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Abstrqct

Abstract

Many items of medical, acronautical, electronic and military equipment exposed to
corrostve conditions, or required to have extreme performance characteristics, are
sealed hermetically into micro packages. Laser beam welded (LBW) Ti6AlI4V alloy
has been adopted in anti-corrosion micro packages for the impeller of a left
ventricular assistance device (LVAD). Thin and narrow welds were required for such
medical equipment. A wide variety of laser types can be applied in sealing micro
packages, which include traditional lasers (CO,, Diode and Nd:YAG) to the newest
laser types (fibre). Compared with other LBW types, continuous wave fibre laser
welds are well known for exhibiting narrow weld zones, low distortion, lower heat
Input and high efficiency. However, in this work significant porosity was found in the
continuous wave fibre laser welds due to the high traverse speeds and high associated
solidification rates. The largest distortion and melting area was found in the
continuous wave diode laser welds due to the high heat generation. A pulsed Nd:YAG
welding was suggested as the hermetic laser welding technique for sealing the micro
packages, since 1t IS a good-balance between low porosity, less distortion and a

narrow weld zone.

The microstructures of Ti6Al4V were complex and strongly affected the mechanical
properties. These structures include: o martensite, metastable B, Widmanstitten,
bimodal, lamellar and equiaxed microstructure. Bimodal and Widmanstitten
structures exhibit a good-balance between strength and ductility. The microstructure
of laser beam welded Ti6Al4V was primarily a” martensite, which showed the lowest

ductility but not significantly high strength. A heat treatment at 950°C followed by
furnace cooling can transform the microstructure in the weld from o martensite

structure into Widmanstitten structure.

The fatigue fracture behaviour of laser beam welded thin sheet Ti6Al4V was
examined in this project as the lifetime of the LVAD impeller has been seen to be
limited by fatigue cracking. Grain size, phase content, stress ratio and frequency are
all affected fatigue fracture behaviour. A transformed Widmanstitten structure in the

weld gave the highest fatigue fracture life. A time of 8 hours heat treatment gave the
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highest fatigue fracture life due to a good-balance between the grain size and phase

content; the existence of metastable f3 limits the crack propagation as well.

The geometries, distortion and porosity of the welds were variable and depended on
the types of the laser used tor the welding process. These factors significantly affected
the local stress levels during the tensile testing and fatigue testing. FEA was used to
understand and evaluate these influences. By simulation in FEA, the maximum stress
locations were observed to be strongly dependent on the specifics of the cross-
sectional geometries of the welds. For the pulsed Nd:YAG weld in the fatigue testing,
the FEA-derived modified local stress amplitudes exhibited a increase of about 40%

compared to the nominal applied stress.
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Chapter 1 Introduction

Micro packaging is being applied more and more widely in the electronics, telecom,
medical device and aircraft industry [1]. Some of the micro packages need to be
hermetically welded in order to protect fragile components inside from outside service
conditions. For example, a Left Ventricular Assistant Device (LVAD) has been
designed to help heart failure patients. There is one moving part - a hydrodynamically
suspended impeller (Figure 1.1); the impeller is exposed to human blood corrosion
conditions [2]. The electronic and magnetic devices inside the impeller are fragile

components, which need to be sealed hermetically [3].

Figure 1.1 The hydrodynamically suspended impeller in the LVAD

There are quite a lot of welding techniques which are applied for sealing hermetically
in thin metal systems, such as Electron Beam Welding (EBW), Tungsten Inert Gas
(TIG), Resistance Welding and Laser Beam Welding (LBW). However, micro
package welding requires smaller and smaller joining areas. For example, the wall
thickness of the shell of impeller in LVAD is usually very thin — typically around 0.5
mm. These dimensions make manufacturing difficult leaving a possibility of weld
cracking or leakage due to geometrical stress-raisers which occur through inadequate

weld penetration, poor machining, poor weld parameters or poor weld geometry



Chapter 1
Introduction

design. Figure 1.2 shows a typical micro package applied for the impeller in an

LVAD.

Ti6Al4V Lid

tweld zone

34 0.51mn

Ti6cAl4V Can

Figure 1.2 A typical micro package in impeller of LVAD

Laser welding of such thin sheet requires a small focal spot, good laser beam quality
and fast travel speed, since too much heat generation can cause distortion for thin
sheet weld or, more significantly damage of the component which is being sealed [4,
5]. A laser beam can provide a high power density and results in producing a keyhole
during welding. The keyhole feature provides the high depth-to-width ratio. Because
of high production rates and process flexibility, especiallyy, LBW has been
successfully adopted for very thin welded sections [6]. However, the predicted
lifetime of the impeller is 5-10 years due to micro-cracking. The potential micro-
cracking is from cyclic loading due to the blood pressure which may cause crack

initiation and then crack propagation due to fatigue. (Figure 1.3)
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Lid
' yeld zone

t gati on

fragile component

0.5 mn

Figure 1.3 X-ray microtomograph (Micro-CT) image of crack propagation (red

arrow area) in micro packaging of impeller

The material adopted for the lid and can of the micro package in the impeller of

LVAD is Ti-6wt%Al-4wt%V (Ti6Al4V) alloy. Ti6Al4V alloy is widely used in the

medical device industry for its desirable properties: strength to weight ratio,
corrosion resistance, biocompatibility and processability (casting, deformation,
powder metallurgy, machinability, welding etc.) [7-10]. The alloy can be heat treated
to obtain various microstructures. The shape and distribution of alpha (a), beta () and
martensite a” control some of the critical mechanical properties of the material (such
as fatigue behaviour). Equiaxed microstructures, small grain sizes and low a phase

content confer benefits on fatigue life behaviour of Ti6Al4V alloy. In contrast,

martensite a’, coarse grains and higher a phase content reduce the fatigue life.

The metallurgy of LBW Ti6Al4V is complex. The fusion zone (FZ) and associated
heat-affected zone (HAZ) are generally very narrow and result in a high depth-to-

4
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width ratio (aspect ratio), which is one primary advantage of laser welding compared
with the other welding processes. Martensite a'with a coarse grain structure primarily
exists in the FZ due to high cooling rates from above the B-transus temperature; this

area can be the weakest part under cyclic loading service conditions.

The aim of this project is to understand the mechanical properties and the fatigue

behaviour of laser beam welded thin sheet of Ti6Al4V alloy based on microstructure

modification, geometry control and Finite Element Analysis (FEA).

During the work, three types of lasers will be applied for hermetic welding of

Ti6Al14V alloy, namely Nd:YAG, diode and fibre lasers.
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Beam Welding

Certain micro packaged components need to be hermetically sealed. For example, the

corrodible micro package components in LVAD need to be prevented from entering
human blood. Of the several sealing weld technologies which have been fully
developed. laser beam welding (LBW) was selected for this application. A basic
understanding ot LBW and the control of quality for continuous wave (CW) and

pulsed weld are detailed in this chapter.

2.1 Suitability of LBW

[.aser 1s an acronym of Light Amplification by Stimulated Emission of Radiation, a
process first invented in 1958 by Charles Townes and Arthur Schawlow of Bell
[L.aboratories. ‘Laser beam welding (LBW) is a fusion welding process that results in
joining of materials by the interaction of a concentrated, coherent beam ot light and
the material surface.” [1] This interaction creates sufficient elevations in temperature
to melt the material and form a joint trom the molten material from the two

components being welded [1]. There are several other techniques available for sealing

micro packages, such as Electron Beam Welding (EBW), Tungsten Inert Gas (T1G)
and Resistance Welding [2-5]. However, all of these welding techniques have
limitations when applied to sealing micro packages. In TIG welding, a wider weld

zone and more heat generation may damage the components inside the package and

cause serious distortion. In resistance welding, there are too many restrictions on weld
joint shape and material properties; for example resistance welding can be used only
for materials with reasonably high electrical resistance and for a lap weld joint
geometry. Electron Beam Welding can create narrow, deep penetration welding with
the “keyhole™ (the explanation of keyhole mode welding is discussed in Section 2.3)
mechanism which is quite similar to LBW. However, EBW cannot be adopted for a
micro package which has magnetic component inside, since the magnetic component

will causes the deflection of the electron-beam during the welding process. LBW

8
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allows the manufacture of precision welded joints with a high depth-to-width ratio

and a high welding speed due to ‘keyhole mode welding'".

Table 2.1 The advantages and disadvantages of the LBW process [1, 6, 7]

¢ e e e B ] = T W W —— ¢ — e L o A s ——-

| Advantageé of Laser Beam welding

I. Deep narrow welds
e The laser beam weld produces narrow fusion zones and heat-aftected zones.
e Single pass weld penetration has reached depth of 15mm thickness on steel.
6]
e Fxtremely narrow welds have been produced successfully, especially in fibre
laser welding.

2. LLow heat input
e Low heat input results in low thermal distortion, which can eliminate the need
for preparation of V joint.
e Welds can be made in micro package applications with heat sensitive
components inside, such as electronic circuits and magnet devices.

3. High production rates and process flexibility
e Welding speeds are high, traverse speeds of up to 500 mm/s are possible [1].
e l.aser welding machines are operated automatically or by robots.

e Welds can be made without additional fillet materials at narrow gaps between
two components.

e Dissimilar materials and component thicknesses can be welded.

Disadvantages of Laser Beam Welding

|. Extremely high cooling rate and traverse speed may induce defects, such as hot
cracking, porosity.

2. Thin section welds have a high requirement on Jigs and sample edge preparation.

3. The depth of beam focus is small, so the work surface needs to be accurately
maintained to achieve the required power density.

4. Vaporization of some alloying elements can occur due to high temperature from

high power density.

The costs of equipment and operating are high

6. Safety protection is required, to prevent eye damage and skin burns from the laser
beam.

A
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.LBW has certain limitations as outlined in previous work [1, 6, 7] however, deep
narrow welds, low heat input and high production rates meet the requirement of
hermetical sealing of micro packaged components where avoidance of thermal

damage to the component being scaled 1s paramount.
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2.2 Laser types

The lasers used in welding can be divided into difterent types by the wide variety of
lasing gain medium types available such as gas (He-Ne and carbon dioxide), solid
state (neodymium-doped yttrium aluminium garnet; Nd:Y3;Als012), semiconductor
(diode lasers) etc. In the following section, Nd:YAG lasers, diode lasers and fibre
lasers are discussed. All these three laser types were adopted in the laser welding

experimental work.

2.2.1 Nd:YAG laser

Nd:YAG lasers are the most common type of solid-state laser used for welding [8].

