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ABSTRACT

FUNDAMENTAL STUDY OF JOINING TITANIUM ALLOYS
USING ELECTROSLAG TECHNOLOGY

Sin-Jang Chen, Ph.D.
Oregon Graduate Institute, 1991

Supervising Professor: Jack H. Devletian

At present, titanium alloys can not be welded in thick sections
(>25mm) with commercial welding processes such as submerged arc,
gas metal arc and flux cored arc welding because of titanium’s excessive
high reactivity and resistivity at high temperatures. As a result, the
only methods to weld titanium alloys in thick section are electron beam
welding which is not practical for large structures and gas tungsten arc
welding which is extremely labor intensive. Thus, a substantial need
for cost-effective welding of titanium alloys exists.

In adapting the electroslag technique for Jjoining titanium alloys,
many fundamental problems had to be overcome. As a result, the
mechanisms of ohmic heat generation in both the slag and electrode were
studied. FPurthermore, the electrochemical effects between the slag and
titanium filler metal were analyzed in order the model the heat genera-
tion mechanism in electroslag processing for application to both
consumable guide and non-consumable guide ESW. Frequent experimental
comparisons between ESW of titanium and steel (for reference) were drawn

to better verify the models and predictive equations.

Xv
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An electric path model was developed to explain the overheating of
the electrode and guide plate in a consumable guide ESW process.
Equations were derived to explain the mechanism of consumable guide ESW
process using a low resistivity Can flux. Also a mathematical model
incorporating the effect of ohmic heating on the electrode melting rate
was derived to predict the arcing instability occurring in a non-
consumable guide ESW of titanium alloys.

As a result of this research and for the first time outside the
Soviet Union, the consumable guide electroslag welding (ESW) process has
been developed to weld thick-section Ti-6Al-4V and Ti-6211 plates. This
joining technique utilized a constant voltage AC power source, pure CaF,
flux and argon shielding over the slag pool. The resulting weld
deposited on 25 mm (1") and 50 mm (2") thick titanium plates were sound
and virtually defect-free.

Mechanical properties such as tensile properties, hardness, CVN
impact toughness of the welds were investigated. Mechanical properties
were correlated to the microstructures and interstitial content of the
welds. A model to determine the influence of interstitial elements and
grain size on the tensile ductility and toughness of titanium alloys was

also developed.



I. INTRODUCTION

Titanium and its alloys are widely used for various structural
applications due to their high melting point, specific strength and
excellent corrosion resistance particularly in seawater. Though
titanium is relatively expensive compared to other structural metals
(such as 1iron, nickel, and aluminum), it is still used for certain
critical applications, such as parts in the lower temperature regimes of
aircraft gas turbine enginesl as well as many marine applications. As
the applications of titanium and its alloys become increasingly wide
spread, there is a demand to develop more productive welding methods to
meet the varied needs of different applications. But, titanium is ex-
tremely reactive with interstitial elements (O, N, H, C) when exposed to

temperatures above 650°C.2

The basic Qgdifficulties in welding titanium
and its alloys economically are due to two primary factors: (1) shield-
ing the weld metal and heat affected base metal from the harmful
atmosphere and (2) overcoming titanium’s extreme resistivity (compared
to other common metals) which precludes welding by highly productive
processes such as submerged-arc, flux-cored arc and gas-metal arc
welding. Therefore, welding must always be performed under vacuum or in
a controlled inert gas environment by processes that do not electrically
heat (i.e. by ohmic heating) up the titanium filler metal. As a result,

the only commercial methods of welding titanium alloys today include:

gas-tungsten arc, laser and electron beam welding.



Electroslag welding (ESW), however, has long been recognized as
the most cost-effective method to weld thick-section (above 40 mm) steel
and stainless steel plates3'4 over 25 mm (1") thick. Compared to other
processes, ESW has many advantages including: one pass operation, high
welding speed, no preheating necessity, less welder skill requirement,
non-machined joint preparation, and less angular distortion.5 It also
produces very high quality welds, since the slag pool protects the weld
metal from the atmosphere.

When applying the ESW process to join thick-section titanium and
its alloys in the Soviet Union, several difficulties have arisen as a
result of the high chemical reactivity and electric resistivity of
titanium (compared to steel). The high reactivity of titanium limits
the selection of fluxes tc a small number of halides, and requires
additional argon shielding over the slag and the heated metal. Titan-
ium’s high electrical resistivity causes the electrode to be chmically
heated up to such high temperatures that the occurrence of electrode
burnback and arcing must always be considered.

Researcher56 at the Paton Electric Institute have successfully
performed ESW of thick-section titanium and its alloys by using oxide-
free Can—base fluxes, special argon shielding techniques and large
diameter electrodes. But, the complex relationship between welding
variables and the combined effects of the low resistivity CaFZ—based
flux and the high resistivity titanium electrode on process stability

have not been fully studied.

In order to better understand the fundamental mechanisms involved



in producing a viable welding system for thick section titanium alloys
using the ESW process, this research will focus on four main areas of

study. These include:

(1) Parametric study of welding variables,
(2) Thermal and electrical characterization of ESW fluxes,
(3) Electrode ohmic heating study, and

(4) Mechanical properties study of Ti-6AL-4V and Ti-6211 alloys.

In part 1, the correlation between the different welding variables
(voltage, current, electrode melting rate, resistivity of slag, elec-
trode geometry, and welding gap) and their effects on process stability
and base metal dilution are investigated. This is performed to
determine experimentally the limits or the "window" of acceptable
welding parameters (if any) that can be used to successfully deposit
sound weld metal to join thick-section titanium alloy plates. The
second part includes slag resistivity measurements to determine the
effect of slag electrical properties on ESW process stability and base
metal dilution. 1In this way, the contribution of the slag to the
overall performance of the ESW system can be calculated. In the third
part, electrode ohmic heating is measured wunder static conditions and
the results are applied to the calculation of the ohmic heating con-—
tribution to the electrode melting rate and the production of arcing
instability during the ESW process. Wwhen combining parts 1, 2 and 3, a

mathematical analysis to predict the capabilities of ESW of titanium



alloys is developed and compared to experimental results. In the last
part, the mechanical properties of selected welds of Ti-6Al1-4V and Ti-
6211 alloys are also evaluated to determine the usefulness of this cost-
effective welding process. The effects of microstructure and intersti-
tial element contamination are related to the resulting mechanical
properties. Furthermore, a model is developed to assess the roles of
grain size and interstitial content on the resulting properties of weld

metal.



