under vacuum cannot be avoided
completely [54]. [63-65] observed the formation of various precipitations including the
segregation of MoOs and TiO, along grain boundaries in the FZ. By alloying zirconium,
plugged in as thin foil filler metal, the preferable reacted ZrOy (AGz0, < AGrio, <
AGy00, < 0) purifies the grain boundaries and relieve tensile stress concentration at par-
tial grain boundaries. The further obtained improvement of the ultimate tensile strength
is contributed to a change of fracture mode from mixed intergranular and transgranular
fracture failure to fully transgranular cleavage fracture [66].

High-density fusion welding procedures combined with a controlled alloying purify
grain boundaries and retard extensive grain coarsening. Nevertheless, the weldment’s
embrittlement and loss of strength cannot be avoided completely and other techniques
should be taken into particular consideration. Solid state welding, precisely friction weld-
ing, offers an interesting alternative to fusion welding procedures and a general feasibility
for joining refractory metals has already been proven in the past [53]. With occurring
temperatures essentially below the melting temperature and the featured natural self-
cleaning effect by extruding oxides at the surface and impurities out of the weld interface,
rotary friction welding seems an appropriate welding procedure for joining axisymmet-
ric tubes. So far conducted friction welding attempts mainly dealed with TZM [54], and
assessed mechanical properties confirm the previous mentioned assumption of suitabil-
ity. The technique of friction welding avoids the negative impact of fusion welding and
reduces the material embrittlement. The ultimate tensile strength of TZM joints tested
at RT and elevated temperature after post weld heat treatment (PWHT) was nearly
similar to the value of the base material and was accompanied by a fracture elongation
up to 35%. Light optical microscope characterization revealed a for friction welding typ-
ically evolved microstructure (fig. 10), and contained representative weld sections (e.g.
TMAZ) resulting from high deformation and deformation rates during processing [67].

BAPRA o o L T

Figure 10: Cross-section rotary friction welded (RFW) commercially pure molybdenum
with PWHT [68]

12



2.2 Rotary Friction Welding (RF'W) 2 STATE-OF-THE-ART

However, previous studies have shown that joining commercially pure molybdenum
is much more challenging. Providing a sufficient drive power, occurring motor over-
load, extensive plastic deformation and rapid upset rates are only selected challenges
to deal with and complicate establishing a solid direct drive friction welding process.
Experimental practice and provided technical information (e.g. drive power) for friction
welding molybdenum metals are limited, and general guidelines are missing. A more
systematic and basic study for friction welding molybdenum is needed to investigate
materials behavior during processing to describe its displacement history and to develop
an established robust process design [68,69].

2.2 Rotary Friction Welding (RFW)

Friction welding (FW) is classified as a solid state welding (SSW) technique. Solid state
welding produces coalescence of the contacting surfaces at a temperature essentially be-
low the melting temperature of the parent metal without the need of additional filler
material. SSW techniques involve either the use of enhanced pressure and massive de-
formation, or diffusion and limited deformation to generate joints between similar and
dissimilar materials [70]. In friction welding, the required heat for joining is generated
locally by the relative motion of the two facing surfaces being joined, and the required
deformation is ensured by the accompanied applied axial pressure. FW is based on the
direct conversion of mechanical to thermal engery without further application of external
heat sources, and involves heat generation through 1) friction abrasion, 2) heat dissi-
pation, 3) plastic deformation, and 4) chemical interdiffusion. Friction welding implies
linear friction welding (LFW), friction stir welding (FSW) and rotary friction welding
(REW). In rotary friction welding, the two established process variations direct drive
friction welding (DDFW) and inertia friction welding (IFW) are the most commonly
and widely used welding procedures for joining axisymmetric components [70, 72, 73].

The rotary friction welding principle steps are illustrated in fig. 11. First, one com-
ponent rotates while the other one is held stationary. Further, the two components
are brought into contact under constant or gradual increase of axial pressure until the
weld interface reaches thermal shear strength range and the required upsetting starts
(friction phase). Finally, once the weld interface is heated up, the rotation is stopped
and axial pressure is increased (forging phase) which consolidates the weld. The occur-
ring diffusion at the final stage enables a metallurgical bond and joining of the parts [70].

13 Y L S
(a) (b) (c)

Figure 11: Schematic illustration of the principle steps in rotary friction welding: (a)
initial phase, (b) friction phase and (c) forging phase [70]
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The interrelation and the actual cause of heat generation in rotary friction welding
is still discussed in literature and complicates setting up predictive models. However,
performed empirical studies enabled an in-depth understanding of the process itself and
identified qualitative influence factors in a variety of materials. Related friction welding
process related factors are 1) interface temperature, 2) applied pressure levels and 3)
relative velocity of the surfaces [70].

The weld interface temperature is probably the most decisive factor for the plasticization
behavior and the microstructure evolution. The prevailing maximum interface tempera-
ture in steady-state phase is approximately between 0.75 and 0.95 of T,,. The obtained
maximum normalized interface temperature is affected by applied pressure levels or ma-
terial selection. It is assumed that an increased applied pressure or low thermal diffusivity
combined with a pronounced decrease in strength at elevated temperatures results in a
relatively low interface temperature (e.g. titanium) [72].

Further, the quality of the generated joints relies on the applied pressure and the rela-
tive velocity of the surface during processing. They are determined by the selected input
parameters in order to control and adjust the rotary friction welding process. However,
the controllable input parameters and general process design differ for inertia friction
welding and direct drive friction welding [73].

2.2.1 Inertia Friction Welding vs. Direct Drive Friction Welding

In general, rotary friction welding can be divided depending in which manner rotational
energy is converted into heat [72,73].

In inertia friction welding, one of the facing workpieces is held stationary while the

other one is attached to a flywheel. The flywheel is speed up to a certain speed and thus
to a predetermined stored amount of rotational energy. Then, the drive of the flywheel
is disengaged and the parts are brought in contact. By applying axial pressure, friction
is generated and the relative speed is continuously reduced resulting in a permanent
deceleration of the flywheel with the attached rotating workpiece (fig. 12a). Depending
on the amount of applied pressure levels, inertia welding is distinguished in single-staged
and two-staged welding. In certain cases and similar to the direct drive friction welding,
enhanced forging pressure close to the spindle stop may be used for an even more con-
centrated power input before spindle stop.
The angular momentum inertia of the flywheel, the initial flywheel speed, and the ap-
plied axial pressure(s) are the three main input variables to control and adjust the inertia
friction welding process. The total amount of weld energy is determined by the initial
speed and the angular momentum inertia of the flywheel, and are considered as the key
performance indicators in inertia friction welding. Corresponding actual power input and
welding cycle time is related to the continuous deceleration of the flywheel. The decel-
eration rates depend on the applied axial pressure levels and the inertia of the rotating
components and the flywheel [71,73].
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Figure 12: Schematic illustration welding parameters over time for: (a) A inertia fric-
tion welding (IFW) process and (b) a direct drive friction welding (DDFW)
process [73]

In direct drive friction welding, the process stages are classified by the (constant) speed
and the applied pressure levels into friction phase and forging phase. The objective in
the friction phase is to generate heat by the applied constant axial pressure in combina-
tion with a constant relative speed. Axial shortening (“burn off”) and torque undergo a
change and vary over time during the friction phase. At the process start in the initial
stage of the friction phase, the torque instantly increases to a maximum peak and further
drops to an equilibrium value. The vital change of the resisting torque is associated with
asperity interactions (e.g. interlocking, breaking) and a subsequent material softening in
the weld interface by the generated friction heat. The ensuing equilibrium stage indicates
a quasi-steady-state intrinsic self-regulation of the process and a balance between strain
hardening and temperature softening. Finally, the forging phase is initiated by termi-
nating the rotation and increasing the axial load in the weld cycle. The rate of spindle
deceleration and resulting braking cycle time effects the weld interface temperature and
collaboration with the forging pressure. Actual forging pressure can be applied while
the braking phase and spindle deceleration (“forging into the turning spindle”), or at
the end of the braking phase and after spindle stop. In case of initiating actual forging
while decelerating, a second maximum torque peak is observed. The torsion leads to
spiral material flow lines (fig. 13a). In case of continued axial forging after spindle halt,
the torque decreases without a previous peak to zero while retarding. Hence the rotary
motion is stopped, the axial shortening is only affected by applied axial forging force
and results in radial material flow lines (fig. 13b) [71,73].

Weld plane Weld plane

Figure 13: Schematic illustration upsetting material flow lines while forging phase: (a)
Spiral flow lines and (b) radial flow lines [71]
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For DDFW, more input variables need to be set than for IFW. The process is less sub-
jected to restrictions and more flexible in design. However, the numerous input param-
eters complicate the identification of the optimum conditions before actual experience
is obtained. 1) The relative velocity, 2) applied axial friction pressure, 3) friction time,
4) deceleration time/spindle braking rate, 5) time delay forging, 6) applied axial forging
pressure, and 7) forging time are the input variables in order to control and adjust the
direct drive friction welding process and to maintain a sufficient level of heat and plas-
tic deformation. However, the relative velocity, applied friction pressure and duration of
friction phase (“burn off”), and applied forging pressure (upsetting) have been identified
as the major input variables with the most significant impact. For practical application,
not every parameter needs to be controlled and simplifications, e.g. initial transition
from friction to forging pressure after spindle deceleration, have to be made [71].

Direct drive friction welding as well as inertia friction welding are suitable to produce
sound solid state welds. However, subtle differences and benefits for each of the two
techniques exist. In inertia friction welding, the machine power requirements are inher-
ently lower than in DDFW, as the flywheel acceleration is done priorly to welding. The
provided weld energy is rapidly emitted and the welding cycles are much quicker than in
DDFW. This results in a steep temperature gradient and a narrow HAZ. In direct drive
friction welding, a high machine drive power is required to provide a constant relative
velocity under the applied loading. In order to avoid an oversizing of the motor unit, it
is common practice to select moderate pressure levels. The lower axial pressure levels
and relative velocity in DDFW than in [FW are evidently balanced by a longer heating
phase and welding cycle. A multitude of input variables enable a precise process control
and the adjustment of every single welding stage. The gathered knowledge and general
established guidelines are mainly determined empirically for widespread materials (e.g.
various steel-, aluminium-, titanium grades). Several other factors such as material prop-
erties, axial shortening rate or geometry need to be taken into consideration and for each
material the optimised parameters and their configurations are different [71,73].

2.2.2 Weld Sections of Rotary Friction Welding

In friction welding, the maximum occurring temperature generally does not exceed the
melting temperature of the bonded material. Nevertheless, the maximum weld interface
temperature peak can be close to the liquidus temperature [72]. A high temperature
gradient within the weld specimens along with the applied pressure levels result in a
gradient of occuring strain and strain rates in the HAZ, and a significant evolution of
microstructure close to the weld interface. No standard or widely accepted nomencla-
ture is established for the evolved microstructure sections in rotary friction welding. The
classification in literature is mainly derived from the more popular friction stir welding
and received widespread acceptance [74]. Evolution of microstructure and the different
zones within the HAZ can be divided into (1) contact zone, (2) fully plasticized zone,
(3) partly deformed zone / TMAZ and (4) undeformed zone (fig.14) [72-76].
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Figure 14: Schematic illustration weld sections within HAZ in rotary friction welding:
(i) contact zone, (ii) fully plasticized zone, (iii) partly deformed zone and (iv)
undeformed zone [73]

The contact zone is characterized by the contact of the joined parts and subject to
a severe plastic deformation. During processing, the permanent rubbing of the contact
surfaces results in a material transfer of fragments from one rubbing surface to another.
The actual strain rate is determined by the applied relative velocity, and the evolved
microstructure is uniformly fine grained due to a severe straining and the elevated pre-
vailing temperature [73].

The fully plasticised zone is the region next to the weld interface and does not partici-
pate in materials rubbing and material transfer. This region is exposed to a considerable
amount of heat and plastic flow, and features a high dislocation density. The evolved
microstructure in this zone differs from the other regions within the HAZ. If a sufficient
activation energy is provided, the plastic strain is accommodated by dynamic recovery or
recrystallization of the microstructure and leads to an equiaxed, fine grained microstruc-
ture. The fully plasticized zone is generally subjected to heat and plastic deformation,
and therefore theoretically a subgroup of TMAZ. However, due to the vastly different
microstructure they are regarded separately [73-76].

In the partly deformed zone (TMAZ), the occurring temperature, strain rate, and
amount of plastic deformation are lower than in the upstream zones. The experienced
thermal cycle may be sufficient to permit dissolvent of strengthening precipitations, and
the deformation is accommodated by an increase of the dislocation density. The reduced
strain and strain rate result in a coarsened, deformed microstructure that is partly re-
covered or recrystallized [73-75]

The undeformed zone is only limited to thermal exposure of welding without any op-
tical visible plastic deformation. A microstructure and/or mechanical properties change
may take place, e.g. grain growth, re-precipitation of previous dissolved elements or solid-
state transformation. Finally, the undeformed zone and parent metal merge seamlessly,
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where no change in microstructure or mechanical properties is noticeable [73,74].

2.2.3 Mechanisms of Bonding in Solid-State Welding

In solid state welding, joining is established due to an atom-to-atom bond obtained
by an intimate intermetallic contact in absence of local protective films of the facing
weld interfaces. The introduced strain (upsetting) and the elevated temperature (fric-
tion heating, plastic deformation) enable joining and facilitate the particular bonding
mechanisms. Generally, the predominant bonding mechanisms are classified according
to: 1) Contaminant displacement and interatomic bonding, 2) dissociation of retained
oxides and 3) decomposition of the interfacial structure [77].