They can produce either pulsed or continuous wave output power. At present,
Nd:YAG lasers are mostly used in the pulsed mode for welding. It is ‘a mature
process with a proven record of producing high-quality welds tor many diverse
joining applications™ [1]. The wavelength of Nd:YAG laser is about 1.06 pm [9]. A

single head pulsed Nd:YAG laser typically has average power levels of approximately

500 W [1].

2.2.2 Diode laser

A diode laser uses a semiconductor similar to that found in a hght-emitting diode as
the gain medium. Diode lasers have been used for some time. but their low power and

poor beam quality has restricted their use [10, 11]. The advantages of diode lasers
include lower cost. smaller volume and higher efficiency. The applications of diode

lasers have been mainly in telecommunications as they are easily modulated and

easily coupled light sources for fibre optic communication.

2.2.3 Fibre laser

The fibre laser is the most recently developed solid state laser technology, and is well
known for high speed, high beam quality and small volume. In recent years, since the

size of components has become smaller, the welding of thin sheet has been required.

1O
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Some welding applications require a focus spot diameter of the order of 25 um and
pulse energy levels as low as 10 mJ [7]. The combination of micro beam and high
speed laser scanning has advantages for thin metal sheet welding. Therefore, the
pulsed Nd:YAG laser [12] has been the most widely adopted tor micro-welding tor
thin metal sheet; however, the fibre laser has the attributes required for such welding

and may have advantages in this arca.

| ]
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2.3 Kevhole mode welding versus conduction mode welding

Keyhole mode welding occurs as the power density increases. The molten zone
penetrates fully through the material to be joined. and a relatively narrow weld is then
created (Figure 2.1(a)). When power density is low, the energy of the laser is
predominantly conducted through the material. As the temperature of the material is
increased. it melts and forms a wide and shallow weldpool (Figure 2.1(b)) which is

called conduction mode welding.
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Figure 2.1 Diagram of Keyhole mode welding and conduction mode welding[13|
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The conduction mode weldpool is stable, “as vaporisation of the materials is
negligible’[13]. The limitations of conduction mode welding include: 1) it cannot be
used for thick material welding: 2) too much heat generation could produce a wider
weld zone and serious distortion. The benefits of keyhole welding include:

deep penetration

high production rates

reduced heat mnput

reduced distortion. residual stress.

13
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2.4 Continuous wave laser versus pulsed

The output laser beam from welding lasers is either a continuous wave beam or a
pulsed power beam. As the name implies, a continuous wave (CW) laser produces a
laser beam with a relatively constant output power over time. When a CW laser 1s
used for welding, the beam establishes a steady molten weld pool which 1s traversed
along the weld path. The liquid metal weld pool that is created by CW lasers i1s more

stable than that for pulsed lasers and, therefore, metal spatter is less of a problem [ 1].

Pulsed laser welds are characterized by an extremely fast cooling rate, minimum heat-
affected zone, and low total heat input to the work [14]. Due to spatter, weld
penetration is usually limited to relatively thin sections (<2 mm) |1]. Pulsed lasers
excel in thin-section applications because of their unique ability to produce extremely

high powers for very short periods of time and to precisely control pulse energy.

4
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2.5 Laser beam welding process parameters

Several researchers describe the process of LBW for CW and pulsed lasers [15-18].

For laser welding, the weld characteristics are controlled by the combination of the

following parameters:

2.5.1 Control of parameters in CW laser beam welding

The main parameters for CW Laser Beam Welding include: power (P), traverse speed
(}), tocused spot size (D), power density or irradiance (f), and linear heat input (£°)
Power (P): is the rate of energy flow trom the radiation source.

Traverse Speed (V) is the linear traverse speed by which the weld joint moves

relative to the beam.

Focused Spot Size (D). The diameter of the focused laser beam at the workpiece

surface 1s commonly known as the spot size.

Power Density or Irradiance (). The laser beam power per unit area at the surtace 1s
commonly known as the beam power density or irradiance. Power density, is given by

the equation 2.1:
1)
4

where, A is the area of the focused laser beam at the workpiece surface.

/ Equation 2.1

Linear Heat Input (E"). The ability of the laser beam to melt a volume of material
depends on the energy delivered per unit length of weld and it is commonly referred

to as the linear heat input [1]. Linear heat input (J/m) is calculated by dividing the

laser power by the linear traverse speed as shown below:

E’ :—i—. Equation 2.2

In CW Laser Beam Welding, penetration is determined most strongly by the laser
power density but it also influenced by traverse speed. If spot size is unaltered, then to
increase the weld penetration the power must be increased independently. The work
ot Calazzo et al. [15] illustrated the melting depth versus laser power level for

ditterent traverse speeds of a CW CO, laser (Figure 2.2). If the laser power is already

15
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at the maximum, there are two ways to increase penetration; 1) decrease the spot size

to increase the power density, 2) reduce the traverse speed since this will increase the

melting depth (Figure 2.3).

Melt depth (mm)
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Figure 2.2 Melt depth laser power level for different traverse speed values, CO;

laser weld in Ti6AI4V [15]
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Figure 2.3 Melt depth versus traverse speed for He and Ar covering gas at
1500W power level, CO; laser weld in Ti6Al4V [15]
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Equation 2.2 indicates that when the power is increased or the traverse speed 1s
reduced, then the linear heat input will increase. Figure 2.4 shows that, no matter what
material thickness from 1.0 to 2.85 mm or whether penetration 1s partial or full, the
melting area (i.e. cross sectional arca of the molten zone) tends to increase linearly

with linear heat input.
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Figure 2.4 Melting area versus Linear heat input {15]

A high power is needed to get high melting efticiency (melting etficiency 1s detined
as the heat energy required to just melt the fusion zone divided by the net heat input to
the part); this is shown in Figure 2.5 for the CW CO, LBW process tor bead-on-plate
welds on type 304 stainless steel. In order to get the highest melting efficiency. the

energy should be transferred as quickly as possible into the sample so that there is

reduced time for dissipation.
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Figure 2.5 Melting efficiency versus laser power |19]

2 5.2 Control of Parameters in Pulsed Lasers

Pulse Energy (E). The melted volume of a fusion zone produced by an individual
laser pulse is determined by the pulse energy.

Pulse Duration (7,). The time duration of an individual laser pulse is sometimes
called the pulse length, pulse width, or pulse-on-time. Pulse duration for laser welding
typically ranges from about 0.250 to 20.0 ms [1].

Pulse Frequency (f). The rate of laser pulsation in pulses per second (Hz) is an
important variable in puilsed LBW. Pulse frequency and traverse speed will control

the amount of pulse overlap in a seam weld. Pulse frequency also determines the

average power. Pulse frequency (f) can be determined by:

l
(t, +1,)

f Equation 2.3

where 1, 1S pulse on time, 7, 1s pulse oft time.

Pulse Overlap. It is the amount (usually expressed as a percentage of the diameter of

the melted zone) by which the diameter of the melted area created by one pulse

|8
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overlaps that created by the preceding pulse (Figure 2.6). It depends on many factors
including the pulse energy, pulse frequency, traverse speed, and material properties.

Peak Power (P,). The high powers that are achieved during the short duration laser
pulse are described by the peak power. The peak power can be determined by

dividing the pulse energy by the pulse duration (#,) as shown below:

P, = — Equation 2.4

Average Power (P,). The pulsed laser beam power that is the summation of all the
laser pulses averaged over time is commonly known as the average power. It is
roughly equivalent to the power (P) given above for a continuous wave laser and it is
an indicator of the processing capabilities of a pulsed laser. The average power can be

determined from the product of the pulse frequency and the pulse energy as follows:
P, =fx£L Equation 2.5

Power Density or Irradiance (I). The power density for pulsed LBW is, in effect,

the same as described before in CW and pulsed LBW, except that it 1s calculated from

the peak power instead of the average power. It is calculated as tollows:

P
| = ; Equation 2.6

One significant difference and advantage of pulsed LBW 1s that 1t does not have to
use very high traverse speeds to obtain a high melting efficiency. Peak powers during
the very short duration laser pulse are extremely high, so the meiting efficiencies are
also very high. Traverse speed is usually only adjusted to achieve the required pulse
overlap. The melting zone size (depth and width) for pulsed laser welding is
determined by the pulse energy. In order to increase the melting zone size, a longer
pulse duration is normally selected rather than an increase in peak power since a peak

power which is too high could cause excessive vaporization and spatter.

The depth of penetration is determined primarily by the peak power density. For a

fixed spot size, the peak power density is controlled by the peak power. As peak
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power 1s the ratio of the pulse encrgy to the pulse duration, the penetration can be
increased by either increasing pulse energy or decreasing the pulse duration. Average
power is not a good indicator of weld penetration because it 1s possible to have two
welding process with the same average power but very ditferent pulse energies. Kuo
and Jeng [14] used a pulsed Nd:YAG laser system, operated at the same mean laser
source power of 1.7 kW; by changing the ratio of high power-low power laser
delivery, they changed progressively from a pulsed wave (PW) mode to a continuous
wave (CW) mode. They indicated that AP (the ditterence between peak power and
base power) level determined the depth-to-width ratio. In Figure 2.6 for stainless steel
(SUS 304L), it can be seen that if traverse speed is kept uniform, the highest AP
caused the biggest D/W (depth-to-width). which implies that peak power is the key to

controlhing penetration depth.
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Figure 2.6 a) PW1; b) PW2; ¢) PW3; d) CW; e) Depth-to-width (D/W) curves for

bead-on-plate welds as function of AP level and traverse speed |14]
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Pulse frequency is normally used to increase the overall welding speed. Traverse
speed is used to obtain the required pulse overlap. Pulse overlap is an important factor
in hermetic welding. Proper pulse overlap is chosen by examining the melted spot
diameter at the chosen pulse energy. traverse speed, and frequency, then assessing the
overlap. The American Welding Society [I] recommends “an overlap ot 70 to 80
percent’ to ensure constant weld penetration at the weld root and hermetically sealed

joints. This is illustrated in Figure 2.7.

Laser beamm

Diaineter of

“T melang spot
Overlap
(Geod hermnetization Poor helnnetization

Figure 2.7 Schematic diagram of overlap and hermetization

Figure 2.8 is a development for thin-section pulsed Nd:YAG LBW. It can be used as a
suideline for weld development of stainless steel, titanium and aluminium. The top
and bottom axes are used to choose traverse speed and pulse frequency. Then the right
axis is used to determine the pulse energy and control the penetration (left axis). The

curves generated by energy and pulse frequency are average power values.