I1. BACKGROUND

A. Eistorical Background of ESW Process

The electroslag process was invented by R.K. Hopkins in the United
States, who made his first melt of a consumable electrode under a slag
blanket in 1935.7 This technology later evolved into two of the most
important metal processing methods in medern history: electroslag
refining (ESR) and electroslag welding (ESW). The present form of the
ESW process was developed in the early 1950's at the Paton Electric

Welding Institute in the USSR.>

Later, it was widely used in western
Europe and introduced back into the United State in 1959 by Arcos
Corporation.8 However, it was not until the early 1970's that it
started to gain more acceptance for welding structural assemblies. This
was possible because of the new development of portable light-weight
equipment. Since then, the electroslag welding process has been widely
used for shipbuilding, heavy equipment manufacturing and bridge
construction in the United State.5

Beginning in 1956, researchers at Paton Electric Welding Insti-
tute successfully applied the electroslag technology to join titanium
alloys. Their research activities continued until the mid-1970's,
indicated by a summary report of the ESW process given at the 1976

Mezhdunar Conference by Gurevich and associates®. In the United States,

a comparative literature survey by Ban959 for the David Taylor Naval

Ship Research and Development Center in 1982 concluded that very limited
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work had been done 1in ESW of thick-sectioned titanium alloys. After
that the only research work in ESW titanium alloy was reported at

m.1.7.10-11

B. Principle of the ESW Process

The ESW process uses the heat generated by resistance heating of
the slag pool to melt and fuse the bage and filler metals together. The
molten metal as well as the molten slag pool are contained in the joint
by the parts to be welded and the water cooled retaining shoes. The
slag pool floats above the molten metal and provides shielding from the
atmosphere. Welding is performed in the vertical or near vertical
position. As filler metal is being fed into the weld pool, it sinks to
the bottom due to its higher density, and fills up the weld gap. The
weld metal solidifies progressively from the bottom upward.

The ESW process 1is rather different from other fusion welding
processes, because there is no arc except at the beginning of the weld.

The process is started by striking an arc between the electrode and the
base metal. As the arc stabilizes, flux is added to form the slag pool.
When the slag pool builds uvp to a sufficient depth of about 30 mm, it
covers the end of the electrode and extinguishes the arc. After about
one minute, the process is arcless and can proceed to completion without
interruption. While the molten slag continues to be in contact with
copper cooling shoes, a small amount of slag solidifies and forms a thin

solid layer between the molten slag and copper cooling shoes. As



welding proceeds, the layer of solidified slag acts as protective shield
for the solidified weld metal.

The transient period at the beginning of the ESW process is always
associated with slag entrapment because there isn’t enough heat buildup
to melt the solid flux and base metal at the same time. Thus, a run-in
tab is used to allow the process to stabilize and insure full pene-
tration in the beginning of the weld. At the end of the weld, porosity
occurs at the center of the weld due to solidification shrinkage,
Therefore, a run-off tab is also wutilized at the end of the weld to
allow the molten slag to extend above top of the joint so that a full
joint can be completed without porosity. Both run-in and run—-off tabs
are cut off from the weld by a cutter after welding is completed,
leaving the weld free from the starting and ending defects.

There are three main variations of the ESW process, viz, non-
consumable guide method, plate electrode method, and consumable guide
method. In the first method, a non-consumable gquide is used to direct
the wire into the slag pool. The gquide and welding head are raised
upward together along a track as the molten slag rises. The advantage
of this method is that it can join very long welds without any interrup-
tion. The disadvantages are 1) plates tc be joined together need to be
lined-up perfectly for the welding head to move along them, and 2)
expensive moving-head systems must be used to deposit simple butt welds.

In the second method, a plate electrode is directly fed into the

slag pool without any wire electrode. The advantage of this method is a

more uniform heating of welding joint and faster welding rate than the



nonconsumable guide method. The disadvantages are 1) a great deal of
space on top of the welding head is required to accommedate the length
of the plate, 2) a special technique 1is required to start the ESW
process, and 3) a special device is needed to feed the plate electrode
to maintain a constant current.

The consumable guide method combines the advantages of the above
two methods while eliminating several disadvantages. As the name
implies, a guide plate is used not only to direct the filler metal into
the slag pool but also itself constantly melts into the slag pool. The
guide plate carries a significant amount of welding current, which
allows a more uniform heating of the welding joint and faster welding
rate than the nonconsumable guide method. In addition, no welding head

movement is necessary during the consumable guide ESW process.

C. How Titanium Changes the ESW Process

Research work on the ESW process has mainly focused on steel and
stainless steel, and a great deal of information has been generated

regarding the effect of welding variables on the px:ocess.B"lz_18

But,
due to the difference in material characteristics, some modifications of
the ESW process are necessary when the ESW process is used to join
titanium alloys. These material properties include high chemical
activity, higher electrical resistivity, lower density, and lower

thermal conductivity of titanium than steel. Each of these are discuss-

ed in detail in the following sections.



1. High Chemical Activity of Titanium

Due to the high chemical activity of titanium at elevated tempera-
ture (Titanium reacts violently with oxygen in the air when heated
above 650 °C), therefore the basic difficulty in welding of titanium and
its alloys is shielding the weld metal, heated filler metal, and heated
base metal from the air. This is the reason all other welding processes
used to join titanium alloys are performed in either a vacuum chamber or
a controlled inert gas environment.z,19 Alhough, the molten metal is
protected by the slag pool during welding in the ESW process, the res-

earcherszo

at Paton Electric Institute found that shielding by the
slag pool alone was not sufficient to protect the weld metal from
interstitial element contamination. Therefore, additional argon
shielding above the slag pool was needed to fully protect the titanium
alloy from atmospheric contamination. They also concluded that the
purest grade of argon should be used for the gas shielding.

