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Summary

Through thickness microstructure and mechanical properties of defect-free electron beam
welded 20 mm thick AISI 316L austenitic stainless steel has been investigated as a
function of beam power. The weld microstructure is characterised by a columnar and
equiaxed dendritic ferrite in an austenite matrix. The dendritic structure was finer at the
bottom of the weld zone. A microstructural boundary called “Parting” was seen along the
weld centreline. Tensile tests, using a digital image correlation technique, demonstrated
that the highest strain was concentrated in the fusion zone. The bottom section of the weld
metal exhibited a yield strength of about 14 — 52 MPa higher than the top section. The
ultimate tensile strength in the bottom of the weld was also about 4% higher than the top.
The final fracture was detected in the parting region. It was observed from the EBSD scan
that the grains in the weld zone contained a weak orientation and showed a high Schmid
factor intensity with interception between some strong grains and soft grains at the weld
centreline boundary. This explains the high weld ductility and the failure to happen in the
parting region.

Dissimilar welding of 20 mm thick AISI 316L stainless steel to TiAl6V4 using electron
beam welding process was carried out. A successful joint was possible through using of
copper sheet with 1.5 mm thick as a transition layer between the two metals. Preheating
the weld samples was performed to lower the heat input and reduce the residual stresses.
A double pass welding technique was applied to achieve full weld penetration. The weld
microstructure was studied by SEM, EDS and XRD. The sensitivity of the microstructure
to cracking was evaluated by a microhardness test of the weld cross-section. The weld
region near the stainless steel contained Fe and Cu in solid solution. While the weld area
near the titanium alloy characterised by the copper solid solution with Cu-Ti and Cu-Fe-
Ti intermetallic phases. Ti-Fe intermetallic compounds was suppressed and replaced by
relatively soft Cu-Ti intermetallics, which significantly improved the joint toughness.
However, the formation of Ti-Cu at the Ti/Cu interface makes this region still susceptible

to cracking.
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Chapter 1 Introduction

1.1 Introduction

The importance of welding in manufacturing can be realized through the ability of the
welding technique to join a variety of materials and components with different shapes and
sizes. This can provide significant design flexibility and component complexity that other
manufacturing techniques cannot match, e.g., Figure 1.1 shows an example of a complex

multi-material application only made possible through welding [1, 2].

Pipe-nozzle
Dissimilar metal welded joint

Safe-end pipe

Figure 1.1 Ferritic steel pipe nozzle joined with austenitic stainless steel end in a pressure
vessel part [3].

Fabrication of thick section structures by high temperature, low pressure fusion
welding, i.e. melting at the joint, is a commonly used method in many industry sectors,
such as the nuclear, petrochemical and oil industries. Currently, the most prevalent thick
section welding processes are those based on arc welding, e.g. submerged arc welding and
tungsten inert gas (TIG). These methods are relatively slow and require many passes,
which generate a very high heat input and produce significant distortion and/or residual
stresses, leading to significant difficulties especially with welding dissimilar materials,
e.g. formation of brittle phases and segregation of alloying elements attributed to the high
and uncontrollable heat input of these methods [4-6].

Solid-state welding techniques, i.e. low temperature, high pressure processes, such as
friction welding and other joining methods such as brazing and soldering and adhesive



bonding have been used successfully in welding materials with enhanced joint strength.
These welding processes can be performed while the material remains in the solid state,
which can eliminate the difficulties associated with a fusion welding process. However,
these techniques have limited applications, e.g. soldering and adhesive bonding cannot be
used for joining components that are working in high temperature applications. In
addition, some techniques, such as friction welding, require specific component shape and
geometry in order to be applied [1, 7].

All the limitations above have led to the emergence of high power density techniques
of laser beam welding (LBW) and electron beam welding (EBW). These processes
provide high speed, deep weld penetration, low distortion, together with precise,
controllable heating position and size. All these advantages make them applicable for a
wide range of industrial application areas, Figure 1.2, and ideally suited for joining thick
sections parts particularly when a high depth to width ratio (D/W), narrow heat affected
zone (HAZ) and controllable heat distribution are required. [4, 5, 8]. Figures 1.3 and 1.4

show a comparison of weld distortion between the EBW and TIG processes.

:|construction
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:|pipe manufacturing
:|rail vehicle
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§ |electrical engineering, electronics
% |system provider welding
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I _engineering
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Figure 1.2 Application sectors of EBW [9].
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Figure 1.3 Comparison of angular distortion originated by EBW and TIG [10].

Figure 1.4 Cross sections of 12 mm Al welds performed with (a) EBW and (b) TIG [11].

Joining of titanium alloy to stainless steel is widely used in various industrial
applications, taking advantage of the specific features of each metal, such as the high
specific strength and the excellent corrosion resistance of titanium alloys and the relatively
low cost of the stainless steel. However, the joining of these metals has considerable
problems due to their differences in metallurgical and physical properties, thereby
requiring special conditions and parameters in order to be welded together, Figure 1.5.

The properties of the EBW process have made it possible to overcome most of these



difficulties by minimizing the effect of welding heat and suppressing the mixing of each
metal [2, 7].

The use of intermediate materials can improve the joining possibility between titanium
and steel. This is because they can have a good metallurgical compatibility with titanium
and steel, i.e. not forming intermetallic phases and adding some ductility that enhances
the joint’s toughness. Materials such as Zr, Mo, Ta and Ag can be used as a potential
interlayer. However, their limited availability combined with high cost and poor
weldability with steel have led to the use of more available and lower cost materials such
as Cu [6, 12]. There is, however, limited knowledge of how the microstructure may vary
through the thickness following EBW. Furthermore, the suitable procedure and
parameters that are required to successfully join stainless steel to itself and to titanium of
such thickness, is a significant knowledge gap that must be determined before the

maximum potential of the technology is fulfilled.

1.2 Aims and objectives

The aim of this thesis is to investigate the through thickness microstructure and
mechanical properties of defect-free electron beam welded 20mm thick AISI 316L
austenitic stainless steel as a function of beam power. The possibility of electron beam
welding of 20mm thick AISI 316L austenitic stainless steel to a Ti6Al4V alloy has also
been investigated. These have been undertaken with the aim of identifying key aspects of
the as-welded microstructure or its variation through the weld that will define its design

requirements and limitations.
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Use with extreme caution (no data available), and 0- Undesirable combinations (intermetallic

1.5 The ability of joining various materials by EBW process. 100-Very desirable

compounds formed) [13].




1.3 Thesis Outline

Chapter 2 introduces principles and features of the EBW technique. This includes the
advantages, weaknesses and process variables. Then some of previous studies that have
used different process parameters are also explored. The chapter then illustrates the
materials that are used in this work, starting with a stainless steel background, welding
metallurgy and weldability of stainless steel, including phase transformation and
solidification during welding and welding defects. A general background to titanium is
also covered. The chapter later focuses on the dissimilar welding between stainless steel

and titanium.

Chapter 3 illustrates the experimental and analytical methods used with a detailed
description of the EBW welding procedure, sample preparation, etching, and analytical

techniques used during this study.

Chapter 4 presents and analyses the results of AISI 316L similar welding and discusses

the microstructure and the mechanical properties of the welds.

Chapter 5 covers and discusses the results of dissimilar Ti6Al4V-AISI 316L autogenous

welds and welds using a Cu interlayer.

Chapter 6 concludes this work including experimental welding and testing procedures,

weld microstructure features and mechanical properties.

Chapter 7 presents the final further work subsection detailing the author’s suggested areas

of further research.



Chapter 2 Literature Review

2.1 Introduction

This chapter presents an overview of the related literature starting with the principles and
fundamentals of the EBW process including its main advantages and drawbacks. The
important variables that control the EBW process are also covered. This is then followed
by an overview of stainless steels and titanium alloys with an emphasis on austenitic
stainless steel and Ti6Al4V alloy in respect of their welding metallurgy and weldability.
The chapter ends with an analysis of dissimilar welding of AISI 316L austenitic stainless
steel to Ti6Al4V alloy using the EBW process.

2.2 Electron beam welding

The first use of an electron beam as a heat source for welding was in 1958 by Steigerwald,
who used it to weld Smm plates of Zircaloy. It was found that by regulating parameters
such as increasing the beam current, it becomes possible to produce a high full penetration
weld with a relatively small width [14, 15]. Currently, the electron beam process is firmly
established in many industrial fields such as the aerospace and automobile industries. It is
used with different manufacturing techniques including welding and cutting technologies
because of its high reliability, efficiency and accuracy.

The EBW process is categorized as a high-energy beam fusion welding that has the

following main features in comparison with other welding methods [14-16]:

1. An outstanding power density of around more than 10° W/cm®.

2. High welding speed resulting in narrow weld and heat affected zone (HAZ) with little
distortion of the workpiece.

3. Inertia free oscillation of the electron beam making it possible, in many cases, to join
materials otherwise considered unsuitable for welding.

3. Good protection of the weld pool from contamination by oxidation because the welding

process is commonly carried out under vacuum.



2.2.1 EBW process system and beam formation

In an electron beam welding system, the electrons are generated as a current is passed
through a tungsten filament in a high vacuum chamber. An electrostatic field between the
negative cathode and positively charged electrode (anode) then accelerates the electrons
to about two-thirds the speed of light to achieve sufficient kinetic energy for welding. The
divergent high speed electrons then can be shaped and focused through several magnetic
and electrostatic lenses to a spot diameter of between 0.1 and 1.0 mm to reach the required
power density of 10° to 10" W/cm®. The electron beam is then guided into the workpiece
by deflection coils. [15]. Oscillating of the electron beam can also be employed by
applying an alternating current in the deflection coils system. An Illustration of an EBW

machine is shown in Figure 2.1 [17].
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Figure 2.1 Schematic illustration of an EBW machine [18].



2.2.2 Penetration mechanism in EBW

When a focused electron beam hits the surface of the workpiece, the kinetic energy of the
electrons transforms into thermal energy and starts to penetrate the component. However,
the depth of penetration is very shallow due to the low mass of the electrons. Thus, an
additional process is required to achieve large weld depth, this process called deep
penetration effect [19].The extremely high power per unit area (power density) of the
electron beam can raise the temperature of the metal at the impact area to a temperature
that could exceed the boiling point of all known materials [20]. This high power density
evaporates the metal and allows for the new electrons to reach the fresh new metal and
causes a deeper penetration and generates a vapour with very high pressure, which pushes
away the molten metal to the sides and upwards. This consequently creates a cavity inside
the metal surrounded by a shell of fluid metal known as a keyhole, as shown in Figure 2.2
[19, 21]. When the beam moves during welding, the molten metal moves towards the
depth of the weld pool through the side wall of the keyhole. The driving forces for the
molten metal movement are the surface tension that resulted from differences in the
surface temperatures of the keyhole walls, the reactive pressure of evaporating atoms and
the hydrostatic forces. Vapour pressure keeps the keyhole open by countering the
hydrostatic pressure and the surface tension and pressing the molten metal around the

vapour column against the cavity walls, Figure 2.3 [20].

Figure 2.2 The stages of deep penetration in EBW[15].
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Figure 2.3 The major forces in the keyhole and the molten envelop in EBW [15].

2.2.3 The effect of power density

The power density can be defined as the power transferred to the work per unit surface

area, W/mm?, so that in EBW the power density is expressed as

2.1
Where PD = power density, W/mm?; f; = heat transfer factor; E = accelerating voltage, V;

I =beam current, A; and A = the work surface area on which the electron beam is focused,

mm” [22].

It has been found that the minimum power density required to melt most metals in
welding is about 10’ W/m>. Above around 10'> W/m?, the localized temperature vaporises
the metal in the affected region. As such, there is a practical range of values for power
density within which welding can be performed, as shown in Figure 2.4 [23]. The
capability of the EBW method to make a deep and narrow weld, as shown in Figure 2.5,
makes using this method very applicable in welding thick sections with a single pass,
instead of using the multi-pass welding technique, which is required in other conventional
welding techniques, as illustrated schematically in Figure 2.6 [11].
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Figure 2.6 Cross sections of welds performed with (a) EBW and (b) TIG [11].

Under the same heat input and welding speed, weld penetration decreases with
decreasing power density of the heat source, as indicated in Figure 2.7. As an
approximation, the power density distribution at the workpiece surface is often considered

Gaussian, as shown by the following equation:

(2.2)

Where ¢ is the power density, Q the rate of heat transfer from the heat source to the
workpiece and a the effective radius of the heat source and r the weld penetration [10].

High-power density increases the efficiency of the welding process and allows for
higher welding speeds. This makes the process require less heat input for the same joint,
resulting in a stronger weld with minimum distortion, as show in Figure 2.8 [10,
18].However, high-power density processes, such as laser beam and EBW, cannot be
humanly controlled and must therefore be automated, which requires a highly skilled fully
trained operator. This leads to increased capital costs, as shown in Figure 2.9 [11]. In
EBW, the power input per unit distance along the workpiece during welding can be

calculated using the following formula:

Eipu=60VL,/s .. ..
(2.3)

Where V, I, and s are the beam accelerating potential in volts, the beam current in amps

and welding speed in m/min, respectively [24].

12
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Figure 2.7 Effect of power density distribution on weld shape in TIG of 3.2-mm 6061
aluminium with 880 W and 4.23 mm/s. The power density decreases from 200 to 20
W/mmm? from (a) through (d) [10].

2.2.4 Controlling of EBW

In EBW, controlling of beam variables is very important to achieve the desired fusion
zone (FZ) shape, acceptable penetration depth, to avoid defects and consequently ensure
good mechanical properties [25]. The following variables can be used to control the EBW

process:

a. Accelerating voltage

This determines the kinetic energy of the accelerated electrons. For most EBW operations,
the accelerating voltage is kept constant at maximum value, which, depending upon the
type of high voltage generator and accelerating beam gun is set at 60 or 150kV. The

required beam power can be achieved by controlling the beam current [15].
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b. Beam current

The beam current and accelerating voltage determine the beam power and consequently
have biggest gredi effect on the resultant weld. The beam current that impinges the surface
of the work piece is divided into (i) the work piece current, which has the greatest
proportion and is conducted to the earth through the workpiece, and (ii) the transmitted
current that keeps the keyhole open at the underside of the workpiece and significantly
affects the shape of the weld [15].

c. Welding speed

Welding speed significantly affects the amount of heat input during welding. At high
welding speed the heat input decreases due to the low loss of heat by conduction, and that
consequently affects the shape of the weld bead. Both the speed of welding and the beam
power determine the depth of weld [20, 25]. It was found that the higher beam power

allows for a higher welding speed to be used and for the required penetration to be
achieved [26].

Heat input, KJ/m/m
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Figure 2.8 Weld strength as a function of heat input in a number of aluminium alloys welds

[11].
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of different welding processes [27].

d. Beam deflection

The electron beam can be deflected from its normal axis into different shapes, directions
and frequencies by using electric and magnetic fields. This is done through varying the
currents periodically as shown in Figure 2.10. The beam oscillation sometimes has a very
beneficial effect on the weld quality. It can be used to increase the fusion zone size and
prevent the formation of the voids at the weld by allowing the gas porosity to escape from
the weld pool [15, 17].

e. Lens current and focal position

The required power density can be achieved through controlling the beam diameter. This
can be done by focusing the beam divergence using an electromagnetic lens. The position
of the beam focusing on the component surface, i.e. above and below the surface, Figure
2.11, is also important to obtain the required weld integrity, full penetration and suitable

weld bead shape.
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Figure 2.10 Various ways of oscillating the electron beam. b, = the amplitude of oscillating,
bp = width of oscillation [15].

There are two types of focusing often used in EBW, normal focus and optimal focus.
In the former, the beam focuses on the surface of the material and the smallest possible
focal spot diameter is achieved, Figure 2.11 (a). While in optimal focusing, the beam
impinges on the surface of the workpiece with a spot diameter greater than the actual focal
diameter as shown in Figure 2.11 (b and c) [15].
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a b c

Figure 2.11 Different focus positions of electron beam: (a) Normally focused, (b)
Underfocused, (¢) Over focused. Taken from [15].

It was found that a small focal spot size and beam-convergence angle can produce a
narrow FZ. The highest penetration can be achieved when the focal spot is located at the
position between the workpiece surface and the bottom of the FZ [28]. It was also
observed that higher energy absorption and deeper weld penetration can be achieved by
adjusting the beam focus position below the base metal surface through increasing the
cavity [29].

The depth (4) and width (b) of welding penetration, Figure 2.12, the specific power of
the electron beam (Py) and the HAZ of the material depend on the diameter of the electron
beam applied on the material’s surface. The electron beam’s diameter is a function of
focusing distance. By considering the electron beam current, the accelerating voltage and
electron beam speed as constants, the relationship between the specific power, depth,
width and the beam diameter are [30]:

_ If Ugcc
Sf nd%/4 DEIRRY

(2.4)

Where Iis the beam current, U, 1s the accelerating voltage, dris the beam diameter.
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(2.6)

Figure 2.12 The depth (h) and width (b) of welding penetration [30].
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Where v is the welding speed, a; is the thermal diffusion coefficient, 4 is the thermal

conductivity, #; is the electrical efficiency, 7, is the thermal efficiency, H=c. p. (T+-273)

+H,, c is the heat absorption capacity, p is the density, 7; is the melting temperature and

H, is the melting latent heat.