21



Chapter 2
Literature Review: Laser Beam Welding

-

sst T Al TRAVEL SPEED (mnvs)
25 15 10 5 25 15 1 0.5
' ' : . i. e 60
1.5 1.1 1.0 50
- ™m
£ o084 06—+ 05 400 W 0 O
= 3
z g
S )
b >
T 100 W < UG
- C
1) mw
P >
LLJ i1l
o 0.8 0.6 0.5 0
40 W
0.4 4 023 0.2 10
02 4+ 02 0.1
' ‘ o
] |
100 50 40 20 10 & 4 2

PULSE FREQUENCY (PULSES/S)

Figure 2.8 Dependence of penetration in three metals on the operating conditions

for Nd:YAG pulsed lasers with three average power values [1]
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2.6 Summary

Compared with other sealing welding methods, the laser beam welding process is
suitable for micro package hermetic sealing. The Nd:Y AG laser is the most developed
technique for such application. The diode laser is perhaps not suitable for micro
package welding due to poor beam quality. The fibre laser is the newest type of laser
which can create very thin weld zones. Keyhole mode welding and pulsed laser
welding create thin weld zones compared with conduction mode welding and
continuous wave laser welding. There are more parameters which can be used to
control the welding process in pulsed laser welding rather than in continuous wave
laser welding. However, the melting pool in keyhole mode welding and pulsed laser

welding is less stable than in continuous wave welding or conduction mode welding.
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Chapter 3 Literature Review: Structure
and Properties of Titanium and
Titanium Alloys

Ti6Al14V alloy is widely used in the aerospace and medical device industries tor its

desirable properties: strength to weight ratio, corrosion resistance, biocompatibility

and processability (casting, deformation, powder metallurgy, machinability, welding,
brazing, ctc.) [1-4]. Previous researchers have indicated that the mechanical properties
(strength and toughness) of Ti6Al4V alloy are quite sensitive to microstructure |2, 5,
6]. The microstructures are controlled by heat treatment generally at temperatures in
the dual a-p phase region [7, 8]. A basic understanding of Ti6Al4V and its

microstructure, mechanical properties and fatigue properties are presented in this

chapter.

3.1 a&P phases in Ti6AI4V

Titanium exists in two crystalline states: a low-temperature alpha (a) phase
(hexagonal close-packed (h.c.p.) crystal structure), and a high-temperature beta (f3)

phase (body centered cubic (b.c.c.) crystal structure) (Figure 3.1). The allotropic

transformation occurs at 882.5 °C [4] in nominally pure titanium.
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Figure 3.1 Crystal structure of hep a and bee  phase|9]
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Alloying of titanium is dominated by the ability of elements to stabilize either of the
a- or the - phases. Generally, titanium alloys are classified into three main groups: o.
a+f and B. o+ alloys are the most widely used of the titanium alloy [2. 3, 6]. Most ot
atf} alloys contain 4-6% [3-stabilizing elements and are quenched from 3 or a+f phase
ficlds. Among the a+f alloys, Ti-6Al1-4V is the most popular titanium alloy, so that
more than 50% of all titanium alloys in use today are of this composition [9]. Other
commonly used a+p alloys include Ti-6Al-6V-2Sn, Ti-6Al-2Sn-4Zr-6Mo. Ti-6Al-
25n-27r-2Mo-2Cr-0.25S1 and Ti-5A1-2Sn-27r-4Mo-4Cr.

Table 3.1 summarizes the main properties of o, a+p and P titanium alloys. Table 3.2
shows a qualitative comparision of characteristics of titanium alloy which include
Ti6 Al4V. As can be seen, a alloys show higher ductility but lower strength. On the
other hand, P alloys exhibit higher strength but lower ductility and poor weldability.

In contrast, o+ alloy (Ti6Al4V) shows a good balance of strength and ductility.

Table 3.1 Mechanical properties of three types titanium alloys [9]

Alloy Chemical Tg | Hardness | E [GPa] YS TS %Kl
composition | [°C] [HV] |MPa] |MPal
[wt. %]
| a-alloy ]
High 9998 Ti | 882 100 100-145 145 235 50
purity T
atf} alloy
Ti-6-4 Ti-6A1-4V | 995 | 300-400 | 110-140 | 800-1100 | 900-1200 | 13-16
B-alloy |
SP700 | Ti-4.5A1-3V-| 900 | 300-500 | 110 | 900 | 960 | 820
2Mo-2Fe

* T p - Beta transus temperature; E — Young’s Modulus; YS — Yield stress; TS — Tensile

stress; El - Elongation
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Table 3.2 Qualitative comparision of characteristics of a, a+f and B Ti alloy |9}

a a+p B
: +
Strength - + ++
| DULtlh[y— ) o - - ——
Weldability ++ + -

_—

*+ stands for high, - stands for low
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3.2 Microstructure of Ti6AI4V

3.2.1 Lamellar versus equiaxed microstructure

The microstructure of titanium alloys are generally described by the size and
arrangement of the a and B phases. The two extreme cases of phase arrangements are
the lamellar microstructure (with a greater o/ surface area and more oriented
colonies) (Figure 3.2 (a)), which is generated upon cooling from the P phase field, and
the equiaxed microstructure (uniform structure composed of a-grains and grain
boundaries of B [4]) (Figure 3.2 (b)), which is result of a recrystallization and

globularization process [9].
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(b)
Figure 3.2 (a) Lamellar microstructure of Ti6Al4V [10] (b) Equiaxed

microstructure of Ti6Al4V from heat treatment at 950°C for 4 hours [11]

Figure 3.3 shows the P-transus temperature of Ti6Al4V. The P-transus, Tj is a
boundary line between B phase and a+f phase fields in the equilibrium phase diagram.
Only the single P phase field exists above B-transus line. The P-transus temperature of
Ti-6Al1-4V is 980°C [8]. Lamellar microstructures result from simple cooling from

temperatures above the B-transus temperature [9]. Once the temperature falls below

the transus temperature, o nucleates (light region) at grain boundaries and grows as

lamellae into the prior B grain (dark region) [10].

The equiaxed microstructure is always from refinement globularization during
annealing. Generally, the annealing process for Ti6Al4V is conducted in the

temperature range of 850-950°C [11], for several hours, followed by furnace cooling

or air cooling.
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Figure 3.3 Schematic section of the ternary phase equilibrium diagram {12}

*MS: martensite start temperature, X axis stands for Vanadium content by

weight percentage

3.2.2 The effect of heat treatment on microstructure

The temperature and cooling rate during the heat treatment are two big factors which
affect the microstructure of Ti6Al4V. There 1s a wide body of literature which
describes these influences |2, 6, 10, 12, 13]. Figure 3.4 and Table 3.3 show typical

microstructure development at 800, 950, and 1050°C for water cooling and air

cooling heat treatment.
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Figure 3.4 The microstructure developed at different heat treatment and cooling
rate of Ti6AI4V [10]

Table 3.3 Evolution of microstructure in Figure 3.4

- Water cooling

1050°C | Rapid cooling rate from 1050°C

Air c(;oling

Slower cooling rate at 1050°C leads
to the typical lamellar a+f} structure
with grain boundary a in the prior 3
grains.

950°C A microstructure rapidly cooled | A microstructure more

leads to acicular o’ martensite
structure. 3 phase can be between

martensitic laths.

slowly
from 950°C includes acicular o’ | cooled from 950°C consists of a

martensite and primary a. lamellar mixture of a+f phase,

primary a and grain boundary a.
800°C A metastable B phase with primary | At slower cooling rate, f phase is

a and grain boundary a occurs | observed instead of metastable
with a fast cooling rate. phase. The grain boundary a phase
and primary o are observed with

both water and air cooling from
800°C
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The investigation by Jovanovi¢ et al. [6] in to the microstructures of Ti-6Al-4V
resulting from different treatment temperatures in both furnace-cooling and water-
quenching are summarized in Figure 3.5 and Figure 3.6. The investigation used cast
Ti-6Al1-4V alloy, annealed at 900, 950, and 1100°C for 1 hour. Two cooling rates
(furnace-cooling and water-quenching) were applied for each annealing temperature.
Kroll’s reagent (a mixture of 10 mL HF, 5 mL HNO; and 85 mL H>O) was used as an

etchant for light microscopy.

Figure 3.5 Microstructure upon water-quenching from: (a) 1100°C; (b) 950°C; (¢)
900°C |6]

900°C [6]

The cooling rate significantly influences the grain size. The slower the cooling rate is,
the coarser the grain size will be, which has been shown by Jovanovi¢’s work (Figure
3.5a and Figure 3.6a). Rapid quenching leads to a martensitic transformation of f
which causes a very fine needle-like microstructure (Figure 3.5a). Unlike ferrous
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martensites., titanium martensite i1s “not significantly stronger or more brittle” [ 14] than
its parent phase. and hardening effect for titantum alloy martensite s only moderate.
Table 3.4 shows the volume fractions ot the various phases as presented by Jovanovic
16].

Table 3.4 volume fraction (%) of phase present as a function of heat-treatment

for Ti6Al4V |6]

AT t— e, ke o — = = kA

1 (0(1) o Water—quenchmg
1100 a = 98.7
950 a ~ 50 - 57.8
z B~ 8
9200 a ~ 26.9
B~ 10

Summarizing the rescarch ot Jovanovic et al. on the eftects of heat treatment on the
microstructure of -6 Al-4V of temperature and cooling rate are listed below:
. There are two possible products as cooling from the B-phase which are
martensite a” and metastable 3. The martensite o only exists with high
cooling rate (water-quenching). Higher temperatures within the 3 phase field

result in a higher volume fraction of «” and lower volume traction ot 3.