Considering the material’s prebonded surface condition on a microscopic scale, the
base metal is covered by interfering layers (mechanically affected, contaminated, and ox-
idized) [77-79]. For bonding, a disruption of the contaminated and oxidized layers and
the extension of the contacting surfaces are essential. The applied axial pressure and
the generated heat result in local surface strains, which accomplish the disruption of
the interfering layers and the separation of the surface contaminations. The base mate-
rial is extruded in the gap between the separated contaminated films and forms a clean
metal-to-metal contact for direct interatomic bonding (fig. 15). However, there are still
some scattered residual oxides and fine dispersed contaminant particles across the weld
interface remaining, which can be thermally dissolved during friction welding in the base
material [77-82].
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Figure 15: Schematic illustration interfacial breakup: (a) interfacial prebond surface con-
dition, (b) extrusion and thinning of contamination layer and (c) seperation
of contaminated area [79]
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The realignment of the grain structures and crystallographic matchup across the bond
line is a main topic in friction welding. The participating metals for joining provide
in general a polycrystalline structure and require a local crystallographic reorienta-
tion [77,80].

The prevalent macroscopic surface strains, the local inter-contaminant material extru-
sion and the reoriented matching crystallography across the bondline result in a highly
dislocated bondline structure (fig.16) which vitally reacts to the in friction welding pro-
vided heat input. The decomposition of the interfacial structure and the relief of bondline
stresses are thermally assisted and depend on the amount of provided activation energy
(temperature, time). Recovery typically takes place at shorter and lower temperature
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cycles, whereby the dislocations realign themselves into dislocation cells to reduce the
energy level. The bond efficiency is comparatively weak, if the interfacial decomposi-
tion is only limited to recovery. For recrystallization, a higher annealing temperature
and provided activation energy is required for the nucleation and subsequent new grain
growth. Bondline recrystallization results in the greatest reduction of energy and form
high integrity bonds. However, the required actual recrystallization temperature is also a
function of the degree of deformation. Therefore the breakdown of the interfacial struc-
ture is affected by the thermal cycle and the applied strain. Higher levels of upset /strain
enable joining at shorter times and relative low temperatures [77].

Figure 16: Highly deformed and dislocated bond line structure resistance butt weld mild
steel [77]
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3 Experimental

The content of this chapter is related to most recent study of Stiitz et al. [68] on direct
drive friction welding (DDFW) of commercially pure molybdenum. Insufficient power
drive, occurring preliminary spindle stall, and “extensive” burn-off prevented an in-depth
examination of the influence of welding parameters on the joint quality. This work aims
at a more systematic and fundamental study on rotary friction welding (RFW) of molyb-
denum and molybdenum based alloys in order to establish a robust process design to
countervail vigorous upsetting and to provide related technical information (e.g. power
input and total energy input). The following study should reveal the underlying mecha-
nisms of extensive plasticization and contrasts the displacement histories of molybdenum
metals to a reference low-carbon steel. Experimental welding trials were carried out in
small-scale weld cross-sections ()9 mm, ()12 mm) under laboratory conditions on a fric-
tion stir welding (FSW) device providing high resolution, process parameter recording,
and precise control.

3.1 Investigated Materials

Investigated metals were commercially pure molybdenum, carbide stabilized molybde-
num alloy TZM, and as a reference low-carbon steel.

The process chain of powder metallurgy produced commercially pure molybdenum
(>99.97 wt%) and TZM (0.5 wt% Ti, 0.08 wt% Zr, 0.01-0.04 wt% C, and bal. wt% Mo)
rod material included sintering, hot working (cogging), thermal treating (stress relieve
annealing) and machining to final dimensions (9 mm x 30 mm, @12mm x 30mm). The
thermomechanical processing resulted in a characteristic microstructure of elongated
grains along the plastic material flow in lateral direction (fig. 17).

(a)

Figure 17: Base material in lateral direction after thermomechanical processing: (a)
Commercially pure molybdenum and (b) TZM [murakami etchant, 200x mag-
nification)]
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By adding small amounts of titanium, carbon, and zirconium to the molybdenum
matrix, the precipitation of fine distributed carbides (e.g. TiC) is promoted and act as
getter elements for oxygen (e.g. Zr,O) (fig. 17b). The formed precipitations inhibit recrys-
tallization, hence increase recrystallization temperature and improve high-temperature
strength. During welding, materials thermal conductivity and specific heat capacity de-
termine the temperature distribution within the weld specimens and mainly affect mate-
rials strength and microstructure evolution in the surrounding area of the weld interface.
The combination of high-temperature strength and excellent thermophysical properties
is unique and entirely differs to the referenced low-carbon steel.

Table 1: Selected thermophysical properties of stress relieved molybdenum, stress re-
lieved TZM and AISI 1000 series of low-carbon steels at room temperature [83]

Molybdenum TZM AISI 1000

Stress Relieved — Stress Relieved Series
Thermal conductivity A [W/m K] 138 118 55
Specific thermal capacity ¢ [J/g K] 0.255 0.250 0.511
Density p [g/cm?] 10.22 10.16 7.85
Thermal diffusivity A/(c.p) [10¢ m?/s] 53 47 14
Yield strength [MPa) 415 860 >165
Ultimate tensile strength [MPa) 515 965 >295
Melting temperature [°C] 2,623 2,623 1,430

To promote material characterization and value process deviations during rotary fric-
tion welding, molybdenum and its alloy were compared to an established material and
process design. An unalloyed low-carbon steel (<0.30 wt% C) semi-finished rod material
served as a reference to the hot-worked molybdenum metals and were machined to final
dimension (9 mm x 30 mm). Light optical microscopy of the parent material in lateral
direction revealed a uniform mainly ferritic and pearlitic recrystallized microstructure.

i

Figure 18: Base material in lateral direction semi-finished rod material low-carbon steel
[3% nital, 200x magnification]
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3.2 Experimental Set-Up

Small-scale rotary friction welds were accomplished under laboratory condition on a
friction stir welding (FSW) device providing comprehensive automatic parameter con-
trol and recording. Investigated output variables (actual pressure, welding speed, upset
and upset-rate) and technical informations (maintained power drive, machine load and
energy input) were derived from selected recorded output parameters (axial force, trav-
eling, spindle speed, loaded, and unloaded torque over time). The NC program and the
clamping system were adjusted to resemble a direct drive friction welding process and
occuring thermal cycles during welding were logged.

3.2.1 Friction Stir Welding (FSW) Device

Welding experiments with small-scale (09 mm, 12 mm) weld specimens of cross-
sections 63 mm? and 113 mm? were conducted by using the 2D R&D I-STIR BR/
device from MTS Systems Corporation (fig. 19) at the Institute of Materials Science,
Joining and Forming, Graz University of Technology. The machine combines its moving
weld head (Y & Z axes) and machine table (X axis) to a 3d manipulation system, and
provides another option to manually adjust the pitch axis (for RFW tilt angle o = 0 °).

Figure 19: Experimental set-up DDFW: (a) FSW MTS I-STIR BR 4 device and (b)
applied clamping system

The numeric control of the machine is freely programmable and the axial movement
can be controlled by displacement- or load control. In addition, to prevent an overheat-
ing of the tool and the weld head during friction welding, a separated liquid-cooled tool
holder can be plugged in. However, the application of the plugged in cooling system
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would influence the heat flow and distort the actual energy input, and was therefore
consciously avoided. Analysis of the recorded machine data revealed only a slight in-
crease of the machine front spindle temperature by 12 °C to 56 °C during processing,
and indicates that despite the experienced weld temperature peaks (>1600 °C) an over-
heating can be ruled out in the short welding cycles.

The machine capabilities regarding DDFW requirements are: 1) Recording frequency
of 20 Hz, 2) maximum attainable axial force of 35.6 kN, 3) spindle speed of 3200 rpm,
4) torque of 180 Nm and 5) axial travel of 19 mm (effectively <16 mm).

3.2.2 Clamping System

To engage the weld specimens in position and avoid adverse translation and rotation,
an adjusted clamping system was implemented as depicted in fig. 20. The designed
pin-sleeve (2) was plugged into the FSW weld head (1), axial fixation was ensured by
axial form lock and rotary lock by using a fixation screw (3) for the notched and later
on rotating weld pins (4). Stationary weld pins (4) were positioned by an adjustable
counterpart (6) and fixed on the machine table (7) by a fastened jaw chuck (5).

Figure 20: Clamping set-up DDFW: (a) Schematic illustration clamping system and (b)
actual applied clamping system

Various materials (mild steel, stainless steel, hot work tool steel, hard metal) were
applied for the pin-sleeve and the most capable one considering durability, high temper-
ature strength, and deformation proved to be 1.2343 hot work tool steel and tungsten
based hard metal.
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3.2.3 Temperature Measurement

To reconstruct the material’s temperature history during rotary friction welding, selected
stationary weld specimens were equipped with thermocouples along the outer circumfer-
ence. Mounted thermocouples were resistance spot welded 2 mm and 10 mm away from
the weld interface and recorded actual local temperatures over time (recording frequency
of 300 Hz). Based on the enhanced service temperatures two different types were applied:
(1) K-type thermocouples (chromel — alumel) for low-carbon steel approved for maxi-
mum operating temperature of 1260 °C [84] and (2) S-type thermocouples (platinum
— rhodium) for molybdenum metals approved for maximum operating temperature of
1600 °C [84]. Measuring signals were amplified by an HBM MX840B universal amplifier,
while data acquisition and monitoring took place by means of the HBM catman DAQ
software.

3.3 Assessment of Process Design

The material’s behavior during direct drive friction welding and generated joints were
assessed by means of: 1) Process accuracy analysis of the recorded parameters, 2) esti-
mation of technical information considering 3) calculated derived variables, 4) charac-
terization of the evolved microstructure and related 5) mechanical properties.

3.3.1 Machine Capability and Process Accuracy

The machine’s capability for rotary friction welding and automatic process control were
valued by opposing nominal and actual input parameter courses after welding. Process
accuracy and error were determined by calculating the relative error § over time and
overall mean relative error § for the input parameters axial pressure p and rotational
speed n.

The measurements and error analysis is commonly used for evaluating process data,
and process accuracy is frequently reported by using the relative error [85]. Let the
nominal value of a quantity be Z,omina; ; @and the measured actual value be Z4cya ,- Then
the incremental relative error dz; and overall mean relative error 0z of the quantity are
defined by:

5$i _ | Lactual ; — Lnominal ; %< 100 (3)
Lnominal ;
1 N

dor = N ZZ:; dx; (4)
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3.3.2 Recorded Output Parameters and Derived Variables

Beside actual applied pressure and rotational speed, the axial upset of the FSW weld
head z and motor torque in loaded Tj,.q and unloaded T4 condition were logged.
Subsequently, technical information and performance indicators were derived based on
the previous recorded output parameters. Derived and calculated variables were: Axial
upset-rate (t) (eq. 5), provided weld power input P(t) (eq. 6), and maintained weld
energy input E(t) (eq. 7).

A centered difference quotient was used to approximate incremental axial upset-rate
zZ; over the interval At = [t;11,%;—1] and is defined by:

i+l — Zi—1
~ e T 5
tivy1 — ti1 (5)

Power input was determined by the difference between loaded Tj,,y and unloaded
Tunioad torque, rotational speed n and mechanical efficiency 7. For simplification, the
efficiency n was set to one and it has to be considered that the actual weld input power
and energy related to reported values is lower. Incremental weld power input including
simplification is defined by:
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Overall maintained weld energy input is calculated by summing up the incremental
weld energy input F;. The maintained weld energy input is defined by:
N
E=) E =) PB-At (7)
=1

[ =1

3.3.3 Microstructure Characterization

“As-welded” specimens were visually inspected and evalued with respect to a proper
flash formation. Further, the friction welds were mechanical and electrical discharge
machined (EDM) in the longitudinal direction and transversely trimmed. The trimmed
regions of interest were hot-mounted, abrasively grinded with various grit sizes and
polished up to a grit of size 1 pm (tab. 2 & 3). Integrity over the entire weld interface
was evaluated by means of light optical microscopy of the non-etched embedded cross-
sections. Evolved microstructure, geometric arrangement, average grain size and grain
size ratio were examined by means of light optical microscopy and scanning electron
microscopy of the wet etched embedded samples (tab. 4). For selected samples and spots,
the chemical composition was determined using energy dispersive X-ray spectroscopy
(EDX) attached to the SEM device. In order to obtain an optimized quality of the
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images, molybdenum metals were finally vibra-polished by using a neutral aluminium
oxide suspension (OP-AN) with a grit size of 0.02 pm.

Table 2: Preperation steps for abrasive grinding and polishing of molybdenum and TZM

Grit Size Lubrication Force per Sample Duration
SiC Foil 180- 500 water 35 N various
SiC Foil 800 water 30 N 3 x 3min
SiC Foil 1200 water 30 N 3 x 3min
SiC Foil 2000 water 30 N 3 x 3min
MD MOL DP-suspension + paste 3 ym DP-lubricant 25 N >20 min
MD NAP DP-suspension + paste 1 ym  DP-lubricant 20 N >20 min

Table 3: Sample preperation steps for abrasive grinding and polishing of low-carbon steel

Grit Size Lubrication  Force per Sample Duration
SiC Foil 180- 1200 water 35 N various
SiC Foil 2000 water 25 N 2 x 3min
MD MOL DP-suspension 3 pum DP-lubricant 20 N ~ 5 min
MD NAP DP-suspension 1 ym  DP-lubricant 15 N ~ 5 min

Table 4: Composition, concentration [87] and etching time of applied etchands

Composition Concentration Duration
destilatted water Hy O 100 m
Murakami  potassium ferricyanide Ksz[Fe(CN)g] 10g ~ 30-35 s
potassium hydroxid KOH 10 g
destilatted water Hy,O 70 ml
Cr m2 30% hydrogen peroxide solution HyO, 20 ml ~ 2 min
97% sulfuric acid HySO4 10 ml
. ethanol CoHgO 100 ml
Nital nitric acid HNOj, 1-10 g ~ 10208
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3.3.4 Mechanical Characterization

To assess the mechanical properties in longitudinal- and transverse direction of the gener-
ated friction welds, automated hardness measurements were performed on the non-etched
polished cross-sections. Vickers hardness measurements were conducted according to EN
ISO 6507-1:2005 with a load of 1 kp (HV1). The measured single hardness values were
assigned to hardness-matrices and associated hardness heat maps were generated. Mon-
itored hardness distribution across the entire region of interest enabled a comparison to
so far in literature conducted friction welding attempts of molybdenum and the inference
on materials mechanical properties.