The basic argon shielding technology is to flood argon over the
slag pool21 and since argon is heavier than air, it will sink to the
bottom of the welding cavity and insulate the slag pool from the air.
This technique also provides shielding for the hot filler metal before
it is fed into the slag pool. The other technique, used by Shou-Kong
Fanll for nonconsumable guide ESW of titanium alloy, was to spray argon
through a pair of modified copper shoes. As shown 1in Figure 1, argon

spraying from the top of cooper cooling shoes would protect the slag

pool and heated portion of filler metal, while the argon spraying from
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the bottom of the cooper shoes would protect the solidified weld metal
before it cooled to a low enough temperature. The above two methods use
argon only as a neutral shielding gas between the heated weld metal and

2 had used an additional argon

the surrounding air. Kompan et al.2
shielding technique to not only protect the weld metal but also reduce
its interstitial content. As shown in Figure 2, argon gas was bubbled
through the slag pool and molten metal pool during the consumable guide
ESW of a titanium alloy. They claimed that bubbling argon through the
weld pool could reduce the weld metal oxygen and nitrogen contents,
promote uniform penetration of the weld, and reduce the grain size in
the weld metal.

Besides the argon shielding protection, the flux used for ESW
titanium alloys should not contain any elements (especially 0, N, C, and

20 at Paton

H}) harmful to the weld metal. It was shown by researchers
Electric Institute that the principal requirement for the flux in ESW of
titanium was the complete absence of oxides. As showm in Figure 3,
oxygen content in the molten titanium metal increased even when 5 wt% of
the most stable oxides (A1203, TiO 5
flux. They concluded that only when the flux contains no oxide, will

50 and 2r0) were added into the CaF
the molten titanium metal have an oxygen content less than 0.1 wt%.
Therefore, the adequate fluxes for ESW of titanium alloys are limited to
metal halides only, and among them the CaF, flux is the most widely used
because it has a high melting point, is cheaply available and is very

stable in the molten state.
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Figure 1. Illustration of a modified copper cooling shoe which shdws
the argon spraying devicellfOt nonconsumable guide ESW of
titanium alloys. (After Fan )
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2. High Electric Resistivity of Titanium Alloys

Titanium has an electric resistivity value about 5 times that of
steel at room temperature, and Ti-6Al-4V has an even higher value — 17

times that of steel.23

The higher electric resistivity results in
increase of ohmic heating of the filler metal and guide plate in the ESW
process. This will contribute to a higher filler metal melting rate and
higher welding speed. And in the extreme, the ohmic heating can burn
the filler wire out of the slag pool and change the ESW process to an
unwanted arc process. When arcing occurs, the weld usually has lack of
fusion problems due to inadequate heating of the slag and slag entrap—
ment.

To counteract the filler metal ohmic heating problem caused by
higher electric resistivity, the current density passing through the
filler metal should be reduced. A reduction of the current density of
the filler metal can be achieved by either reducing the welding current
or increasing the diameter of the filler electrode. However, the CaF2
base flux wused for ESW titanium alloys has a higher electric conducti-

24,25

vity than the oxide base flux wused for ESW of steel, and uses a

higher welding current. Therefore, the only method left, is to increase

the filler wire diameter. Researchers at Paton Electric Institute20 did

successfully make the ESW of titanium alloys with large diameter filler
metal., Actually, their first success came from ESW of commercially pure
titanium using a plate electrode. Then, they performed nonconsumable

26,27,28

guide ESW of titanium alloy with 5 mm diameter filler wire which
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had twice the cross-sectional area of the 3.2 mm diameter filler wire

used for ESW of steel.

3. Lower Density of Titanium

The density of titanium at its melting point is 4.11 g/cm3, which

29

is much lower than that of iron (7.02 g/cm3). Most of the halide, and

oxide fluxes used in the electroslag process have densities between 2

and 5 g/cm.8’24'30’31’32

One of the requirement of fluxes used for the
electroslag process is that the flux should have a lower density than
the molten metal. This is necessary because, if the density of the flux
is close to or exceeds the density of the molten metal, the flux will
sink and mix into the molten metal. Wwhen that happens, the electroslag
process will be interrupted by loss of flux and the resuvlting metal
deposit will be full of slag inclusions.

Based on the above reason, the BaF2 and LaF3 fluxes are not
suitable for either ESW or electroslag refining (ESR) of titanium
alloys, because the density of BaF2 flux is 3.82 g/cm3 (measured at

melting point of titanium) and the density of LaF, flux is 4.46 g/cm

30

3

(measured at melting point of titanium). Both density values are
either close to or larger than the density (4.11 g/cm3) of molten
titanium metal. However, they can be used in small amounts mixed with a

CaF2 base.

4. Lower Thermal Conductivity of Titanium

Titanium has a thermal conductivity value about one-ninth that of
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stee1.23’29

In the ESW process, low thermal conductivity of the base
metal is beneficial because it reduces the heat input required to make
the weld. But, this beneficial effect for ESW of titanium is usually
hindered by the lower heating power of the CaF, flux and higher melting
point of titanium as compared to ESW of steel.

The following is a short summary of the modifications made for ESW
titanium alloys to counteract the effects of the previocusly mentioned
physical properties of titanium. Due to the high chemical activity of
titanium, it is necessary to use oxygen-free Car, base flux with extra
argon shielding for ESW of titanium alloys. The high electric resisti-
vity of the titanium alloys necessitates the use of the largest possible
diameter of filler metal or guide plate for both consumable and non-
consumable guides to reduce ohmic heating of the filler metal. The
effect of titanium having a lower density wvalue than steel on ESW
process is that several flux ingredients (BaF2 and LaF3) with higher
density will not be suitable for ESW of titanium alloys. With lower

thermal conductivity, it 1is possible to perform the ESW of titanium

alloys with lower heat input than ESW of steel.