[ 4

ALl slowly cooled (turnace-cooled) samples show 3 as a small seam around
the coarse and light a phase (Figure 3.6a-c). The higher the annealing

temperature is. the larger the thickness of the a phase s (Figure 3.6a-¢)

The microstructures  developed at ditterent heat treatment and cooling rate of
TI6AI4YV trom Pinke ¢t al. [10] and Jovanovi¢ et al. [6] shows some difterences
except in that from water-quenching above B transus temperature. The reason is that

the Ti6AT4V parent materials they used were difterent as shown in Figure 3.7.
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Figure 3.7 The parent materials used by (a) Pinke et al.’s precision cast Ti6Al4V
(b) Jovanovi¢ et al.’s investment cast Ti6AI4V [6, 10|

Besides the temperature and cooling rate, heat treatment time will also affect the grain
size. Figure 3.8 shows grain size results from Ti6Al4V cylindrical rods (13 mm in
diameter by 11 cm in length) heat treated at 1050, 1100, 1150 and 1200°C, for 3, 10,

15, 20, 30, 60 and 120 minutes by Gil et al. [2].
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Figure 3.8 Increase of the grain diameter in relation to temperature and

duration of heat treatment of Ti6Al4V. D is the grain size at a certain time, D, is

the initial grain size |2]

3.2.3 Widmanstitten structure in Ti6AI4YV

During the heat treatment, a structure named the Widmanstatten structure may be
found In Ti6AI4V. As a classical structure in Ti6Al4V from heat treatment,
Widmanstitten structure is discussed especially here. The original Widmanstitten
patterns, named after Count Alots von Beckh Widmanstiitten, were unique structures
of long nickel-iron crystals, found in the octahedrite iron meteorites. The
Widmanstétten structure in Ti6Al4V 1s observed when materials are cooled at a
critical rate from extremely high temperature. Figure 3.9 shows the microstructure
development due to cooling rate. At low cooling rate (between 410°Cs™ and 20°Cs™),
massive a-plates (o) grow from the grain boundary and a colonies are formed. When
the cooling rate is below 20°Cs”, a colonies change into basket weave structure

(Widmanstitten). Ahmed {15] indicated, for a heat treatment at 1050°C for 30 min.

Widmanstitten is formed when cooling rate is below 20°Cs™.
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Figure 3.9 Schematic continuous cooling transformation diagrams for Ti6Al4V

[15]

The influence of the cooling rate on the a colony plate sizes can be observed in
Figures 3.10-3.12 for 0.23, 0.81 and 3.40°Cs™ cooling rates from 1100°C,
respectively. The width of Widmanstiitten plates tend to be thicker as the cooling rate
decreases. The reduced cooling rates allow greater diffusion distances which generate

coarser a colony plates [2].
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Figure 3.10 a colony microstructure cooled at 0.23°Cs™ in Ti6AI4V [2]
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Figure 3.12 a colony microstructure cooled at 3.40°Cs™ in Ti6AI4V [2]

Similar results from Shademan et al. [8] also showed that the size of colony increases
with decreasing cooling rate (Figure 3.13). They stated that this is ‘due to the lower

nucleation rate and higher growth rate associated with the slower cooling rate’ [8].
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Figure 3.13 Microstructural modifications in Ti6Al4V after heat treatments. (a)

1070°C for 30 min cool at 25 °C/min (0.42°Cs") to 400 °C/Ar quench to Room

Temperature (RT), (b) 1070°C for 30 min cool at 3 °C/min (0.05°Cs") to
400 °C/Ar quench to RT and (c) 1070°C for 30 min cool at 1°C/min (0.02°Cs"l) to

400°C/Ar quench to RT. {3]
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3.3 The effect of microstructure on mechanical properties of

Ti6Al4Y

The mechanical properties of Ti6Al4V are strongly affected by the grain size and
microstructure. The comparison ot characteristics ot Ti16Al4V as a function of the

various microstructures 1s summarized in Table 3.5:

Table 3.5 Qualitative comparison of influence of microstructure on

characteristics of titanium alloys |9}

—_— e mr—- - [ [TLE —_—

—_——. e —

Fine Coarse Property Lamellar | Equiaxed
+ - Strength - +
- ' -
+ - Ductility - +
T T +
+ - Fatigue crack initiation - +
resistance
1
- + [Fatigue crack propagation + -
resistance
|

*+ stands for good, - stands for bad
The effect of grain size on yield strength is described by the well-known Hall-Petch

equation:

K
o .=0,+t—F= Equation 3.1
_ [ q

where & 1s the strengthening coefticient (a constant unique to each material), o, is the
starting stress for dislocation movement (or the resistance of the lattice to dislocation

motion), d is the grain diameter, and o, is the yield stress.
Sirtlar and Srichandr’s | 11] research showed that with an increase of grain size from 8

to 20 pm, the tensile strength and yield strength shightly dropped off. At the same time,

the difterent grain types can attect the tensile properties (Figure 3.14).
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Figure 3.14 Tensile properties of TioAl4V effected by different types of

microstructure and grain size |11}

Jovanovi¢ et al. [6] have investigated the hardness, tensile strength, and elongation to

failure of Ti-6Al-4V which was heat treated at different temperatures and with

different cooling rates (Figure 3.15 and Figure 3.16).
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Figure 3.15 The effect of different annealing temperatures and cooling rates on
hardness of Ti6AI4V [6]
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Figure 3.16 The effect of different annealing temperatures and cooling rates on
tensile strength and elongation of Ti6Al4V (6]

As the cooling rate increased, both the hardness and tensile strength increased. On the
other hand. elongation decreased with the increase of cooling rate. These results form
an increase in metastable B with cooling rate, which itself is strong but exhibits poor
ductility. The higher the temperature of heat treatment for all cooling rates, the higher
the value of hardness and tensile strength and, the lower the value of elongation will
be. For rapid cooling rates (water-quenched), higher temperature means more
metastable  (Table 3.4). For slow cooling rate (air-cooled and furnace-cooled),
higher temperature results in the formation ot large grains which exhibit poor ductility
(Table 3.5). The reason that the strength is higher is that higher temperature results in
more metastable 3 which confers high strength, although large grains result in low
strength. This implies phase content dominates the mechanical properties of Ti6AI4V

rather than grain size. In addition, the highest value of hardness and tensile strength

accompanied the lowest elongation for o martensite.

Figures 3.17 and 3.18 show the resulting mechanical properties at room temperature
for cach cooling rate (v) in terms of tensile strength, yield stress and ductility. From
0.23°Cs™' to 1.5°Cs™, the yield stress and ductility are very sensitive to cooling rate.

Then, the properties change little between 1.5°Cs™” and 3.5°Cs’. whereupon the
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strength levels increase sharply as the transformation moves from forming
Widmanstitten to martensite. The cooling rate for forming Widmanstitten structures
here is very ditterent from Ahmed’s [15] results. The explanation is perhaps found in
the sample size. In Ahmed’s research, the sample was 31.8 mm diameter bar; in Gil's

research, the sample was 13 mm in diameter.

l Martensite \.
1100 | ‘
1050
& 1000«’ - - — ®
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Figure 3.17 The influence of cooling rate on mechanical strength and yield stress
for Ti6AI4V |2]

10

Ductility (%)

v (°C/s)
Figure 3.18 The influence of cooling rate on ductility for Ti6AI4V |2}
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3.4 Fatigue behaviour of T16Al4V

The term “fatigue’ relates to the initiation and growth of cracks (normally in metallic
materials) due to the repeated application of mechanical stresses or strains and any
associated changes in mechanical properties [16]. Most welded micro package
components are subjected to cyche loading, and fatigue and fracture eventually occur.
The fatigue behaviour can be divided into crack initiation (N)) and crack propagation
(N;) stages. A previous investigation has indicated that for the fatigue lite of titanium
alloy for high stress or strain amplitudes, the crack initiation life may only be a very
small fraction of the propagation life, i.e. Ny/ Ny = 0.01 [9]. The combination of crack

initiation and crack propagation is called the tatigue life (Ny).

To summarize a body of previous research [8, 9, 12, 16-21], the fatigue behaviour of
titanium alloys is primarily affected by the stress level, grain size, microstructure
(lamellar and equiaxed) and phase content. The stress ratio and other factors (e.g.
temperaturc, surface treatment) can also affect the fatigue behaviour. However,
fatigue behaviour, sometimes 1s quite unpredictable | 18]. Fracture of a micro package
from propagation occurs under high frequency. cyclic loading, where the crack
initiation originates from small detects. In the following section, a description of
fatigue life, S-N curve and some influential tactors (microstructure, phase content and

stress ratio) on fatigue behaviour are discussed.

3.4.1 S-N curve

Curves relating stress range with the number of cycles (S/N curves) are used to

describe the endurance hmits of the materials including titanium alloys [16]. Figure
3.19 shows a sinusoidal cycle which i1s a stress-time function which is repeated
periodically. The stress values are from a tensile tatigue test in which the force acting
on a known sample cross-section area are measured, whilst a strain values are from

the displacement on the sample parallel area (the gauge) which 1s measured with a
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strain gauge. The loading style can be a repeated axial, bending or torsional load,
applied on the sample parallel area.

1 stress cycle

Stress ampitude o,
Siress

Mean siress oy,

Time

Figure 3.19 A typical fatigue stress cycles [16}

The main parameters for a fatigue stress cycle include: stress (o or ), maximum
Stress (Omex), MinNimum stress (Opin), Mean stress (6,), stress amplitude (o,), range of
stress (Aea), stress ratio (R), number of stress cycles (mn), frequency of cycles (f) and

endurance or fatigue life (N).

Stress (o or 8): the force applied on the original cross-section area.

Maximum stress (0., ): the highest algebraic value of stress in the stress cycle.

Minimum stress (o.): the lowest algebraic value of stress in the stress cycle.

Mean stress (0,): Half of the algebraic sum of the maximum and minimum stresses.
Stress amplitude (0,): Half of the algebraic difference between the maximum and
minimum stresses.

Range of stress (A;): The algebraic difference between the maximum and minimum
stresses.

Stress ratio (R): the algebraic ratio of the minimum stress to the maximum stress in
one cycle.

Number of stress cycles (n): the number of cycles applied.
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Frequency of cycles (f): the number of cycles applied per second.

Endurance or fatigue life (N): the number of stress cycles to failure.

Figure 3.20 shows three fatigue stress cycles with different stress ratio values. R is

greater than unity for fluctuating compression; R is less than zero for reversed cycles;

R is between zero and unity for fluctuating tension.

Stress

a M Time
A\ WA
\/ °t ¢

;

° $
A |

Fluctusting tension Reversed Fluctuating compression
- OsRc«1 R<O A>1

Figure 3.20 The type of stress cycle with algebraic notation [16}

The most popular graphical presentation for fatigue behaviour is the S-N curve. Its
construction involves plotting the number of cycles to failure as the abscissa and the

stress amplitude as the ordinate. An example is shown in Figure 3.21:
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Figure 3.21 A typical S-N curve for fracture fatigue behaviour [16]
The graphical representation of the S-N curve contains all the test results, and clearly

indicates the results from tests which were terminated prior to failure.

3.4.2 The effects of microstructure on fatigue behaviour in

Ti-6Al-4V

Table 3.5 showed the effects of microstructure on initial crack resistance and
propagation resistance in Ti6Al4V. As mentioned in section 3.3, equiaxed structure

and fine grain size provide better fatigue initiation resistance but poorer propagation

resistance. In this section, these are discussed further.