The EBW parameters have an impact on the mechanical properties and the

metallurgical characteristics of the weld e.g. solidification mode and ferrite number in

stainless steels, which consequently affects the resulting microstructure and mechanical
properties of the weld [31, 32].
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2.3 Stainless steels
2.3.1 Introduction

Stainless steels are iron based alloys containing a minimum of 11% Cr that forms a thin,
protective surface layer of chromium oxide (Cr,O3) when the steel is exposed to oxygen.
The oxide layer means the steels do not rust in sea water and are resistant to most acids
[33, 34]. Other desired properties include excellent formability, high cryogenic and
ambient temperature impact properties, good resistance to oxidation and creep. Many
other elements such as Ni and C may be added to stabilize particular phases such as
austenite and ferrite, or both, to provide extra corrosion resistance and enhance the
mechanical properties [35]. Most stainless steel types are weldable. However, at specific
temperatures during heating, they may suffer from some metallurgical issues such as grain
growth, formation of intermetallic constituents or the presence of impurity elements,

which can negatively affect properties [36].

2.3.2 Types of stainless steels

The predominating metallurgical phase, e.g. austenite, ferrite and martensite that present
in the microstructure at room temperature is generally used to categorize the stainless steel
alloys. Stainless steels with microstructure contains more than one phase, e.g.
approximately 50% ferrite and 50% austenite are designated as duplex stainless steels.
Other designation includes precipitation hardenable (PH) grades that contain Al, Nb or
Ta. These alloying elements make the stainless steel hardenable by an age hardening heat
treatment [33, 37].

19



2.4 Austenitic stainless steels

Austenitic stainless steels are the most common type of stainless steels. Their corrosion
resistance is very good in most environments and they have excellent formability, good
weldability, extremely good low temperature impact properties and are nonmagnetic [38].
They have a minimum yield strength of about 210 MPa, which is equal to those of mild
steels and can only be strengthened by work hardening [33]. The significant element that
is added to stabilize the austenite phase is nickel, generally over 8 wt%. The other
austenite-stabilizing elements are C, N, and Cu. Carbon and nitrogen are added to improve
strength at high and low temperatures respectively. Table 2.1 shows the compositions
range of standard austenitic stainless steels. [18]. The effect of alloying elements on the

properties of austenitic stainless steel standards is shown in Figure 2.13 [39].

Table 2.1 Compositions range of standard austenitic stainless steels. Adapted from

[40].
Element Compositions range (wt%)
Chromium 16-25
Nickel 8-20
Manganese 1-2
Silicon 0.5-3
Carbon 0.02-0.08 (>0.03 wt% designated L grades)
Molybdenum 0-2
Nitrogen 0-0.15 (usually designated with N)
Titanium and Niobium 0-0.2

2.4.1 Designations of austenitic stainless steels

The American Iron and Steel Institute (AISI) provides a system with three numbers,
sometimes followed by letters, to designate stainless steels. Austenitic stainless steels
include both the 200 series and 300 series alloys. The 200 series alloys contain high levels
of carbon, manganese, and nitrogen with lower nickel content than the 300 series alloys
to balance the high carbon and nitrogen levels [41, 42].

The 300 series alloys are the most widely used austenitic grades with alloys 304, 316,
321 and 347 of the "18-8" type with nominal values of 18 Cr and 8-10 Ni are the most
commonly used alloys. The L grades represent low carbon content of 0.03wt%, which
have improved resistance to intergranular attack in corrosive environments [43, 44]. H
grades have carbon levels of approximately 0.1wt% making these alloys suitable for use

at elevated temperatures since they have higher elevated temperature strength than the
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standard or the L grades [40]. The N grades contain as much as 0.2wt% nitrogen in the
300 series alloys (304N, 316N) and to even higher levels in alloys that contain high
manganese content as manganese increases the solubility of nitrogen in the austenite
phase. The higher nitrogen improves the strength, galling resistance, and pitting corrosion
resistance of austenitic stainless steels[44]. Alloys 321 and 347 contain titanium and
niobium, which stabilize the alloy against the formation of M»3;C¢, chromium carbides;
these are called stabilized grades [45]. These elements form stable MC carbide at elevated
temperatures and restrict the formation of chromium carbides and reduce the possibility
of sensitization, i.e. reduction in chromium in the regions adjacent to the grain boundaries
due to precipitation of Cr-rich carbide at this region, which leads to create a microstructure

sensitive to intergranular corrosion [46].

2.4.2 Mechanical properties of austenitic stainless steels

One of the common disadvantages of austenitic stainless steels is their relatively low yield
strength, which limits these steels’ use in a number of engineering applications. Generally,
they may only be significantly strengthened by cold working. Phase transformation and
precipitation heat treatment are not applicable for strengthening purposes since
recrystallization occurs at high temperatures. Therefore, it does not reduce the grain size
and the transformation from austenite to ferrite [47-49]. However, under particular
conditions, martensite can be produced in some austenitic stainless steel grades. This has
been seen in alloys that are specially heat treated and/or toughly cold-worked [50, 51].
The mechanical properties of some of the most common austenitic stainless steels are
listed in Table 2.2.

2.4.3 Structure of austenitic stainless steels

The primary microstructure of austenitic stainless steel is austenite. However, the alloying
elements that stabilize ferrite or austenite phases play a major role in determining whether
the final microstructure is either fully austenitic or a mixture of austenite and ferrite [52].
Two examples of wrought austenitic stainless steel microstructures are shown in Figure
2.14. The fully austenitic steel consists of equiaxed austenite grains, Figure 2.14a and
Figure 2.14b shows a microstructure contains some high-temperature ferrite called delta
ferrite, which is aligned along the rolling direction. This ferrite type results from
solidification during thermo-mechanical processing due to the segregation of ferrite
promoting elements (primarily chromium) [40]. Delta ferrite is usually present in

relatively low volume fractions (less than 2 to 3%), and sometimes causes a lack of
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ductility and toughness. It can also be a preferred site for the precipitation of M»3Ce

carbides and sigma phase, which is considered an embrittlling agent in stainless steels
[35].
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Figure 2.13 Alloying elements in austenitic stainless steel standards and some of their impact
on the properties. Adapted from [53].
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Table 2.2 Mechanical properties of Austenitic Stainless Steels. Adapted from [40].

Tensile strength Yield strength Elongation ilie;l;c;ion

Alloy o Ksi MPa Ksi (%) (%)
302 515 75 205 30 40 50
304 515 75 170 30 40 50
304L 480 70 205 25 40 50
308 515 75 205 30 40 50
309 515 75 205 30 40 50
310 515 75 205 30 40 50
316 480 75 205 30 40 50
316L 515 70 170 25 40 50
317 515 75 205 30 40 50
321 515 75 205 30 40 50
330 480 70 205 30 30 -
347 515 75 205 30 40 50

The Fe-Cr-Ni phase diagram at 70% constant iron, Figure 2.15, can be used to describe
the transformation behaviour of austenitic stainless steels. As the chromium is the ferrite
promoting element, the primary solidification occurs as delta ferrite at a high percentage
of chromium/nickel ratios and as austenite at lower ratios. However, when alloys solidify
as ferrite, they may be either fully ferritic or consist of a mixture of ferrite and austenite
at the end of solidification [54].
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Figure 2.14 Microstructure of Type 304 stainless steel plate (a) fully austenitic and (b)
austenite with d-ferrite stringers. Adapted from [40].
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Figure 2.15 Relationship between the solidification type and pseudobinary phase

diagram[55].
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2.4.4 Formation of precipitates in austenitic stainless steels

Different types of precipitation may form in austenitic stainless steels, Table 2.3. The
chemical composition and heat treatment control the type and structure of precipitates,
with carbides being the most common. The high percentage of Cr and presence of other
carbides promoting alloying elements such as Mo, Nb and Ti increase the possibility of
carbides’ precipitation. Carbides’ formation is very important in austenitic stainless steel,
especially M»3Cs since it can be lead to intergranular corrosion by precipitating along the

grain boundaries in temperatures between 700 to 900°C [56].

Table 2.3 Precipitates in Austenitic Stainless Steels. Adapted from [40].

Precipitate Crystal Structure Stoichiometry
MC FCC NbC
MC NaCl TiC
MeC Diamond cubic (FeCr)ghlfdo;s(é,igeg Nb;C,
(Cr,Fe)23Ce,
M»3Cs FCC
(Cr,Fe,Mo0),3C¢
NbN FCC NbN
Z phase Tetragonal CrNbN
Sigma phase Tetragonal Fe-Ni-Cr-Mo
Laves phase (1) Hexagonal Fe,Mo, Fe,Nb
Chi phase (y) BCC FescCri2zMoyg
G phase FCC Ni16NbgSi7, NijTi6S17
Hexagonal Mo-Co-C
: Rhombohedral Mo-Co- C
& Nitride (Cr2N) Hexagonal CrN
Ni3Ti Hexagonal Ni;Ti
Niz(Al, Ti) FCC NizAl
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2.4.5 Microstructural characteristics of the FZ in austenitic stainless steel

As with any fusion weld, the grains in the FZ of austenitic stainless steel can exist in
columnar and equiaxed structures similar to castings, Figure 2.16. However, the
solidification behaviour and the final grains structure in welding is governed by the weld
pool shape, welding process parameters, epitaxial growth and the alteration of the thermal
gradient and solidification rate in the weld pool [57].

The grains in the weld metal tend to grow in a direction perpendicular to the fusion
boundary due to the highest thermal gradient in this direction. In an autogenous weld, the
grains grow epitaxially from the base metal grains at the fusion boundary with preferred
crystallographic growth direction, which is <100> direction, as shown schematically in
Figure 2.17. However, away from the pool boundary, the grains continue their growth in
the same preferred crystallographic direction and start to crowd out the grains with less
favourably oriented grains and competitive growth begins, Figure 2.18 [58, 59]. The
grains continue to grow straight towards the weld centreline until they meet with the grains
that grew from the opposite weld interface side, which forms the weld centreline
boundary, Figure 2.19. The weld centreline is a probable defect in any weld as it is
susceptible to solidification cracking [60, 61] and is a location of segregation of the
alloying elements and impurities, producing potential brittle phases reducing toughness.
It is worth mentioning that when a filler metal is used in welding stainless steel or when
joining the stainless steel to a different metal, the weld metal composition and crystal
structure becomes different from the base metal. In this case, epitaxial growth can no
longer occur and the new grains will nucleate at the fusion boundary [62].

The grains in the FZ can also exhibit a variety of microstructural morphologies, such
as cellular and dendritic grains. The type of these morphologies is governed by the level
of constitutional super cooling, i.e. the liquid cools below its liquidus temperature and
stays in the liquid state due to the compositional change in the liquid. Generally,
depending on the solidification condition and the material system involved, the
constitutional super cooling can enhance the change in solidification mode from planar to
cellular and from cellular to dendritic, as shown in Figure 2.20 [63, 64]. The solidification
mode can vary within a single weld from the fusion line to the centerline, as can be seen
in Figure 2.21. This variation across the weld depends on temperature gradient G and the
cooling rate R. When the G/R ratio decreases, the solidification mode changes from
cellular to dendritic. This ratio decreases towards the centerline and enhances the dendritic

structure in this region, Figure 2.22 [65, 66].
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Figure 2.16 Schematic figure of Different types of grains structure and weld pool shape in
fusion weld. (a) elliptical weld pool shape with axial structure at low welding speed (b) tear-
drop shaped weld pool with centreline structure at high welding speed (c) tear-drop shaped
weld pool with equiaxed structure at higher welding speed [10].
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Figure 2.17 Epitaxial growth fusion weld [57]
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Figure 2.18 Schematic graph of competitive growth in fusion weld [10].
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Figure 2.19 Weld solidification centreline [61].
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Figure 2.20 Influence of constitutional supercooling on solidification mode during welding: (a)
planar; (b) cellular; (c) columnar dendritic; (d) equiaxed dendritic. Constitutional supercooling
increases from (a) through (d). S-L is the solid-liquid interface, AT is the temperature
difference at the fusion boundary layer and AT = T, -Ts, where Ty is the liquidus temperature
and Ts is the solidus temperature. D;=Liquid’s diffusion coefficient [67].
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Figure 2.21 Variation in solidification mode across the FZ [10].
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Figure 2.22 Effect of G/R on the grains microstructural morphologies in the FZ [10].

2.4.6 Effect of welding parameters on the grain structure

2.4.6.1 Grains morphology

The grain morphology of the weld metal is significantly affected by the welding
parameters used such as heat input and welding speed. According to Equation (2.7), at
higher heat input (Q) under the same welding speed, the solidification mode changes from
cellular to dendritic due to the lower thermal gradient, hence the lower G/R ratio that
enhances the dendritic mode [68, 69].
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therefore G=1/Q

Where,
T = temperature

T, = workpiece temperature before welding, & = workpiece thermal conductivity,

0 = workpiece thermal diffusivity, namely, k&/pC, where p and C are density and specific

heat of the workpiece, respectively.

2.4.6.2 Dendfrite spacing

The secondary dendrite arm spacing (SDAS) is defined as the distance between the
protruding adjacent secondary arms of a dendrite. Across the weld, due to the different
cooling rates from the fusion line to centerline, the dendrite arm spacing also changes. The
distance between the arms decreases towards the weld centerline because of the high

solidification rate in this region.

Welding parameters can influence the distance between the dendrite arms too.
According to Equation (2.8), for a particular welding process under the same heat input,
the cooling rate increases with increasing welding speed, thus, decreasing the dendrite arm
spacing [10, 70, 71].

(f;_:)x _ (Z_Dt (%)T — —anVy ......... (2.8) [10]

Therefore, as the amount of heat per unit length (Q/V) is increased, the dendrite arm
spacing increases. This relationship was proven by Davis [72] and Xue [73] as shown in
Figures 2.23 (a) and (b), respectively.
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Figure 2.23 Dendrite arm spacing as a function of heat input (a) LBW of For Al-Mg—
Mn alloy [10, 72] (b) Laser beam dissimilar welding of Cu-Al [73].

Another example can be seen in Figure 2.24, showing three welds with dendritic
structures produced by three different welding processes. The finest DAS can be clearly
seen in Figure 2.24 (b), which resulted from LBW with lower heat input and faster welding
speed than the TIG and Hybrid TIG-LBW processes.

Figure 2.24 Weld metal microstructure of 404 stainless steel welded by (a) TIG (b) LBW (c)
LBW-TIG hybrid welding. Adapted from [74].
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2.4.6.3 Weld pool shape

Weld pool shape is mainly affected by the surrounding thermal conditions in the FZ and
HAZ and the molten metal flow during welding. Generally, the volume of the weld pool
increases with increasing heat input and decreases with increasing welding speed [75]. In
welding process with low power density such as TIG, the weld pool takes the elliptical
shape at low welding speed and tear drop at higher welding speed. With high power
density welding techniques such as EBW and LBW, weld pool shape changes from
circular to elliptical or teardrop shape as welding speed increases, as can be seen in Figure
2.16 [75]. The higher the welding speed, the more elongated the welding pool due to the
high thermal gradient produced by the fast moving heat source [67].

2.4.7 FZ microstructure evolution in austenitic stainless steels

The FZ in an austenitic stainless steel can undergo four possible solidification types and
phase transformations, listed in Table 2.4. The A (austenite) and AF (austenite+ferrite)
are primary austenite solidification modes, since the austenite forms first during
solidification. The FA (ferritetaustenite) and F (ferrite) solidification modes are primary
ferrite as the delta ferrite is first phase to solidify. All these reactions are related to the Fe-
Cr-Ni phase diagram, Figure 2.15 [52].

2.4.7.1 Austenite mode

In the austenite solidification mode, the primary austenite formed on initial solidification
remains upon cooling to room temperature, without formation of any other phases. Figure
2.25 shows a metallographic example of this solidification type. The cells and dendrites
in the microstructure can be clearly seen due to the effect of some alloying elements such
as Cr and Mo in the type 304 and 316 that segregate during solidification and their
relatively low diffusivity at high temperature [40].

2.4.7.2 Austenite-ferrite mode

This ferrite solidification mode consists of the primary austenite plus some ferrite, which
forms at the end of the primary austenite solidification process via a eutectic reaction. The
partition of ferrite-promoting elements to the solidification sub-grain boundaries during
solidification promotes the formation of ferrite. This ferrite is relatively stable and does

not transform to austenite during weld cooling as it is enriched in ferrite-stabilising
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elements. Figure 2.26 shows an example of a microstructure that exhibits ferrite along

solidification sub-grain boundaries [54].

Table 2.4 Solidification Types, Reactions, and Resultant Microstructure. Adapted from

[39].
Solidification Type Reaction Microstructure
Fully austenitic
A L—-L+tA—A
Ferrite at cell and dendrite
L->L+A—-L+A+HA+F)ey— )
AF boundaries
A+Feut

Skeletal and/or lathy ferrite
L—-L+F—>LAF+HF+A)pereut .
FA resulting from ferrite to
—F+A
austenite transformation

Acicular ferrite or ferrite
matrix with grain boundary
F L—-L+F—F—F+A ) )
austenite and Windmastétten

side plates

Figure 2.25 FZ microstructure resulting from fully austenitic (Type A) solidification.
Adapted from [40].
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Figure 2.26 FZ microstructure resulting from Type AF. Adapted from [40].