D. Process Variables for ESW of Titanium

Welding variables are factors which affect both the welding opera-
tion and quality of the resulting weld. 1In order to make a good quality
weld, it is essential to study all the effects of the welding variables

on the welding process. ESW of titanium is characterized by working at



17

low voltage and high current conditions, due to the high conductivity
values of oxide-free Can base fluxes used in the process. This high
current condition combined with the high electric resistivity of
titanium leads to the problems of excessive ohmic heating of the filler
metal wire and limitations on the usable range of welding variables.
Therefore, it is very important to study the effect of welding variables
on the ESW process to ensure the soundness and integrity of titanium
welds,

There are two types of variables in the ESW process. One type is
the fixed or preselected variables which can not be changed during
welding. And the other type is the adjustable variables. The fixed
variables include flux, power supply, electrode size and number of
electrodes, quide plate size and type, electrode extension (dry
extension), and welding gap. The adjustable variables which can be
adjusted during the welding and usually are used to control the welding
process include current, voltage, and electrode feed rate.

The fixed (or preselected) variables only have an indirect effect
on the ESW process. They change the ESW process by affecting the
adjustable variables. Therefore, in this section, the effect of adjust-
able variables on the welding parameters will be discussed first and
then each of the fixed variables will be discussed. Before starting
the discussion, a few welding parameters will be defined first to help
the discussion. During ESW, the slag pool acts as a resistor and obeys

OChm’s law.
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Thus
Vw Iw Rslag ................................................. (1)
v, ¢ welding voltage
I, Welding Current
Rslag : Resistance of the slag pool
ws = (n Ve Ae)/(Ag - Ap) ...................................... (2)
ws : Welding speed
n- : Number of wires
Ve : Speed of filler wire
A Cross-section area of filler wire
A~ : Cross—section area of welding gap
Ag : Cross-section area of consumable guide plate
Hinput = (Vw Iw)/ws ........................................... (3)
Hinput : Welding heat input
& Dilution = (Aw - Ag) / Aw 100 & ittt it i e e (4)

% dilution : Percentage base metal dilution
A : Total area of weld metal at transverse section
Ag : Cross~section area of welding gap

1. Adjustable Variables

a. Current, Voltage, and Electrode Feed Rate

ESW of titanium alloys is usually performed with a constant
voltage alternating current (CVAC) power source. With a constant
voltage power source, the welding current and electrode feed rate are
interrelated. This 1is because when electrode feed rate increases,

the immersion depth of the electrode also increases, which in turn

33

decreases the resistance of the slag pool as shown by Birck et al.
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Since the voltage is kept constant, the welding current will increase
when the resistance decreases, based on Ohm's law as shown in Equation
1. Therefore, increasing electrode feed rate will increase the welding
current. Also, based on Equation 2, welding speed will increase when
the electrode feed rate increases.

13,16,34

In ESW of steel, several investigators found a linear

relationship between the welding current and electrode feed rate, while,

35,36 17

Frost et al. and Ann~ ' reported that the welding current was

proportional to the square root of the electrode feed rate. In non-

consumable quide ESW of titanium alloys, Gurevich et al.z8

reported that
welding current was proportional to the square root of the electrode
feed rate. Despite the difference about the relationship between
welding current and electrode feed rate, all researchers did agree that
the increase of welding current is slower than the increase of electrode
feed rate. Therefore, the heat input of the ESW process will eventually

decrease when the electrode feed rate is increased, based on Equations

2 and 3.

b. Effect on Welding Working Range

Frost et al.35 have suggested a working range of welding voltage
and current to make a successful weld, as shown in Figure 4. The lowest
voltage boundary (boundary A in Fig 4) is governed by a threshold energy
input and wvoltage for achieving complete penetration. Below this
boundary the welding process will operate, but the weld will have

incomplete penetration. Boundary B in FPFigure 4 1is established by a
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critical energy, below which hot cracking would occur at the weld
center. Boundary C in Figure 4 is set by the maximum output of the
welding power supply. The last boundary (boundary D in Fig. 4) is based
on the minimum electrode feed rate (minimum current) below which the
electrode melts by ohmic heating before reaching the slag pool.

when applying this working range concept to ESW of titanium
alloys, some modifications are necessary because of the different
material characteristics. First of all, due to the low electric
resistivity of the Can—base flux used for ESW of titanium alloys, the
whole working range will move to a region of lower voltage and higher
current. Also, there 1is a boundary for high voltage, above which the
low resistivity Car, flux would not be able to maintain the ohmic
condition and arcing would occur on top of the slag pool. This boundary
has been reported to be 34 V for nonconsumable quide ESW of titanium
alloyszo. Next, titanium alloys do not have the weld centerline
cracking problem, therefore boundary B shown in Figqure 4 for ESW of
steel doesn’t apply to ESW of titanium alloys. Finally, the minimum
current boundary will be moved to the higher current side because of
gevere ohmic heating of titanium electrode caused by its high electric

resistivity.
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c. Effect on the Percentage Base Metal Dilution

A linear (near flat) relationship between the welding current and

16

percentage base metal dilution was reported by Venkataraman and other

38 It was concluded that increasing the welding current

researchers.
decreased the percentage base metal dilution by a small amount. A
similar conclusion was drawn by the researchers at Paton Electric Ingti-
tutezo for nonconsumable guide ESW titanium and titanium alloys.
However, a parabolic relationship between the welding current and
percentage base metal dilution has been reported by other investiga-

tors,3'14’l7'37

37 have suggested that, at higher welding currents, the

Jones et al.
percentage base metal dilution is lower because most of the heat is used
te melt the filler metal and molten metal pool. Their suggestion is
based on the "most direct current path" assumption. At lower welding
currents, the electrode remains on top of the molten slag pool. Substan-
tial heat is lost to the air from the surface of the slag pool by radia-
tion and not enough heat is available to melt the base metal. There-
fore, there is an optimum current range over which a maximum base metal
dilution occurs.