Leyens [9] reports that in a low stress, high cycle loading regime, fatigue cracks
initiated preferentially at ‘a/P interfaces and grain boundaries’ [9]. As shown in
Figure 3.22, the fatigue strength of a lamellar microstructure with a lath width about
12 um (approximately 480 MPa) is lower than that of equiaxed microstructures with a
grain size about 12 um (approximately 560 MPa). Even with a smaller width lamellar
microstructure (0.5 um), the fatigue strength (approximately 675 MPa) is lower than
that of an equiaxed microstructures with a grain size about 2 ym (approximately 720
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MPa). Hence, equiaxed microstructures exhibit longer fatigue lives than lamellar
microstructures. The reason is that, lamellar microstructures exhibit a greater o/f
surface area and more oriented colonies, so that ‘slip is easily transmitted from one

plate to another in lamellar microstructures, because of the crystallographic relation
between the a and B phases’ [9].

Figure 3.22 also shows the high cycle fatigue behaviour of these microstructures at
different grain sizes or width of lamellar colonies. When the a lamellae width is
reduced from 12 to 0.5 um, the fatigue strength increases from 480 to 675 MPa
(Figure 6.22a). When the grain size is reduced from 12 to 2 um in equiaxed
microstructures, the fatigue strength increases from 560 to 720 MPa (Figure 6.22b).
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Figure 3.22 High cycle fatigue behaviour (R=-1) of Ti-6Al-4V: a) Influence of
lamella width (lamellar microstructure); b) Influence of @ grain size (equiaxed

microstructure) [9]
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Figure 3.23 Effect of a content on S-N curve (R=-1) in TIMETAL 1100 [22]

Besides microstructure types and grain size, phase content plays an important role in
fatigue life behaviour. Previous research [22] reports aging of TIMETAL 1100
(Ti6A12.7Sn4Zr0.4M00.4Si, a near-alpha Titanium alloy) at 650°C to get two alloys
with different a phase contents. The resulting S-N curves are given in Figure 3.23.
Decreasing the a phase content extends the fatigue life in both low-cycle fatigue and
high-cycle fatigue. They suggested that primary a can act as ‘large single grains
which are easy for microcracks to propagate through’ [23].

There is another kind of structure named a bimodal microstructure which is
considered as a combination of lamellar and equiaxed structures as shown in Figure
3.24(a). Bimodal microstructures exhibit a well-balanced fatigue properties profile [9],
since they combine the advantages of both lamellar (higher fatigue crack propagation

resistance) and equiaxed (higher fatigue crack initiation resistance) structures.

Results from Zuo et al.’s [24] research work on the effect of bimodal and
Widmanstitten structures on fatigue behaviour of Ti6Al4V are shown in figure 3.24.
They indicated that the alloy with a bimodal structure has slightly higher fatigue
strength than that with Widmanstiitten structure.
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Figure 3.24 Comparison of fatigue behaviours of bimodal microstructure and
Widmanstiitten structures in Ti6Al4V (a) bimodal microstructure (b)

Widmanstiitten structures microstructure (c) S-N curve of bimodal structures

(d) S-N curve of Widmanstiitten structures [24]

3.4.3 The effects of stress ratio on fatigue behaviour in Ti-

6Al-4V

Figure 3.25 shows the typical effect of stress ratios on fatigue life in the form of a S-N

curve.
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As can be seen in Figure 3.25, as the stress ratio increases, fatigue strength of a given
stress amplitude decreases. McEvily et al.’s [17] work verifies the conclusion above
(Figure 3.25). Figure 3.26 shows an S-N curve under different stress ratios. The
reason is that when the stress ratio R values are increased, the mean stress values
increase as well. As shown in Figure 3.27, when the mean stress value is increased,
the stress amplitude at a certain fatigue strength (normally consider as 10’ cycles)
drops off. It needs to be noted that in McEvily et al.’s study that, 10° cycles was
defined as the fatigue strength rather than 10’ cycles.
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Figure 3.26 S-N curve at different ratios for Ti6Al4V {17}
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Figure 3.27 Relationships between the level of mean stress and stress amplitude
resulting in fatigue strength [25]
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3.5 Summary

1. Martensite o’ is transformed from B phase at fast cooling rate and above martensitic
transformation temperature, which results in a material with a high strength and low
ductility. The higher the temperature, the more B phase, and the bigger the grain size
is. The longer the heat treatment time, the bigger the grain size is. Lamellar and
Widmanstitten structures result from slow cooling rate. The equiaxed microstructure

is always from refinement globularization during annealing

2. The strength (tensile yield stress) of Ti6Al4V ranks from high to low are
respectively: Martensite structure, lamellar structure, Widmanstiitten structure,
equiaxed structure. The ductility (elongation) of Ti6Al4V ranks from high to low are
respectively: equiaxed structure, Widmanstiitten structure, lamellar structure and

Martensite structure.

3. Fatigue crack behaviour is the combination of fatigue crack initiation and fatigue
crack propagation, which is affected by grain size, stress ratio and phase content. Fine
grain size shows better fatigue crack initiation resistance; coarse grain size shows
better fatigue crack propagation resistance. Previous research indicates that, less a
phase content and exquiaxed microstructure results in a higher fatigue life. As the
stress ratio increases, fatigue strength decreases. In addition, high strength and high

ductility results in long crack initiation life but short crack propagation lives.
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Chapter 4 Literature Review: Laser
Beam Welded Ti6Al4V and Defects in

Laser Beam Welded Structures
As outlined in Chapter 3, the mechanical properties (including the fatigue behaviour)

of Ti6Al4V are affected significantly by structure, grain size and phase content. The
main feature of laser welding which separates it from other welding techniques is high
depth-to-width ratio [1, 2]. As such, the narrow weld zone and high production rate
can cause some defects which reduce the performance of the welded structures. In this
chapter, the features of laser beam welded Ti6Al4V are discussed, and specifically,
two main defect types (porosity and distortion) are presented.

4.1 Laser beam weld microstructure

The weld zone in laser beam welding is melted and resolided metal resulting from a
process lasting only a short period of time. Hence the fusion zone (FZ) has properties
similar to those resulting from a water quench process from a high temperature. The
fatigue behaviour of martensite a’ is generally seen as poor since the titanium

martensite is not significantly stronger than the parent phase [1].

4.1.1 Microstructure of laser beam welded Ti6Al4V

Figure 4.1 shows a symmetrical cross section of laser beam welded Ti6Al4V from the
work of Wang et al. [3]. The welds were made with a Rofin-Sinar RS 850 5 kW CO,
laser for bead-on-plate welding. The laser power was 2500 W, the travel speed was
1500 mm/min and the shielding gas was He.

The macrograph in Figure 4.1a demonstrates the growth direction of the dendritic
grains controlled by the heat flow direction during solidification. The weldment of

LBW Ti6Al4V shows a narrow fusion zone around 2 mm wide with an even smaller
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HAZ of around 0.5 mm. The enlarged micrograph (figure 4.1b) shows the
microstructural transformations from the FZ to Parent material (PM) through the heat
affected zone (HAZ). The microstructure of the HAZ as shown in figures 4.1¢ and
4.1d include a mixture of martensite a’, acicular a, and primary o. Wang et al.
indicate that ‘this kind of structure corresponds to a specimen quenched from a
temperature below the beta transus’ [3]. However, it is hard to determine the range of
temperatures from which the cooling has occurred. Figure 4.1e¢ shows martensite o
transformed from the B phase, which is very similar to that observed in titanium alloy
following water quenching from 1100°C (as shown in Figure 3.5a by Jovanovi¢ et al.

[4]).
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Figure 4.1 Microstructure of laser beam welded Ti6Al4V (a) macrograph of
LBW Ti6Al4V. (b) Enlarged micrograph of both the boundary of (right) the
fusion zone (FZ)/the heat affected zone (HAZ) and the boundary of (left) the
HAZ/parent material (PM). (¢) Microstructure of the boundary of the HAZ/PM.
(d) Microstructure of the boundary of the FZ/ the HAZ. (e¢) Microstructure of

the FZ |3]
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4.1.2 Cross-sectional shape of continuous wave and pulsed LBW

A significant number of research papers report on the cross-sectional weld shapes
produced by different types of lasers and technologies [5-10]. Most of the cross-
sectional shapes have grooves (figure 4.2 a-d) at certain points across the cross-
section (a groove is a region where the surface sits below that of the original pre-
welded surface) which decrease the strength of the joint. In welds, in thin-plate
material in particular, the effect of distortion on the strength is even more significant.

The cross-sectional shape of a LBW is sensitive to the type of laser used. Figure 4.2 (a)
shows a typical CW CO;, laser bead-on-plate fully penetrated weld in Ti6Al4V. There
always is a waist in the weld zone which is generated by the well-known keyhole.
Four grooves occur at the both sides of the weld centreline near the HAZ in figure 4.2

(a) and figure 4.2 (d). Figure 4.2 (b) shows a typical pulsed Nd:YAG Laser Beam
Weld in commercially pure titanium. In this case, the groove in pulsed LBW appears

at the weld centreline. Figure 4.2 (c) shows a typical diode laser weld in a low carbon
steel. The ratio between the top width of the weld to the bottom width of the weld is
large. The reason is due to low power density resulting from bigger spot size and
lower beam quality (further discussion is in chapter 7). Figure 4.2 (e) shows a fibre

laser weld in pure titanium, which generate very narrow weld zone compared with the

other types of lasers.
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Figure 4.2 Cross-sectional shape in different types of laser welding process: a)

Continue wave (CW) CO; laser weld in Ti6Al4V, power 2500 W, speed 1500
mmmin”' [3]; b) Pulsed Nd:YAG weld in commercial pure titaninum, power 1600
W [11], pulse duration 2ms; ¢) Diode laser weld in low carbon steel, power 2260
W, welding time 0.18s [6]; d) CW CO2 laser weld in Ti6Al4V, power 2000 W,

speed 1200 mmmin” [S]; ¢) CW fibre laser weld in pure titanium, power 47 W,
speed 600 mmmin~' [10]

The mechanism for the formation of the groove in CW laser welding is shown in
figure 4.3. During a CW keyhole weld, the molten material has to travel a longer way
to the fill the keyhole. ‘In this way, the melt will have more time to cool down and
hence more material can solidify’ before the two melt flows reach the keyhole (figure
4.3 11) [12]. The shape of these solidified layers on each side of the weld was the first
part of the groove formation. When the two flows come together and solidify, the

cross-sectional shape with grooves is generated as shown in figure 4.3 IlI.
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Figure.4.3 Schematic drawing of formation of the grooves [12]

The groove in pulsed Nd:YAG LBW tends to appear at the centre area of the weld
bead. The reason is that in pulsed welding, high peak power density forms a vapour
from the keyhole. Under such high temperatures generated by the laser beam, a
plasma zone was generated from shielding gas or vapour gas (figure 4.4) [13]. This
results in rapid material evaporation and thus loss of material from the weld zone [14].