3.4 Experimental Procedure

Multi-staged experimental procedure was designed and conducted in order to structure
and simplify data analysis and obtain valuable results. The experimental procedure was
split into six separated steps. The steps were (fig. 21): 1) Adaption of the friction stir
welding machine, 2) feasibility study of low-carbon steel (LCS), 3) pilot study of REW
molybdenum and TZM, 4) case study of RFW molybdenum and TZM, 5) comparison
of molybdenum / TZM / LCS and 6) upscale small scale to full scale).

Figure 21:

Adaption Friction Stir

Welding (FSW) Device

*FSW NC program — RFW NC
program

s Adjustment set-up (pin

holder, clamping)

Case Study RFW
Molybdenum and TZM
»Optimized process design
sRecording output-
parameters
sRecording thermal cycles
*Weld assessment
(metallurgical & mechanical
characterization)

Seperated steps of experimental procedure rotary friction welding (REW) of

molybdenum

Feasibility Study

Low-Carbon Steel (LCS)

*General process design

*Recording output-
parameters

*Recording thermal cycles

+Weld assessment
(metallurgical & mechanical)

Comparison Molybdenum /
TZM / LCS

eActual input-parameters
+Recorded output-parameters
eRecorded thermal cycles
eMetallurgical and mechanical
properties
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3.4.1 Adaption Friction Stir Welding (FSW) Device

First, the adaption of the FSW machine was needed for rotary friction welding uti-
lization. The adjustment comprised the realization of a sufficient clamping system to
prevent adverse translation and rotation of the weld specimens exposed to the heavy
process loads. Designed pin-sleeves simplified the handling and plug in, and protected
the FSW head from weld exposure. Further, the FSW NC program (fig. 22) was modi-
fied to illustrate every single representative weld stage of the direct drive friction welding
process.

% home position movement

G0T0/0.0,0.0,0.0; % move to home position

% zero point determination

FORGEMOVE/TOUCH,0,FORCE,0.5,RATE ,12,ACCEL ,100; % touch stat. specimen F = 0.5 kN & weld head z-position = 0
DELAY/SEC,0.1; % time delay t = 0.1 sec

% start position movement

FORGEMOVE/POSITION,O0.2,RATE,6,ACCEL,6,RELATIVE; % move weld head relative position z-position = 0.2 mm
DELAY/SEC,0.1; % time delay t = 0.1 sec

BREAK/"ALLES PALETTI?"; % manual confirmation

% spindle start

SPINDLE/RPM, 1750, ACCEL,1500;
DELAY/SEC,2.0;

% contact inititation

FORGEMOVE/POSITION,-0.2,RATE,10,ACCEL,10,RELATIVE;

DELAY/SEC,0.1;

I/ rotational speed n = 1750 rpm, acceleration 1500 rpm/s

time delay t = 2.0 sec

h displacement controlled

move weld head relative position z-position = -0.2 mm

time delay t = 0.1 sec

% friction stage % hand over displacement- to force controlled
FORGECONTROL/FORCE ,2.5; % axial friction force F = 2.5 kN

DELAY/SEC,2.0; % friction time t = 2.0 sec

% forge stage

FORGECONTROL/FORCE,12.5; % forge force F = 12.5 kN

SPINDLE/RPM,0,ACCEL ,4000; % spindle speed n = 0 rpm, deceleration 4000 rpm/s
DELAY/SEC,10.0; % forging time t = 10.0 sec

% unload

FORGECONTROL/FORCE,0.0; % unload F = 0 kN

DELAY/SEC,1.0; % time delay t = 1 kN

Figure 22: Extracted source code sections of a modified sample NC program for rotary
friction welding low-carbon steel

The sample FSW NC program start initiated the overall machine movement to its
manually set home position (e.g. aligned pin axes and 3 mm slit). To define the FSW
head zero point, the weld head travelled downwards until the pins came in mutual con-
tact and reached the selected force level of 0.5 kN (fig. 23a). Further, the FSW head
moved 0.2 mm relative in z-axis upwards from the previous set zero point and loosened
its preload. This position served as starting position for the subsequent rotary friction
welding process (fig. 23b). After a manual confirmation, the FSW spindle was constantly
accelerated over 2 s in order to ensure determined rotational speed. Once the operating
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speed was reached, the contact of the weld specimens was initiated by moving the FSW
head to z = —0.2 mm and displacement control was switched to force control. The ac-
tual friction stage started and previously in the NC program determined force level and
friction time were applied (fig. 23c). The following stage was initiated by the instant
transition from applied friction force to forging force and a simultaneous spindle stop
(fig. 23d). Upon completion, applied force was unloaded and the welded specimen was
removed.

Figure 23: Schematic illustration weld stages realized by sample NC programm for low-
carbon steel: (a) Zero point determination, (b) start position movement, (c)
friction stage inititation and (d) forging stage inititation

Beside usually chosen input parameters (rotational speed, friction pressure, friction
time, forge pressure, forging time), additional input parameters were implemented (rota-
tional speed de-/ acceleration, pressure gradient, pressure de-/ acceleration, time delay)
to fine-tune the process. It has been revealed that especially the mutual agreement of
force and spindle speed in the transition stages is a key factor to success and justified
the implementation of these parameters (fig. 24).

% friction stage
FORGECONTROL/FORCE ,6.0; % axial friction force F = 6.0 kN
DELAY/SEC,0.85; % friction time t = 0.85 sec

% forge stage

SPINDLE/RPM,0,ACCEL ,4000; % spindle speed n = 0 rpm, deceleration 4000 rpm/s

FORGECONTROL/FORCE ,12.5,RATE,7.5,ACCEL,10.0; % forge force F = 12.5 kN, force gradient Fv = 7.5 kN/sec &
force acceleration Fa = 10 kN/s"2

DELAY/SEC,10.0; % forging time t = 10.0 sec

Figure 24: Extracted source code sections of modified sample NC programm for rotary
friction welding molybdenum metals
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3.4.2 Capability Study Low-Carbon Steel (LCS)

Based on the established best practice process design, the machine capability for rotary
friction welding was examined by means of reference welding ¥9 mm low-carbon steel
pins. First input parameters were set regarding the DVS guideline [86] for relative veloc-
ity (10 m/s) and applied pressure levels (40/200 MPa). However, the machine capability
for rotational speed (3200 rpm) and weld specimens circumference (9 mm) limited
the maximum obtainable relative velocity to 1.5 m/s. Conducted preliminary studies
identified the lower limit of a potential process window (rotational speed n = 1250 rpm,
friction pressure pyriction = 40 MPa and friction time ¢fici0n = 2 ), and gave a rough
estimation of suitable parameter configurations. In order to identify the basic relation-
ship between input parameters and their effect on the process and its output, the Design
of Experiments (DoE) approach was chosen (cause and effect relationship). To keep the
workload manageable, the subsequent Full Factorial Design (FFD) focused on the ad-
justable factors k: 1) Rotational speed n, 2) friction pressure pfy;cion and 3) friction time
tiime and target values: 1) Total upset z and 2) max. upset-rate 2. Applied forging pres-
sure (200 MPa), forging time (10 s), rotational speed deceleration (4000 rpm/s) were set
constant. Factor combination and levels for the 2° FFD are shown in table 5. Statistical
evaluation of the results took place by means of Minitab 16.1.1 software.
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Figure 25: Nominal input parameters: (a) Pressure and (b) welding speed for DoE low-
carbon steel

Table 5: Factor levels and combination of FFD for reference low-carbon steel

Factor Low Level High Level
Rotational speed n [rpm)] 1250 1750
Friction pressure pfriction [MPa] 40 60
Friction time ¢t friction [S] 2.0 2.5

30



3.4 Experimental Procedure 3 EXPERIMENTAL

In addition to the first statistical insight, selected generated joints were further in-
depth characterized to describe the material behavior during the single stages of friction
welding. Extended welding experiments with increased friction time (2.0 s, 2.5 s, and
3.0 s) were conducted in order to investigate and identify essential correlations in the
passed equilibrium stage. Plasticization history and technical information were deter-
mined based on the recorded and derived output variables. Joint quality was evaluated
by the investigation of the microstructure and mechanical characterization.

3.4.3 Pilot Study RFW Molybdenum and TZM

Ensuing from literature [54, 67, 69|, first rough input parameters (e.g. pressure levels
60/200 MPa) were estimated for the so far established two stage direct drive friction
welding process. A similar approach like for low-carbon steel should be used to ascertain
molybdenum’s plasticization behavior. However, the pilot study revealed that molybde-
num’s intrinsic properties require a general re-design of the process itself. The process
design was successively iteratively adjusted considering a preceding in-situ pre-heating
stage and a mutual arrangement of applied pressure and spindle speed in the transition
stage. The implemented preceding in-situ preheating stage elevated the operating tem-
peratures (= 350 °C), countervailed the material’s brittleness at room temperature and
guaranteed sufficient toughness at the initial welding cycle. Beside commonly used input
parameters, friction pressure ptriction, friction time ? friction, forge pressure pyopge, forging
time ?forge, and rotational speed n additionally adjusted parameters were: Spindle de-
celeration n, pressure acceleration p to facilitate a pressure gradient p in the transition
zone. This enabled a fully defined and controlled transition from friction into forging
stage.

3.4.4 Case Study RFW Molybdenum and TZM

The revised process design was applied for ()12 mm molybdenum and ©®9 mm TZM weld
specimens (fig. 26). The preceding in-situ preheating by friction at low pressure levels (<
10 MPa) at operating rotational speed resulted in a stationary temperature distribution
within the weld specimens without any significant plastic deformation before the actual
weld cycle started. Further, the actual welding process was started and controlled by the
constantly set input parameters: Friction time ¢fiction (0.80 s), forging time ¢7oqge (10
s), spindle deceleration 7 (4000 rpm/s), pressure acceleration p (10 kN/s?) and pressure
gradient p (7.5 kN/s) in the transition zone. The forge condition, that is, the transi-
tion from friction to forging phase, was now fully defined by: 1) The acceleration p of
the pressure to its selected gradient, 2) the rate p of pressure increase from friction to
forge level, and 3) the spindle deceleration n to spindle stop. To obtain a variety in dis-
placement within given machine capability (total upset <16 mm), a variable rotational
speed (tab. 6) was selected to adjust the power input. To illustrate similar upset courses
compared to commercially pure molybdenum, TZM required a nearly two times higher
friction and forge pressure.
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Figure 26: Nominal input parameters: (a) Pressure and (b) welding speed for the case
study molybdenum and TZM

Table 6: Variable input parameters and combination for molybdenum and TZM

Variable Input Parameter Molybdenum TZM
2500 2500
Rotational speed n [rpm] 2600 2600
2750 2750
Friction pressure pyriction [MPal 53 110
Forge pressure pyorge [MPal 110 200

Generated molybdenum and TZM joints were further in-depth characterized to de-
scribe material’s behavior during friction welding. Plasticization history and technical
information were determined based on recorded and derived output variables. Joint
qualities were evaluated by means of microstructure and mechanical characterization.

3.4.5 Comparison Molybdenum and TZM to LCS

Based on the results, the general process design and required input parameters of molyb-
denum metals to the reference low-carbon steel were opposed. Materials displacement
histories and representative upset-rates were discussed, and linked to recorded thermal
cycles and the material’s thermophysical properties.

3.4.6 Upscale

Based on the input parameters and derived technical information from the previous
established general process of the small cross-section’s experiment, an adjustment of the
process design for large cross-sections [68] was recommended.
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4 Results and Discussion

The results and the discussion of the previously conducted experiments are arranged in
the same order as in the experimental procedure section.

4.1 Capability Study Low-Carbon Steel (LCS)

This subchapter provides selected results of rotary friction welding of a reference low-
carbon steel. A general machine capability for direct drive friction welding was proven
and basic influence of adjustable input parameters on the response within the differ-
ent weld stages was identified. Further, the representatively evolved microstructure was
characterized by LOM and related mechanical properties were discussed in detail.

4.1.1 Design of Experiments

In order to determine the individual effects of selected input parameters that could affect
the output result, a Design of Experiments (DoE) approach was chosen. The conducted
Full Factorial Design (FFD) focused on the adjustable factors: 1) Rotational speed, 2)
friction pressure, and 3) friction time and their influence on 1) the total upset and the
2) maximum upset-rate. The applied factor levels and recorded target values are sched-
uled in Tab. 5 and are attached in the appendix. The minimum process requirements
for welding were evaluated by the means of pilot studies and the selected parameter
configuration (n = 1250 rpm, pyriction = 40 MPa and tgicion = 2 s) served as corner
point providing the lowest amount of weld energy input.

The obtained data was statistically evaluated, analyzed and visualized. The plotted
pareto chart and the main effect plot visualize the effect of the selected factor and factor
levels on the target values. The pareto chart reveals that of the three varied factors
in conducted experiment, the rotational speed n and friction pressure pgpiction have the
statistically most significant influence on the total upset result (fig. 27a).