2.4.7.3 Ferrite-Austenite mode

The microstructure in the ferrite-austenite mode is governed by the chemical composition
and cooling rate. The chemical composition is represented by the chromium equivalent
(Creq) to nickel equivalent (Nigq) ratio (Creg/Nigq). Creq of @ given alloy can be determined
from the ferrite promoting elements and Ni.q can be determined from the austenite formers
[10]. When the Cr.¢/Nieq value increases, the amount of primary austenite decreases until
the primary solidification mode is entirely ferritic. The microstructure in this mode
consists of primary ferrite and some austenite that forms at the end of solidification,
resulting from the peritectic-eutectic reaction in the Fe-Cr-Ni system (Figure 2.15). The
resulting ferrite morphology is governed by cooling rate. Vermicular ferrite morphology,
Figure 2.27, is resulted from moderate cooling rate and lathy ferrite, Figure 2.28, is
resulted from high cooling rate. The high cooling rate restricts diffusion during the ferrite-

austenite transformation and the structure has more tightly spaced laths [40, 76].

2.4.7.4 Ferrite mode

When the Cr.q/Niq valueis > 1.95, the alloy can solidify completely as a ferrite. However,
part of the ferrite can transform into austenite; the degree of transformation depending on
the Creq/Nieq value and cooling rate [77]. Once the molten metal cools below the ferrite
solvus, austenite starts to form at the ferrite grain boundaries. The fully ferritic structure

in the solid state between the solidus and ferrite solvus allows diffusion to eliminate all
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composition gradients that have resulted from solidification. Thus, the microstructure

consists of large and homogeneous ferrite grains.

Figure 2.28 Lathy ferrite Adapted from [40].

In the range of F solidification mode, the low Cr.q/Nigq raises the transformation
temperature. At low to moderate cooling rate, the ferrite is notably consumed. At high

cooling rates, diffusion is suppressed and transformation from ferrite to austenite is
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limited. In contrast, high Cr.y/Niq value lowers the transformation temperature. However,
in both cases, high ferrite contents will result in the FZ.

The microstructure in the F mode, at low Cr.q/Nicq values, is an acicular ferrite structure
within the ferrite grains as shown schematically in Figure 2.29 (a). The long range
diffusion at a low transformation temperature pushes the transformation to occur rapidly
resulting in the acicular ferrite structure. At high Creq/Nieq values and the same cooling
rate, the microstructure consists of a ferrite matrix with austenite grain boundaries and a
Widmanstatten austenite structure, which nucleates at the ferrite grain boundaries due to
the low diffusion rate, as presented schematically in Figure 2.29 (b) and in a micrograph,
Figure 2.30 [77]. The high Cr.¢/Nicqratio reduces the ferrite solvus and driving force for

the ferrite to austenite transformation.
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Figure 2.29 Schematic of ferrite solidification mode: a) acicular ferrite b) ferrite and
Windmanstétten austenite [78].
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Figure 2.30 Initial growth of Widmanstétten austenite which nucleates from austenite along
the ferrite grain boundaries in a FZ microstructure resulting from F solidification. Adapted
from [40].

2.4.8 Heat affected zone in austenitic stainless steel welds

The composition and microstructure of the base metal (BM) are the main factors that affect
the characteristics of the HAZ in austenitic stainless steels. This region may experience

the following metallurgical reactions [40].

2.4.8.1 Grain growth

Significant grain growth may take place in the HAZ region if the BM is strengthened by
cold working. Recrystallization and grain growth can result in significant HAZ softening,
Figure 2.31 [10].

2.4.8.2 Ferrite formation

It is known from the literature [40, 79] that ferrite formation increases with increasing
Crey/Nigq ratio, Figure 2.15. Ferrite formation is usually along the grain boundaries and
this will restrict the grain growth in this region and reduce the susceptibility to the HAZ
liquation cracking. However, the fast thermal cycle in the HAZ lowers the possibility of

austenite to ferrite transformation.

2.4.8.3 Precipitation

During welding, the HAZ is heated to temperatures close to the solidus temperature of the
alloy. This can lead to the possibility of most of the precipitates that exist in the base metal

dissolving. On cooling, a super saturation of austenite matrix occurs and different
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precipitates form, e.g. carbides and nitrides precipitates. These precipitates usually form
along grain boundaries or at the ferrite-austenite interface (if ferrite is present). Their size,
distribution, and morphology are a function of the alloy composition and the HAZ thermal

cycle. A high amount of precipitates can lower the corrosion resistance of the steel [80,
81].
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Figure 2.31(a) Weld pool and grain structure in solidified weld metal (b)HAZ grain
structure. Adapted from [67].

2.4.8.4 Grain boundary liquation

Segregation of impurity elements along the austenite grain boundaries reduces the melting
temperature in that region and causes local melting along the grain boundaries. Stainless
steel alloys that contain MC carbide forming elements such as titanium and niobium may
undergo constitutional liquation that lead to HAZ liquation cracking. Segregation of
impurities, such as sulphur and phosphorus, along the grain boundary can also increase

the possibility of liquation [40].
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2.4.9 Weldability of austenitic stainless steels

Generally, austenitic stainless steels are considered to be very weldable by most welding
processes. However, proper precautions should be taken to avoid or minimize any
weldability problems such as weld solidification cracking, liquation cracking and lack of
corrosion resistance. Thus, successful welding requires the appropriate selection of alloy
(base and filler metal) and correct welding procedure.

2.4.9.1 Weld solidification cracking

Generally, the weld microstructure that consists of fully austenitic phase or primary
austenite solidification with low Cr.q/Nicq ratio is more sensitive to cracking, as shown in
Figure 2.32. The presence of the delta ferrite phase in the weld microstructure increases
the resistance to solidification cracking [82, 83]. Thus, it can be concluded that the weld
microstructure, which is controlled by solidification conditions, i.e. chemical composition
and cooling rate, has a high impact on the crack susceptibility [77].

It is important to note that impurities, such as sulfur and phosphorus, have a big
influence in increasing the cracking sensitivity of the FZ [84]. An example of weld

solidification cracks in a fully austenitic weld can be seen in Figure 2.33.

Austenitic stainless
steels

« v

A i{AFi{ FA | F

'
'
'
'
'
'
'
'
'
'
I
'
i
[
'
[
'
'
'
'
'
'
'

Cracking susceptibility

1.0 15 2.0 25 3.0
Creg/Nigqg — WRC 1992

Figure 2.32 The effect of composition and microstructure on the weld solidification
cracking susceptibility [85].
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Figure 2.33 Weld solidification cracks in fully austenitic weld metal [86].

Fully austenitic stainless steel weld metal is highly sensitive to cracking due to the
existence of low melting point films near the grain and sub-grain boundaries. These low
melting films contain high amounts of alloying elements such as sulfur, phosphorus,
silicon, and manganese that increase the solidification cracking possibility. The weld
metal microstructure with two phases withstands wetting by the continuous films and
forms a tortuous (not straight and smooth) boundary along which cracks must grow [39,
87]. In addition, delta ferrite has a greater solubility for harmful elements such as sulfur
and phosphorus than austenite that reduces the volume of low-melting constituents formed
during solidification [86]. The residual amount of delta ferrite after solidification can be
used to predict the solidification behaviour of the BM. Therefore, many constitutional
diagrams have been developed to predict the residual delta ferrite content after
solidification based on the chemical composition of the alloy, such as the Schaeffler,
DeLong and Suutala diagrams.

(1) Schaeffler diagram

This constitution diagram was developed by Anton Schaeffler in 1949 and is used as a
tool to predict ferrite content in stainless steel weld metal. The prediction can be done by
calculating Ni and Cr equivalents, which are both based on the chemical composition of
the alloy. Ferrite-promoting elements are included in the chromium-equivalent equation
and austenite-promoting elements in the nickel-equivalent equation, Figure 2.34. This
diagram is considered accurate for Types 308, 309, 309Cb, 310, 312, 316, 317, 318 and
347 with +4 % ferrite [88-90].
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(2) Delong diagram

Major developments and expansions to the Schaeffler diagram were made by Delong in
1956. The modifications included adding nitrogen to the nickel equivalent, which affected
the location of the lines in the diagram. The distance between the ferrite lines is
approximately equal and the slope of the isoferrite was increased giving greater accuracy
for calculated and measured ferrite content in highly alloyed stainless steels such as 316
and 309, Figure 2.35. These modifications give an overall better calculation accuracy for
a range of stainless steels. In 1973, further changes were made by Long and DelLong, as
shown in Figure 2.36. The key modification was the adding of a Ferrite Number (FN)
scale to the diagram to the ability of calculating of the delta ferrite. FN values are based

on magnetic measurements, since the BCC delta ferrite is ferromagnetic, whilst the FCC

austenite is not [40, 88].
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Figure 2.34 Schaeffler diagram of 1949 for ferrous metals [91].
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Figure 2.35 DeLong 1% diagram (1956) for austenitic stainless steels [40].
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Figure 2.36 DeLong 2™ diagram (1973) for austenitic stainless steels [88].
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3) Suutala Diagram

Suutala diagram, Figure 2.37, was developed by Kujanpdd and Suutala in the 1980s
through evaluating a series of published studies regarding austenitic stainless steel weld
cracking. The Cr.q and Ni.q used were developed by Hammar and Svenson [92]. This
diagram shows that the increase of the Cr.q/Nicqratio raises the crack resistance. Extremely
low sulfur and phosphor contents can also improve the resistance to cracking. The
segregation of these elements at the austenitic grain boundaries during solidification
increases hot cracking susceptibility. It can be seen in the Suutala diagram that an alloy
with high amounts of S+P wt% is still susceptible to cracking even with high Crq/Nigq
ratio because P and S have a tendency to combine with iron and form low-melting point
compounds such as FeS and Fe;P. They also create other low-melting eutectics, such as
FeS-Fe and Fe;P-Fe in addition to Ni3S2-Ni and NisP-Ni [93]. It is worth noting that P
has a more significant role than S content in preventing solidification cracking. The
minimum suggested P content is 0.005% and S content should not exceed 0.005% [94].
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Nigg = Ni + 0.31Mn + 22C + 14.2N + Cu

Figure 2.37 Suutala diagram for predicting weld solidification
cracking from weld metal composition [95].
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(4) WRC-1988 and WRC-1992 Diagrams

The Schaeffler and DeLong diagrams were expanded in a study funded by the Welding
Research Council (WRC) in 1988 to improve the accuracy of ferrite prediction in stainless
steel weld metal. The new predicative diagram, known as WRC-1988, has the ability to
cover a wider range of compositions, from 0 to 100 FN instead of 1 to 18 and includes
boundaries that define the solidification mode. A modification to WRC-1988 diagram was
made in 1992 by Kotecki and Siewert, Figure 2.38, which includes a Cu coefficient of
0.25 in the nickel-equivalent formula [96]. To date, the WRC-1992 diagram is the most
recommended and accurate tool for predicting the FN in the austenitic and austenitic-
ferritic stainless steel welds [97]. Its only weakness may be the lack of a factor for
titanium, which is a strong carbide former and can impact the phase balance by taking
carbon from the matrix. Titanium is also a ferrite stabilizing element in the absence of
carbon [40].

Ni+35C +20N +0.25Cu

eq™=

Ni

Creq=Cr+Mo+0.7Nb

Figure 2.38 The WRC-1992 diagram. Adapted from [98].
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(5) Other ferrite content measurement methods

Ferrite content of the weld in stainless steels can be measured by methods that do not
depend on the chemical composition of the alloy such as metallographic and magnetic
techniques. Both processes can give better accuracy since depending only on composition
may not be adequate because slight differences in composition may lead to high
differences in predicted measurement [99].

Cracking susceptibility can also be affected by other factors, such as weld pool shape
and weld restraint conditions especially when the weld metal solidifies in primary
austenite mode. The high levels of restraint and tear drop weld pool shape, resulting from

excessive welding speed, both increase the cracking susceptibility [79].

2.4.9.2 Rapid solidification effect

In high speed welding processes, such as electron beam and laser beam welding, the
solidification rate is very rapid and causes a shifting in the solidification behaviour of the
alloy so that the constitutional diagrams may not accurately predict either solidification
behaviour or ferrite content.

Kurz and Fisher [100] found that the shift in solidification mode from primary ferrite
to primary austenite is associated with dendrite tip undercooling. This effect in austenitic
stainless steel welds has been described in some detail by Lippold [39] and Brooks and
Baskes [101]. It can be seen in Figure 2.39 that under rapid solidification conditions, the
stability of austenite, relative to the ferrite, increases with increasing dendrite tip
undercooling. As the growth rate increases, austenite becomes favoured over ferrite.
Alloys with low Creq/Niq values, require a lower solidification rate than the alloys with
higher Cr.4/Nicq values for ferrite solidification, as can be seen in Figure 2.39. R¢; and R
represent the critical growth rate to produce austenite over ferrite for the low and high
Cre¢/Nigq ratio, respectively [95]. Figure 2.40 combines the effects of composition and
solidification rate on the microstructure of stainless steel, based on EBW travel speed. The
increase in welding speed results in a transition in the solidification behaviour of the alloy
from AF and FA solidification to type A. A microstructure example for the phase

transition is given in Figure 2.41.
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Figure 2.41 A transition in solidification mode from AF to FA due to the increase in
solidification velocity [102].

To predict and control solidification cracking during high-speed solidification, the
Suutala diagram has been modified based on rapid solidification in pulsed LBW, Figure
2.42 [40]. This diagram is also applicable when using other processes that produce very
high solidification rates, such as EBW or TIG. For pulsed laser welds the curve has shifted
to a higher value (from 1.48 to 1.68). Consequently, alloys that are crack resistant under
normal weld solidification conditions may be crack susceptible if the solidification rate is
extremely rapid.

In 1989, the effect of solidification time and cooling rate on the variation of ferrite
number was investigated by Eagar [103]. It was shown that the solidification time and
cooling rate significantly altered the ferrite number of different samples. The
microstructures of the weld and FZ were affected by the composition of the BM and
welding parameters. In 1995, Tjong [68] investigated the characteristics of the 316L weld
following electron and laser beam welding. Microstructure, hardness properties and creep
rupture of the welds were studied. The weld metal microstructure of the two welding
processes was a fully austenitic with solidification structure consisted of cellular and

equiaxed dendrites. The welds showed better mechanical properties than the BM.
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Figure 2.42 Modified Suutala diagram. Solid symbols, cracking, open symbols, no
cracking [40].

2.4.9.3 Weld centreline cracking

The formation of centreline boundary in the weld zone creates an area with high potential
to cracking during solidification. It is the last area to solidify in the weld, which
encourages impurities and alloying elements to segregate in it. This consequently lowers
the melting point of the weld in this zone limiting the service conditions of the component.
Mechanical and corrosion properties may also decrease due to the probability of formation
of brittle phase and eutectics [60]. In high power density welding processes such LBW,
the centreline boundary acts as a weak interface that arrests stresses and helps cracks
propagation to generate. This attributed to the sudden transition in the grain orientation
due the high welding speed [104]. However, the high cooling rates and low contamination
associated with welding process that are combined with vacuum technique, such as EBW,
reduces the precipitation of brittle phases at the weld centreline [105].

The grain orientations can also play an important role in determining the mechanical
behaviour of the weld. BCC and FCC grains with slip direction <111> and <110>
respectively, and slip plane normal are oriented 45° to the direction of the applied stresses,
requiring lowest possible stress to yield. To identify the grains orientation and relate the
tensile stresses with grain orientation (texture), Electron backscattered diffraction (EBSD)

and Schmid factor maps can be utilized [106]. Schmid factor can be represented by
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equation 2.9,

Schmid factor = cos ¢ cos A ..... .....(2.9) [33].

Where, ¢ is the angle between slip plane normal and direction of the applied stress, A
is the angle between slip direction and direction of the applied stress. Grains with a low
Schmid factor are strong grains and harder to yield [107]. Schmid factor intensity values
is between 0 and 0.5. Grains with ¢ and A equal to 45° give the highest Schmid factor
producing lower yield and tensile strength [108, 109].

2.4.9.4 HAZ liquation cracking

This type of cracking occurs in the HAZ region adjacent to the fusion boundary. It is
particularly prevalent in fully austenitic stainless steels. The metallurgical reason for
cracking includes the formation of liquid films along grain boundaries in the partially
melted zone adjacent to the fusion line where temperatures are close to the weld metal
solidus. These films are unable to accommodate the thermally and/or mechanically
induced strain experienced during weld cooling [95]. The liquation is associated with the
segregation of impurities such as sulfur and phosphorus to the grain boundaries at elevated
temperatures or the formation of low melting eutectic phases caused by segregation of
elements such as niobium and titanium along with these impurities [82]. HAZ liquation
cracking can be minimized by adjusting the composition and the microstructure of the BM
[110]. Base metals that have a ferrite number (on the WRC-1992 diagram) of 1 or higher
will form some ferrite along the HAZ boundary, as illustrated in Figure 2.26 and
effectively prevent the formation of liquation cracking. In fully austenitic HAZ
microstructure, there is no grain boundary ferrite, meaning restricting impurity levels and
grain size can minimize the liquation cracking. The higher grain boundary area raises the
amount of total stress required to start cracking by decreasing the segregation and local
stresses on individual grain. Examples of HAZ liquation cracking are presented in Figure
2.43 [40]. The existence of ferrite along the austenite grain boundaries decreases the crack

growth, as shown in Figure 2.43 (a).
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Figure 2.43 HAZ liquation cracking in the HAZ of a) Type 304 with ferrite potentials 1 and
b) Type 304L with ferrite potentials 0. Adapted from [111].
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2.5 Titanium and titanium alloys

The Kroll process is the most popular method for producing Ti. In this process, the TiO,
is converted into TiCls, then sodium or magnesium are used to make the Ti metal.
Recently, other processes have been reported to produce titanium by thermomechanical
processing of TiO, [112].