A linear relationship between the welding voltage and percentage

base metal dilution was reported by several researchers.l6’38'39

However, Annt’ and other researchers?’ observed a parabolic relationship
between the welding voltage and percentage base metal dilution. At

higher voltages, the depth of the electrode immersion is very shallow
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due to the relatively large effective resistance. This causes heat to
concentrate on top of the slag pool only, and less amount of heat is
available for melting the base metal. Also, stability of the ESW
process may be disrupted by an arc flashing between the electrode and
surface of slag pool.

On the other hand, at a relatively low voltage the heat ipput is
lower as shown in Equation 3. In this case, the electrode will
penetrate deep into the slag pool, and welding current will flow
directly from the tip of the electrode to the molten metal pool. This
leads to a lower percentage base metal dilution because most of the heat

20 at the Paton Electric

is used to melt the electrode. Researchers
Institute reported that, when nonconsumable guide ESW of titanium alloy
was made with voltage values lower than 22 V, the welds had no base
metal penetration at all because not enough heat was generated in the
slag peol. Therefore, to make an electroslag weld with a high
percentage base metal dilution, welding voltage levels should be kept as

high as possible without any arcing.

2. Effect of Electric Resistivity of Slag

The electrical resistivity of the slag has been reported to be the

most important variable in the electroslag process.4l_45 In ESW

process, a high resistivity slag draws too little current from the power
supply and doesn’t have enough heat to maintain the electroslag process.

On the other hand, a low resistivity slag (like CaF, flux) will draw

2

excessive current from the power supply and increase the arcing
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instability of the process.46_47 Therefore, a slag with optimum
electric resistivity should be used to maintain a stable electroslag
process.

The fluxes wused for ESW of titanium alloys are limited to CaF, or

SrF., base fluorides as reported by the researchers at the Paton Electric

48-51

2

Institute. As compared to the oxide-bage fluxegs used for ESW of

steels, the CaF, or SrF2 base fluxes have much lower electric resisti-

2

. 24,25,52,53
vity.

The consequence of having a lower resistivity flux isg
that the ESW of titanium alloy has a lower allowable working voltage (35
V maximum) as compared to 50 V in ESW of steel with oxide-base flux.
This is because an arc could break out at high voltage levels in ESW of

3,20 Because of the

titanium alloys with low registivity CaFZ—base flux.
lower allowable working voltage, the ESW process of titanium alloys has

lower heating power.

5 30,41,54

In the ESR process, Hara et al.2 and other researchers

also reported that the lower resistivity Can—base flux generated less
heat than the higher resistivity oxide-base flux. But, Ann17 reported
that in ESW of steel at same welding voltage, welds made by a flux with
higher percentage of CaF, flux (lower resistivity) had higher base metal
penetration (higher heating power) than welds made by a flux with less
percentage of CaF, flux. The reason for this controversy between Hara
et al. and Ann lies mainly on the power supply characteristics. A
constant current power supply is used by Hara et al. for ESR process and

a constant voltage power supply is used by Ann for ESW process. The

power output (voltage times current) decreases as the load (resistance
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of slag pool) is decreased in a constant current type of power supply.
This is because when the locad is decreased, the voltage decreases while
the current remains constant. The opposite is true for the constant
voltage power supply; that is, the power output increases as the load

5,56 In summary, the ESW of

(resistance of slag pool) is decreased.s
titanium alloys using the low resistivity CaFZ-base flux can produce an
explosive arcing problem at high welding voltage levels and low heating

power because of the lower allowable working voltage.

3. Effect of Slag Pool Depth and Welding Gap

The slag pocl consists of three variables: depth, length (welding
gap), and width (plate thickness). The primary concern about these
three variables is that their dimensions should be kept within the
optimum ranges for a stable ohmic heating process. The minimum values
are required to provide enough clearance for the electrode (including
guide plate) from short circuiting or arcing to the copper cooling shoes
and base metal. While the maximum values are required to prevent
excessive heat losses to the copper cooling shoes. For 50 mm thick base
metal plates of both steel and titanium alloys, the optimum range for

slag pool depth is 30 to 50 mm3'16'20

14,17,21,57

and for the welding gap the range
is 25 to 38 mm.

According to the "most direct current path" assumption, Jones et
al.37 have reported that in the slag pool, welding current will pass
either from the electrode tc the base metal or from the electrode to the

molten metal pool depending on whichever path has a lower resistance.
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Among these two paths, the former is proportional to half of the welding
gap and the latter is proportional to the slag pool depth. The most
likely path in ESW of titanium alloys is from the electrode to the base
metal, because of the shallow immersion depth of the electrode resulting
from the low resistivity of CaFZ—base flux.

If the current did pass from the electrode to the base meatal, then
the maximum allowable distance between them would be directly related to
the maximum allowable voltage based on the Ohm’s law. When the voltage
is set above this 1limit, the electrode will lift out of the slag pool

and an exposed arc would occur on top of the slag pool.

4. Electrode and Guide Tube Geometry

Non-consumable gquide ESW of titanium alloys with a wire electrode

has been shown to be more difficult to make20s26-28

compared to ESW with
a plate electrode or a consumable guide method. The main reasons are
burn-back problem of small diameter wire electrodes caused by rapid
ohmic heating and intense heat concentration near the electrode tip in
the slag pool.44_45’58_59

To reduce the ohmic heating problem in non-consumable guide ESW of
titanium alloys, a 5 mm diameter titanium electrode was wused by the

researchers20

at Paton Electric Institute as compared to 2.4 and 3.2 mm
diameter steel electrodes commonly used in ESW of steel. They also used
an autcmatic slag pool level control device to maintain a constant low

value of electrode dry stickout to reduce the ohmic heating problem.

Without the slag pool level control, the electrode dry sickout would



27

vary greatly causing not only varying welding heat input but also a

chance of electrode burn-out from the slag pool.