Pareto Chart of the Standardized Effects Total Upset Main Effects Plot for Upset
(response is Upset [mm], Alpha = 0.05) Data Means

2.776 Rotational Speed [rpm] Friction Pressure [MPa]

[
c /
Friction Pressure [MPa] g 1250 1750 40 60
Friction Time [sec]

Rotational Speed [rpm]

[ S

Factor

Friction Time [sec]

[ - )

00 05 1o 15 20 25 30 35 . .
Standardized Effect 2.0 2.5

(a) (b)

Figure 27: Design of Experiments feasibilty study low-carbon steel: (a) Pareto chart and
(b) main effects plot for total upset
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To examine the differences between selected factors, the main effects plot was used
(fig. 27b). The main effects plot visualizes the response for each factor level connected by
a line. All the selected input factors show a positive sign and main effect on the response.
That implies that the average response is higher at a higher level rather than a low level
of the parameter setting. Considering the analyse’s main effect’s magnitude, the single
strength of the effect for the selected input factors differs. The steeper the slope of the
line, the greater is the impact of the main effect. Consequently, the more horizontal line
for friction time indicates that there is nearly no effect, which means that each level of
this factor affects the response in the similar way. While the steep lines for rotational
speed and friction pressure indicate a predominant main effect and that different levels
affect the response significantly.

Similar to previous statistical analysis, an evaluation was conducted to determine the
influence of adjustable selected factors on the maximum upset-rate result. The analysis
reveals an equal influence of the factors on the selected response compared to the total
upset result (fig. 28). To conclude, it is likely that there is a direct correlation between
total upset and maximum upset-rate within the conducted experiment.

Pareto Chart of the Standardized Effects Max. Upset-Rate Main Effects Plot for Upset-Rate
(response is Upset-Rate [mm/s], Alpha = 0.05) Data Means
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Figure 28: Design of Experiments feasibilty study low-carbon steel: (a) Pareto chart and
(b) main effects plot for max. upset-rate

In addition to the first statistical insight, a selected representative upset and upset-rate
course shall be used to interpret the results (fig. 29). Within the given process design and
experiment, the total upset (z = 2friction + Zforge) is mainly determined by the amount of
forge upset (z = zforge). The applied forge condition might explain the observed results.
The transition stage is initiated by starting spindle deceleration to final spindle stop
and is accompanied by an instant increase of the load to forge pressure level. However,
the maximum spindle deceleration is restricted to the system’s mechanic inertia and
requires at least a minimum duration, towards the hydraulic cylinder and the initial
applied actual forge pressure. The instable coordination of the actual forge pressure in
relation to the current spindle speed resulted in an exposure to maximum applicable
pressure at a rotational speed close to the maximum operating speed. The so suddenly
introduced power input resulted a further upsetting and resulted in maximum upset-rates
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initially after the forging phase start. The previously significantly attributed rotational
speed and friction pressure encourage the plasticization behavior during processing. An
increased friction pressure minimizes the difference to maximum applied forge pressure,
while an increased rotational speed directly increases the introduced power input level
and extends the spindle deceleration time.
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Figure 29: Representative (a) upset and (b) upset-rate course of Design of Experiments
low-carbon steel (n = 1250 rpm, pfriction = 40 MPa and ¢ fyiction = 2 8)
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The Design of Experiments (DoE) approach and results for total upset and maxi-
mum upset-rate mainly reflected the effect of adjustable input factors on the response
in the forging phase. Their effect in the early stage of the process on the response is
almost excluded and a more appropriate method is needed. In order to describe the
material’s behavior in a more detailed way, considering every single weld stage and to
define the machine’s general capability for friction welding, the analysis’ focus is shifted
to representatively recorded and derived output parameter courses of selected parameter
configurations.

4.1.2 Recorded and Derived Output Parameters

The selected parameter configuration (n = 1750 rpm, prriction = 40 MPa and £ fyiction =
2 s) and recorded/derived output parameter courses serve as a reference for DDFW
low-carbon steel. Subsequent analysis takes place on the selected configuration and com-
prises: 1) Machine capability and process accuracy, 2) upset behavior and 3) technical
information. The gathered results are discussed in detail.

To determine the machine capability and process accuracy, the actual and nominal
input parameter courses (axial pressure, welding speed) are opposed (fig. 30). The logged
actual pressure reveals a maximum deviation from the nominal value at the initial friction
and forging phase. With the incremental duration of the weld phases, the discrepancy
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between actual and nominal pressure is minimized. Unlike the applied welding speed,
no significant deviation between the actual and nominal value is determined. However,
the actual spindle deceleration start initiating the forging phase is time-delayed in the
range of one measurement point (50 ps).

Nominal Pressure Low Carbon Steel —— Nominal Welding Speed Low Carbon Steel
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Figure 30: Comparison of nominal and actual input parameters: (a) Pressure and (b)
welding speed examination of the machine capability of low-carbon steel

The process accuracy is evaluated by the means of the relative and the overall mean
relative error (fig. 31) and is derived from nominal and actual applied input parameter
courses (eq. 3 and 4).
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Figure 31: Comparison of relative errors: (a) Pressure and (b) welding speed examination
of the machine capability of low-carbon steel

The maximum relative errors for pressure instantly occur after the first measurement
points in the friction and forging phase (max. 6, friction = 81.0% and max. 0, forge =
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43.8%). This means that the specified target value (friction/forge pressure) cannot be
achieved within a certain relative short time (50 wus), and needs at least a minimum
time period (<0.5 s) to recover auto control and process accuracy. The overall mean
relative errors for pressure are 3p7friction = 13.3% and gp,forge — 0% | tforge = 10 s. Unlike
the relative errors for welding speed, there is no significant error over the entire friction
phase detected (&, giction = 0.02%). Though the time-delay in spindle deceleration start
results in a steady increase of the relative error coupled with the continuous decrease of
nominal spindle speed (0, forge — 00 | Mnominat = 0). Regarding the time shifted actual
and nominal spindle deceleration start, the plotted input parameter courses of welding

speed are completely congruent (0y forge — 0 | nominal ; = actual i.1).

To describe the representative plasticization behavior of low-carbon steels over the
entire weld cycle, the deformation history and ascertain derived displacement-rate are
visualized (fig. 32). Due to the varying upsetting within the different weld stages, the
analysis needs to be divided into the separated friction and forging phase. In the friction
phase, within the first & 1.5 s the participating weld specimens come into contact and rub
against each other. The asperities are worn down and the flattened surfaces provide a full
surface contact without any notable plastic deformation. In this stage of the process, the
participating low-carbon steel pins are heated up mainly by friction. The steady increase
of the weld interface temperature leads to a local material softening and lower the local
shear yield strength 7,. After >1.5 s, the applied loading condition exceeds the local
shear strength and the material starts to plastically deform. Henceforward, the heat
generation is not only represented by the friction heat but also by plastic deformation.
The upset-rate increases and stabilizes close to the end of the friction phase (2 = 6.01
mm/s), the related upset (“burn-off”) course shows a steady growth and indicates the
start of the characteristic equilibrium stage.

104 354
9 8.44 mm 303
e . 27.67 mm/s
/ :
73 I 25 ji
6 / g ‘
—_ 204
£ £
E 59 | B
- w 154
3 44 } 4 \
5 3
o 34 o 10 \
o
2 1.98 mm ,/ =] 6.01 mm/s ‘j \
P 5 F \
19 / / \
Ve 4
[ Poes———— 0 st gritessissasit N "
T T T T T T T | T T T T T T T T |
05 00 05 10 15 20 25 30 35 40 05 00 05 10 15 20 25 30 35 40
Time [sec] Time [sec]
(a) (b)

Figure 32: Recorded (a) upset and acertained (b) upset rate examination of the machine
capability of low-carbon steel
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The subsequent initiation of the forging phase facilitates the plastic deformation, and
results in a maximum upset-rate (27.67 mm/s) shortly after the spindle deceleration
start and simultaneously applied forge pressure. With the incremental duration of the
spindle deceleration, the maintained power input and therefore the upset-rate drops.
Within the conducted experiment and recommended applied technique (“forging into
the turning spindle”), the total upset (z = 8.44 mm) of the weld specimen is mainly
determined by the forge upset (zfoge = 6.46 mm).

In order to provide technical information of the process in combination with a certain
material, the torque in loaded/unloaded condition and the derived power input are
of interest (fig. 33). The marked area between the loaded and unloaded torque curve
represents the nominal torque input and is utilized for calculating the power input. In
the early stage of the friction phase (<1.5 s) where no significant plastic deformation
takes place, a lower nominal torque and therefore friction shear stress (1' o< Tppc) is
recorded. This might be explained by the presence of microscopic irregularities on the
weld interfaces. The inconsistent surface roughness results in the contact of the present
asperities and reduces the real contact area to a fraction of the sliding condition (7.
< 7,). In this stage, the frictional shear stress and therefore generated heat input can
be described by Coulomb’s friction law (74, = i - p) and is dependent on the applied
normal pressure p and the friction coefficient u. However, the friction coefficient is a non-
constant value and its value depends on a variety of influencing factors such as material,
temperature, velocity or pressure. Actual friction coefficients in friction welding and their
validity is still discussed in literature.
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Figure 33: Recorded (a) loaded /unloaded torque and acertained (b) power input exam-
ination of the machine capability of low-carbon steel

During the ongoing process, the surrounding weld interface area is heated up and the
critical local shear strength is lowered. The real contact area is identical to the apparent
contact area and the sticking condition is fulfilled (74, = 7). Material plasticization is
initiated and the nominal torque rises to a maximum peak and is stabilized close to the

38



4.1 Capability Study Low-Carbon Steel (LCS) 4 RESULTS AND DISCUSSION

end of the friction phase (fig. 33a). The initial nominal torque and therefore power input
(2450 W) lead to a maximum upset-rate of 6.01 mm/s and is the limiting factor for
plasticization in the friction phase. The subsequent initiated forging phase results in a
maximum “power burst” (3080 W) shortly after the spindle starts to decelerate and cor-
relates with the corresponding overall maximum upset-rate (27.67 mm/s) of the process.

Torque courses in representative literature [73] slightly differ to the recorded one. In
literature, the initial torque peak is attested to even out the weld interface surfaces
without any axial shortening. Afterwards, the torque starts to fall and drops to the level
of the equilibrium torque value. This stage of the process is accompanied by the start
of upsetting. On the contrary, in the conducted experiments, an increase and stabiliza-
tion of the torque at its maximum peak at a simultaneous axial shortening is observed.
In order to clearly describe the friction phase and its containing equilibrium stage, the
friction phase was isolated and additional experiments with extended friction time (2.0
s, 2.5 s and 3.0 s) were conducted.

The additionally conducted experiments reveal nearly completely congruent nominal
torque curves within the first 2.0 s and prove the high reproducibility of the process
(fig. 34a). With incremental duration of the friction time (>2.0 s), the initial maximum
torque peak starts to decrease and stabilizes at a lower level (equilibrium level). Further,
the corresponding power input is reduced and the upset-rate drops to 3.85 mm/s (fig.
34b) within the starting equilibrium stage and regulates the process. While the initial
maximum torque peak determines the maximum upset-rate, the equilibrium torque de-
termines the quasi-steady-state upset-rate within the friction phase (fig. 34).
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Figure 34: Derived (a) nominal torque and (b) upset-rate examination of the equilibrium
stage of low-carbon steel
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Based on the previously derived welding parameters (nominal torque, power input),
the total energy input over time and the upset over total energy input are plotted in
fig. 35. Concerning the upset behavior, the total weld energy input (2590 J) is mainly
determined by the amount generated in the friction phase (1740 J) (fig. 35a). Almost
1000 J of the friction phase’s weld energy is needed for heat dissipation and to heat-up
the weld specimens before actual plasticization takes place. The ratio of upset to energy
(gradient) is a variable (fig. 35b) and obviously also depends on the operating condition.
An application of heavier loads (i.e. forge pressure) leads to more plasticized material at
a similar provided energy input. Therefore, the only indication of technical information
(e.g. total energy) without levels considering actual process conditions (e.g. pressure
levels) is not sufficient enough and additional information such as forging condition or
power input course is needed.
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Figure 35: Acertained (a) energy input and (b) upset behavior examination of the ma-
chine capability of low-carbon steel

4.1.3 Assessment of the Weld Specimens

Visual Inspection Visual inspection of the welded pins reveals an atypical flash forma-
tion compared to literature (fig. 37). The formed flash is nearly rotationally symmetrical,
though the flash of the previously rotating pin interleaves the fixed one. In the conducted
experiments it has been observed that the forging condition and therefore the main ma-
terial displacement defines the visual appearance of the finally formed flash. In addition,
the high nominal torque during processing results in clamping marks on the fixed weld
pin. The observed annealing colors are restricted to a close area next to the weld inter-
face and confirm the concentrated heat input of the process.
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Figure 36: As-welded RFW low-carbon steel specimen

In industrial applications, the well-established theory is that the visual appearance
of the flash is directly related to the “joint quality” is widely spread. Therefore, the
integrity and further the microstructure of the bond is characterized by examination of
the region of interest. The embedded, trimmed, and polished longitudinal cross-section
reveals a proper bonding over the weld interface without any presence of welding defects
(fig. 37a). However, a small parallel misalignment (<0.5 mm) of the previously rotating
to the stationary weld pin axes is observed.

Figure 37: (a) Polished unetched and (b) etched [3% nital] cross-section of RFW low-
carbon steel

Microstructure Characterisation The etched cross-section reveals a radial influence of
the evolved microstructure (fig. 37b), with a maximum HAZ width at the outer circum-
ference of the weld interface and a minimum HAZ width at the weld interface center.
Geometric distribution of the formed microstructure correlates with a basic theoretical
heat generation model (fig. 38) across the weld interface and points out the lower heat
generation (temperature) in the center zone due to the missing relative motion of the
weld specimens.
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(a) (b)

Figure 38: (a) Basic theoretical heat generation and (b) experimental heat generation
across the weld interface [88]

The three-dimensional temperature field within the weld specimens may be described
by Fourier’s law (heat equation) and is therefore determined by the material’s thermo-
physical properties thermal conductivity A, thermal capacity ¢, and time. However, the
actual welding cycle and cooling time do not provide a sufficient level of activation energy
(temperature, time) in the surrounding area next to the weld interface center to enable
recovery /recrystallization. As shown in fig. 39a, the highly deformed and dislocated bond
line structure is surrounded by thermo-mechanically deformed and in transverse direc-
tion elongated realigned ferrite grains. Towards the circumference of the weld interface
(fig. 39b), where no actual bond line structure is clearly discernible and the weld region
is in a wide range (>500 pm) recovered /recrystallized.