Titanium has excellent corrosion resistance, high strength to weight ratio and good
mechanical properties even at high temperatures. It is used in many applications such as
chemical and petrochemical industries, acrospace and biomaterials applications [33].
Titanium exhibits an allotropic behaviour showing a phase transition at about 882°C,
altering from BCC f phase to HCP o phase on cooling. The addition of alloying elements
can change the transformation temperature, affect the stability of the B and o phase and
provide solid solution strengthening for Ti alloys. Alloying elements in titanium can be
classified into 4 groups, Figure 2.44 [113].

Bbcc
p
% hex
—»
Ti Ti Ti
neutral a-stabilizing B -stabilizing
B-isomorphous B-eutectoid
(Sn,Zr) (AlLO,N,C) (Mo,V,Ta,Nb) (Fe,Mn,Cr,Co,Ni,Cu,Si,H)

Figure 2.44 Effect of adding alloying elements on Ti phase stability and final microstructure
[114].

Alloying elements such as Sn and Zr produce solid solution strengthening with no
influence on phase stability and transformation temperature. Al, N, C and O stabilize the
alpha phase and increase the § transus temperature. Mo, Nb, V are [ stabilizing elements
and lower the temperature at which alpha transforms to beta even to room temperature.
Finally, the addition of Mn, Co, Cu, Fe, Si and Ni form a combination of the alpha and
beta phases at room temperature through a eutectoid reaction. The addition of alloying
elements produces five different titanium alloys, o, near o, 3, near 3 and o + f3 alloy. This
classification is based on the dominate phase structure at room temperature, as illustrated

in the pseudo-phase diagram in Figure 2.45 [115].
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Figure 2.45 The pseudo-phase diagram for titanium alloys [112].

2.5.1 The a and near a alloys

a alloys are completely HCP o phase structure alloys. The most common examples of o
alloys are commercially pure titanium (CP-Ti), Ti-5A1-2.5Sn and Ti-2.5Cu [116]. These
alloys are not heat treatable and can only be strengthened by either adding solid solution
strengthening elements such as Al and Sn, or by cold working [33, 112]. Improvement of
fatigue life can be achieved through rapidly cooling the solution treated alloy to produce
acicular or Widmanstitten o grain structure that provides better fatigue resistance. The o
alloys have excellent corrosion resistance, high deformability and show no transus
temperature at cryonic temperatures. Therefore, they are used in chemical processing
equipment such as pressure vessels and hydrogen storage tanks [113].

The near o alloys contain small amounts of [ phase that is retained in the
microstructure after cooling to room temperature. The presence of 3 phase enhances the
workability during forging, significantly improves resistance to creep and increases
strength at high temperatures. Near a alloys can be obtained by adding a certain amount
of B phase stabilizing elements (<2%) such as silicon and molybdenum. Examples of these
alloys are Ti829 and Ti834 [117, 118]. The a and near a alloys have good weldability
because they have good ductility. For alloys in an annealed condition, the welding thermal
cycle has a minimal influence on the strength of the HAZ. However, for the alloys in a
cold work condition, the strength of the HAZ drops due to the heating effect during

welding. Therefore, it is preferable to weld these alloys in annealed conditions.
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2.5.2 o+ B and near B alloys

With certain amounts of o and 3 stabilizers (4-6 wt%) a broad combination of the two
phases can be obtained at room temperature after solution treatment. Ti6Al4V and
Ti6A12Sn4Zr2Mo0.5Si are examples of this class. Due to the combination of excellent
mechanical properties, good corrosion resistance and high temperature capability, these
alloys are mainly used in the aircraft and aerospace industries. The strength and fatigue
life of a + 3 alloys can be controlled through thermomechanical heat treatments since the
alloys contain two phases [119, 120].

The mechanical properties of o+f titanium alloys can be significantly affected by the
welding thermal cycle. However, the degree of effect depends on the amount and type of
the alloying elements. Phase transformations that occur during welding decrease the
ductility of the weld metal and HAZ. Therefore, filler metals of titanium or alpha-titanium
alloy can be used for welding alpha-beta alloys to improve the ductility of the weld metal

by producing weld with lower beta phase [21].

2.5.3 B alloys

A high percentage of B stabilizing elements such vanadium or molybdenum produces a
structure close to single-phase 3 structure, which is under rapid cooling, a complete but
metastable B structure. Strengthening of these alloys can be achieved by solid-solution
strengthening alloying elements and by age hardening through reheating the metastable
structure to produce o phase precipitates. Aerospace parts such as high-strength fasteners
and beams are the main applications of these alloys due to their high strength and thermal
stability.

B titanium alloys have poor creep behaviour and exhibit a ductile to brittle transition
[33, 116, 118]. Most of the B alloys are considered weldable such as Ti-13V-11Cr-3Al and
Ti-lISMo-6Zr-4.5Sn alloys. However, the B alloys in annealed condition show better
weldability than the alloys in heat treated condition. For higher joint efficiency, the alloy
should be welded in annealed condition. The weld then is cold worked and then solution
treated followed by aging. This will produce a weldment with good strength and ductility
[121]. Figure 2.46 summarizes the influences of alloying elements on titanium structure,

together with properties and classification of titanium alloys.
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2.5.4 Ti6Al4V

Ti6Al4V is the most common titanium alloy. It covers about 50% usage in the alloys’
market having been referred by Timet, in 1954, as the “workhorse” alloy of the industry.
It is widely used in the aerospace industry and automotive components due to its good
combination of mechanical properties and high corrosion resistance in addition to its high
strength-to-weight ratio [122].

This alloy is a dual phase alloy containing 6wt% aluminium and 4wt% vanadium as
the main alloying elements to stabilize the a + 3 phases. Aluminium stabilizes the a phase
and increases the alloy strength through solution strengthening effect. Vanadium is added
as a 3 phase stabilizer and to improve the workability at high temperature [120]. As a dual
phase alloy the microstructure can be controlled by heat treatment. Different
microstructures can be developed under different solution treatments and cooling rates,
Figure 2.47 [123]. The common structures that can be obtained in Ti6Al4V and any o+f3
titanium alloy through different thermomechanical treatments are: lamellar, equiaxed and

bi-modal structures.

2.5.4.1 Full lamellar structure

This microstructure can be achieved through annealing of the alloy in the 3 phase, hence
the name “P annealed”. The cooling rate is the critical parameter in determining the final
shape and characteristics of the lamellar structure, such as the size of o grains and colonies,
and the o lamellar thickness. The faster the cooling rate, the finer the structure that can be
obtained, as shown in Figure 2.48.

Generally, the lamellar structure is produced when high fracture toughness, superior
creep and fatigue resistance are required. The coarse lamellar structure enhances impact
properties and creep resistance. The fine structure has low fatigue crack growth rate,
adequate strength and ductility properties [119, 124].
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Figure 2.46 The effect of alloying elements on titanium structure and properties [125].
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Figure 2.48 Ti6Al4V lamellar microstructure produced under different heat treatment. (a)
fast cooling rate. (b) slow cooling rate. Adapted from [123].

2.5.4.2 Bi-Modal Microstructures

This microstructure is characterised by the duplex microstructure. It consists of primary
alpha ((xp) phase and transformed beta regions, Figure 2.49 [126]. The thermomechanical

process to produce this microstructure includes four steps and is summarized

schematically in Figure 2.50. One of the most critical steps in determining the final
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microstructure is the cooling rate, particularly after the homogenization process, step 1.
The faster cooling rate results in a thinner a lamellar width and smaller equiaxed primary
a size. The annealing temperature in step III can also influence the bimodal microstructure
by controlling the volume fraction of the recrystallized equiaxed primary a. Both the size
and volume fraction of primary o can both determine the grain size of 3 phase, which has
a significant effect on the mechanical properties [127, 128]. The duplex structure
combines the properties of equiaxed and lamellar structures in one properties profile. It
shows high strength, good fatigue resistance and better ductility than the other o+f
structure types [119].

Figure 2.49 Bimodal structure of Ti6Al4V. Adapted from [129].

2.5.4.3 Fully equiaxed microstructures

If sufficiently slow cooling rates after the recrystallization step are achieved, Figure 2.50,
there is sufficient time for primary o grains to grow, resulting in a fully equiaxed structure
without o lamella existing within the B grains, Figure 2.51. The equiaxed structure
enhances strength and ductility with a decline in fatigue life and crack initiation resistance.
Ti6Al14V shows the best weldability among the alpha-beta alloys. This can be attributed
to the lower beta stabilisers content compared to other alpha-beta alloys. This results in
more ductile and lower brittleness microstructure. In addition, the alloy shows a relatively
low hardenability. This leads to the formation of the desired Widmanstitten alpha with a

58



retained beta microstructure even at high cooling rates [21, 121].
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Homogenization Deformation  Recrystallization Annealing

Figure 2.50 Schematic examples of microstructures for casted Ti6Al4V alloy produced by
different heat treatments [ 124].

Figure 2.51 Ti6Al4V equiaxed microstructure [113].
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2.6 Dissimilar welding of austenitic stainless steel

Austenitic stainless steels are frequently joined to other metals, being widely used in many
industrial fields that require a transition in properties and performance [40, 130]; for
example, the combination between ferritic steel and austenitic steel in tubes and pipes
used in power stations. The service conditions in this application require materials with
different properties, i.e. the austenitic stainless steels have superior creep strength and
oxidation resistance at higher temperature in areas such as super-heaters and re-heaters.
While the ferritic stainless steels are a commercially attractive choice for resisting creep
for low temperature service components such as boiler and heat exchanger parts [131,
132]. An effective joint between two different materials affords great advantage and
flexibility to the designer in selecting the correct material for a specific application [133].
However, significant challenges and problems will sometimes arise during the joining of
dissimilar materials due to the differences in the metallurgical, physical and mechanical
properties of the materials being joined [130].

Joining of austenitic stainless steels to other metals can present a range of problems
depending on the degree of dissimilarity [2, 40, 130]. The joining of stainless steels to
nonferrous alloys such as aluminium, copper and titanium are usually associated with a
series of difficulties, e.g. formation of intermetallic compounds and high residual stresses.
Such difficulties almost exclusively arise from fusion welding processes [1]. However,
high power density welding techniques such as EBW and LBW have the capability to
reduce some of these problems, e.g. the size and shape of the molten metal can be precisely
controlled, which can significantly minimize the formation of brittle phases. Additionally,
the relatively low heat input per unit length of the process can dramatically decrease the
residual stresses [32, 134, 135].

2.6.1 Joining of AISI 316 austenitic stainless steel to Ti6Al4V using EBW process

The dissimilar junction between AISI 316 austenitic stainless steel and Ti6Al4V has a key
advantage in many industrial fields since it reduces the requirement of using titanium
alloys for many components in regions where the key mechanical properties of Ti6Al4V
are not need. This will consequently lead to lower costs while still maintaining superior
corrosion resistance performance [136].

Joining titanium alloys to steels through fusion welding techniques is usually
accompanied by many metallurgical issues, i.e. formation of brittle intermetallic
compounds. This is due to the very low solubility of Fe in titanium as can be seen in the

Fe-Ti phase diagram, Figure 2.52 [137]. The brittle phases cause the joint to break
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instantly after welding due to the thermal stresses produced from the mismatch in physical
properties between the two metals. Thus, restricting the formation of intermetallic
compounds (IMCs) is crucial to attain reliable joint strength [138]. It was found that
controlling the size of the intermetallics and keeping them under 10pum will limit their
effect in increasing the brittleness of the weld [2].
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Figure 2.52 Fe-Ti binary phase diagram [139].

To control the formation of the brittle phase the following options can be used: solid
state joining techniques that keep the parent metals non-melted such as friction stir
welding [ 140, 141], diffusion bonding [ 142-144] and explosive welding [145-147] or high
power density welding techniques such as LBW and EBW that precisely controlling the
amount of the heat input, welding speed and position of the heat source [137, 148] or using
a third material as an intermediate layer such as silver and copper . The intermediate layer
approach has been used with solid state welding [149, 150] and fusion welding techniques
with high power density [151, 152]. In the fusion welding process, adding an intermediate
material will help in isolating the incompatible base materials from mixing and reduce the
melting volume of titanium, which has a tendency to form intermetallic compounds with

most metallic elements [152].
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Using the EBW process to join titanium to stainless steel has been a subject for many
studies in recent years. The unique features of the process are that it is very effective in
precisely controlling the mixing of each metal in the weld pool, which consequently
enhances the opportunity to achieve a successful joint between them [7]. Through
inserting a copper transition sheet, it was found that it is possible to obtain a crack free
joint by avoiding the metallurgical issues and improving the joint toughness. The solid
solution of copper can distribute uniformly in the FZ and form Ti-Cu intermetallic
compounds in the titanium-copper interface, which are less brittle than Ti-Fe and therefore
improve the weld plasticity [148]. A copper solid solution separates the Ti-Fe intermetallic
and substitutes the TiFe/TiFe, interface with TiFe,/Cu. Whilst in the Ti/weld interface,
the relatively soft Ti-Cu intermetallic layer replaces the brittle Ti-Fe intermetallic layer
[6]. An example of electron beam dissimilar welding between Ti-15-3 and AISI304 with
and without using a copper interlayer is given in Figure 2.53.

The location of the electron beam across the weld has an important influence on the
weld pool microstructure and mechanical properties. Shifting the beam towards the
stainless steel side reduces the melting of titanium alloy and consequently decreases the
formation of intermetallic compounds at the titanium interface. The electron beam shifting
towards the titanium side produces a large volume of the brittle Ti/Fe phases at the
stainless steel interface [148]. The electron beam welding parameters, such as the heat
input and the travel speed, can also influence the morphology of the FZ. The molten
amount of each metal and the thickness of the intermetallic layer at the titanium interface
are directly influenced by the welding speed and consequently the weld metal
microstructure as shown in Figure 2.54 [12].

In this study, the possibility of joining 20 mm thick AISI 316L to Ti6AL4V by EBW
was investigated through applying a range of welding parameters such as welding power,
travel speed and beam offset. Other factors that can enhance the joint feasibility, e.g. using
copper interlayer with different thickness, preheat and double pass weld technique were

also studied.
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(a) (®)

Figure 2.53 Ti-15-3/304 electron beam welded joints a) without (b) with inserting copper
sheet. Adapted from [148].

AISI 316

Figure 2.54 X-ray element map of Ti6Al4V-AISI316L joint with (a) 1 m/min (b) 2.5 m/min
travel speed at beam offset 0.25 from the weld centreline toward stainless steel interface
[12].
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Chapter 3 Experimental methods

This chapter outlines all the experimental works undertaken in the present study. The
chapter provides details of the materials used, samples’ preparation and welding
procedures. It then explains the testing and analysis techniques used in the project. The
following flow chart, Figure 3.1, demonstrates the welding experiments and

characterization methods that are applied in this research.

Experimental procedure

l |

EBW of AISI 316L- EBW of AISI 316L-
AISI 316L Ti6Al4V
Welding parameters Welding parameters
optimization optimization

Beads on plate trials 4

Ll  Beads on plate trials l

Ti6Al4V-Ti6Al4V butt
joint welds

\4 l
Butt Joint welds

Ti6Al4V-AISI 316L
autogenous welds

! l

Butt Joint welds for Ti6Al4V-AISI 316 1
characterisation with Cu interlayer welds
Characterisation
Weld quality inspection Mlcros‘truc‘ture Mechanical p.ropertles
examination evaluation

Figure 3.1 Research morphology structure
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3.1 Materials

The electron beam welding was carried out on 20 mm thickness AISI 316L austenitic
stainless steel and 20 mm thickness Ti6Al4V plates; both materials were used as a base
metal. A sheet of 1.5 mm thickness commercial pure copper was used as a transition layer
and was fixed at the interface between the titanium and steel during the dissimilar welding.

All the materials were received in the as-rolled and mill annealed condition. The
chemical compositions, physical properties and mechanical properties of the metals are
given in Tables 3.1, 3.2 and table 3.3 respectively. The chemical composition of the

materials was analyzed in the AMG Superalloys UK Limited company.

Table 3.1 Chemical composition (wt%) of the used materials.

Element Cr Ni C Si Mn Mo N P Cu Co Ti Al \% Fe Total
316L 16.63 10.14 0.03 046 132 187 0.08 0.027 0.67 0.11 - - 0.07 Bal. 100
316L 16- 10-

0.03 0.75 2 2-3 0.1 0.045 - - - - - Bal. 100
(Standar) 18 14
Ti6Al4V - - - - - - - - - - Bal. 6 4 - 100

Table 3.2 Physical properties of AISI 316L, Ti6Al4V and Cu.

Thermal Thermal
Melting Specific heat
_— conductivity expansion
Material point/°C capacity (J.Kg .K"™) _— _—
(Wam . K") (um.m.K™)
AISI 316L 1375 490 15 16
Ti6Al4V 1649 560 7.2 8.6
Cu 1083.4 384.4 401 16.6

Table 3.3 Mechanical properties of AISI 316L, Ti6Al4V and commercial pure Cu in
annealed condition at room temperature [153-155].

Elongation
Tensile strength, Yield strength, Hardness
Material in 50mm,
min, MPa min, MPa VH
min, %
AISI 316L 485 170 40 220
Ti6Al4V 895 828 10 396
Commercial
221 69 55 40
pure Cu
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3.2 Welding equipment

A universal chamber electron beam machine, type K40 (Probeam, Germany), shown in
Figure 3.2, was used for welding. The machine is located in the Mercury Centre,
University of Sheffield. The working pressure of the electron beam machine chamber was
approximately 10” mbar and the accelerating voltage was 60 KV (constant). The welding
was carried out at room temperature. A series of welding parameters, such as beam current
and travelling speed, were applied in this work.