5. Power Supply

It is interesting to note that only a constant voltage alternating
current (CVAC) type power supply was used for ESW of titanium alloys at

the Paton Electric Institute3’20.

But, both AC and DC power supplies
are used for ESW of steel. The specific reason wasn’'t given in the
Soviet literature.

In the United States, a CVDC power supply was used by Fan et al.
at M.I.T‘11 to make non-consumable guide ESW of titanium alloys, which
they claimed to have been made under stable ohmic heating conditions.
But, the fact that their welds contained abnormal amounts of copper (2.4
to 13.6 wty¥) melted from the non-consumable guide tube, and their
suggestions to use a plate electrode and to use a slag pool depth-
sensing device to control the electrode dry stickout tend to suggest
that they encountered the problem of overheating the electrode caused by
ohmic heating. Possibly, some arcing might have occurred between the
guide tube and the surface of the slag poocl.

Two possible reasons for the preferred choice of AC over DC power
supply for ESW of titanium alloys are economics and polarization
characteristics of the slag. At high welding current conditions, as
seen in ESW of titanium alloys with CaF,-base flux, an AC power supply

was more economical than a DC power supply in term of initial cost and

maintenance of the machine.”’?° The second reason is that using an AC
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power supply could reduce or totally eliminate the electrode polari-
zation effect in the electroslag process as reported by Mitchell et

al.60_61

They also reported that at a high current density, the
electrode polarization effect may convert the electroslag process tc an
arc process. Therefore, the electroslag process using an AC power
supply can tolerate significantly higher current density values without
arcing than the electroslag process using DC power supply. Both reasons
suggest that, at high welding current conditions, the AC power supply is
a better choice for ESW of titanium alloys.

The reason for using a constant voltage type power supply for ESW
of titanium alloys is more obvious. The constant voltage type of power
supply is widely used for different welding processes that use a
continuously fed wire electrode. Constant voltage power sources have
the self-regulating capability to adjust welding current in order to
maintain a fixed voltage level. This provides the ESW process with not

only an easy way of controlling welding voltage and current, but also a

means of ensuring a uniform base metal penetration.

E. Weld Evaluation

As compared to commercially pure titanium, the alpha + beta
titanium alloys, such as Ti-6A1-4V and Ti-6A1-2Nb-1Ta-0.8Mo (Ti-6211),
have a better combination of strength and toughness. These alpha + beta
titanium alloys have wider applications as structural materials. But,

62-64

the researchers at the Paton Electric Institute have reported that

ESW of high strength alpha + beta titanium alloys had low Charpy V-notch



29

(CVN) impact toughness and tensile ductility in both weld metal and
coarse grain heat affected zone (HAZ) base metal. They also reported
that low toughness and ductility were due to the coarse grain structure
produced by the high heat input and slow cooling rate of the ESW
process. Similar results in ESW of steel, have been reported by

65,66 16-18

and other researchers. These low CVN impact toughness

Culp
and tensile ductility have generally been attributed to the coarse prior
beta grain size produced by the ESW process. But the actual mechanism
is not well understand.

Terlinde et al.67 have proposed that tensile ductility decreases
when the prior beta grain size is increased in a Ti-Al allcy due to the

68-70

dislocation pile-ups at the grain boundary. Other researchers have

reported that in Ti-6211, poor hot ductility was associated with the
presence of a grain boundary alpha film. However, Damkroger et al.71
have concluded that pcor hot ductility was associated with large amounts
of a lamellar widmanstatten alpha + beta microconstituent in Ti-6A1-4V
and Ti-6A1-6V welds. A similar conclusion was given by Yashwant72 in a
heat-treated Ti-6Al1-6V-25n weld. Besides the microstructure effect, it
has been reported73_75 that increasing interstitial elements content,
especially oxygen content, will 1lower the CVN impact toughness and
tensile ductility of alpha + beta titanium alloys. In summary, the low
CVN impact toughness and tensile ductility of ESW alpha + beta titanium
alloys could be due to microconstituents (such as: large prior beta

grain size, grain boundary alpha film, and lamellar widmanstatten alpha

+ beta structure) and/or increasing interstitial elements content.



II1. EXPERIMENTAL PROCEDURE

A. Consumable Guide ESW

1. Materials and Equipment

Materials used

Ti-6A1-4V and Ti-6Al-2Nb-1Ta-0.8Mo (Ti-6211) which were

beta forged air

cooled
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in this project included: (a) 50 mm thick plates of

compositions of the plates as shown in Table 1.

Table 1.

Chemical compositions (wt %)

matching filler metals.

Materials
Base Metal :

Ti-6A1-4V 50 mm
Thick Plate

Ti-6211 50 mm
Thick Plate

Ti-621-4V 25 mm
Thick Plate

Filler metal :

Ti-6A)-4V 3.2 mm
Diameter

Ti-6A1-4V 2.4 mm
Diameter

Ti-6211 2.4 mm
Diameter

received in the

condition and (b) filler metals matching the

of titanium alloy plates and

Al v Nb Ta Mo N

6.32 4.15 - - - .215 .021 .004
5.52 - 2.05 .95 .56 .077 .006 .001
6.0 4.0 - - - - - -
5.95 4.15 - - - .143 .008 .001
6.10 4.03 - - - .147 .003 .009
5.9 - 2.0 .90 .60 .056 .008 .001
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The plates were cut into smaller sections measuring 5 cm x 20 cm X
30 cm with the 20 cm side parallel to the rolling direction. Other
materials used include 50 mm thick A36 steel plates and their matching
filler metals. These materials were used to study the effect of dif-
ferent welding variables on the electroslag welding process, therefore,
their chemical compositions were not analyzed.

Due to the high reactivity of titanium, interstitial contamination
was always a concern. In this study, the molten weld metal was protect-
ed by pure CaF2 flux and argon gas shielding over the molten slag pool.
Reagent grade pure CaF, flux, with the impurity contents shown in Table

2, were used as basic flux throughout this investigation.