()

Figure 39: Etched (a) weld interface center [3% nital, 200x magnification] and (b) weld
interface circumference [3% nital, 50x magnification]| cross-section of RFW
low-carbon steel

In practice, the problem of insufficient heat generation in the centre zone is well known.

Considering the related evolved microstructure, the established guidelines [70] for IFW
recommend a higher relative velocity or lower pressure. However, due to weld specimens
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geometry (09 mm) and the machine capability (max. 3200 rpm), the maximum relative
velocity is restricted and a minimum pressure level is needed to provide a sufficient power
input for welding.

A closer look at the evolved microstructure reveals the in literature [73] mentioned for-
mation of representative weld sections (fig. 40). The transition from the undeformed zone
(IV) to the fully plasticized zone (II) is accompanied by the partly deformed zone/ TMAZ
(IIT) with a width of approximately 450 pm.

Figure 40: Weld cross-sections of an etched [3% nital, 100x magnifi.] RFW low-carbon
steel

During processing, the fully plasticized zone (II) is exposed to a considerable amount
of plastic flow and high temperature. The occurring dynamic recovery /recrystallization
results in an equiaxed, very fine grained microstructure (fig. 41a). Though a precise
determination of the average grain size is not possible, the by light optical microscopy
(maximum magnification 1000x) examined grains are too small for the provided ASTM
maximum G10 method and a more sophisticated method (e.g. by SEM or EBSD) is
needed. With increasing distance to the weld interface, the microstructure is exposed
to lower temperature, strain rate and plastic deformation. This results in a coarsened,
deformed microstructure (fig. 41b). General visual appearance and aspect ratio of the
grains change over the width of the partly deformed zone (III) (fig. 41¢) and end up in
the undeformed parent microstructure (IV) (fig. 41d).
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|

()

Figure 41: Etched (a) fully plasticized zone [3% nital, 1000x magnifi.], (b) transition zone
[3% nital, 200x magnifi.], (c) partially deformed zone [3% nital, 500x magnifi.]
and (d) undeformed zone [3% nital, 200x magnifi.] of RFW low-carbon steel

Mechanical Characterisation The evolution of the microstructure is also reflected by
non-uniform mechanical properties. Mechanical properties are characterized by Vick-
ers hardness HV1 and hardness is measured in transverse and longitudinal direction.
The evolved hardness distribution is visualized by the means of a generated hardness
map and superimposed with the etched cross-section (fig. 42). The hardness of the joint
steadily increases from the unaffected parent metal (175 + 12 HV1) toward the con-
tact zone. Highest average (265 & 45 HV1) and maximum (352 HV1) hardness value are
measured within the fine grained contact and fully plasticized zone. During friction weld-
ing, additional strengthening mechanisms such as phase transformation hardening, work
hardening or grain boundary strengthening may take place and improve the material’s
mechanical properties. Considering the specific location of the maximum values and the
Hall-Petch relationship, most reasonable and dominant one might be grain boundary
strengthening.
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Figure 42: Hardness map and distribution REW low-carbon steel

Table 7: Hardness values for representative weld sections RFW low-carbon steel

. Average Hardness Standard Deviation Hardness
Weld Section HV] HV1]
Fully plasticized zone 265 + 45
Partially deformed zone 226 + 32
Undeformed zone 198 + 14
Base material 174 + 12
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4.2 Pilot Study RFW Molybdenum and TZM

This subchapter provides selected results of the pilot study of rotary friction welding of
molybdenum. Molybdenum’s unique properties are a challenge for direct drive friction
welding and the occurring problems are presented. It has been revealed that a general
re-design of the so far established two-level process is needed in order to successfully join
molybdenum and its alloys.

4.2.1 Rupture Friction Phase Inititation

According to literature [54,67,69] and the substantial knowledge of welding reference
low-carbon steel, first parameter configurations (e.g. n = 2500 rpm, pfriction = 60 MPa,
rriction = 3 s and prorge = 200 MPa) were estimated for the two level process de-
sign (fig. 48). Generally, a slightly increased friction pressure and welding speed were
applied considering molybdenum’s high-temperature strength and to compensate the
previously mentioned missing heat generation within the weld interface center. A to
the reference low-carbon steel similar experimental approach, including DoE and sin-
gle weld specimen analysis, was planned in order to study the material’s plasticization
behavior during processing and to determine technical information. However, the first
conducted molybdenum welding trials revealed a limited weldability of molybdenum and
further considerations (e.g. room-temperature brittleness) need to be taken into account.
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Figure 43: Nominal input parameters: (a) Pressure and (b) welding speed pilot study
RFW molybdenum — rupture friction phase inititation

In the first experiment immediately after initiating the friction phase and before the
actual welding phase took place, the process had to be manually aborted because the
rotating molybdenum pin fractured and lost its load carrying capacity. An evaluation of
the recorded data revealed the approximate time of rupture (¢ fyqerure =0.2-0.3 ) and the
ascertain loading conditions (pfracture = 55 MPa, Ttrocture = 7 Nm). In relation to the
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reference low-carbon steel and considering molybdenum’s strength, the material fracture
took place at moderate loading condition close to room temperature.
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Figure 44: Recorded (a) actual pressure and (b) torque pilot study RFW molybdenum
— rupture friction phase inititation

Visual inspection of the weld specimens reveals a transversely as well as a longitudi-
nally orientated fracture face. It is assumed that crack initiation started at the location
providing the highest stress concentration (notch root) (fig. 45). Further, the absence of
annealing colors in the region close to the fracture faces indicates a temperature below
400 °C and thus the material’s DBTT. The local circumstances (stress concentration,
multiaxiality of the loading, high loading rate, temperature) facilitated the fracture and
the material did not provide a sufficient level of ductility at the operating temperature.

notch root fracture surfaces

rotating pin stationary pin

Figure 45: Ruptured molybdenum specimen of pilot study REW molybdenum — rupture
friction phase inititation

Stereomicroscopy of the transverse and longitudinal fracture faces reveal a smooth,
featureless, and shiny crystalline appearance of the surfaces, where obviously plastic

47



4.2 Pilot Study RFW Molybdenum and TZM 4 RESULTS AND DISCUSSION

deformation is strongly limited. In order to identify the actual brittle fracture mode
(intergranular or transgranular), subsequent fractography was conducted by the means
of scanning electron microscopy on the trasversely ruptured sample. The provided depth
of sharpness ensures the explicit identification of characteristic patterns of the fracture
faces and infers the actual failure mechanism.

(b)

Figure 46: Stereomicroscopy of the (a) rotating specimen transverse fracture face [12x
magnification| and (b) longitudinal fracture face [6x magnification]

A fractography of the ruptured transverse fracture surface confirms the previously
mentioned assumption of brittle failure. Scanning electron microscopy shows a typical
fully transgranular morphology. The fracture cracks passed though the grains and re-
sulted in a faceted fracture surface due to the different orientation of the cleavage planes.
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Figure 47: Scanning electron microscopy of the rotating specimen (a) transverse fracture
face [1000x magnification| and (b) transverse fracture face [2000x magnifica-
tion]

48



4.2 Pilot Study RFW Molybdenum and TZM 4 RESULTS AND DISCUSSION

The material’s brittleness at room temperature (7'/T,, =~ 0.1) complicates the actual
process initiation and to apply the selected nominal friction pressure. In order to exceed
DBTT and provide a sufficient level of ductility, additional actions (e.g. pre-heating) are
required.

4.2.2 Extensive Plasticization Behavior Friction Phase

To reduce the initial introduced loading, the friction phase was split into two differ-
ent applied pressure levels (15/60 MPa) and were linked by a soft transition gradient
(22.5 MPa/s) (fig. 48). The preceding intial “rubbing” at a low pressure level for 2.0 s
increased the weld interface temperature without any macroscopic plastic deformation
and heated the weld specimens. The subsequent gradual increase to an elevated pressure
level minimized the experienced loading rate and initiated the original friction phase.
The selected input parameters for the following second friction and forging phase were
similar to the previously presented process.
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Figure 48: Nominal input parameters: (a) Pressure and (b) welding speed pilot study
RFW molybdenum — extensive plasticization behavior friction phase

The implementation of a preceding low pressure level and the subsequent soft transi-
tion to the actual applied friction pressure prevented the previously observed transgran-
ular brittle fracture at the process initiation. However, the process needed to be aborted
manually after 2.8 s, shortly after reaching the second friction pressure level (fig. 49).
A sudden and steep increase of the upset nearly exceeded the machines capability of
maximum displacement (~ 16 mm). The observed vigorous plasticization behavior of
molybdenum within the friction phase is already reported in present literature [68].
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Figure 49: Comparison of nominal and actual input parameters: (a) Pressure and (b)
welding speed pilot study REW molybdenum — extensive plasticization be-
havior friction phase

Fig. 50a and 50b show the courses of measured the upset and the ascertain derived
upset-rate. Within the preceding low pressure friction stage (<0 s), the participating weld
specimens came into initial contact and rub against each other without any significant
plastic deformation (0.33 mm). The subsequent soft transition into the increased second
friction stage (0-2 s) is reflected by a moderate increase of the experienced upset (2.47
mm) and accompanied upset-rate (3.23 mm/s). Though by passing the transition stage
(>2 s), the recorded total upset shows a sharp and exponential increase of the material
displacement just before the manual process termination. This is also reflected by a
gradual increase of the derived upset-rate to its maximum value of 24.64 mm/s.
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Figure 50: Recorded (a) upset and acertained (b) upset rate pilot study REW molybde-
num — extensive plasticization behavior friction phase
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The final drop of the material displacement-rate and “stabilization” of the plasticiza-
tion behavior is less a sign of the intrinsic self-regulation of the process, rather than the
influence of the distorted heat flow and increased cooling rate close to the clamping.

A first comparison of molybdenum to the reference low-carbon steel confirms molyb-
denum’s vital plasticization behavior. Within the conducted experiments, molybdenum
reveals a more than four times higher maximum upset-rate (26.64 mm/s) compared
to the low-carbon steel (6.01 mm/s). The fundamental difference in upsetting is also
reflected by the torque and power input as depicted in fig. 51. Within the preceeding
low pressure friction stage (<0 s) and the transition stage (0-2 s), the nominal torque
and therefore power input is directly related to the applied friction pressure (Coulomb’s
friction law). At the beginning of the second friction stage (>2 s) and after accom-
plishing the sticking condition (74, = 7,), the nominal torque and ascertained power
input rapidly rise and result in a steady increase of the displacement-rate. Within the
conducted experiments and the given machine capability, there is no stabilization (maxi-
mum peak) or quasi-steady-state (equilibrium level) of the nominal torque and therefore
power input in the sticking condition within the friction phase observed.
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Figure 51: Recorded (a) loaded/unloaded torque and acertained (b) power input pilot
study RFW molybdenum — extensive plasticization behavior friction phase

As shown in fig. 52, the extensive plasticization behavior during processing is reflected
by a massive “material bulk” instead of the typically formed flash. The manually op-
erated process termination initiated a subsequent upward movement of the FSW weld
head, and provoked a delamination of the weldment from the stationary pin. Molybde-
num’s thermophysical properties, thermal conductivity A and specific heat capacity c,
resulted in a quick heat distribution within the weld specimens. An indicator for a high
temperature over a large distance are the observed annealing colors. The annealing col-
ors are restricted by the beginning of the clamping and strengthens previous mentioned
assumption of a distorted heat flow and an increased cooling rate next to the clamping
system.
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“material bulk” annealing colors

rotating pin stationary pin

Figure 52: Extensive plasticized molybdenum specimen pilot study REW molybdenum
— extensive plasticization behavior friction phase

Molybdenum’s vital plasticization behavior and vigorous displacement-rate within the
friction phase complicate the direct drive friction welding process. A controlled transi-
tion from a stabilized friction stage to a subsequent forging phase is not feasible. Fur-
ther, molybdenum’s thermophysical properties and the selected weld cycle determine the
transient temperature field within the weld specimens and govern the heat dissipation
(Fourier’s law). A more rapid energy input and thus shorter process time is required in
order to generate a high spatial temperature gradient within the weld pins.