This results in the formation of a groove of the centre of the weld bead.

l l Laser Beam
4

Plasma Zone

Shielding gas

Solid - liquid

interface
Metal zone

Figure.4.4 Schematic drawing of a pulsed laser welding process, modified from
[13, 14]
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Figure 4.5 Cross sectional shape of CW CO; laser [15]

Figure 4.5 shows an example of another type of cross-sectional shape of weld bead,
following welding with a CW CO; laser. There is no groove formation, but instead

bulge generation in the weld bead.
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4.2 Mechanical properties of welded titanium alloy

4.2.1 Hardness

As shown in chapter 3, hardness is quite sensitive to microstructure and heat treatment.
In LBW Ti6Al4V, the variation in hardness observed across the weld is consistent
with the observed changes in microstructure. Figures 4.6 and 4.7 highlight hardness
values of Ti6Al4V from previous research work [3, 15-17]. The hardness of the FZ
and HAZ were higher than those of the PM. The FZ exhibited the highest hardness as
martensite o which had formed from the B phase (figure 4.1¢) under the high cooling
rates in this area. The hardness dropped quickly with position from the FZ to PM as

the microstructure changed from martensite a” to equiaxed o/p phase.

Figure 4.6 Hardness trends of CW CO, LBW in Ti6Al4V at 1200W and WS =
100mm/s using He as covering gas |15]
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Figure 4.7 Hardness trends of CW CO; LBW in Ti6Al4V (3.3mm) at 2500W and

WS = 25mm/s using He as covering gas [3]
The hardness of a weldment in Ti6Al4V can be modified by heat treatment. Figure

4.8 shows that the lowest hardness (150 kgmm™) in Laser Beam Welded pure
titanium was is in the HAZ and the highest hardness (375 kgmm™) in the FZ was 1.5

times greater than that in the HAZ. After annealing, the hardness significantly
decreased in the FZ to a value of only 225 kgmm™ (the annealing conditions were not

indicated in the publication [17]). Qi et al. [17] assumed that the microstructure was
transformed from martensite a” to another structure.
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Figure 4.8 Heat treatment effect on the hardness of CO,-LBW Titanium Sheet (1,
welded state, 2, welded and then annealed state) [17)

4.2.2 Tensile properties and fatigue behaviour of welded
Ti6Al4V

The tensile properties of PM Ti6Al4V were described in Chapter 3. Figure 4.9 shows
the tensile strength, yield strength and elongation conducted from tensile tests at room
temperature and low-temperature (150, 300, and 450°C) for both the parent material
and the weldment of Ti6Al4V alloy from Wang et al. [3}’s research. The ultimate
tensile strength of the weldment is very similar to that of the PM indicating that the
FZ and HAZ are not the strength-limiting structures in the weldment. However, it is
noted that the elongation to failure of the weldment is always lower than that of the
PM. As the martensite o’ in the weld shows poor ductility.
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Figure 4.9 Tensile stress and elongation of CW CO, LBW as a function of

temperature for both the parent metal and weldment in Ti6AI4V [3]

Oh et al.[18] conducted research on the high-cycle fatigue properties of welded
Ti6Al4V alloy with both the Tungsten Inert Gas (TIG) and the Electron Beam (EB)
welding process. Both LBW and EBW share the feature of high power densities in
narrowly focused beams, and the resultant appearance of these types of welds are

sometimes quite similar [17]. The tensile properties of PM, TIG welded and EBW
Ti6Al4V are shown In table 4.1:
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Table 4.1 Room temperature tensile yield test results from Oh et al. [18)

Specimen Yield strength / | Tensile strength / | Elongation/ %

& weld -

8.6
Oh et al. [18] did not indicate the failure area of TIG weld and EBW. 1t is assumed

that the failure area was in the FZ or HAZ as values of yield strength, tensile strength
and elongation of TIG weld and EBW were very different from those values of PM.
The yield strength and ultimate tensile strength of the welds are higher than those of
the PM, which is very different from the tensile test results of Wang et al. [3]’s
rescarch (Figure 4.9). There are some factors (e.g. sample size, weld geometry,

defects) which may have affected the test results.

There are some concerns over the validity of the elongation values of the EBW
samples, since the FZ and HAZ of EBW are always narrow and brittle and the sample
size (13x30x6mm) is not big enough. EB weld samples may fail before plastic
deformation as Oh et al. [18] indicated that micropores in the weld were the issue
limiting the strength of welded Ti6Al4V. In addition, Oh et al. [18] conducted works
on the fatigue behaviour of welded Ti6Al4V. Figure 4.10 shows the high-cycle
fatigue test resuilts. The fatigue life of TIG welded Ti6Al4V was observed to be
higher than that of PM. The explanation is that the Ti6Al4V was transformed from a
lamellar structure into ‘a basket-weave structure after welding and annealing’ [18]
(figure 4.11a-b). The EBW Ti6Al4V has higher yield strength than the other materials,
but the lowest fatigue life of all. The reason is that the size of ‘a platelets, a grain
boundary and prior B grains’ [18] was the smallest in the EBW samples because of the
fast cooling rates following welding, thus, EBW Ti6Al4V has highest yield and

tensile strength. However, coarse micropores (figure 4.11c) were observed in EBW
which reduced the resistance to fatigue crack initiation.
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Figure 4.10 S-N curves of PM, TIG weld, and EBW Ti6Al4V [18]
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FZ of TIG weld (c) FZ of EB weld [18]
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4.3 Defects in laser beam welds

Welding defects following laser beam welding include cracks, incomplete penetration,
weld colour (contamination), pits, distortion and porosity. Distortion and porosity
were detected in the laser beam welds in this project. The formation, effect and

prevention of distortion and porosity are discussed in this section.

4.3.1 Distortion

Distortion in welding is caused by warping of the joint plate caused by heat from the
laser. The warping results from the expansion and contraction of the weld metal and
adjacent base metal during the heating and cooling cycle of the welding process.
Figure 4.12 shows the reason for distortion occurring in a weld. If a metal bar is
uniformly heated with no restraining, it will expand in all direction and return to its
original dimensions on cooling (figure 4.12 (a)). If restrained as shown in figure 4.12
(b), during heating, it can expand only in the vertical direction. During cooling, the
deformed metal bar contracts uniformly (figure 4.12 (c)). This is a simplified
explanation of basic reason of distortion in weld if considering metal bar to be melted

metal and adjacent restrained bar to be non-melted metal.

Original bar

Restrained bar

during heating Restrained bar

giter cooling
(a) (b) (c)

Figure 4.12 Reason of distortion in a welding [19]

The main cause for concern associated with weld distortion is that the weld geometry

changes, so that the strength of weld is often reduced. The factors affecting distortion
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were identified in Lightfoot et al.’s study to be plate thickness, heat input, travel speed

[20], edge preparation and material properties [21]. These factors can be divided into
three types. The first type was plate thickness and material properties which are fixed
for a given material. The second type was welding parameters which include heat

input and travel speed. The third type was weld design (edge preparation).

Distortion cannot be prevented, but it can be controlled. Better control of welding
variables can minimize distortion; these include using high speed welding, using a
low heat input welding process, using intermittent welds, using a backstep technique
and balancing heat about the plate’s neutral axis [20]. To use high traverse speed is to
minimize welding time, and thus affect the heat input and shrinkage. As shown in
figure 4.12, shrinkage is the big issue in distortion. Another way to minimize weld
distortion is to use intermittent rather than continuous welds (figure 4.13 a), as an
intermittent weld can balance residual stresses if the position of the weld bead
alternates. However, intermittent welding cannot be applied to give hermeticity from
the welding process. The backstep welding technique is a very commonly used way to
reduce the distortion. In the backstep welding technique (figure 4.13 b), the welding
direction is from left to right, but each bead segment is deposited from right to lefi.
During the welding process, when each bead segment is placed, the point B
temporarily separates due to heat expansion. However, as the heat moves from point
A to point C, expansion along the edges CD brings the plates back together. With
repeated backstep one by one, the plates expand less and less due to the restraint of
prior welds. The disadvantage of backstep welding is that it decreases the production
rate and increases the weld zone size. Figure 4.13c shows one design method to

minimize distortion of the weldment by balancing welds around the neutral axis to

offset one shrinkage force with another.
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Figure 4.13 Welding techniques utilised to minimize the distortion [19, 20]
Edge preparation and assembly can be designed in anticipation of the shrinkage force,

thus, minimizing the distortion as well. Figure 4.14 shows designs which take the

shrinkage into account.
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Before welding After welding

Figure 4.14 Edges preparation and assembly to minimize the distortion following
welding [1, 20}

There are some other ways to reduce distortion, such as preheating the samples,

peening and stress relieving heat treatment.

4.3.2 Porosity

Porosity can be a significant defect in welds prepared by laser beam welding.
Statistical analysis of defects in laser beam welded titanium alloy has shown that
pores accounted for 43 to 56% of the total number of defects [22]. Porosity can
significantly affect the strength and the reliability of welded joints, being most
deleterious under fatigue loading. This reduction in fatigue resistance is associated
both with the geometrical stress concentration associated with the pores and also with
changes in material ductility in this region [22]. Previous research indicates that under
high power densities, there is rapid vapour formation from the base of the keyhole,
along with melt flow and the formation of solid-liquid zones as the metal melt-front
expands. Under such conditions, pores can be formed and trapped in the melt during
the solidification period [13]. In the laser welding processes, it has been proposed that
the tendency to form a porous weld is associated with the liquid metal solidification
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rate and the speed at which the molten metal back-fills the keyhole. It is clear that the

backfilling speed decreases and the solidification rate increases as the keyhole depth-
to-width ratio increases, and as such, narrow keyholes are more prone to retention of
porosity than wide welds [14]. It has also been observed that the plasma formation
during the weld process may affect pore formation, and that since the plasma

dynamics are controlled in part by the choice of the shielding gas, then the porosity
can be thus controlled also [23].

Whilst porosity is observed in both continuous wave and pulsed laser welds, the work
of Kuo and Jeng [24] indicated that pulsed laser welding of both stainless steel and a
nickel alloy resulted in lower porosity compared with comparable CW laser welding
(figure 4.15 and figure 4.16). They postulated that laser pulsing agitates the molten
pool and promotes a periodic molten metal flow, which causes bubbles to float to the
surface, hence decreasing weld porosity. Conversely, in the CW mode, there is no
pulsing, and hence more bubbles remain in the weld pool during solidification.
Moreover, they argued that the effect of the use of a pulsed laser on porosity was
much more significant for the nickel alloy than for the stainless steel, and that this was
related to the higher viscosity of the nickel alloy when molten.