Figure 3.2 EBW (Probeam) machine.

3.3 Stainless steel-stainless steel welding procedure
3.3.1 Bead on plate experiments for welding parameter optimization

Firstly, beads on plate experiments were undertaken on AISI 316L austenitic stainless
steel plates of dimensions of 150x75x20mm, as shown in Figure 3.3 (a, b and c). Abrasive
blast cleaning and solvent degreasing were used to clean the plates. The beads were
applied perpendicular to the rolling direction (RD) using a series of different welding
parameters, such as welding current and speed as shown in Tables 3.3, 3.4 and 3.5 to

define the weld parameters for the following butt joint. The initial welding parameters

66



were chosen based on the guide diagram shown in Figure 3.4. The diagram was designed
for steel and shows the possible weld thickness as a function of electron beam power and

welding speed.

20 mm

(a)

20 mm

(b)

Figure 3.3 First weld bead trials (a) plate 1 (b) plate 2 (¢) plate 3.
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Table 3.4 EBW parameters used for initial trials of plate 1

Beam Weld
Line current Speed Focus Weld length Frequency
(mA) (mm/s) offset (mA) figure (mm) (Hz)
1 90 9 -25 Line 50 -
2 100 7 -25 Line 50 -
3 100 9 -50 Line 50 -
4 100 9 -30 Line 50 -
5 100 9 -25 Line 50 -
6 100 9 -15 Line 50 -
7 100 9 0 Line 50 -
8 100 9 +30 Line 50 -
9 100 9 -25 Circle 50 300
10 100 9 -25 Circle 50 600
11 100 9 -25 Triangle 50 300
12 100 9 -25 Circle 50 300
13 110 9 -25 Line 50 -
14 100 11 -25 Line 50 -

(-): The beam focus position under the surface, (+): The beam focus position over the surface

Weld figure = beam oscillation pattern.
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Table 3.5 EBW parameters used for initial trials of plate 2

Beam Weld
Speed Focus Weld
Line current length
(mm/s) offset (mA) figure
(mA) (mm)
1 100 9 -20 Line 50
2 100 9 -15 Line 50
3 100 9 -10 Line 50
4 142 13 -15 Line 50
5 142 13 -10 Line 50
6 142 13 +10 Line 50
7 142 10 -15 Circle 50
8 142 11 -15 Triangle 50

(-): The beam focus position under the surface, (+): The beam focus position over the surface

Weld figure = beam oscillation pattern.

Table 3.6 EBW parameters used for initial trials of plate 3

Beam Weld
Speed Focus offset Weld
Line current length
(mm/s) (mA) figure
(mA) (mm)
1 100 8 -10 Line 50
2 100 8 -5 Line 50
3 100 9 -15 Line 50
4 100 9 -8 Line 50
5 100 9 -5 Line 50
6 100 9 -3 Line 50
7 100 9 0 Line 50
8 100 9 +5 Line 50
9 100 9 +10 Line 50

(-): The beam focus position under the surface, (+): The beam focus position over the surface

Weld figure = beam oscillation pattern.
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Figure 3.4 Guide values showing the relationship between thickness of the weld, beam
power and welding speed. P= the maximum power of the EBW machine. Shaded gray
area is the economically applicable area of working. Adapted from [15].

3.3.2 Butt joint welds for welding parameter optimization

Nine butt welds were made using nine sets of welding parameters, Table 3.6. The welds
were done perpendicular to the rolling direction (RD) on plates of dimensions of
50x75x20mm. J-Clamps were used to fix the plates together prior to welding, Figure 3.5.
The edges of the plates were carefully machined by milling before performing the welds
in order to obtain a perfect square butt joint and to ensure the gap between the two plates
was as narrow as possible. For the electron beam weld with no filler metal, the interfaces
should be well mated and fully touched. The maximum weld gap permission is given in
the guided Figure 3.6. It should be noted in the guided figure that the gap allowance
increased with the workpiece thickness. However, in an ideal situation, the contact
surfaces should touch without leaving a gap.

The electron beam was applied at the plates interface, Figures 3.7, 3.8 and 3.9. The
welding parameters and conditions were chosen based on the bead on plate trials to attain
the optimum welding parameters in terms of full penetration and weld profile, with the

aid of radiographic testing to ensure the weld was defect free.
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Table 3.7 EBW parameters used for 1* butt joint welds

Weld
Beam Speed Focus Weld
Joint length
current (mA) (mm/s) offset(mA) figure
(mm)
1 100 9 -15 Line 50
2 100 9 -10 Line 50
3 100 9 -10 Line 50
4 100 9 -6 Line 50
5 100 9 -5 Line 50
6 110 9 -15 Line 50
7 110 9 -6 Line 50
8 110 9 -6 Line 50
9 120 9 -15 Line 50

(-): The beam focus position under the surface, (+): The beam focus position over the surface

Weld figure = beam oscillation pattern.

Figure 3.5 Fixture of the first butt welds.
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Figure 3.6 Relationship between the gap value and thickness of the plate.

20 mm

20 mm

Figure 3.7 First butt joint weld. Joints 1 to 3, (a) top surface (b) bottom surface.

72



20 mm

Figure 3.8 First butt joint welds. Joints 4to06, (a) top surface (b) bottom surface.

(b)

20 mm

Figure 3.9 First butt joint welds. Joints 7t09, (a) top surface (b) bottom surface.
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3.3.3 Butt joint welds for characterisation purposes

Three sets of welding parameters, Table 3.7, were taken for microstructure and
mechanical properties investigation. To obtain the maximum amount of weld material for
each welding condition, two welds were undertaken on 3 plates with dimensions of
60x150 cm, shown in Figure 3.10 (a, b and ¢).

Table 3.8 EBW parameters of butt welds used for characterisation.

Beam Lens Focus Weld
Weld Speed eld
Current  current Offset Length
W) (mm/s) figure
(mA) (mA) (mA) (mm)
1 100 60 9 -5 Line 150
2 110 60 9 -5 Line 150
3 120 60 9 -5 Line 150

(-): The beam focus position under the surface, (+): The beam focus position over the surface

Weld figure = beam oscillation pattern.

3.4 Stainless steel-titanium welding procedure

3.4.1 Beads on plate trials

Beads on plate welding trials were carried out on 20 mm thick Ti6Al14V, Figure 3.11, to
determine EBW parameters using the depth of penetration and weld bead shape as an
indication of a successful weld. The beads were applied perpendicular to the rolling
direction using a range of welding parameters as listed in Table 3.8. Solvent degreasing

and blast cleaning were used to remove any dirt and to prepare the plate for welding.
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(©
Figure 3.10 Butt joint welds for characterisation (a) W1 (b) W2 (c) W3.
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Figure 3.11 Beads on plate experiments of Ti6Al4V.

Table 3.9 EBW parameters used in Ti6Al4V beads on plate experiments

Beam Weld
Speed Focus
Weld current length Weld figure
(mm/s) offset (mA)
(mA) (mm)
1 110 13 -5 50 Line
2 110 14 -5 50 Line
3 110 17 -5 50 Line
4 120 15 -5 50 Line
5 120 16 -5 50 Line
6 120 18 -5 50 Line

(-): The beam focus position under the surface, (+): The beam focus position over the surface

Weld figure= beam oscillation pattern.

3.4.2 Ti6Al4V — Ti6Al4V butt joints

The EBW were performed on 30x75x20 mm Ti6Al4V plates using a butt joint, Figure
3.12. This was undertaken as a second step in identifying the suitable welding parameters
for the Ti6Al4V and as a prior step to the titanium-stainless steel dissimilar welding.
Based on beads on plate experiments, three sets of welding parameters were applied as
listed in Table 3.9. The optimum parameters were chosen depending on visual welding

inspection including the weld profile and penetration.
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Figure 3.12 Welds 1, 2 and 3 from left to right respectively of Ti6Al4V to Ti6Al4V.

Table 3.10 EBW parameters used in Ti6Al4V to Ti6Al4V weld.

Beam Weld
Speed Focus
Weld current length Weld figure
(mm/s) offset (mA)
(mA) (mm)
1 110 14 -5 50 Line
2 110 15 -5 50 Line
3 110 16 -5 50 Line

(-): The beam focus position under the surface, (+): The beam focus position over the surface

Weld figure = beam oscillation pattern.

3.4.3 Ti6Al4V — AISI 316L autogenous welds

The first attempts of dissimilar metal welding of AISI 316L to Ti6Al4V were undertaken
on plates of dimensions of 30x75x20 mm, the weld configuration is shown in Figure 3.13.
The beam current and welding speed were chosen based on the optimum parameters of
similar welded samples. The welding was carried out with an electron beam offset, e.g.
the electron beam offsets towards titanium side to induce more titanium into the joint
interface. The beam position varied relatively to zero point at the contact surfaces from
1.4 mm towards AISI 316L to 0.7 mm towards Ti6Al4V. The beam offset towards the
stainless steel was considered positive and towards titanium was considered negative. A
list of all the parameters used in the autogenous welding are shown in Table 3.10.
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Figure 3.13 A schematic representation of the Ti6Al4V to AISI 316L autogenous weld.

Table 3.11 EBW parameters used in Ti6Al4V-AISI 316L autogenous weld

Autogenous  Beam Speed Focus Beam Cu layer
Dissimilar  current offset offset thickness
Weld (mA) (mms) (mA) (mA) (mm)

1 110 9 -5 0.7 (+) -

2 110 9 -5 1.4 (+) -

3 110 9 -5 0.7 (-) -

4 110 11 -5 1(+) -

5 110 11 -5 0.7 (-) -

6 110 12 -5 1(+) -

7 110 12 -5 0.7 (-) -

(-): The beam focus position under the surface, (+): The beam focus position over the surface

The beam oscillation pattern is line weld figure.
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3.4.4 Ti6Al4V — AISI 316L butt joints with Cu interlayer

A second set of dissimilar joining attempts were performed using Cu sheets as an
interlayer with different thicknesses, 0.5, 1 and 1.5 mm, as shown in Figure 3.14. The
copper sheets of 0.5 and 1 mm thick were manufactured through cold rolling of 1.5 mm
thick copper sheet. The electron beam offset was applied and varied with a range between
0.7 mm towards AISI 316L and 0.7mm towards Ti6Al4V relative to zero point at the
centre of the Cu interlayer.

Preheating was applied on some of the weld samples to reduce the effect of the residual
stresses and make it possible to use a lower heat input. The preheat was performed using
an electron beam with low power that does not melt the BM. A thermocouple was used to
ensure approaching the required preheat temperature.

Furthermore, a number of the preheated weld samples were made with a low heat input
and were welded with a double pass welding technique to insure full weld penetration.
This technique was carried out by performing the weld on the top and bottom surfaces as
illustrated in Figure 3.15. It should be noted that the preheated weld samples were left to
cool down to room temperature and taken out of the vacuum chamber then flipped them
manually to prepare them for the second weld pass with repeating the preheat. Table 3.11

shows full details of the dissimilar welding experiment parameters.

Electron beam
Positive Negative
— _

1

20 mm

T

Figure 3.14 A schematic representation of the Ti6Al4V — Cu — AISI 316L weld.
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Figure 3.15 A schematic representation of the Ti6Al4V — Cu — AISI 316L weld.

3.5 Characterisation methods

3.5.1 Weld quality inspection

The evaluation of the joint quality was based on British Standards such as BS EN
970:1997 and BS EN ISO 13919-1:1997. Welding imperfections such as incomplete
penetration, undercut and excessive penetration were inspected visually. Cavities and
cracks were identified with the aid of radiographic testing and microscopic examination.
The radiographic test was done in NDT Ltd Materials Testing and Training Consultancy
in Sheffield, UK.
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Table 3.12 EBW parameters used in Ti6Al4V to AISI 316L with Cu interlayer weld

Dissimilar Beam Speed Foeus Beam  Culayer  preneat Number
Weld current (mms) offset offset  thickness of passes
(mA) mA) (@A)  (mm)  CO
1 130 15 -5 0 0.5 - 1
2 140 15 -5 0.3 (+) 0.5 - 1
3 140 16 -5 0.5(+) 0.5 - 1
4 110 9 0 0 1 - 1
5 110 10 0 0 1 - 1
6 110 11 0 0 1 - 1
7 110 11 -5 0 1 - 1
8 110 14 -5 0 1 - 1
9 140 11 0 0.3 () 1 - 1
10 140 12 0 0.3 () 1 - 1
11 140 13 0 0.3 (+) 1 - 1
12 70 25 0 0.3 (+) 0.5 450 1
13 100 25 0 0.3 (+) 0.5 450 1
14 100 25 0 0.5(+) 1 450 1
15 100 16 0 0.5(+) 1.5 450 1
16 100 18 0 0.5(+) 1.5 450 1
17 100 20 0 0.5(+) 1.5 450 1
18 100 20 0 0.75 (+) 1.5 450 1
19 100 22 0 0.5(+) 1.5 450 1
20 100 25 0 0.5(+) 1.5 450 1
21 70 20 0 0.75 (+) 1.5 450 2
22 70 25 0 0(+) 1.5 450 2
23 70 25 0 0.75 (+) 1.5 450 2

(-): The beam focus position under the surface, (+): The beam focus position over the surface

The beam oscillation pattern is line weld figure.

81



3.5.2 Microstructure examination

3.5.2.1 Sample preparation

Material for microstructure analysis was prepared using standard grinding and polishing
methods for both optical and scanning electron microscopy. Prior to grinding, the samples
were cut using Abrasivement Blue cutting machine fitted with BUEHLER A80KB & 95-
B-2201 cut-off wheel for cutting the stainless steel samples and MetPrep Type T 109920
cut-off wheel for cutting titanium alloy samples. For precision cutting, such as preparation
of samples for electron backscatter detection test, a Sturer Secetom-50 with Sturer 10S20
cutting wheel was used. To reveal the microstructure of the stainless steel weld samples
following polishing, the samples were etched in a mixture of equal amounts of HCL,
Acetic and HNOs acids for 20-25 s at room temperature.

3.5.2.2 Optical microscopy observation

Optical light microscopy was performed using a Nikon Eclipse LV150 microscope in
order to examine the weld and BM microstructure of the etched samples. The device was
equipped with Buehler OmniMet software for the image analysis.

The line intercept method [70, 156, 157] was used to measure the secondary dendrite
arm spacing (SDAS) in the FZ in regions near the top, middle and bottom of the weld.
The measurement of each sample's SDAS was applied to many micrographs, an example
of which is shown in Figure 3.16.

The average austenite grain size in the BM and HAZ was determined according to
ASTM standard E112 standard. The volume fraction of delta ferrite was measured using
the point counting method as described in ASTM standard E562 [158].
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Figure 3.16 Measurements of SDAS.

3.5.2.3 Scanning electron microscopy (SEM)

Scanning electron microscopy was carried out using a field emission gun Inspect F, at an
accelerating voltage of 20 kV and spot size of 5 um, in secondary imagining mode and
back scattered mode to observe the microstructural features and fracture surfaces at higher

magnification.

3.5.2.4 X-ray energy dispersive spectroscopy (EDS)

To study the chemical composition of the morphological reactions and elements
distribution through the weld and HAZ, quantitative EDS analysis was performed using a
XL30 electron microscope at accelerating voltage of 20 KV and spot size 5 um, in
secondary imagining mode and back scattered mode to observe the microstructural
features. The software used for the analysis was JEOL 6400-INCA. Cobalt standard was

used and loaded with each sample to calibrate the software prior to the test.

3.5.2.5 Electron Back Scattered Diffraction (EBSD)

Electron backscatter detection (EBSD) mapping was carried out on the AISI316L-AISI
316L weld to investigate the grains orientation and their impact on the mechanical
properties of the weld. The scan was performed using FEI Sirion electron microscope, at

20 KV and 5 um spot size. The step size was 2 um to cover a large area in the FZ. The
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software used for acquisition was Oxford Instrument HKL Channel 5 Flamenco, and

Tango for generating Schmid factor map.

3.5.2.6 X-Ray Diffraction analysis

X-ray diffraction (XRD) analysis was performed to confirm the elements and phases
existing in the dissimilar weld region using a Bruker D2 Phaser XRD. The equipment is
located at the X-Ray Research Facility (XRF) centre at the University of Sheffield. The
scan was carried out on the fractured region of the weld at the Ti-Cu side and on the cross
section of the weld at the Cu-stainless steel side. The operating parameters were 30KV
voltage and 10mA current. The equipment uses copper tube target with an average A =
1.54184 A. The scanning angle (2Theta) was used between 30-80° at 2sec scanning time.
Diffrac.EVA V 3.1 software was used to analyse the data.

3.5.3 Mechanical properties examination

3.5.3.1 Micro-hardness test

Vickers hardness maps were taken in a two dimensional grid. For stainless steel to
stainless steel weld, a grid with a 0.4 mm spacing covering the FZ, HAZ and part of the
BM, was applied, as indicated in Figure 3.17. For stainless steel to titanium weld, a grid
with 0.1 mm spacing covering part of the weld with area of 0.5 x5 mm across the cross
section was applied, as shown in Figure 3.18. A 100 gm load and 3-second dwell time

were used in the tests.
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Figure 3.17 Position of the microhardness measurements across a weld cross section in the
similar welding.