4.2.3 Stabilization and Controlling Problems Forging Phase

To prevent brittle fracture at room temperature and to increase the initial operating
temperature, a preceding low pressure (<10 MPa) pre-heating stage was implemented.
In order to reduce the actual friction time and to obtain a more rapid energy input, the
previously implemented soft transition stage was renounced and replaced by a shorter
friction time (0.8 s) accompanied by a high rotational speed (3000 rpm) (fig. 53). To
reduce the previously in low-carbon steel observed effect of the “power burst” in the
transition stage from the friction to the forging phase, the time between the selected
spindle deceleration start and the initiation of the nominal forge pressure was delayed
by 0.15 s (fig. 53b).
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Figure 53: Nominal Input parameters: (a) Pressure and (b) welding speed pilot study
RFW molybdenum — stabilization and controlling problems forging phase

Similar to the reference low-carbon steel, the logged actual pressure reveals a maximum
deviation from the nominal value at the initial forging phase (max. 6, forge = 29.5%).
Additionally, the ongoing process inaccuracy after initiating the forging phase (>0.8 s)
is reflected by a continuous series of deviated actual logged pressure values (fig. H4a).
Finally, the process accuracy is only recovered after the spindle stop and the derived
overall mean relative error for the related time period is Sp’forge = 15.23% | tforge = tno-
Further, the actual spindle deceleration starts 50 pm later than the nominal value and
therefore the current spindle speed (2860 rpm) at forge pressure initiation is nearly the
operating rotation speed (3000 rpm) (fig. 54b).
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Figure 54: Comparison of nominal and actual input parameters: (a) Pressure and (b)
welding speed pilot study REFW molybdenum — stabilization and controlling
problems forging phase
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As depicted in fig. 55, within the friction phase (0-0.8 s), only a slight increase of the
upset (0.99 mm) and a moderate maximum displacement-rate (2.66 mm/s) are observed.
The time delayed subsequent forging phase initiated the actual material plasticization
and mainly determines the total upset of 10.48 mm.
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Figure 55: Recorded (a) upset and acertained (b) upset rate pilot study REW molybde-
num — stabilization and controlling problems forging phase

The combination of an insufficient process accuracy in the initial and ongoing forging
phase of the process design and the evolved temperature field within the weld specimens
resulted in a wide ranged thermo-mechanically deformed conically formed zone (fig. 56).
Further, the exposure to an increased loading condition is also reflected by the observed
clamping marks on the previous rotating and stationary weld pins. Nevertheless, the
first molybdenum welds were successfully DDFW on the FSW device, though further
improvements were needed.

conically formed zone clamping marks

T e T )

rotating pin stationary pin

Figure 56: Destabilized and deformed molybdenum specimen pilot study REFW molyb-
denum — stabilization and controlling problems forging phase
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4.2.4 Establishing a General DDFW Design for Molybdenum

Based on the recorded and analyzed data of the conducted pilot study for REW of molyb-
denum, it was observed that molybdenum’s intrinsic properties complicate a successful
joining by applying the so far established two level design. The material’s brittleness at
room temperature prevented an initial transition to the friction stage and the general
desired short welding cycles. Further, the in literature observed vigorous plasticization
behavior within the friction phase was confirmed and the presence of an equilibrium
stage within the given machine capability was not observed. In order to avoid extensive
material plasticization and to keep the power input manageable, the actual axial short-
ening needed to be shifted into the forging phase. Although an initial transition from
the friction to the forging phase resulted in an ongoing process inaccuracy of the applied
forge pressure and led to an instable forging condition and an impermissible thermo-
mechanical deformation. Summarized, a general re-design of the so far established two
level process was required.

First, in order to countervail the material’s brittleness at room temperature and to
increase the initial operating temperatures, it was concluded that a proper in-situ pre-
heating stage should solve this problem. Compared to common pre-heating techniques
(e.g. in a furnace), the implementation of an in-situ pre-heating stage enables a contin-
uous welding process. To monitor the obtained pre-heating temperature, the stationary
weld pins were equipped with thermocouples along the outer circumference at 2 mm and
10 mm away from the weld interface. The first conduced experiments proved a general
feasibility to increase and stabilize the initial operating temperature by the means of the
“rubbing” at a minimum axial applied pressure level (fig. 59).
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Figure 57: (a) Comparison of nominal and actual pressure and (b) recorded temperature
evolution single stepped pre-heating stage pilot study RFW molybdenum —
establishing general DDFW design for molybdenum

%)



4.2 Pilot Study RFW Molybdenum and TZM 4 RESULTS AND DISCUSSION

The required initial operating temperatures need to be higher than 300 °C to provide
a sufficient level of ductility and to exceed DBTT. Therefore, the initial process design
was upscaled by the implementation of further low pressure friction levels (fig. 58a) and
applied for several rotational speeds (tab. 8). With the read-out of the thermocouples,
a stabilization and scalability of the quasi-steady-state temperature evolution (fig. 58b)
within the weld specimens was proven. This means that the heat dissipation from the
weld interface reached an equilibrium between the by Coulomb’s friction inserted power
input and the heat dissipation.
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Figure 58: (a) Comparison of nominal and actual pressure and (b) recorded temperature
evolution multi stepped pre-heating stage pilot study REFW molybdenum —
establishing general DDFW design for molybdenum

Within the conducted experiments and depending on the selected rotational speed,

the logged maximum stationary temperatures (2 mm away from the interface) were in
the range between 160 °C (7'/T,,, = 0.15) and 490 °C (T7'/T,, = 0.26) (tab. 8).

Table 8: Recorded temperature evolution for several rotational speeds of a multi stepped
pre-heating stage stage pilot study RFW molybdenum — establishing general

DDFW
Rotational Speed Maximum Pressure Tsiotomm L naz.2mm L Stat10mm L Maz.10mm
[rpm] [MPa] °C] °C] °C] °C]
2500 8.65 160 170 125 135
2750 8.65 210 230 170 230
3000 8.65 320 350 240 260
3200 8.65 490 530 340 370
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Further, the previously conducted experiments revealed that the majority of molyb-
denum’s plasticization was contributed by the transition from the friction to the forging
phase. However, the so far established process design in the transition stage revealed a
poor process accuracy and a limited controllability of the applied pressure level. In order
to enable a fully defined and controlled transition from friction into forging phase, ad-
ditional input parameters: 1) Pressure acceleration ji to facilitate a 2) pressure gradient
p in the transition zone and 3) spindle deceleration n were implemented.

To determine the process accuracy of the adapted transition stage, the actual and
nominal pressure courses of the established (fig. 59a) and the adjusted (fig. 59b) process
design are opposed. Towards the forging phase of the established process design, the
logged actual pressure of the adjusted process design reveals a minimum deviation from
the nominal value at the initial and ongoing forging phase.
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Figure 59: Comparison of pressures for (a) established process design and (b) adjusted
process design for pilot study RFW molybdenum — establishing general
DDFW design for molybdenum

The more precise process accuracy and improved controllability of the forging phase
is also reflected by a comparison of the relative errors (fig. 60) derived from the nominal
and actual recorded pressure courses. By considering the time period from the initia-
tion of the forging phase to the final spindle stop, the overall mean relative error of the

adjusted process design (0p forge = 6.82% | tforge = tno) is significantly reduced com-

pared to the overall mean relative error of the so far established process design (Jp forge
= 1523% | tforge = tn—>0)
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Figure 60: Comparison of relative errors of pressure for (a) established process design and

(b) adjusted process design for pilot study RFW molybdenum — establishing
general DDFW design for molybdenum
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4.3 Case Study RFW Molybdenum

This subchapter provides selected results of the case study of rotary friction welding of
molybdenum. The previously revised process design was applied for ¥12 mm molybde-
num weld specimens to obtain a variety in plasticization at variable rotational speeds
(2500 rpm, 2600 rpm, and 2750 rpm). Feasible welding parameters and derived technical
information were identified to generate sound and proper joints. Further, the evolved
microstructure was characterized by the means of microscopy and related mechanical
properties were discussed.

4.3.1 Recorded and Derived Output Parameters

The conducted case study of molybdenum experiments reveals nearly completely con-
gruent actual pressure curves and confirm the precise process accuracy of the revised
process design (fig. 61a). The overall mean relative errors of the predominantly forging
phase are Spforge = 3.77% at 2500 rpm rotational speed, Spforge = 6.82% at 2600 rpm
rotational speed, and gpyforge = 6.35% at 2750 rpm rotational speed for tfoge = tp—0-
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Figure 61: Comparison of nominal and actual input parameters: (a) Pressure and (b)
welding speed case study RFW molybdenum

Further, the spindle deceleration was set to a constant value of 4000 rpm/s and re-
sulted in slightly different spindle deceleration times of the varying rotational speeds (fig.
61b). Therefore, an increased rotational speed directly increases the introduced power
input level, and also extends the spindle deceleration time and weld cycle. As a result,
the upset increases (fig. 62a) from 2.78 mm to 3.96 mm to 5.28 mm, at 2500 rpm, 2600
rpm, and 2750 rpm, respectively. The actual difference in the plasticization behavior
of the weld specimens is reflected by their derived displacement-rates (fig. 62b). While
the upset-rate of the weld specimen with the lowest power input and the shortest decel-
eration time is constantly reduced at the end of the weld cycle, the upset-rates of the
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weld specimens with the increased power input and the extended deceleration times are
rapidly increased. The derived maximum upset-rates within the forging phase are 3.82
mm/s at 2500 rpm, 9.46 mm/s at 2600 rpm, and 13.69 mm/s at 2750 rpm.
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Figure 62: Recorded (a) upset and acertained (b) upset rate case study RFW molybde-

num

As shown in fig. 63b, the two separated power input peaks are determined by the area
between the logged torque in loaded and unloaded condition (fig. 63a). The first power
peak is attributed to the transition from the sliding (74, < 7,) to the sticking condition
(Tfric = T,) and the beginning of a significant axial shortening within the friction phase.

Torque [Nm]

Torque Unloaded Welding Speed 2500 rpm
Torque Unloaded Welding Speed 2600 rpm
Torque Unloaded Welding Speed 2750 rpm

—e— Torque Loaded Welding Speed 2500 rpm

+ Torque Loaded Welding Speed 2500 rpm
+— Torque Loaded Welding Speed 2500 rpm

-404
-50 T T T T T T T |
1.0 05 00 0.5 1.0 15 2.0 2.5 3.0
Time [sec]
(a)

Power [W]

8000

6000

4000

12000 - —=— Welding Speed 2500 rpm Molybdenum
+— Welding Speed 2600 rpm Molybdenum
+— Welding Speed 2750 rpm Molybdenum

10000

-1.0 ! I 1.0 1.5 2.0 25 3.0
Time [sec]

(b)

Figure 63: Recorded (a) loaded/unloaded torque and acertained (b) power input case
study RFW molybdenum
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The second peak is the result of the ongoing forging phase and the increased applied
forging pressure. Finally, the decreasing rotational speed results in a sharp drop off the
derived power input to zero. Considering the vigorous plasticization and the related
displacement-rates close to the end (>1.3 s) of the weld cycle at a minimum amount of
provided power input (fig. 63b), it is assumed that there is only a small process window
within the given machine capability to produce sound welds.

Based on the previously derived power input and the logged material plasticization,
the total energy input over time and the upset over total energy input are plotted in fig.
64. For the determination of the particular total energy input, only the actual weld cycle
without the preceding in-situ pre-heating stage (=~ 350 °C) is considered. The total en-
ergy input of the weld cycles within process times of approximately 1.6 s are 6296 J (—
56 J/mm?) at 2500 rpm, 7397 J (— 65 J/mm?) at 2600 rpm and 8022 J (— 71 J/mm?)
at 2750 rpm. The actual impact of the varying total energy input is visualized in fig.
64b. While the nearly similar ratios of upset to energy (gradient) reveal a moderate level
in the range of <7000 J, the gradients rapidly increase in the range of >7000 J. It is as-
sumed that at least a minimum amount (~7000 J — 62 J/mm?) of (specific) total energy
input (activation energy) within a certain short time period is needed in order to initi-
ate the previous and also in literature reported sudden and steep plasticization behavior.
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Figure 64: Acertained (a) energy input and (b) upset behavior case study REW molyb-

denum

4.3.2 Assessment of the Weld Specimens

Visual Inspection Visual inspection of the welded specimens reveals a difference in the
visual appearance of the rotational symmetrically formed flashes (fig. 65). With increas-
ing total energy input, more material is plasticized and extruded from the weld interface
into the flash. As a result, an even more massive flash is formed. Further, as a result
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of the material’s thermophysical properties and even though the short weld cycles, the
observed annealing colors are expanded over a wide area and indicate an extended HAZ
compared to the reference low-carbon steel. In addition, the high nominal torques during
processing result in clamping marks on the stationary weld pins.
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Figure 65: As-welded REW molybdenum specimens (a) 2500 rpm (b) 2600 rpm (c¢) 2750
rpm

The integrity and further the microstructure is evaluated by the means of the polished
and etched longitudinal cross-sections of the generated joints (fig. 66). The embedded
and polished regions of interest indicate that at least a minimum amount of total energy
input and as a result upset is needed to facilitate a proper bonding. While the weld spec-
imen with the highest maintained energy input (8022 J) reveals a sound and defect free
bond over the entire weld interface, the two weld specimens with the lower maintained
energy input (7397 J and 6296 J) show the presence of welding defects (lack of fusion).
The etched cross-sections of the generated joints confirm the previously mentioned as-
sumption of an extended HAZ compared to the reference low-carbon steel. The main-
tained weld energy input within the molybdenum experiments also affects the width
of the formed HAZ. The parameter configuration (2750 rpm) which provides the high-
est energy input shows the most pronounced HAZ. Further, the etched cross-sections
show the for friction welding typically formed weld sections. Similar to the reference
low-carbon steel, the weldments reveal a radial influence of the evolved microstructures,
with a maximum HAZ width at the outer circumference and a minimum HAZ width at
the weld interface center.
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2500 rpm

Imperfection

(a)

Figure 66: (a) Polished unetched and (b) etched [Cr m2] 2500 rpm, (¢) polished unetched
and (d) etched [Cr m2] 2600 rpm, (e) polished unetched and (f) etched [Cr
m2| 2750 rpm cross-section of RFW molybdenum

Microstructure Characterisation In order to describe the evolved microstructure in
a more detailed way, a subsequent microscope study of the weld specimen with the
highest energy input (2750 rpm) was conducted. As depicted in fig. 67, light optical
microscopy was examined in the region next to weld interface center, the distinct hot-
worked elongated grains of the undeformed base material (fig. 68d) are continuously
re-aligned outwards in direction of the plastic flow in the partially deformed zone (III)
(fig. 68c). With decreasing distance to the weld interface, the microstructure is exposed
to a higher amount of temperature, strain rate, and plastic deformation. As a result,
the former distinct hot-worked microstructure is completely annihilated within the fully
plasticized zone (II) (fig. 68a).
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Figure 67: Weld cross-sections of an etched [murakami, 50x magnification] RFW molyb-
denum specimen (2750rpm)