People have already proposed several methods to prevent porosity formation. The first
method [25] involved welding in a vacuum. However, the inflexibility and high cost
mean that welding in a vacuum environment is not suitable for most industrial
situations. The second method is to use a particular kind of shielding gas (e.g. N, and
CO2) which can be dissolved in the molten metal. The limitation of the application is
that it is only suitable for certain welding cases in which the shielding gas ‘matches’
the weld metal (304S has high solubility of N, due to a high Cr content) with no
negative chemical reactions; use of nitrogen is unsuitable in titanium welding as
nitrogen is very reactive with titanium alloy [1]. The last methods can be summarized
as the control of parameters during welding, which include travel speed, power, spot

size, shielding gas flow rate. In pulsed LBW, more parameters were controllable, such
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as pulse duration, peak power and base power, wave shape. Zhou and Tsai’s [14]
research indicated that formation of porosity in pulsed LBW is caused by two
competing factors: solidification rate of the molten metal and the backfilling speed of
the molten metal during the keyhole collapse process. ‘Porosity will be formed in the
final weld if the solidification rate of the molten metal exceeds the backfilling speed
of the molten metal during the keyhole collapse and solidification processes’ [14].
Hence, once the backfilling speed has been identified, a reduction in the solidification
rate of the molten metal can decrease the porosity. The increase of the peak power
density increased the melting area which thus reduced the solidification rate of the
molten area. This could be another explanation of the observation reported in Kuo and

Jeng’s [24] work.

510 15 T (me) 5 10 6 oo me)
PW3 CW

Figure 4.15 Laser power output modes arnd AP level: (a) PW1, (b) PW2, (c) PW3,
and (d) CW [24)
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(a) SUS 304L (b) Inconel 690

Figure 4.16 Porosity in longitudinal sections of butt-welded samples in two
metals (as indicated): (a) PW1, (b) PW2, (¢) PW3, and (d) CW (see Figure 4.15)
[24]
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4.4 Summary

The microstructure of the fusion zone in laser beam welded Ti6Al4V is primarily
martensite a” and B phase with a coarse grain size, which is quite similar with that
formed in water quenching process above PB-transus temperature. The mechanical
properties of this microstructure can be improved by annealing heat treatment. The
cross-sectional shapes of welds in laser beam welded titanium alloy have a strong
dependence on laser type, weld mode (continuous wave or pulsed) and edge

preparation.

The origin of distortion is the warping resulting from the expansion and contraction of
the weld metal and adjacent parent metal. Parameter control, edge preparation and
special welding techniques can be used to minimize weld distortion. The origin of
porosity is that the bubbles cannot come out when the upper melt material rapidly fills
in the melting area and solidifies. The source of the bubbles is primarily from
evaporation of the liquid during welding. Parameter control, welding in a vacuum and
using dissolved shielding gas can be used to minimize porosity. Pulsed LBW with

high peak power and short duration exhibits less porosity than continuous wave LBW.
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Chapter S Experimental Procedures

In this chapter, the preparation of the Ti6Al4V weld part is introduced. Three types of
weld (pulsed Nd:YAG laser weld, continuous wave diode-pumped laser weld and
continuous wave fibre laser weld) were employed to enable comparison of the quality
and properties of the weld microstructures, geometries and properties. Microstructure
was assessed through optical microscopy and SEM; geometry was assessed through
microscopy methods and profilometry; mechanical properties were assessed through
hardness testing, tensile failure testing and tensile fatigue testing. In order to
understand the influence of microstructure on mechanical properties and fatigue
behaviour, heat treatment was used for phase transformation of the as-welded
structure and structure modification. Finite Element Analysis (FEA) was employed to
aid understanding of the influence of weld geometry on stress level, so that the tensile
fatigue behaviour of the welded components could be understood and properly

evaluated.

5.1 Materials and weld process

The material used in this study was 0.7 mm thick sheet Ti6Al4V alloy'. Following
rolling, the sheet was heat treated at 850°C for 8 hours followed by 750°C for 30mins
and then a furnace cooled to room temperature. The measured composition was

provided by the supplier of the sheet and is shown in Table5.]1.

Table 5.1 Measured chemical composition of Ti6Al4V sheet (wt %)

-_“-_—

Bal. 0.006 | 0.17 | 0.156 | 0.007 | 0.0005 | <0.005

As-received sheet material was cut in to samples used in testing; the size of these
samples was 60 mm x 25 mm x 0.7 mm as shown in Figure 5.1. The edges of each

sample were machined using a vertical milling cutter to ensure 90° angle between top

' Provide by Timet UK Limited, Off Brookvale Road, P O box 704 Whiten, Birmingham, B6 7UR
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surface and weld interface; the air gap required between the two abutting faces was

less than 0.005 mm.

Figure 5.1 Laser Beam Welding samples

5.1.1 Initial weld trials

For each laser type, a bead-on-plate and penetration step was made to achieve the
desired weld penetration (100% penetration) and acceptable visual appearance.
During the bead-on-plate process, a start point for one of the key input laser
parameters was selected. The selection of these parameter starting points and the main
key parameters was based upon historical knowledge of welding of similar materials

with similar weld joint configuration. For each weld-run, the selected starting key

parameter was held constant as the others were varied. These variations provided
different results for penetration depth. At the end, suitable welding parameters for
each of the laser types were gained to identify sets of conditions under which full
penetration could be achieved robustly and reproducibly for the lowest incident
energy per unit length. Also, there was a requirement that no pits, holes, cracks and

contamination (pure colour) could be observed upon visual inspection.
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5.1.2 Pulsed fibre delivery Nd:YAG laser welding

A JK702H GSI® pulsed Nd:YAG laser with 400um fibre beam delivery laser was
used for the pulsed laser welding trials. The conditions selected for the main welding
trials are shown in Table5.2:

Table 5.2 parameters employed for pulsed fibre delivery YAG laser welding

mm
20 300 120

Energy per | Pulse Feed rate / | Pulse Spot size | Focal
pulse /J width / ms | power /W | mm min” | rate /Hz | / pm ens [/
2.9

7 —

The two sections of Ti6Al4V sheet were clamped into a jig in order to minimise

misalignment following welding as shown in Figure 5.2.

Figure 5.2 Image and sketch of Jig used in the LBW process

2 CSI Lumonics, Cosford Lane, Swift Valley Rugby, Warwickshire, CV21 1QN, UK
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5.1.3 CW diode laser welding

A ROFIN DL 025 Industrial Diode Laser’ with a large rectangular spot size of 6 mm
x 2 mm was used for CW Diode Laser Weld (CW-DLW) process. Argon was used as
the shielding gas; this was contained around the weld by use of a polymer bag which
was sealed around the specimen table and weld head. The maximum power is 2500 W
and the focus length is 100 mm. The conditions selected for the main welding trials

were a power of 650 W and a traverse speed of 300 mm min™.

5.1.4 CW fibre laser welding

A TLR-2000 Series CW Ytterbium 200 pum Fibre Laser* (with a maximum power of
2000 W and a spot diameter of 200 pum) was used for CW Fibre Laser Weld (CW-

FLW) process, using a focus length of 192 mm and flowed argon as shielding gas as
shown in Figure 5.2. The conditions selected for the main welding trials were a power

of 600 W and a traverse speed of 400 mm min™.

3 Rofin-Sinar, York Way, Willerby, Kingston upon Hull, UK, HU10 6HD
4 IPG Photonics, 50 Old Webster Road, Oxford, MA 01540, USA
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5.2 Microstructure analysis

5.2.1 Sample preparation

Samples for microstructural analysis were mounted in conductive hot-mounting resin.
The samples were ground with 240 mesh silicon carbide papers (to remove any oxide
layer) followed by 400, 800, 1200 mesh silicon carbide papers, and finally polished
using a porous neoprene polishing disc to a mirror finish. Different compositions of
microetchants are suitable in different applications for titanium alloy metallography.
Table 5.3 shows different etchants used for different purposes in the examination of
titanium and titanium alloys {1]. The composition of etching solution used in this
study was a mixture of 2 ml HF and 5 ml HNO; acids in water (Kroll’s reagent).

Table 5.3 Etchants for examination of titanium and titanium alloys [1}
Comments

Macroetchants

50 mL HCL, 50 mL H,O General-purpose etch for a+8 alloys

30 mL HNO;, 3 mL HF, 67 mL H,O (slow) to | Used at room temperature to 55°C (130°F) for

10 mL HNO;, 8 mL HF, 82 mL H,0 (fast) 3-5 minutes. Reveals grain size and surface
defects

Etch about 2 minutes. Reveals flow lines and

15 mL HNO;, 10 mL HF, 75 mL H,O

Microetchants
1-3 mL HF, 10 mL. HNO;, 30 mL lactic acid Reveals hydrides in unalloyed titanium

Kroll’s reagent: 1-3 mL HF, 2-6 mL HNO;, | General-purpose etch for most alloys

10 mL HF, 5 mL HNQOs, 85 mL H,;O General-purpose etch for most alloys

1 mL HF, 2 mL HNO,, 50 mL H;0O,, 47 mL | Removes etchant stains for most alloys
H,O
2 mL HF, 98 mL H,O Reveals a case for most alloys

6 g NaOH, 60 mL H,O, heat to 80°C (180°F), | Good a+f contrast, general microstructures for
add 10 mL H;0O; most alloys

10 mL KOH (40%), 5 mL. H,0, 20 mL H,0 Stains a, transformed f

50 mL 10% oxalic acid, 50 mL 0.5% HF with | Etch 12-20 seconds. General-purpose etch for 8
H,0 alloys
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5.2.2 Optical microscopy

A Nikon/Optiphot® was used for the examination of microstructural features of the
welded samples and heat treated samples. Objective lenses from 5x up to 40x were

employed.