Table 2. Impurity contents of reagent grade pure CaF, fluxes
(Typically 99 % pure), (Source: CERAC,IncorpSrated)

Element wt %
Al 0.005
Fe 0.005
Mg 0.1
Si 0.05
Zn 0.02
Cr < 0.001
Cu < 0.001

< 0.2
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For the comparitive study of the welding variables, Hobart PF 201
running flux was used to make the ESW of the steel alloy. The chemical

composition of Hobart PF 201 running flux is shown in table 3.

Table 3 Chemical composition of Hobart PF 201 running flux.
(Source: Hobart Brothers company)

Compound wt %

Cao 12.20
MgO 2.34
MnO 22.46
CaF, 8.62
sio, 32.95
A_1203 8.32
Tio2 8.02
K,0 0.88
Na,0 0.57
FeO 1.81
P,0 <0.05

88.22

To study the effect of conductivity on welding parameters, LaF3

and YFq fluxes, both having lower electric conductivities than the CaF,

flux, were added to the pure CaF2 flux. The CaF, fluxes with 12.5 wt%

or 25 wt% of either LaF, or YF., additions were mixed and melted in a

3 3

vacuum induction furnace before actual welding.
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Because of the ionic nature of pure CaF, flux, an alternating
current constant voltage (AC CV) machine with 100% duty cycle at 44 Vv,
1000 A was used to join the titanium alloys (Figure 5). The welding
voltage was directly controlled in the power supply, but the welding
current was indirectly adjusted by changing the electrode feed rate.

For comparison, some welds were made by a direct current constant
voltage power supply system (which consist of two DC machines being
connected together in parallel) with 100% duty cycle at 1500 A.

The wire feeding system, shown in Figure 6, was used to feed a
single wire or dual wires into the molten slag pool with feed rates
ranging from 20 mm/s to 150 mm/s. This system could feed both 2.4 mm
and 3.2 mm diameter wires into the welds successfully.

Two water cooled copper shoes were used to dam the slag pool.
These cooling shoes were clamped on either side of the welding plates by
a pair of 30 cm size C clamps. These cooling shoes had 1.6 mm deep 44.5

mm wide grooves for weld reinforcement.

2. Plate Fixture

Two plates with 50 mm x 200 mm x 300 mm were placed between run-in
and run-off tabs with the 200 mm edge vertically up and 25 mm to 32 mm
apart. The plates were welded to the run-in block and run-off block by
TIG welding as shown in Figure 7. After the ESW was made, both the run-
in and run-off were removed from the welds, leaving the welds essentia-
lly free of defects associated with starting and ending of the ESW

process.
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Figure 5. Sguare wave constant voltage  alternating current power
supply for ESW, rated 100% duty cycle at 44 V and 1000 A.



Figure 6. Wire feeding device for ESW.

35
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50 mm Thick
Welding Gap Run—~off Tab Ti-6Al-4V
32 mm Base Plate

Run-in Tab 20 mm

Figure 7. Photo of electroslag weld plate fixture.
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3. Consumable Guide Plate Preparation.

Guide plates with outside dimensions 12.7 mm x 38 mm were used for
all 50 mm thick welds and guide plates with cutside dimensions 12.7 mm x
19 mm were used for 25 mm thick welds. All guide plates were machined
from a 12.7 mm thick plate to the final shape, then joined together by
the TIG welding process as shown in Figure 8. The length of the
consumable guide was around 61 cm. The end section of the guide plates
were reduced as shown in Figure 8(A) for dual filler metals and was
tapered off as shown in Figure 8(B} for single filler metal to prevent
the starting arc from spreading to the edge of the guide plate and
freezing the wire feed hole. If the hcle was frozen, the wire would
be stuck to the inside of the quide hole and the arc diminished before
the electroslag process got started. Also a round groove was chosen to
ensure good electric contact between the filler wire and consumable

guide plate
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4. Flux Preparation

The as received reagent grade CaF, flux was in a loose powder
form (smaller than 325 mesh size). The fine powder flux was not
suitable for ESW directly, because of its light weight the powder was
easily blown ocut of the weld by the hot argon shielding gas. Therefore,
the flux was melted in a induction furnace using a graphite crucible and
an Ar gas protective atmosphere. The fused fluxes were then crushed to
smaller than a 5 mesh size.

The weighted flux was kept inside the furnace at 200 °C overnight
before welding to remove all the moisture. The weighted flux was
manually added into the welding cavity, after the welding arc was
initiated. For the 50 mm welds, 150 g of flux was added first to
establish the stable molten slag pool, and then flux was added around 10
g per minute to accommodate the loss of the slag to the cooling shoes.
For the 25 mm welds, 100 g of flux was added first to establish the
stable molten slag pool, and then flux was added around 10 g per minute

to accommodate the loss of the slag to the cooling shoes.

5. Weld Set-Up and Procedure

The welding head consisting of the wire feeding mechanism and a
guide plate holder was mounted on a stationary welding fixture. The
consumable guide was centered with respect to the welding gap. Most of
the welds were made with a Miller AC CV machine. A schematic of the
weld setup is shown in Figure 9.

Prior to starting the weld, the power supply, the wire feed motor,

the Ar shielding gas, the recording devices and the water circulation in
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the cooling shoes were turned on. Welding was started by striking an
arc on the starting block and a measured amount of the flux (150 g for

50 mm thick weld and 100 g for 25 mm thick welds) was slowly added.
After the molten slag pool build uvp to a depth of 25 mm to 38 mm, the
electroslag process stabilized and the arc was extinguished. Then, the
welding current and voltage levels were adjusted to the desired values

and were kept constant throughout the rest of the weld.