Figure 68: Etched (a) fully plasticized zone [murakami, 1000x magnification], (b) tran-
sitions weld sections [murakami, 100x magnification], (c¢) partially deformed
zone [murakami, 500x magnification] and (d) undeformed zone [murakami,
200x magnification] of RFW molybdenum (2750 rpm)
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Figure 69: Scanning electron microscopy of etched (a) fully plasticized zone [murakami,
2000x magnification], (b) partially deformed zone [murakami, 2000x mag-
nification], (¢) base material [murakami, 2000x magnification| and (d) flash
[murakami, 2000x magnification] of RFW molybdenum (2750 rpm)

In addition to light optical microscopy, scanning electron microscopy was conducted
(fig. 69). The provided higher magnification and depth of sharpness enable a more de-
tailed exmination of the weld sections. In the fully plasticized zone (II), the occurring
dynamic recovery/recrystallization results in an equiaxed, very fine grained microstruc-
ture (fig. 69a). The grain size was determined by the means of EBSD and returned an
average grain size value of 4.39 pm. The partly deformed zone (fig. 69b) and re-oriented
microstructure is characterized by a partly recovery/recrystallization of the prior elon-
gated grains of the undeformed base material (fig. 69¢c). Further, by the comparison of
the evolved microstructure in the fully plasticized zone (fig. 69a) to the formed flash
(fig. 69d), it is assumed that the missing high degrees of deformation result in a grain
growth and the grain coarsened microstructure of the flash.
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Determination Chemical Composition In order to evaluate the influences of impu-
rities, contaminations, residual oxygen, and the weld atmosphere on the weldment, the
chemical composition in the fully plasticized zone (fig. 70a) was determined by the means
of energy dispersive X-ray spectroscopy (EDX) point scan (fig. 70b). The recorded spec-
trum indicates that the chemical composition (tab. 9) of the fully plasticized zone con-
sists out of the predominant molybdenum base material (92.86 wt%), but also out of a
considerable amount of oxygen (7.14 wt%), though the listed high oxygen error and the
chemical affinity of molybdenum to oxygen need to be taken into account. It is likely
that the measured oxygen value is mainly influenced by the formed oxide layer during
the time period from sample preparation to EDX measurement. Therefore, the obtained
value for oxygen in the fully plasticized zone has to be considered with care. However,
the absence of further elements in the spectrum indicates that the presence of impurities
and contaminations can be excluded.

Figure 70: Scanning electron microscopy (a) fully plasticized zone and (b) energy dis-
persive X-ray spectroscopy 2700 rpm molybdenum RFW specimen

Table 9: Chemical composition EDX point scan REW molybdenum

Element Shell wt% Error %
Molybdenum L  92.86 1.65
Oxygen K 7.14 12.40

Mechanical Characterisation The evolution of molybdenum’s microstructure is not
reflected by the logged hardness values. The in transverse and longitudinal direction
measured Vickers hardness HV1 reveals a similarly homogeneous hardness distribution
of the entire weldment (fig. 71). This means that there is no significant deviation (tab.
10) of the single average hardness value of the fully plasticized zone (246 + 7 HV1),
partly deformed zone (245 + 7 HV1), and undeformed zone/base material (245 + 6
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HV1). The phenomenon of the evolved homogeneous hardness distribution within the
weld specimen correlates with the in literature [69] reported observations. Ambroziak
only observed a slight increase of the hardness values in the contact zone (260 HV0.05).
During processing, the material’s distinct work-hardened microstructure is continuously
annihilated and results in a new fine grained microstructure. Consindering the results
of the hardness measurements, it is reasonable that the loss of work hardening is in an
equilibrium to the increase of grain boundary strengthening.

Figure 71: Hardness map and distribution REFW molybdenum

Table 10: Hardness values for representative weld sections RFW molybdenum

Weld Section Average Hardness Standard Deviation Hardness

[HV1] [HV1]
Fully plasticized zone 246 +7
Partially deformed zone 245 +7
Undeformed zone and 945 16

Base material
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4.4 Case Study RFW TZM

This subchapter provides selected results of the case study of rotary friction welding of
TZM. An analogous approach to that of the case study molybdenum was chosen. The
previously revised process design was applied for @9 mm TZM weld pins and to achieve a
variation in material displacement a variable rotational speed (2500 rpm, 2600 rpm, and
2750 rpm) was selected. Feasible welding parameters and derived technical information
were identified to generate welds. Further, the evolved microstructure was characterized
by the means of microscopy and related mechanical properties were discussed.

4.4.1 Recorded and Derived Output Parameters

Similar to the previously presented case study and despite the increased applied pres-
sure, the recorded actual pressure curves are nearly congruent (fig. 72a). The overall
mean relative errors of the predominantly forging phase are 3p7f0rge = 4.17% at 2500 rpm
rotational speed, 0, forge = 5.12% at 2600 rpm rotational speed, and 0 forge = 7.07% at
2750 rpm rotational speed for t¢orge = tr0-
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Figure 72: Comparison of nominal and actual input parameters: (a) Pressure and (b)
welding speed case study REFW TZM

In order to illustrate a nearly similar material plasticization compared to the commer-
cially pure molybdenum, the carbide stabilized TZM requires nearly two times higher
friction and forge pressure levels. The logged upsets increase (fig. 73a) from 3.95 mm to
5.43 mm to 7.09 mm, at 2500 rpm, 2600 rpm, and 2750 rpm, respectively. The derived
and related maximum material displacement-rates (fig. 73b) are 7.73 mm/s at 2500 rpm,
9.98 mm/s at 2600 rpm and 15.46 mm/s at 2750 rpm.
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Figure 73: Recorded (a) upset and acertained (b) upset rate case study REW TZM

In comparison to commercially pure molybdenum, the actual difference in the plasti-
cization behavior of TZM is reflected by the derived displacement-rates close to the end
of the spindle deceleration. While the maximum upset-rate of molybdenum occur nearly
the spindle stop (1.45 s) (fig. 62b), the maximum upset-rate of TZM is shifted to earlier
stages (<1.20 s) (fig. 73b) despite the increased applied pressure (fig. 72a) and higher
specific power input (fig. 74b). It is assumed that the high-temperature strength of TZM
results in an earlier recovery of the material’s strength upon cooling and the stabilization
of the upset-rates within the ongoing forging phase at a continously decreasing power
input.
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Figure 74: Recorded (a) loaded/unloaded torque and acertained (b) power input case

study RFW TZM
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Based on the previously derived power input and the logged material plasticization,
the total energy input over time and the upset over total energy input are plotted in
fig. 75. For the determination of the particular total energy input, only the actual weld
cycle without the preceding in-situ pre-heating stage (=~ 350 °C) is considered. The total
energy input of the weld cycles are 4745 J (— 75 J/mm?) at 2500 rpm, 5335 J (— 85
J/mm?) at 2600 rpm and 5694 J (— 90 J/mm?) at 2750 rpm (fig. 75a). In relation to
commercially pure molybdenum, the doubling of the applied pressure values resulted in
a nearly 30% higher specific weld energy in order to achieve a similar upset response.
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Figure 75: Acertained (a) energy input and (b) upset behavior case study REW TZM

4.4.2 Assessment Weld Specimens

Visual Inspection The as-welded specimens are depicted in fig. 76. The visual inspec-
tion of the TZM weld specimens reveals rotationally symmetrical, soundly formed flashes
and a slightly different visual appearance in relation to the molybdenum flashes. For the
weld specimens providing the higher energy input (2600 rpm and 2750 rpm), a slightly
angular misalignment is notable. Further, the observed annealing colors are expanded
in the same range like in the molybdenum case study and also indicate an extended
HAZ compared to the reference low-carbon steel. In addition, the high nominal torques
during processing result in clamping marks on the stationary weld pins.
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Figure 76: As-welded RFW TZM specimens (a) 2500 rpm (b) 2600 rpm (c) 2750 rpm
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The integrity and further the microstructure is evaluated by the means of the polished

and etched longitudinal cross-sections of the generated joints (fig. 77). The embedded
and polished regions of interest reveal the presence of welding defects (lack of fusion) in
all of the TZM welding specimens. The present bonding defects are mainly situated on
one side of the outer circumference of the weld interface. It is likely that the manually
adjusted (for RFW tilt angle a = 0 °) and fixed pitch axis relaxed under the exposure
to heavier loads, and slightly changed the tilt angle (a # 0 °) during processing. Con-
sidering the actual circumstances (forge pressure level, short welding cycle, the machine
layout (stiffness)), it is reasonable that the angular misalignment caused the asymetric
bonding defects.
Similar to the previous molybdenum experiments, the maintained weld energy input
affects the width of the formed HAZ. The parameter configuration (2750 rpm) which
provides the highest energy input shows the most pronounced HAZ. The etched cross-
sections show the for friction welding representative formed weld sections, this means
the transition from the undeformed base material (IV) to the severely deformed fully
plasticized zone (II) and the contact zone (I). The etched cross-sections reveal a radial
influence of the evolved microstructures, with a maximum HAZ width at the outer cir-
cumference and a minimum HAZ width at the weld interface center.
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Imperfection

Imperfection

() (f)

Figure 77: (a) Polished unetched and (b) etched [Cr m2] 2500 rpm, (c) polished unetched
and (d) etched [Cr m2] 2600 rpm, (e) polished unetched and (f) etched [Cr
m2| 2750 rpm cross-section of RFW TZM

Microstructure Characterisation In order to compare the evolved mircostructure in
the similar region next to the weld interface center of TZM to molybdenum, a subsequent
microscope study of the TZM weld specimen with the highest energy input (2750 rpm)
was conducted. As depicted in fig. 78, analogous to the molybdenum weld specimen,
the distinct hot-worked elongated grains of the undeformed base material (fig. 79d) are
continuously re-oriented outwards in the partially deformed zone (III) (fig. 79¢c), and
finally annihilated in the fully plasticized zone (II) (fig. 79a). In the fully plasticized
zone (IT), the occurring dynamic recovery/recrystallization results in a finer grained
microstructure (fig. 80a) with an average grain size value of 1.43 pm. It might be assumed
that the reduction in grain size is a result of the material’s higher recrystallization
temperature and the in the process occurring degrees of deformation. Further, the visual
appearance of the grain coarsened microstructure of the formed TZM flash (fig. 80d)
differs to molybdenum. The decorated grain boundaries might indicate the presence of
precipitations and oxides in the flash.

72



4.4 Case Study RFW TZM 4 RESULTS AND DISCUSSION

Figure 78: Weld cross-sections of an etched [murakami, 50x magnification] RFW TZM
specimen (2750rpm)

()

Figure 79: Etched (a) fully plasticized zone [murakami, 1000x magnification], (b) tran-
sitions weld sections [murakami, 100x magnification], (c¢) partially deformed
zone [murakami, 500x magnification] and (d) undeformed zone [murakami,
200x magnification] of REW TZM (2750 rpm)
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SEM MAG: 2.00 kx 15.06 mm
SEM HV: 15.0 kV Det: SE

SEM MAG: 2.00 kx WD: 15.06 mm SEM MAG: 5.00 kx WD: 15.02 mm
SEM HV: 15.0 kV Det: SE SEM HV: 15.0 kV Det: SE

Figure 80: Scanning electron microscopy of etched (a) fully plasticized zone [murakami,
2000x magnification], (b) partially deformed zone [murakami, 2000x mag-
nification], (¢) base material [murakami, 2000x magnification| and (d) flash
[murakami, 5000x magnification] of RFW TZM (2750 rpm)

Mechanical Characterisation The in transverse and longitudinal direction measured
Vickers hardness HV1 reveals a similarly homogeneous hardness distribution, except the
fully plasticized zone (fig. 81). This means that there is a slight deviation (tab. 11) of
the average hardness value of the fully plasticized zone (310 £ 8 HV1) to the partly
deformed zone (293 £ 8 HV1) and the undeformed zone/base material (292 + 7 HV1).
Considering the chemical composition of TZM and the finer grained microstructure (1.43
um), it is likely that grain boundary strengthening and/or precipitation hardening may
influence the mechanical properties within the fully plasticized zone.
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Figure 81: Hardness map and distribution REW TZM

Table 11: Hardness values for representative weld sections REFW TZM

. Average Hardness Standard Deviation Hardness
Weld Section HV1] HV]
Fully plasticized zone 310 +8
Partially deformed zone 293 +8

Undeformed zone and

Base material 292 +7
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4.5 Comparison Molybdenum and TZM to LCS

In the conducted experiments it was observed that molybdenum and TZM reveal a com-
pletely different plasticization behavior compared to the reference low-carbon steel (fig.
82b). As a result, different process designs and welding parameters are required (fig.
82a). For the reference low-carbon steel, the so far established two level design with a
friction pressure of 40 MPa and forging pressure of 200 MPa is suited in order to gen-
erate sound joints. The material displacement within the friction phase is characterized
by a stable upset behavior (1.98 mm) and a moderate quasi-steady-state displacement-
rate (6.01 mm/s). The subsequent transition (“forging into the turning spindle”) from
friction to forging pressure results in an initial increase of the maximum derived upset-
rate (8.44 mm) and mainly determines the total material displacement (27.67 mm/s).
Further, within the ongoing spindle deceleration in the forging phase, the actual power
input decreases and the displacement-rate of low-carbon steel continuously drop to zero.
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Figure 82: (a) Nominal pressure and (b) recorded upset for comparison molybdenum
and TZM to LCS

The conducted molybdenum pilot study revealed that a general different process de-
sign and additional welding parameters are required in order to join molybdenum metals.
Molybdenum’s intrinsic brittleness at room temperature, the maximum displacement-
rate (24.64 mm/s) within the friction phase, and the instable and not fully controlled
transition from friction to forging phase complicate the DDFW of molybdenum metals.
To countervail the material’s cold brittleness, the implemented preceding in-situ pre-
heating routine increases the initial operating temperatures (DBTT) before the actual
weld cycle starts. Further, the material’s unique thermophysical and thermomechanical
properties require a shorter process time and a controlled and concentrated energy in-
put during the transition from friction to forging phase. The additionally implemented
input parameters in the transition stage enable the mutual arrangement of the applied
axial pressure with the current decelerated speed in order to control the power input
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beyond the friction phase. Compared to commercially pure molybdenum (53 MPa /
110 MPa), a two times higher pressure level (110 MPa / 200 MPa) for DDFW TZM is
needed to obtain a nearly similar upset response. The recorded material displacements
for commercially pure molybdenum and TZM show dynamic upset behaviors and are ac-
companied by maximum upset-rates (molybdenum 13.69 mm/s, TZM 15.46 mm/s) close
to the spindle stop. In order to identify feasible input parameters and to keep the ma-
terial plasticization manageable, a comprehensive and precise machine control is needed.