Figure 3.18 Location of the microhardness measurements across a weld cross section in the
dissimilar welding.
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3.5.3.2 Tensile test

For tensile strength test, the tensile test samples were cut from three locations through the
weld thickness (top, middle and bottom), Figure 3.19. The samples were machined
according to ASTM E8M-04 guidelines [159], as shown in Figure 3.20. The cutting and
machining processes were done by electrical discharge machining (EDM) The tensile tests
were performed at room temperature using a Zwick/Roll Z050 machine with a 50 KN load

cell and a crosshead speed of 0.1 mm/s.
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Figure 3.19 The tensile samples position through the thickness (dark area). T= Top, M=
Middle, B= Bottom.
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Figure 3.20 Dimensions of the tensile sample used with all the dimensions in mm.

3.5.3.3 Digital image correlation technique

The digital image correlation (DIC) is a measurement technique that can be used to
measure the deformation in a test specimen such as strains, rotations and shear, based on

analysing the series of images taken during a tensile or compression test [160].
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To map the strain variation across the weld and characterise the mechanical behaviour
of different weld zones during deformation, the DIC technique was used during tensile

testing in this project.

Before the test, the tensile specimens were painted white, then with a random black
speckle pattern, as shown in Figure 3.21, to enable data capture by DIC. To attain effective

correlation, the pattern must not be repetitive, isotropic or high contrast.

A high-resolution Nikon camera was used and set up with a 105 mm macro lens to take
three pictures per second. The pictures were then analysed using the vic-2D software to
provide two dimensional strain maps [160-162]. Prior to the test, the camera was placed
at the same height position as the sample, using a tripod, and the optical axis was aligned

to be normal to the centre of the gauge length with a sharp focus.

Figure 3.21 Macrograph of tensile test sample with speckle pattern prior to DIC test.

3.5.3.4 Deformation measurement inside the necking area

To map the deformation development inside the necking region with higher resolution and
accuracy and to determine the weakest area in the microstructure, three tensile samples
were fully prepared for microscopic examination then loaded to three different forces
namely 10 KN, 10.5 KN and 11 KN. The first chosen load (10 KN) represents the
minimum force that is required to start the necking in the sample during the tensile test.
The samples were then examined with optical microscopy and SEM to investigate the
deformed microstructure. 3D optical microscopy, Figure 3.22, was used to measure the
height differences inside the necking area to precisely detect the beginning and
localization of the necking. A series of images along the FZ were taken and stitched

together to obtain precise and statistically meaningful deformation measurement.
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Figure 3.22 3D optical microscopy.
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Chapter 4 Similar Welding / Results and

Discussion

4.1 Introduction

This chapter presents the results of the optimization and characterisation of the similar
stainless steel welds produced with EBW butt joint. The study aims to evaluate the
influence of a range of welding parameters i.e. welding current, welding speed and beam
focus offset on the microstructure and mechanical properties of the welds. The main goal
of this research was understanding the development of the microstructure and the resulting

mechanical properties of the weld through 20mm thickness joint.

4.2 Weld visual inspection

The visual test was utilized firstly on the bead on plate trials of plates 1, 2 and 3 to
investigate the effect of welding parameters on the weld profile and penetration depth.
Each weld bead was evaluated in order to optimize the welding parameters. It was found
that the increasing the beam current, decreases the depth to width ratio and causes a lack
of penetration in the weld. The excessive heat input that resulted from the high beam
current melts high amount of the metal at the top of the workpiece and causes unbalance
in the forces inside the keyhole that keep the keyhole open, e.g. molten metal weight
higher than vapour pressure and friction forces, and this consequently decreases the depth
of the keyhole and the penetration of the weld. An example is given in Figure 4.1where
excessive weld bead width and poor penetration can be seen visually and through the cross
section of the macrostructure of weld beads, as shown Figure 4.1 (b and c). The beam
current and welding speed conditions that produced the best weld penetration and profile
are highlighted in Figure 4.2. Cavities and porosities can also be seen in some weld beads
in Figure 4.2. These resulted from the unbalance of the forces inside the keyhole that
causes some regions in the keyhole to stay not filled with the molten metal after
solidification. It was also observed that the electron beam focus offset has an important
role in determining the weld profile. Generally, it is always preferred to weld with slight
under focus to achieve maximum depth of the FZ with good weld shape [15]. In this study,
it was found that using -5 mA focus offset provided the best weld profile, Figure 4.2. The
relationship between depth of the FZ (s) and beam spot diameter (dg) and beam focus

offset is shown in Figure 4.3. After determining the optimum welding parameters; beam
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power, welding speed and focus offset, the selected parameters were used for butt joints
trials. It should be noted that the beam current was increased from 100 (optimum for bead
on plate) to 110 mA to achieve full penetration and best weld profile, suggesting a gap in
the butt joint.

In Figure 4.4, joints 5 and 7 have the best weld profile since they have more

asymmetrical weld shape and best weld penetration according to British Standard BS
EN ISO 13919-1:1997.

(b) (©)

Figure 4.1 The effect of the beam current and welding speed on the weld penetration and
profile. (a) Weld beads in plate 2 (b) Cross section of weld Bead 3 with 100mA, 9 mm/s (c)
Cross section of weld Bead 7 with 142 mA, 13mm/s.
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Line 1: 8 mm/s Line 2: 8 mm/s Line 3: 9 mm/s Line 4: 9 mm/s Line 5: 9 mm/s
welding speed, | welding speed, | welding speed, | welding speed, | welding speed,
-10 mA focus -5 mA focus -15 mA focus -8 mA focus -5 mA focus

offset offset offset offset v/

Line 6: 9 mm/s Line 7: 9 mm/s Line 8: 9 mm/s Line 9: 9 mm/s
welding speed, | welding speed, 0 | welding speed, welding speed,
-3 mA focus mA focus offset +5 mA focus +10 mA focus
offset offset offset

offset

Figure 4.2 Plate 3 weld beads cross as a function of focus offset. Beam current = 100 mA, line 5 gives the optimum weld profile and
penetration according to the BS EN ISO 13919-1:1997.

91



90
k=+0,6 mm
mm = -
Ax = 280mm: A:lg=95mA, vg=4mm/s
80 0:lg=95mA, vg=2mm/s
A, = 150 mm: {u lg=95mA, vg = 4mm/s
e, x:lg=60mA, vg=4mm/s
o -~
70 \\..\ [ |
o No BN ——— Underfocused
2 \ S~k —— : Overfocused
CN) 60 e (<] \\
c S S o
o S N oy ~ \h\
k%) a o S a_ So
E \Q‘n\a.\~ S \\\, \\\
o 50 K S s = f(dg) <
L \‘ S ~ \\
a \A -,.\:\\ So
[¢) x,\(x-"' ~\~K So o, )
8 ST T NN
\ ."\\ \ \=§A
Nx k\ \ o \\
~ L o, \ U‘\\\
\ \\‘ \ \\‘\ia
30 ~ Ny ~
N ~
~
\ \\\
20 S~ RN
0 05 1,0 1,5 2,0 25 mm 3,0

Spot diameter dg

Figure 4.3 Relationship between depth of the FZ and beam spot diameter dr, K=the vertical
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Joint 1: 10 mA beam
current, -15 mA focus

offset
———e ). —

Joint 6: 110 mA beam
current, -15 mA focus
offset

Joint 2: 100 mA beam
current, -10 mA focus
offset

Joint 7: 110 mA beam

current, -6 mA focus offset

4

Joint 4: 100 mA beam

Joint 9: 120 mA beam
current, -15 mA focus
offset

current, -6 mA focus offset

Joint 5: 100 mA beam
current, -5 mA focus offset

The joints welded with repeated welding parameters have been ignored.

Figure 4.4 Macrograph of butt joint trials. 9 mm/s welding speed was used for all the joints.
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4.3 Weld radiographic examination

The results of the radiographic test, for the butt joint trials revealed some welding defects
in each joint. For the joints 1 and 7, undercut defect was detected. However, the weld
defect was in a limited area especially in the joint 7. Lack of penetration was detected in
the joints 2, 3 and 4, Figure 4.6. This could be due to using low heat input in these joints.
In joint 8, there were some porosity and voids, Figure 4.7, these could be resulted from
the high beam current with relatively low welding speed, which caused unstable

movement and solidification of the molten metal inside the keyhole.

Figure 4.5 Undercut (red bounded areas) in joints 1 on the left and 7 on the right.
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Figure 4.6 Lack of penetration in the joints 2, 3 and 4 from right to left respectively.
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Porosities

Figure 4.7 Porosities and cavities in joint 8.

4.4 The application of the constitutional diagrams and ferrite content

measurements

Measuring the ferrite content of the weld metal is very important since it gives an
indication of weld solidification behaviour and crack susceptibility [163]. As discussed
previously, constitutional diagrams such as the Suutala and WRC-1992 diagrams are not
sufficient for use with a high speed welding process, such as electron beam welding, since
rapid solidification and shifting in solidification behaviour may occur. Under such
conditions, these diagrams may lack the accuracy to predict the ferrite content and
solidification mode [164]. In this study, more than one method and diagram was applied
to predict ferrite number and solidification behaviour of the alloy.

A diagram based on WRC-1992, Figure 4.8, showing the transition from primary
austenite to primary ferrite solidification under rapid solidification conditions, was used
[95]. According to this diagram, since this steel has a (Creq/Nieq) wre = 1.44 and (S+P) =
0.0272, the weld for this chemical composition could be susceptible to cracking if it
solidified as primary austenite.

A microstructural map, Figure 4.9, proposed by Lippold was also used [40]. This

diagram combines the influence of composition and solidification rate. According to this
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diagram, and if the solidification rate is equal to the welding speed, the solidification
mode for this stainless steel could be FA, AF or A mode, depending on the solidification
rate. This behaviour was seen in the root of W1, which underwent lack of penetration
due to the very high cooling rate resulted from low heat input in this weld.

In respect of metallographic measurement techniques, the point counting method was

also performed to calculate the volume percent of ferrite phase, which was less than
1.8%.

Total S+P+B (Wt%)
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Figure 4.8 Modified-Suutala diagram. Solid symbols, cracking, open symbols, no cracking.
Adapted from [40].
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Figure 4.9 Effect of solidification rate on the microstructure of Fe-Cr-Ni alloy. Adapted
from [40]
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4.5 Macro and microstructure of the AISI 316L stainless steel weld

Like all high temperature low pressure welding processes, the macrostructure of the welds
contained regions of BM, HAZ and FZ. Figure 4.10 (a) through (c) are macrographs of
transverse section from the welds. The typical nail shape of the FZ can be observed for
the three welds. A clear difference in weld penetration can be noticed between the welds.
W1 in Figure 4.10 (a) does not exhibit full penetration and has an asymmetrical weld bead
shape at the top of the FZ. Full penetration with symmetrical FZ shape was obtained in
W2, Figure 4.10 (b) and excessive penetration was detected with more molten metal in
the root cap and an asymmetrical weld bead in the top part of the FZ in W3, Figure 4.10
(c). All of the visual inspections were done according to the British Standard [165]. A
suggestion for the irregular FZ shape is that the use of insufficient weld current in W1 and
excessive beam current in weld W3 affected the heat flow and fluid flow i.e. producing
an unsteady fluid flow in the weld pool. This is due to the unbalanced opposing forces
generated inside the weld pool e.g. the surface tension and hydrostatic pressure that
influence the heat transfer, which has been shown to affect the FZ shape and properties of
the weld [15, 166]. This effect can be seen in the hardness distribution maps, Figure 4.11.
This figure shows asymmetrical hardness distribution in the HAZ in the W1 and W3.
Additionally, it shows that the FZ has the lowest hardness compared to the HAZ and BM
and how the low hardness areas emulate the FZ shape in the whole weld.

(a) (b) ()

Figure 4.10 Macrstructure of the welds (a) W1, 100 mA beam current (b) W2, 110 mA
beam current (¢) W3, 120 mA beam current. 9 mm/s welding speed and -5 mA focus offset
were used for the three welds.
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Figure 4.11 Microhardness measurements across the weld for (a) W1, 100 mA beam current
(b) W2, 110 mA beam current (¢c) W3, 120 mA beam current. 9mm/s welding speed and -5
mA focus offset were used for the three welds.

Figures 4.12, 4.13 and 4.14 show optical macro and micrographs of W1, W2 and W3
respectively. The higher magnification optical micrographs are presented in Figures 4.12,
4.13 and 4.14 (b) through (g). Figures 4.12, 4.13 and 4.14 (b) show the microstructure of
the top part of the FZ, which consists of columnar and axial dendritic d-ferrite structure in
an austenite matrix. The columnar grains grew in a direction perpendicular to the weld
boundary and the axial grains grew in the welding direction, following the maximum
temperature gradient and heat extraction path [10]. The columnar grains microstructure is
revealed with higher magnification in Figures 4.12, 4.13 and 4.14 (d).

Figures 4.12, 4.13 and 4.14 (c) illustrate the microstructure at the middle of the FZ.
The structure in this area contains both columnar and equiaxed d-ferrite morphologies as
in W1 or columnar §-ferrite grains only in W2 and W3. Higher magnification for these
microstructures are shown in Figures 4.12, 4.13 and 4.14 (d) and (e). The equiaxed
structure is located at the weld centre and governed by G:R ratio, where G is the thermal
gradient and R is the solidification rate. The high solidification rate at the centre of the
electron beam weld facilitates the formation of the equiaxed grains along the weld
centreline [36, 68, 167-169]. It was found that the columnar dendrite in the FZ
microstructure exists in a vermicular or lathy shape depending on the cooling rate, as can
be seen in Figure 4.15; the high velocity produces a tightly spaced lathy ferrite due to the
restricted diffusion during the phase transformation[170-172].

Figures 4.12, 4.13 and 4.14 (f) and (g) show the microstructure at the bottom of the

welds. A microstructure consists of a combination of dendritic and cellular austenite was
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observed in the root of W1 weld, where lack of penetration occurred. A cellular austenite
structure was detected in the weld interface and the dendritic existed in the weld centre
due to the high G:R ratio at the fusion boundary. The presence of the primary and fully
austenite structure is due to the very high cooling rate at this region, which may change
the solidification behaviour from FA to AF or A mode via massive transformation [39,
77]. In W2 and W3, a combination of columnar dendrite and equiaxed structure has
occurred in the bottom part. The high solidification rate in this area is the reason for the
existence of the equiaxed structure.

Comparing the through-thickness microstructure of the three welds, the top part of the
FZ
consisted of axial and columnar grains structure due to the relatively slow cooling rate at
this area. With higher cooling rate at the middle and the bottom parts of the FZ, the grain
structure became either columnar or columnar equiaxed grains, the faster the cooling rate,
the more likely to the equiaxed structure to form.

It is worth mentioning that a boundary can be seen at the centre of the FZ, this boundary
is the weld solidification centreline called “Parting” and resulted from an intersection of
groups of sub-grains that have different growth orientation e.g. columnar grains with
opposite grain growth and columnar-axial grains or from an intersection between two
different grains structure i.e. columnar and equiaxed grains [68, 173-175]. The parting is
a favorite location to form the continuous liquid film of low melting temperature
impurities and brittle phases that cause poor mechanical properties and reduction in
corrosion resistance. Thus, it is considered the weakest part of the weld, especially when
the weld is exposed to sufficient transverse stresses [10, 60]. The parting appears in two
lines and separates three different oriented columnar grains at the upper parts of the FZ,
Figures 4.12, 4.13 and 4.14 (b). In the lower parts of the FZ, where the molten metal is far
from the heat source and the solidification rate is higher, the parting appears as either one
line that separates two different oriented columnar grains, as shown in the middle part of
W2 and W3, Figures 4.13 and 4.14 (c) and (e) or as two lines between columnar and
equiaxed grains, Figure 4.12 (c) and Figures 4.13 and 4.14 (f) and (g). Schematic figures
showing parting types are shown in Figure 4.16. The presence of two types of weld
centreline boundary occurred due to high thickness FZ, since there is a difference in
thermal gradient and growth rate along the weld thickness.

Generally, the formation of the ferrite-austenite microstructure could have resulted
from the non-equilibrium solidification due to the very high cooling rate during EBW that

can lead to incomplete ferrite to austenite transformation [176].
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Figure 4.12 Macro and microstructure of W1 (a) Macrostructure of the FZ (b) columnar
dendritic structure at the top part of the FZ (c) columnar and equiaxed microstructure at the
middle part of the FZ (d) columnar dendritic structure at higher magnification (e) equiaxed

dendritic structure at higher magnification (f) primary austenite microstructure at the bottom
edge of the FZ (g) primary austenite microstructure at higher magnification.
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Figure 4.13 Macro and microstructure of the W2 (a) Macrostructure of the FZ (b) columnar
dendritic structure at the top part of the FZ (c) columnar dendritic structure at the middle
part of the FZ (d) weld solidification centreline at the top part of the FZ (e) weld
solidification centreline at the middle of the FZ (f) weld microstructure at the bottom edge
of the FZ (g) fine equiaxed structure at the bottom edge of the FZ.
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Figure 4.14 Macro and microstructure of the W3 (a) Macrostructure of the FZ (b) columnar
dendritic structure at the top part of the FZ (c¢) columnar dendritic structure at the middle
part of the FZ (d) columnar dendritic structure at the top part of the FZ at higher
magnification (e) weld solidification centreline at the middle of the FZ (f) weld
microstructure at the bottom edge of the FZ (g) fine equiaxed and columnar structure at the
bottom edge of the FZ.

ermicular@

rite

Figure 4.15 SEM micrograph of lathy and vermicular ferrite morphologies.
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The BM microstructure, Figure 4.17, of the 316L stainless steel consisted of equiaxed
austenite grains with small amounts of residual d-ferrite, aligned along the rolling
direction, and some equiaxed MnS inclusions according to the EDS analysis. The average
grain size of austenite for the three welds is illustrated in Table 4.1. The microstructure of
the HAZ for the all welds was similar to the BM microstructure with some grain growth
in the area near the fusion boundary, as shown in Figure 4.18. The average grain size of
the austenite grains that underwent grain growth is presented in Table 4.1.