5.2.3 Scanning electron microscopy (SEM)

In order to get good quality images for analysis of fracture surfaces, scanning electron
microscopy (SEM) was used in the work. In the SEM, the sample surface is scanned
with a high-energy electron beam; the electrons interact with the atoms in the sample,
producing signals that include: secondary electrons (SE), back scattered electrons
(BSE) and characteristic x-rays which can be used in energy dispersive x-ray analysis
(EDX). The SE provide the information about the topography and surface structure;
the BSE provide the information about the distribution of different elements via
average atomic number; the EDX is used to identify and quantify the composition of
the materials with a resolution of about 2 um. Samples for analysis in the SEM were

mounted in ‘Conductive’ Bakelite. The same polishing regime as used in optical

microscopy was employed. For use in the SEM, conducting aluminium tape was used
to eliminate any build up of charge on the samples. A Philips XL30 tungsten filament
Scanning Electron Microscope® was used to image and characterize the samples. An
Oxford Instruments 6650 energy dispersive X-ray analysis system’ was used to
determine the chemical composition of the parent materials and weld materials. All
samples were examined using 20 kV voltage, with a working distance of 10 mm. The
counting time for EDX analysis was 200 seconds. Image analysis software (Image J,
National Institutes for Health, Maryland, USA) was used to measure the area of the
molten zone from cross-sectional images of the weld, and B-phase area fraction of

samples heat treated at 950 °C for 1 hour, 8 hours and 20 hours.

> Nippon Kogaku KK
® FEI, North America NanoPort 5350 NE Dawson Creek Drive Hilisboro, Oregon 97124 USA
7 Oxford Instruments, X-ray Technology, Inc. 360 EI Pueblo Road Scotts Valley, CA 95066
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5.3 Mechanical property characterization

5.3.1 Hardness testing

Micro-hardness of the samples was measured using the Vickers Hardness testing with
a Leco M-400 tester’, using a 15 seconds indentation time. The hardness values were
recorded by measuring the length of diagonals of the hardness indents and converting

to Vickers Hardness reading. The conversion equation showed below:

:
2Fsin ) gs54F

d’ d’
Where F is the load in gf, & = 136°, d is arithmetic mean of the two diagonals of the

H, =

Equation S5.1

hardness indents in mm. H, is the Vickers hardness in gf/mm®. The 200 gf load was

used for all hardness measurements. Hardness traces (line of hardness indentations)

were made across the welded samples; All hardness indents were placed along the

centreline of the test pieces.

5.3.2 Tensile testing

The tensile test experiments were carried out on Instron 5569 Tensile and
Compression Test Machine’ at room temperature with a load cell of 50 kN and a cross
head speed of 1 mm min™', with tests being carried out to tensile failure. Two strain

gauges were used for measurement of strain;

e A strain gauge was attached to the gauge section of the sample and was used

to measure tensile strains lower than 0.2%.

e At higher strains, the cross-head movement was used to calculate the strains in

the gauge section of the sample.

! Leco® Corporation, 3000 Lakeview Ave. St. Joseph, MI 49085-2396, USA
? Instron, Coronation Road, High Wycombe, Bucks, HP12 3SY, UK
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All the tensile test coupons (Figure 5.3) were machined using a vertical milling cutter
from parent material and weld samples. The width and thickness of the tensile gauge

section was checked with a micrometer before tensile testing.

Approximate position of weld £

in cross-weld sample Cr

40 20
m—

-
Q¥

_
W
| 14,7 |

Figure 5.3 Geometry of tensile test sample

To provide data for the FEA modelling of the weld, both the Young’s modulus and

yield strength of all the material types in the weld were required (parent, HAZ and
FZ). To simulate the FZ, samples were heated to 1050°C and water quenched. In

order to eliminate any a-case formed in the heat treatment, 100 um was ground from
the top and bottom surface. The HAZ properties were assumed to be those of the
parent. In order to measure the nominal stress-nominal strain behaviour of both parent
materials and water quenched materials, the strain gauge method was used until just

before tensile failure.

92



Chapter §
Experimental Procedures

5.4 Heat treatment

Two types of furnaces were used for heat treatment respectively with water quenching
and furnace cooling.

® A Rapid Heat Furnace'® (RHF 16/3) from Carbolite was adopted for water
quenching process. The samples were heat treated for 8 minutes when the
Carbolite rapid heating furnace reached required temperature, then water
quenched.

® A Lenton Argon F urnace' ' was used for annealing process. Argon was used as
shielding gas along with a Cussons rare gas purifier-4'%. The samples were kept
in the furnace for 1 hour, 8 hours and 20 hours followed the requirement at
certain temperatures, then furnace cooled to room temperature. As mentioned in
chapter 3, cooling rate affects the microstructure significantly, hence the cooling

speed of furnace was recorded manually during the furnace cooling process.

There is no surrounding gas protection in the Rapid Heat Furnace and an oxidation
layer was generated during heat treatment. Although there is covering gas in Lenton
Argon Furnace, there was very thin oxidation layer existed after heat treatment.
Covering Ti6Al4V plates were used to protect the top and bottom surfaces.

10 £LITE thermal systems, 6 Stuart Road, Market Harborough, LE16 9PQ, Leicestershire, UK
'1 1 enton Furnaces and ovens, P.O Box 2031, Hope, Hope Valley, Derbyshire, S33 6BW, UK
12 cyssons Technology, 102 Great Clowes Street, Manchester M7 IRH, UK
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5.5 Tensile fatigue test

Before tensile fatigue testing commenced, the prediction of life cycle was calculated
using the ‘stress-life approach developed by Basquin (1910) with the observation of a
log-log relationship between the stress amplitude and life cycles’ as shown in
Equation 5.2 [2, 3]:

Equation 5.2

Where Ao is the stress range, o, is the fatigue strength coefficient, 5 is the fatigue

strength exponent, N, is the life cycle. In Ti6Al4V grade 5, a} iIs equal t0 2030, b is

equal to -0.104 [2].
A Denison Mayes 250kN capacity servohydraulic machine'® was used for tensile

fatigue testing. Figure 5.4 is a schematic diagram of the tensile fatigue test setup:

5 1 9
20

=

i >< _____ __

106,03

Figure §.4 Schematic diagram of tensile fatigue test sample

The employed maximum stresses for parent materials were 600 MPa, 500 MPa, 450
MPa and 400 MPa. The employed maximum stresses for welded materials were 450
MPa, 350 MPa, 325 MPa and 300 MPa. The stress ratio used for all samples was 0.1

and the cycling frequency was 7 Hz.

13 Denison Mayes Group, Moor Road, Leeds, West Yorkshire LS10 2DE, UK
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5.6 Finite element analysis

Finite element analysis (FEA) is commonly employed in engineering applications
which include structure analysis, electro-magnetics, geo-mechanics, biomechanics etc
[4, 5]. An overview of the procedure of FEA implementation is shown in Figure 5.5.
Generally, the main FEA procedural steps include: generation of an appropriate sub-
geometry to represent the application, mesh generation (density, element type, size
and number), applying boundary conditions, applying displacement conditions,
applying displacement steps (displacement sequence), computer calculation and post-

processing (extracting results and preparing graphics).

Begin

_'-'_*_.-.-,,__—_—. — . A v — 0 § E— T P v T T T T W — T v —_—— ) " v _—— Y __— W W 6 _— % _—_— 6 e 7 _— v .

Idealization of the geometry

Digcretization of solution rezion (mesh generation)

Material property model creation
Displacement and constramnt application
Pre-Proces sor

pEE—p——r T F Fr = B — | o— — . E— | m— — — — —-— . ¢ . §— — — o E— LA _ AR L B ____ R R _____EE RN —

Formation of element characteristic matrices

Aszembly of element of matrices to produce the equation
Computation of element resultants
Solver

_-I"—"_"--'-'_ | — | — — — | — o — — —— — B e e 0 — N —— W A E— 0 e—— 1 S N RSN S ) SN W e W s A W R W S v SR W

Interpretation and validation of results
Modification and re-run g g

--—-1—-—-r—t-—--r-.-------—*—-_--—-_ﬂr-- - S T G E— . E— T — O e 6 S W W § S § s | SENESS § S W W

Figure 5.5 Procedure of FEA implementation |6}
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There are a very large number of comprehensive commercially available FEA
packages which are suitable to be run on PCs and workstations. Abaqus6.7 was
employed here for simulated structural analysis of the laser welded Ti6Al4V samples.

5.6.1 Simplification of distortion phenomenon

As mentioned in chapter 4, distortion was one kind of defect in laser beam welding.
At the same time, different types of lasers produced welds with different cross-
sectional geometries. Both of these features can affect the stress distributions in a
component under loading. FEA was used to understand and evaluate the influences of
these two factors under uniaxial loading (Figure 5.6).

Figure 5.6 Tensile test process

FEA is a numerical solution and therefore is not an exact solution. In order to get a
solution as close as possible to the true value, the element number (the basic unit of
the FE model) is required to be as many as possible; the element size is required to be
as fine as possible. However, an increase in element number and refinement in

96



Chapter 5
Experimental Procedures

element size will significantly increase the computation time. Sometimes, it will

exceed the working capability of the CPU and memory of the PC.

Figure 5.6 illustrates the tensile fatigue test sample. As the test sample is a long thin
component, it is impossible to simulate the whole structure with very fine elements. It
may be initially assumed that the distortion results in a misalignment as shown in a

2D cross-sectional view in Figure 5.7:

" :1&:::::1

d

el &

Figure 5.7 ideal case and assumed distortion situation

As the stress was uniform across the width of sample, a 2D plane stress model was

adopted instead of 3D in order to save CPU memory and computational time.

Finally, the distortion model was simplified as shown in Figure 5.8. The width of
fusion zone (FZ) was set at 1 mm; the parent material (PM) at each end of the FZ was
0.5 mm. The Heat Affect Zone (HAZ) was ignored for two reasons, the first one is
that the HAZ is always quite narrow by laser welding process; secondly, it is hard to
measure or simulate the mechanical properties of HAZ as it is narrow and the
microstructure is complex. The curve with radius 0.05 mm was given to the sharp

corners between FZ and PM, in order to eliminate stress concentration.

97



Chapter 5
Experimental Procedures

Figure 5.8 Geometry of distortion FE model

5.6.2 Mesh generation of model

Meshing means the selection of right type and size of elements. The common way to
verify that the element size is suitable in a given model is to run the same analysis
with smaller size of finite elements and to look at the variation in the model output as
the element size is reduced. As the element size is reduced, the FE results tend

towards the exact results. In Figure 5.9, f(nl) was considered to be a good
approximation to the exact result, and f(n2) was 90-95% of f(n1). In this case, f(n2)

was seen to be a reasonable approximate to the exact result, whilst achieving the need

for computational efficiency. The element size corresponding to n2 was selected.

FE result

finl)
fin2)
f{n3)

v
R

Number of elements

Figure 5.9 FE result compared with exact result [6]
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Abaqus supplies many different types of plane stress elements, which have a

significant effect on the results from a stress calculation. An example