In addition, the different material behavior during DDFW is also reflected by the
recorded typical thermal cycles for the particular materials (fig. 83). To reconstruct the
temperature history, selected stationary weld pins were equipped with thermocouples in
2 mm and 10 mm distance to the weld interface.
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Figure 83: Recorded thermal cycles: (a) Low-carbon steel and (b) TZM

The logged temperature curves reveal a completely different temperature evolution
within the molybdenum alloy and the low-carbon steel weld specimens, and prove the
major impact of the thermophysical properties (tab. 12) on the friction welding process.
The recorded maximum process temperatures are in the range of the particular mate-
rial’s recrystallization temperature Tg,,. Further, considering the recorded temperature
histories, it is assumed that the material’s specific heat capacity ¢ mainly determines the
difference between the recorded temperature peaks, whereas the thermal conductivity A
defines the time shift between the recorded temperature peaks. The thermal diffusivity
« combines these thermophysical properties and is considered as a measure for the heat
transfer rate and thermal inertia. Molybdenum exhibits a nearly four times higher ther-
mal diffusivity compared to the reference low-carbon steel.
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Table 12: Selected properties of stress relieved molybdenum, stress relieved TZM and
ATST 1000 series of low-carbon steels at room temperature [83]

Molybdenum TZM ATIST 1000

Stress Relieved Stress Relieved Series
Recrystallization temperature Tg,,. [°C| 1,000-1,200 1,400-1,500 600-700
Thermal conductivity A [W/m K] 138 118 55
Specific thermal capacity ¢ [J/g K] 0.255 0.250 0.511
Density p [g/cm?] 10.22 10.16 7.85
Thermal diffusivity a [10°¢ m?/s] 53 47 14

In terms of direct drive friction welding and the observed vigorous plasticization be-
haviour of molybdenum metals, themophysical and thermomechanical properties could
be linked and a reasonable principle was formulated: “The thermal diffusivity determines
the manifesting temperature field. The temperature field governs plasticization, which
starts when a certain temperature is exceeded. That means for Mo and TZM with their
high thermal diffusivities, a large volume starts to plasticize suddenly, which may cause
instable process conditions. As a consequence, friction welding of Mo and TZM requires
the energy input to be rapid and thus the process time to be short to produce a high
spatial temperature gradient in the weld specimen.” [89]
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5 Summary

Rotary friction welding was performed on commercially pure molybdenum, Titanium-
Zirconium-Molybdenum (TZM) and a reference low-carbon steel (LCS) by the means of
a friction stir welding (FSW) device providing comprehensive parameter recording. The
FSW device was adjusted to resemble a direct drive friction welding (DDFW) process
and a general machine capability for rotary friction welding (RFW) was proven by the
joining of a reference low-carbon steel.

For the low-carbon steel study, the established two level process design and technique
“forging into the turning spindle” were applied and resulted in the generation of sound
and defect free joints. Within the defined process parameter window, the amount of total
upset was mainly determined by the amount of forge upset. An in-depth analysis of se-
lected weld specimens was conducted in order to describe the material’s behavior during
processing. The maximum material displacement-rate (6.01 mm/s) in the friction phase
is restricted by the maximum initial nominal torque and therefore power input. By pass-
ing the maximum power peak, the nominal torque input was stabilized and dropped to
an equilibrium level. The observed friction phase indicated a self-regulation effect, which
is represented by a quasi-steady-state material displacement-rate (3.85 mm/s) and stable
upset. The subsequent forging phase was initiated by the start of spindle deceleration
and simultaneous increase of pressure to the forge level. The introduced “power burst”
resulted in a maximum overall upset-rate (27.67 mm/s) and mainly determined the fi-
nal upset. Generated joints were characterized by a narrow weld seam and a for the
process distinct microstructure. The temperature evolution within the material resulted
in a non-uniform microstructure in transverse direction. Towards the center of the weld
interface, the circumference of the weld interface presented a fully recovered/recrystal-
lized microstructure in a wide range. Mechanical properties, characterized by means of
hardness measurements, reflected the change in microstructure. The hardness evolution
of the weldment increased from the unaffected parent metal (175 + 12 HV1) toward the
contact zone. The highest hardness levels was measured within the fully plasticized zone
(265 + 45 HV1).

The preceding pilot study revealed that friction welding of molybdenum metals is
much more demanding than for the reference low-carbon steel. The susceptibility for
brittle fracture at room temperature, the vigorous plasticization behavior (24.64 mm/s)
within the friction phase, and an instable forging condition during the transition from
friction to forging phase were the challenges to deal with. A general re-design of the
so far established two level process was required. An additionally implemented in-situ
pre-heating routine provided a sufficient level of initial operating temperature (=~ 350
°C) in order to exceed the ductile-brittle transition temperature (DBTT) and enabled
a continuous weld process. Short welding cycles were selected to oppose the heat dissi-
pation and to keep the material’s plasticization manageable. The transition stage was
adjusted and additional input parameters were implemented to fine tune the process
design.
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The revised process design was applied for commercially pure molybdenum and TZM
weld specimens. In order to achieve a nearly similar upset response, TZM required a
two times higher pressure level (110 MPa / 200 MPa). To obtain a variety in plasti-
cization, three different rotational speeds (2500 rpm, 2600 rpm, and 2750 rpm) were
applied and their recorded output parameters analyzed. Within the conducted experi-
ments, the molybdenum metals revealed a dynamic plasticization behavior and increased
displacement-rates (molybdenum 13.69 mm/s, TZM 15.46 mm/s) especially close to the
end of the spindle deceleration at a minimal power input. The derived upset over total
energy courses indicated that at least a minimum amount of weld energy within a pro-
cess time of approximately 1.6 s was needed to initiate the sudden and steep material
plasticization. The generated molybdenum and TZM joints were assessed with respect to
their integrity, microstructure, and microstructural changes. For the molybdenum weld
specimens, a minimum maintained specific total energy of 71 J/mm? was required to
produce a sound and defect free bond over the entire weld interface. That accounts to
a maximum specific power peak of approximately 80 W/mm? within the weld cyle. In
contrast, a presence of imperfections in all of the TZM weldments were observed. The
mainly asymetric kissing bonds were attributed to the angular misalignment of the weld
pin axes, caused by the heavier loading condition. The joints were characterized by an
expanded HAZ and the formation of the for friction welding characteristic weld sections.
Light optical microscopy (LOM) and scanning electron microscopy (SEM) examinations
of the regions next to the weld interface center revealed the continuous re-alignment of
the molybdenum metals’ distinct hot-worked microstructure outwards in direction of the
plastic flow in the partly deformed zone. The increased temperature, strain, and strain
rate resulted in a complete annihilation of the prior microstructure and formed a new
equiaxed, fine grained microstructure. The grain size within the fully plasticized zone
was determined by the means of electron backscatter diffraction (EBSD) and returned an
average value of 4.39 nym for molybdenum and 1.43 pm for TZM. It was concluded that
the increased recrystallization temperature of TZM and occurring degrees of deformation
inhibited an actual grain growth. The evolution of microstructure within the weldment
was only partially reflected by the logged hardness distribution. While the molybdenum
weld specimen revealed a homogeneous hardness distribution (= 245 HV1) over the en-
tire cross-section, TZM showed a slight increase of the fully plasticized (310 £ 8 HV1)
compared to the other weld sections (= 292 HV1).

Finally, the representative process design, related material displacement, and recorded
temperature history of molybdenum metals and the reference low-carbon steel were op-
posed. Whereas the so far established two level process design was suited to generate
sound low-carbon steel joints, an adjusted process design for rotary friction welding of
molybdenum metals was mandatory. The related material displacements revealed a com-
pletely different plasticization behavior and increased displacement-rates of molybdenum
metals compared to the reference low-carbon steel. In addition, the different material
behavior during DDFW was also reflected by their logged typical thermal cycles. The
recorded maximum temperature peaks at the initial plasticization were in the range of
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the particular recrystallization temperature and the temperature evolution in the on-
going process was determined by the material’s thermophysical properties specific heat
capacity ¢ and thermal conductivity A. In case of molybdenum alloys, a larger volume
was heated up in a shorter period, exceeded the critical shear strength, and started to
plasticize.

6 OQOutlook

Based on the selected input parameters and derived technical information from the
small-scale molybdenum experiments (113 mm?), an adjustment of the established two
level process design and an enhanced drive power of the machine (150 kW) is recom-
mended to enable direct drive friction welding of large cross-sections (4,400 mm?) [68].
By linear extrapolation of the previous determined values for specific total energy input
(71 J/mm?) and specific maximum power input (~ 80 W/mm?), the application of at
least a 350 kW REF'W machine is needed in order to maintain a total weld energy in-
put of &~ 320 kJ without the observed spindle stall during plasticization. For the actual
welding process, short welding cycles at high pressure levels are preferable to oppose
the heat dissipation by a concentrated and controlled power input. Therefore, special
attention should be paid on the transition from friction to forging phase and the mutual
arrangement of the applied forging pressure to the continuously decelerated rotational
speed. Further, an adaption of the process design is suggested and the implementation
of an in-situ pre-heating routine recommended. Compared to common techniques (e.g.
pre-heating in the furnace), the low-pressure pre-heating routine enables a continuous
welding process and therefore reproducible pre-heating temperatures. For the future, to
confirm the presented findings of this work and to verify the results of the small-scale
experiment, additional welding experiments with varying cross-sections, e.g. medium-
size samples (e.g. 1,200 mm?) on the heavy-duty (150 kW) direct drive friction welding
machine, are recommended.

Additionally to the conventional characterization by scanning electron microscopy
(SEM) and light optical microscopy (LOM), the application of more sophisticated tech-
niques i.e. electron backscatter diffraction (EBSD), transmission electron microscopy
(TEM) and neutron diffraction (ND) would be beneficial to gather additional informa-
tion especially from the fully plasticized zone considering the misorientation distribution,
formation of precipitations, and residual stresses.

Furthermore, for a deeper understanding of the plasticization behavior of molybde-
num and Titanium-Zirconium-Molybdenum (TZM), numerical simulation will be an
important asset. A reliable numerical model would evaluate the particular influence of
the input parameters on the upset response with a minimal effort. Still, a feasible heat
source model and material properties, especially temperature- and strain-rate dependent
flow curves over a wide temperature range (>1200 °C) are needed.
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MTS Systems ISTIR Weld Data

Settings File : C:\Projects\3DOF_FSW\settings\Settings_Default.set

Tool Type : Adjustable Tool
Tool Length : 135.0
Pin OFfset : 0.0

Part Coordinate Transform

X, Y, Z Offset : 362.624, 156.9368, -159.26
Rz, Ry, Rx Rotation : 0.0, 0.0, 0.0
Table Coordinate Transform
X, Y, Z Offset : 0.0, 0.0, 0.0
Rz, Ry, Rx Rotation : 0.0, 0.0, 0.0
Table Mode : Disabled
Cylinder Diameter : 125.0 mm

Maintenance

DAQ File : C:\Projects\3DOF_FSW\settings\DefaultDagSignals.sig
Tuning : C:\Projects\3DOF_FSW\settings\Tuning_no_pin.srv
Calibration : C:\Projects\3DOF_FSW\settings\Calibration_Default.cal

Post Weld Comments

Weld Program Listing:

COORDS/PART

FEEDRATE/RATE, 2000, ACCEL ,2000
G0T0/0.0,0.0,20.0
FORGEMOVE/POSITION,8.0,RATE,500,ACCEL,500
DELAY/SEC,1.0
FEEDRATE/RATE, 1000, ACCEL ,2000

G0T0/0.0,0.0,0.0

FORGEMOVE/TOUCH , 0, FORCE ,0.5,RATE ,, 12, ACCEL , 100
DELAY/SEC,0.1

FORGEMOVE/POSITION ,0.2,RATE,6,ACCEL ,6,RELATIVE
DELAY/SEC,0.1

SPINDLE/RPM,500, ACCEL , 1500

DELAY/SEC,2.0
FORGEMOVE/POSITION,-0.15,RATE,10,ACCEL,10,RELATIVE
DELAY/SEC,0.1

FORGECONTROL/FORCE ,0.1

DELAY/SEC,3.0

SPINDLE/RPM,2750, ACCEL , 1500

FORGECONTROL/FORCE ,0.15
DELAY/SEC,10.0
FORGECONTROL/FORCE ,0.25
DELAY/SEC,10.0
FORGECONTROL/FORCE,0.35
DELAY/SEC,10.0
FORGECONTROL/FORCE,0.45
DELAY/SEC,10.0
FORGECONTROL/FORCE ,0.55
DELAY/SEC,15.0

FORGECONTROL/FORCE ,7.0

DELAY/SEC,0.80

SPINDLE/RPM,0, ACCEL ,4000

FORGECONTROL/FORCE ,12.5,RATE,7.5,ACCEL,10.0
DELAY/SEC,10.0

FORGECONTROL/FORCE,2.0,RATE,7.5,ACCEL,10.0
DELAY/SEC,30.0

FORGECONTROL/FORCE ,0,RATE,7.5,ACCEL,10.0
DELAY/SEC,10.0
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