Figure 4.17 Optical micrograph of 316Lstainless steel BM. (ND) is the normal direction.

Grain growth region

Figure 4.18 The HAZ microstructure.
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Table 4.1 Grain size of the BM and the HAZ through the weld thickness

Weld Position Grain size (um)
Number BM HAZ
1 T 7.2 21.5
1 M 8.9 14.2
1 B 93 9.5
2 T 7.5 21
2 M 7.3 17
2 B 7.6 17.6
3 T 7.8 25.4
3 M 10 21.8
3 B 8.9 17.2

e T=Top, M=-Middle, B=Bottom

4.6 EDS analysis

The EDS analysis was performed on W1 and W2 for the following zones:

o BM and HAZ: To analyse the black inclusion in the BM and HAZ inclusions.

o FZ: 1. To identify any change in the metal chemistry in the weld centreline.
2. To identify the dendrite and matrix phases structure chemistry.

In the BM and HAZ, globular and randomly distributed inclusions were found
throughout the structure, the EDS analysis shows these inclusions are MnS, by showing
higher amounts of sulfur and manganese in the inclusions area, Figure 4.19. Manganese
is usually added to the steel during the production process to prevent the formation of FeS,
which is less thermodynamically stable and has lower melting point than MnS and cause
poor mechanical properties and corrosion resistance [177, 178].

In the FZ, many EDS analyses were applied across the weld zone, an example is shown
in Figure 4.20, to identify any segregation of alloying elements in the weld centreline,
since the centreline is the weakest area in the weld. The results show no segregation in the
parting region at the weld centreline.

The dendritic structure was analysed with EDS, the dendrite showed higher amounts
of Cr and Mo and Si, which are ferrite stabilizer elements. This confirms that the dendritic

structure in the FZ is ferrite phase, Figure 4.21.
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+Spectrum 2

: 3um
Spectrum C Si S Cr Mn Fe Ni Mo Total
Spectrum 1~ 2.69 0 1.12 19.7 4.68 6421 6.81 0.8 100
Spectrum2 3.2  0.64 0 1729 147 6507  9.93 241 100
Spectrum 3 3.35 0 0 17.34 157 6544 9091 2.49 100

Figure 4.19 EDS analysis of the MnS inclusions.
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2R Spectrum 638

Spectrum

30pm ' Electron Image 1

Spectrum Si Cr Mn Fe Co Ni Cu Mo Total

Spectrum 1 0.56 1931 135 6724 0.36 7.47 0.51 3.21 100.00
Spectrum2  0.57 1746 144 67.01 0.64 9.94 046 248 100
Spectrum 3 0.64 1730 147 67.34 0.60 9.93 048 224 100
Spectrum4  0.52 1740 141 6747 039 1016 047 218 100
Spectrum 5 0.63 1735 144 67.08 0.56 10.06 038 249 100
Spectrum 6  0.54 17.66 1.17 6841 047 9.23 033 219 100

Figure 4.20 EDS analysis of the weld centreline.
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+S pectrum 1

8Spectrum 2

s pectrum 3

6um ' Electron Image 1

Spectrum Si P Cr Mn Fe Ni Cu Mo Total
Spectrum 1 0.41 0 17.89  1.43 68.5 9.41 0.38 1.97 100
Spectrum2 0.66 0.11 19.56 143  66.76  7.93 0.52 3.04 100
Spectrum 3 0.49 0 17.83 1.65 6747  9.99 0.62 1.98 100
Spectrum4 0.9 0.06 18.8 .52 66.15 8.76 0.41 34 100

Figure 4.21 EDS analysis of the dendritic structure in the FZ.

4.7 SDAS calculations and cooling rate calculation

SDAS was measured across and through the FZ thickness. Figure 4.22 (a, b and c¢) show
that the SDAS decreased towards the centre of the FZ and decreased towards the weld
bottom. This change in SDAS could be attributed to the effect of heat input and cooling
rate across the weld. The high solidification rate at the weld bead centre and the bottom

regions of the weld, produces fine dendrites since there is insufficient time for the

109



dendrites to remelt, consequently the spacing between the dendrite arms decreases.

Depending on SDAS, the cooling rate across the austenitic stainless steel weld can be
predicted using the following formula [179-182].

A, = 25(e)702%8 4.1)

Where A is SDAS and ¢ is the cooling rate. 25 is a coefficient and -0.28 is an exponent,
both values depend on the alloy system. This formula was used by Elmer and Eager [39]
to calculate the cooling rates in electron beam melts for austenitic stainless steel alloys.

The formula confirms the relationship between cooling rate and the SDAS, Figure 4.23.

4.8 Mechanical properties
4.8.1 Hardness properties

Figure 4.11 (a, b and c) show the Vickers microhardness distribution 2D maps of the W1,
W2 and W3, respectively. These figures reveal that the microhardness increases from 180-
210 VHN in the FZ to 220-260VHN in the HAZ and BM. The highest hardness appeared
at the HAZ in all the welds. The increment in the microhardness can be attributed to the
high residual stresses formed after welding in the HAZ, due to the high temperature
gradient [183]. The fine grain structure in the part of HAZ next to the BM can also enhance
the hardness property [184]. Along the HAZ parallel to the fusion boundary, the hardness
slightly decreased at the centre, as shown in the hardness maps. This could have resulted
from the low cooling rate in this area compared to the top and the bottom, i.e. the heat sink
only through the metal body in this area [184]. The maps also reveal that the FZ of W2
was slightly softer than W1 and W3 at the top and middle parts.

Through the FZ thickness, the microhardness increased towards the root of the weld.
This can be mainly linked to SDAS, which decreases towards the bottom of the FZ, Figure
4.24, which means high volumetric fraction of d-ferrite at the middle and bottom parts of
the weld, the small spacing between the secondary dendrites enhances the hardness of the
weld [86, 170, 185]. It can be seen that the hardness map of the optimum sample (W2) is
more symmetrical than W1 and W3. The reason could be the use of relatively poor
welding parameters in W1 and W3, i.e. insufficient or excessive welding power, which
affected the fluid flow and heat flow and consequently the properties of the weld, as

previously discussed.
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Figure 4.22 SDAS measurement (a) W1 (b) W2 (¢) W3.T=Top, M= Middle and B=Bottom.
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Figure 4.23 SDAS through the weld thickness as a function of cooling rate.
4.8.2 Tensile properties

The weld and BM tensile samples were loaded until fracture to determine and evaluate the
joint strength and performance at room temperature. The weld tested samples fractured in
the FZ, and the BM tested samples broke at the middle of the gauge length. The stress-
strain curves, Figure 4.25, demonstrate a large plastic deformation and high ductility in
the test samples. However, the weld samples were weaker than both the HAZ and BM,
which is in line with hardness data. By accident, some samples were prepared in the way
that the FZ located out of the area of maximum strain at the centre of the gauge length.
Yet, the failure still occurred at centre of the FZ at the parting region leading to the
conclusion that this area is the weakest part of the weld.

The yield strength YS and ultimate tensile strength UTS were calculated, Figures 26
and 27 respectively. The maximum YS was 511 MPa and the UTS was 652 MPa for the
weld samples. In the BM samples, the maximum YS and UTS were slightly higher with
560 MPa and 700 MPa respectively.

The total true strain to failure was measured for each sample and the strain distribution
maps were obtained using the DIC technique, Figure 4.28 to 39 (a, b and c). The strain
maps verified that the maximum strain and the final fracture took place in the FZ. The
reason for the fracture occurring in this region is that the relatively soft FZ, surrounded by
hard HAZ and BM, led to a larger deformation in the FZ than in the HAZ and the BM.
This effect was compounded by the location of the weld centreline boundary, which is
considered the weakest part of the weld [173, 174, 183].
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Figure 4.24 The average microhardness of the weld as a function of SDAS and weld
penetration.

The strain behavior of BM tensile sample is different from the weld sample as can be
seen in example shown in Figure 4.40. In the weld samples, the stain concentrates at the
weld zone and the necking takes place at the early stages of the plastic deformation during
the tensile test. While for the BM, the necking occurred at the final stages after the

maximum load is reached in the test.
A detailed height difference map using 3D optical microscopy, was taken inside the

necking area in the FZ, Figure 4.41 (a, b and c), to detect the largest deformed part of the
microstructure and to determine precisely the localization of the necking. This was
undertaken by measuring the height differences along the necking region. The area with
the red colour in the map represents the undeformed or slightly deformed parts and
consequently, the highest part of the test sample. While the blue coloured area represents
the part that underwent the largest deformation and thus the lowest part of test sample. It
was observed that the larger amount of plastic deformation is localized in the parting area.
The results of the 3D optical microscopy confirmed that the parting was the softest part in
the FZ since the deformation begins and localizes at the interfaces between groups of sub-

grains that have different growth orientation as illustrated in Figure 4.41 (a, b and ¢
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Figure 4.25 Tensile stress-strain curves of the transverse weld and BM samples.
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Figure 4.26 YS for the BM and transverse tensile samples.
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Figure 4.27 UTS for the BM and transverse tensile samples.
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Figure 4.28 Strain distribution map for the W1 T tensile sample

(a) before the test (b) at the necking (c) prior to fracture.

-0.5
-0.4375
-0.375
-0.312
-0.25
-0.187
-0.125
-0.065
-0

(a) (b) (©)

Figure 4.29 Strain distribution map for the W1 M tensile sample

(a) before the test (b) at the necking (c) prior to fracture.
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Figure 4.30 Strain distribution map for the W1 B tensile sample

(a) before the test (b) at the necking (c) prior to fracture.
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Figure 4.31 Strain distribution map for the W2 T tensile sample
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(a) before the test (b) at the necking (c) prior to fracture.
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Figure 4.32 Strain distribution map for the W2 M tensile sample

(a) before the test (b) at the necking (c) prior to fracture.
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Figure 4.33 Strain distribution map for the W2 B tensile sample

(a) before the test (b) at the necking (c) prior to fracture.
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Figure 4.34 Strain distribution map for the W3 T tensile sample (a) before the test (b) at the
necking (c) prior to fracture.
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Figure 4.35 Strain distribution map for the W3 M tensile sample

(a) before the test (b) at the necking (c) prior to fracture.
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Figure 4.36 Strain distribution map for the W3 B tensile sample

(a) before the test (b) at the necking (c) prior to fracture.
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Figure 4.37 Strain distribution map for the BM T tensile sample

(a) before the test (b) at the necking (c) prior to fracture.
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Figure 4.38 Strain distribution map for the BM M tensile sample

(a) before the test (b) at the necking (c) prior to fracture.
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Figure 4.39 Strain distribution map for the BM B tensile sample

(a) before the test (b) at the necking (c) prior to fracture.
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EBSD orientation map, was used to study the mechanical behaviour in the weld zone.
In metals with any type of crystal structure, at least one slip system is required to be
oriented 45° to the direction of the applied stress to make the grains yield at lowest
possible tensile stress. In FCC metals with grains oriented in a way that (111) slip plane
and <110> slip directions are oriented 45° to the applied stress, the slip will occur at lowest
tensile stress [33, 104].

Figure 4.42 shows a Schmid factor intensity map for a transverse section of a part of
FZ and HAZ at the top of the weld. The Schmid factor was calculated and used to correlate
the grains slip plane and slip direction to the direction of the applied stresses. The higher
the Schmid factor, the lower stress required for plastic deformation, since the Schmid
factor indicates that the slip plane and slip direction are oriented near 45° to the direction
of the applied stresses. It can be seen in the map that the grains in the weld zone show
high Schmid factor which explains the high ductility behaviour of the weld. Interestingly,
at the columnar-axial interface, a soft grains region intercepts with strong grains region in
which consequently led to the localisation of stresses in the interception area and so the
failure happened in the parting.

Along the weld thickness, the YS and the UTS are slightly higher at the bottom part of
the FZ except W1, which showed lower UTS at the weld root, Figures 4.26 and 4.27. The
YS ranged between 467 and 511 MPa in the weld tensile samples extracted from the
bottom, and 447 to 461 MPa for the samples obtained from the top. The relatively high
strength in the bottom parts of the FZ could be explained in terms of the effect of the
microstructure on the mechanical properties of the weld.

The columnar and equiaxed ferrite morphology with a small SDAS structure at the
middle and bottom parts of the weld, Figures 4.43 and 4.44, can act as a barrier to
dislocation movement during slip processes, and thus increasing the weld strength [186-
188]. In W1, the bottom region showed lower UTS because of the microstructure in this
area contains predominately a primary and fully austenite structure as shown in Figure
4.12, which consequently reduces the weld strength.

All the tensile weld samples that were taken from the middle showed a slightly higher
elongation to failure than the top and bottom, Figure 4.45. This could be attributed to the
contribution of the relatively soft HAZ in the middle of the weld thickness, Figure 4.11,
due to the low cooling rate in this area. The tensile test samples of W2 showed lower

elongation and work hardening than W1 and W3, as illustrated in Figures 4.45 and 4.46.
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Figure 4.40 Stress-Strain curves for top section of the BM and weld tensile sample with strain distribution maps.
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The weld with high strain hardening exponent is more responsive to work hardening
and consequently shows higher resistance to fracture and higher plastic deformation [33,
189]. The low elongation of W2 is because the FZ is softer than W1 and W3 and
surrounded by harder HAZ, as can be seen in Figure 4.11. This could reduce the plasticity
of the FZ in the W2, since the contribution of the HAZ to W2 strength is lower than W1
and W3.

With the aid of the DIC technique, the local strain inside the weld zone was also
measured and compared to the strain localised in the middle of the gauge length of the
BM samples to ensure the weld metal ductility. The local stress strain curves, shown in
Figure 4.47, confirm the high weld ductility. However, the weld was weaker than the BM

due to the crystallographic effects in the weld zone as detailed in this work.

4.9 Fracture analysis

The fractured surfaces of all the weld tensile test samples were investigated by SEM to
analyse the fracture surfaces’ micro-characteristics. As predicted from the high ductility
of all samples, a typical transgranular failure with ductile dimples was detected in the all
samples, examples shown in Figures 4.48 (a and b). It is believed that the fracture is always
related to the parting in the middle of the FZ.
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Figure 4.41Surface deformation map of FZ for plastically deformed tensile test samples (a)
Sample 1 with 10KN (b) Sample 2 with 10.5KN at the top part of FZ (c) Sample 3 with
11KN. The micrographs on the right showing the examined part of FZ. The dashed white
lines represent the location of parting.
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Figure 4.43 Variation of YS through the weld.
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Figure 4.45 Total %EL to failure through the weld thickness.
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Figure 4.47 Tensile stress-strain curves for the transverse weld and BM samples.
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Figure 4.48 SEM micrographs of fracture surface for different samples. (a) W1 M (b) W3 B.
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Chapter 5 Dissimilar Welding / Results

and Discussion

5.1 Introduction

This chapter presents and discusses the results of the dissimilar welding trials between
20mm  thickness Ti6Al4V and AISI316L stainless steel, using EBW process. This
includes optimization of the welding parameters and characterisation of the weld
microstructure and mechanical properties. The study was aimed to investigate the
possibility of welding Ti6Al4V to AISI 316L stainless steel through analyzing many
variables, such as using of a range of welding parameters, intermediate layer and

preheating.

5.2 Beads on plate and butt joint experiments of Ti6Al4V

Realizing the optimum parameters of welding 20mm thickness Ti6Al4V and AISI 316L
stainless steel separately, is an important step for the dissimilar welding between the two
metals. For this reason, beads on plate trials were carried out on 20mm thick Ti6Al4V
plate, Figure 5.1. Depending on visual test, i.e. depth of penetration and weld bead shape,
welding parameters were chosen for the butt joint weld trials. The results of Ti6Al4V-
Ti6Al4V weld showed that the parameters that were used for weld 1, listed in Table 3.9,
produced optimum weld penetration, as shown in Figure 5.2. All the welds exhibited good

weld bead shape.

5.3 Ti6Al4V - AISI 316L autogenous butt joint

The autogenous weld of Ti6Al4V-AISI316L was performed using the welding parameters
listed in Table 3.10. The welding current was kept 110mA and the welding speed was
varied to manipulate the heat input. A beam offset was applied to control the size of the
intermetallic compounds and consequently, improve the weld mechanical properties, e.g.
offsetting the beam towards the steel side, which has higher thermal conductivity,
produces intermetallic phases with more uniform thickness along the joint interface [137].
However, all the trials failed and fractured instantly after welding. This can be attributed
to the formation of the Ti-Fe intermetallic in the FZ, as can be seen in XRD pattern from

the fractured surface, Figure 5.3, resulting in very brittle weld and for a crack to generate
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easily from the residual stresses [6, 12, 152, 190]. Examples of broken joints with clear

crack at the weld bead are shown in Figure 5.4.

e
-,

—nte

g 2 e

(b)

Figure 5.1 Bead on plate experiments of Ti6Al4V. (a) weld beads face (b) weld beads root.
For welding parameters see Table 3.8.
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(b)
Figure 5.2 Weld 1, 2 and 3 from left to right respectively of

Ti6Al14V-Ti6Al4V butt joint (a) weld face (b) weld root.
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Figure 5.3 XRD pattern for the weld fracture surface at the titanium/Fe without using copper
interlayer.

5.4 Ti6Al4V - AISI 316L butt joint with interlayer

Copper sheets with 0.5 and 1mm thickness were used as an interlayer and fixed at the
contact face between the two materials. In both cases the welds showed poor toughness
and broke after removing the fixtures, as shown Figures 5.5 to 5.8.

Since the thickness of the BM is quite high (20mm), a relatively high heat input was
required to achieve full weld penetration. It was found that using copper interlayers with
0.5 and Imm thickness are not sufficient to avoid or restrict the mixing between Ti and Fe
and reduce the size of the intermetallics since the relatively low melting temperature Cu
layer either mostly melted at the upper part of the weld but there was a lack of penetration
occurring at the lower part, as can be seen in Figures 5.5 and 5.8 or fully melted when
using high heat input as can be seen in Figure 5.7. This combined with the effect of the
residual stresses that resulted from the difference in thermal expansion coefficient
between titanium and stainless steel, which exposes the joint to fracture spontaneously
after welding. For this reason, it was realized that it is important to reduce the amount of
heat input during welding, use a higher thickness copper interlayer and applying the

preheat technique to achieve crack-free weld.
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(c) (d)

Figure 5.4 Ti6Al4V-AISI 316L autogenous weld surface (a) weld 1 (b) weld 3 (c) weld 4
(d) weld 5. The all welds showed crack at the weld bead. All welding parameters are listed
in table 3.10.
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Figure 5.5 Dissimilar weld 2 (a) weld top surface (b) joint contact surface with the copper
sheet welded to stainless steel side.

(@ (b)

Figure 5.6 Dissimilar weld surface and cross section (a) weld 7 (b) weld 8.
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(b)

Figure 5.7 Dissimilar weld 9 (a) weld surface (b) weld root.

I

(@) (b)

Figure 5.8 Dissimilar weld 10 (a) weld surface (b) weld root.
5.5 Butt weld with interlayer and preheat

Heating the weld sample before performing the welding process was an option to reduce
the welding process heat input and minimize the effect of the residual stresses. The weld
samples were preheated to 450°C prior to welding and the welding current was reduced
to 70 and 100 mA whilst increasing the welding speed to 25 mm/s as shown in weld 12 to
weld 20 in Table 3.11. It was found that the weld strength is slightly improved yet full
weld penetration was not achieved. In addition, the copper interlayer stilled melt quickly

at the top part of the weld as can be seen in Figure 5.9.
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Figure 5.9 Cross section of Ti6 Al4V-AISI 316L one pass weld preheated samples (a) weld
13 (b) weld 14 (c) weld 16 (d) weld 18 (e) weld 19 (f) weld 20. All welding parameters are
listed in table 3.11.
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5.6 Double pass butt weld with interlayer and preheat

To insure full weld penetration while reducing the welding heat input, the welding process
was performed using the double pass technique by applying the electron beam on the top
and bottom sides of the weld, as shown in Figure 5.10. The beam current was decreased
to 70 mA and the rest of the welding parameters are listed in Table 3.11. Relatively best
weld toughness was achieved where the sample did not break even after preparation for
microscopic examination i.e. the samples passed the machining successfully. Using of
relatively low heat input (70 mA weld current) with fast welding speed (20 and 25
mm/sec) helped in keeping of the AISI 316L and Ti6Al4V without being fully mixed and

with aid of the preheating the residual stresses were also highly minimized.

(@) (b)

©

Figure 5.10 Cross section of Ti6Al4V-AISI 316L double pass welded preheated samples (a)
weld 21 (b) weld 22 (c) weld 23. All welding parameters are listed in table 3.11.
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5.7 Microstructure characterisation

Only the preheated weld samples could be prepared for microstructure examination as all
the weld trails that were performed without preheating broke after removing the fixtures.
However, single-pass preheated weld samples, Figure 5.8, had lack of penetration and
high residual stresses developed in the root of the weld, which led to the presence of
completely un-melted zone with clear distortion. Therefore, only double pass welds,
Figure 5.10, were subjected to the microstructure examination since they were relatively
successful in terms of weld penetration and free of crack in the as welded condition.

The weld microstructure was studied and analysed by SEM and EDS. The assumptions
of the microstructure content were confirmed by XRD analysis. The weld microstructure
was divided into three regions: stainless steel side, weld centre and titanium side, as shown
in Figure 5.11, to simplify the understanding of the microstructure in various weld regions.

Each microstructure that has a distinguishable gray shade colour was identified by a
letter, as can be seen in Figure 5.12. The identified microstructures were analysed by spot
EDS to further investigate and determine the chemical composition. Major elements of
each microstructure are listed in Table 5.1. With the aid of Ti-Fe, Ti-Cu binary system
diagrams, Figure 2.52 and and 5.13 respectively, and Ti—Fe—Cu ternary phase diagram,
Figure 5.14, the content of each microstructure can be predicted as concluded in Table
5.2. XRD analysis was used to confirm the existence of the alloying elements.

At the AISI 316L-Cu interface layer, there are two distinguishable microstructures. A
steel-rich microstructure with intermediate gray colour (A) separated by thin layer of
copper-rich with light gray colour microstructure (B), as shown in Figure 5.12 (a). (A) is
an austenitic stainless steel and (B) contains copper and iron solid solutions.

The centre of the weld consisted of a light gray microstructure (C), which is a solid
solution of copper and iron and dark gray steel-rich microstructure (D). (D) appears as
irregular droplets distributed randomly throughout the copper solid solution, as can be
seen in Figure 5.12 (b).

In the weld zone next to the titanium alloy, a large number of constituents and phases
with different morphologies were observed. These are due to the high chemical activity
of the titanium alloy. This area can be divided into three layers, marked as layer I, II, III.
Each layer was featured with distinctive morphology and bordered with dashed line, as
shown in Figure 5.12 (c, d and e).

Layer I contained three different microstructures; (E, F and G). Light gray (E) was
surrounded by (F), which exists in a form of cells and thin interlayers. Microstructure (G)

was located inside the cells of F, as shown in Figure 5.12 (c). Microstructure (E) consisted
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of a solid solution of copper with TiCu;. (F) and (G) were Ti;Cus and FeTi+t
intermetallics, respectively.

Layer II, Figure 5.12 (d) consisted of microstructures (H, I, J and K). The white
microstructure (H) and light gray (I) both characterised by copper solid solution with
TiCu; and located between blocks of Ti;Cus and TiCus intermetallics (J microstructure).
Dark gray (K) was found in a little amount inside (J) and contained FeTi+t, intermetallic.

Three types of microstructure were also detected in layer III, Figure 5.12 (e). A gray
blocky (M), which consisted of FeTi+1, +15 mixture, surrounded by interlayers light gray
(L), which is TiCu, with TiCu intermetallics. Microstructure (N) with dark gray colour
located as a thin layer along the Ti-Cu interface and contained aTi solid solution
strengthened by Ti,Cu intermetallics.

It can be concluded that the microstructure of the weld near titanium alloy consisted of
three main constituents: copper solid solution, titanium solid solution and intermetallic
compounds of Cu-Ti and Fe-Cu-Ti. All the predicted constituents and phases of the
microstructures are listed in Table 5.2. It can be seen that in layer III, the copper solid
solution is no longer exist, this can consequently reduce the ductility of the weld in this
area. Hence, the fracture is more likely to occur in layer III, as shown Figure 5.15.

The XRD pattern for the fracture surface at the copper-titanium side confirms the
possibility of presence brittle Ti-Cu and Ti-Fe intermetallic phases, as shown in Figures
5.16 and 5.17. However, the presence of copper solid solution between the blocky
intermetallic phases and the formation of Fe-Cu-Ti and Cu-Ti, which have lower
brittleness than Fe-Ti intermetallic compound, relatively enhances the plasticity of the
weld and increase the chance of obtaining weld that is free of crack. The XRD was also
performed for weld cross-section at the stainless steel/copper interface, as shown in Figure
5.18. The results show peaks of FCC phase structure that correspond with XRD patterns
of austenitic iron and copper solid solution, which confirm the existence of the two

constituents in this region.
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Figure 5.11 Microstructures of the AISI 316L-Cu-AISI 316L-Cu-Ti6Al4V weld (a) part of the AISI 316L-Cu-AISI 316L-Cu-
Ti6Al4V weld microstructure (b) microstructure at higher magnification of the weld at the stainless steel side (c¢) microstructure at
higher magnification for the region at centre of the weld (d) microstructure at higher magnification of weld at the titanium side. The
dashed line areas represent the locations selected to be shown in further higher magnification.
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Figure 5.12 Microstructure of different regions in the AISI 316L-Cu-AISI 316L-Cu-Ti6Al4V weld at higher magnification (a) at the
stainless steel side (b) at centre of the weld (c) Layer I at the titanium side (d) Layer II at the titanium side (e) Layer III at the
titanium side.
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Figure 5.13 Ti-Cu binary phase diagram [148].
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Figure 5.14 Ti-Fe-Cu ternary phase diagram [191].

143



Table 5.1 Major elements content of various microstructures in Ti-Cu-St weld (wt%)

Phase Al Ti \% Cr Fe Ni Cu

A 0.22£0.13 0.03 0.01 2.67£1.33  10.25+£3.89 2.49+0.16 84.25+4.9
B 0.12£0.03  0.1+0.13 0.01 15.66+0.74 65.24+£0.64 8.51+0.83 10.22+0.68
C 0.16£0.08  0.33£0.10  0.05£0.02 1.79£1.05 7.524£3.46 1.65+£0.19 88.51+4.76
D 0.07£0.03  1.53£0.52 0.21£0.06 15.37+1.3 61.43+£7.04 4.7810.42 16.62%9.26
E 1.54£0.17 6.93+0.39 0.17 0.25£0.19  0.95+0.67 0.27+£0.04 89.89+1.46
F 3.540.14  21.76£0.04 0.16£0.06 0.27+0.02  1.09+£0.08  1.19+£0.1  72.21%0.05
G 0.58+£0.06 28.93£0.49 3.54+0.95 12.05£3.25 31.29+6.68 1.63£0.11 22.42+11.42
H 0.9+£0.53  10.10£8.14 0.23£0.31 0.12+£0.03  0.61£0.01 0.22+0.03  87.8+8.71
I 4.14£0.24 22.45%+0.01 0.22+0.02  0.1£0.01 0.98+£0.12  1.12+£0.06  70.99+0.13
J 0.74£0.02 32.89+0.34 1.46%0.16 2.12£0.05 8.55+0.4  1.33£0.16  52.9+0.66
K 1.14£0.07 40.17£0.23 1.84+0.16 2.08+0.39  19.6£1.26  2.4+0.02 32.77+2
L 4.18+1.32 46.09£3.14 2.59+0.48 0.39+0.12 1.6£0.76  1.02+0.13  44.12+1.27
M 3.37£03 47.47£1.23 3.22+0.16 1.42+0.04 10.76+0.16 1.48+0.03  32.82+1.8
N 3.87£0.77 56.04£2.19 291£1.71 0.02£0.12  0.53+0.04 0.58+0.06 36.05+5.89
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Table 5.2 Potential constituents and phases of the microstructures in Cu-Ti weld side

Layer Microstructure Possible constituent and phase type

I E aCut BTiCuq4
I F BTiCus+ Ti,Cus
I G Fe,Ti+FeTi+Cu
II H aCu+ BTiCu4
11 I BTiCus+ Ti,Cus
II J Cu+1,:CuysTi
11 K Ti,Cu+TiCu
I L Ti,Cu+TiCu
111 M Tr+1s+FeTi
I N Ti,Cu+ TiCu

(@ (b)

Figure 5.15 Weld microstructure at the Ti-Cu interface (layer III) (a) crack location (b)
fracture location.
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Figure 5.16 XRD pattern for the weld fracture surface at the titanium/copper interface at the
copper surface side
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Figure 5.17 XRD pattern for the weld fracture surface at the titanium/copper interface at the
titanium surface side.
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Figure 5.18 XRD pattern for the weld cross-section at the stainless steel/copper interface.

5.8 Microhardness evaluation

Vickers microhardness was used to measure across the weld to evaluate the ductility of
the different interfaces. Figure 5.19 illustrates microhardness map for a part of the AISI
316L-Cu-Ti6Al4V weld cross section. The hardness at stainless steel side is about 250
HYV and decreased toward the weld centre. At the stainless steel copper interaction area,
the hardness decreased to about 200 HV and this possibly due to the effect of the copper
solid solution. At the weld centre, the hardness reduced to 150 HV with some variation in
hardness recorded in this area due to some stainless steel-rich zones that randomly
distributed in the copper medium. Towards the titanium side, the hardness increased
significantly. Highest hardness of 450 to 500 HV was observed in the region close to the
titanium alloy. This could be attributed to the localisation of the brittle phases, e.g. Cu-Ti
intermetallic, in this area. This suggests the low ductility in this region that make it more
susceptible to cracking.

147



Weld height (mm
o © o
w BN (&)

o
o

AISI 316L

500
450
] 400
350
7 300
250
7 200
150

-1 -0.5 0 0.5 1
Distance from weld centre (mm)

Figure 5.19 Microhardness map for a part of AISI 316L-Cu-Ti6Al4V weld

148

HV



Chapter 6 Conclusions

6.1 Stainless steel-stainless steel welding

In this study, EBW parameters such as beam current, travel speed and focus offset were
chosen to produce sound joints of 20 mm thick AISI 316L austenitic stainless steel. This
was based on work conducted on data collected from several trials. Microscopy
examinations allowed evaluation of the integrity of the structure. The Vickers
microhardness and tensile strength test equipped with DIC were used to evaluate the

mechanical properties of the welds. The main conclusions can be drawn as follows:

J Weld number 2 of AISI 316L austenitic stainless steel to AISI 316L austenitic
stainless steel with 110mA beam current and 9 mm/s travel speed displayed the optimum
weld profile, penetration and was free of weld defects according to the BS EN ISO 13919-
1:1997.

o The FZ structure consisted of columnar and equiaxed dendritic ferrite and primary
austenite, depending on the growth rate and thermal gradient across the weld. The dendrite
spacing decreased towards the centre and the bottom of the weld. A clear boundary was
found in the middle of the FZ (“parting” region), which is the weakest part of the weld.

o The HAZ and BM have similar microstructures, which consisted of equiaxed
austenite grains. However, there was a grain growth in the HAZ near to the fusion
boundary and the average grain size in the HAZ was twice the grain size in the BM.

o The results showed that the HAZ and BM have higher hardness than the FZ.

J The optimum electron beam welding parameters used in W1 produced more
symmetrical weld shape and more uniform distribution of the hardness than the relatively
insufficient or excessive welding power used in W1 and W3 respectively.

o The tensile strength test samples ruptured at the centre of the FZ, usually in the
parting region.

o The weld zone contained grains that have weak orientation and showed high
Schmid factor intensity with interception between some strong grains and soft grains at
the parting region which considered the main reason for the fracture in this area.

o The bottom part of the weld had higher yield and ultimate tensile strength than the

top and middle parts due to the effect of the high cooling rate and fine microstructure at
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the root of the weld. Generally, the weld area showed high plastic deformation, which

increased at the middle and bottom of the weld.

6.2 Stainless steel-titanium dissimilar welding

Autogenous electron beam welding of AISI 316L stainless steel to Ti6Al4V was

not possible due to the formation of Ti-Fe intermetallic compounds that resulted in a joint

with very low ductility.

The insertion of the copper interlayer was an option to enhance the weld ductility
and minimise the mixing between the stainless steel and titanium. However, using
of copper sheet with 1.5 mm thickness was the better choice than 0.5 and 1 mm
thickness due to the relatively high heat input required for welding such high base
metals thickness.

In order to minimize the effect of the residual stresses and reduce the welding
process heat input, a preheating technique was performed by heating the sample
to approximately 450°C prior to the weld.

Preheating the sample and applying lower heat input were combined with using a
double pass welding technique to obtain a successful joint that is free of cracks.
The formation of the intermetallic phases was not prevented but replaced with
Cu-Ti intermetallic, which has greater ductility than Fe-Ti intermetallic and
significantly improved the joint plasticity.

All intermetallics are mainly located at the Cu/Ti interface, which makes his zone

more sensitive to cracking.
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Chapter 7 Recommendations for future

work

Further investigations can be done based on the current studies. These could be relating
to the welding procedure or to the characterisation methods in both similar and dissimilar

welding and can be outlined as following:

7.1 Stainless steel-stainless steel welding possible further work

J Study the impact of welding speed and beam oscillation on the weld microstructure
and mechanical properties.

o Apply a post weld heat treatment and study its impact on the weld microstructure
and mechanical properties.

J Carry out EBSD test for different areas through weld thickness and study the
effect of grains orientation on the joint strength.

o Analyse the residual stresses in the weld and study their influence on the
mechanical properties of the joint.

o Use three dimensional finite element simulation of high density heat source for
EBW technique using finite element code SYSWELD for predicting the temperature
profile on AISI 316 stainless steel sheets that enables estimation of weld pool geometry,
transient temperature, residual stresses and distortion.

o The results of the simulation can be compared with those from the experimental

data for EBW joints.

7.2 Stainless steel-titanium dissimilar welding possible further work

J Study the effect of welding parameters such as beam current, welding speed and

beam offset on the weld microstructure and joint strength.

J Study the variation in the microstructure through the weld thickness.
o Evaluate the joint strength through tensile test.
o Try more types of inter layer such as silver.
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o Try welding the AISI 316L stainless steel to more weldable titanium alloy
such as CP titanium to improve the possibility of dissimilar joining between the two

metals.
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