FILLER METAL
WIRE

ARGON

MOLTEN SLAG

BASE METAL\\\\\\\J

WATER-COOLED

CONSUMABLE
GUIDE

WELD POOL

DAM {lof 2)
SOLIDIFIED
WELD
STRONGBACK
WEDGE

Figure 9. Schematic view of the consumable quide ESW process for 50 mm
thick titanium plates using a single filler wire fed through
a plate guide.
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6. Process analysis

Welding current and voltage fluctuations were monitored and
recorded by a GULTON strip chart recorder. The wire feed rate was
measured using a JET-LINE wire feed measuring device. Average welding
speed was calculated by using the total length of the welds divided by
the total welding time. Transverse sections from the bottom, middle and
top of the welds were machined and macroetched in a solution containing
200 m H,0, 30 g oxalic acid, 2ml HF, and b5g of Fe(NO,) 9320. The
sections were studied with respect to base metal dilution, weld metal
grain size and weld defects.

The base metal dilution was calculated from the following egquation
as illustrated in figure 10. The area of both melted base metal and
weld deposit were measured by a planimeter. Also, selected welds were

chosen for chemical analysis to study the interstitial effect.

Al B
Areas A X 100

% Dilution =

Areas A + Area B

A: Area of melted base metal
B: Area of deposited weld metal

Figure 10. Illustration of the percentage base metal dilution
calculation.
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B. Electrical Resistivity Measurements

1. Slag Resistivity

After reviewing several possible methods to measure slag resistivi-
ty,25’76_80 a four-electrode probe with a thermocouple was chosen
to measure the resistivity of molten slags. The schematic illustration
of the electrical circuit diagram of the measuring system is shown in
Figure 11. From an AC power source, the alternating current with 1 kRz
frequency was applied through the two outer electrodes to the molten

slag. The potential difference (V ) between the two ipner electrodes

slag
and the potential difference (Vs) across a standard resistor connected
in series to the circuit were converted to DC signals and recorded by a
2-channel recorder. After the measurement, the resistivity values were

calculated using equation 7. Simultaneously, the temperatures of the

molten slag were measured by a W/W-26%Re thermocouple and recorded.

Based on Ohm’s law:

From Equation 5 and 6:

Priag = (1/C) x (vslag 3 B A REEREETERERAEE (7)
vslag: potential difference in the molten slag

I : applied current to the molten slag

Plag : resistivity of molten slag

C : Cell constant of the four-electrode probe

\% : Potential difference across a standard resistor

R : Resistance of a standard resistor

s



43

Before measuring the resistivity valuves of the molten slag, the
cell constant of the probe was determined first. The cell constant
determinations were carried out at room temperature with a standard
solution (1 N KCl aqueous solution) which resistivity value was known.
The resistance values were measured at different electrode immersgion
depths at room temperature. The cell constant values at corresponding
immersion depths were calculated using equation 7. The cell constant
values were checked both before and after the resistivity measurements
that were experimentally determined at the elevated temperature of
interest.

Approximately 500 g of flux was melted in a graphite crucible
using a high frequency induction furnace and the molten slag was
protected by argon circulated on top of the crucible. When the flux was
melted and its temperature was several hundred degrees above its
ligquidus temperature, the induction furnace was shut off and the four-
electrode probe was immersed into the molten slag. The resistance
values of molten slag at different temperatures were measured. Also,
the immersion depth of electrodes was measured in order to determine the
appropriate cell constant value.

Resistivity values of KC1 and LifF fluxes which melt at much lower
temperatures than Can flux were measured first to verify the accuracy
of this method of measurement. A k type thermocouple was used instead
of the W-5%Re / W-26%Re thermocouple due to the lower melting point of
RC1 and LiF fluxes. After verification, resistivity values of reagent

grade Can flux at different temperatures were measured.



Figure 11.
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resistivity measurement circuit
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2. Electrode Resistivity and Ohmic Heating Measurements

The same four-electrode measuring technique describe above was
adapted to measure the resistivity and ohmic heating of filler metal
electrodes. The electric circuit diagram is shown in Figure 12. A 250
mm long electrode was placed between two copper holders which were con-
nected to a DC CC (direct current constant current) power source. When
current flows through the electrode, it heats up cdue to it’s own
electrical resistance.

The potential drop across a 50 mm gage length in the middle of the
electrode and the potential drop across a standard resistor were
measured. At the gsame time, the temperature rise of the electrode was
measured by a k-~type thermocouple which was spot welded in middle of the
electrode. All measurements were recorded by strip chart recorders as
shown in Figure 12. After the measurement, the resistivity wvalues at
different temperatures were calculated using equation 7 by substituting
the electrode length over cross-section area value for the cell constant
value. The initial ohmic heating rate of the electrode was obtained by
measuring the slope at the beginning of the recorded temperature rise
curve.

All measurements were repeated twice and the average values were
used throughout this study. Titanium, steel, and stainless steel alloys
were used to study the effect of resistivity on ohmic heating. Aalso,
using different diameter electrodes (2.4 mm, 3.2 mm, and 12.5 mm
diameter electrodes) and different applied currents (30 A and 135 A),

the current density was varied from 0,24 P.,/mm2 to 30 A/rtm2 and its
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effect on electrode ohmic heating was evaluated. The resistivity values
from room temperature to 1000 C of commercially pure Ti, Ti-6Al-4V, Ti-
6211, 309 stainless steel, and low carbon steel were compiled from
measurements made with different current density values. Some copper
coated titanium and steel electrodes were tested before and after
removal of copper coating to study the effect of copper coating on

electrode ohmic heating.
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C. Nonconsumable Guide ESW Process

1. ESW Steel for Reference

A short nonconsumable quide ESW system was set up to deposit
stainless steel filler metal into a thick-wall steel tube as shown in
figure 13. The welding head was manually withdrawn from the slag pool
while the wire electrode was still being fed into the slag pool.
Welding was initiated by striking an arc between the wire electrode and
bottom plate. After the arc had been initiated, a fixed amount of flux
was slowly added into the weld to form the slag pool. The depth of the
slag pool was kept at around 25 mm to 32 mm.

Both AC and DC power supplies with constant voltage control were

used along with pure CaF, flux and Hobart 201 flux (oxide base) to make

2
the welds. Welding variables including voltage, current and wire feed
rate were recorded. After the welds were made, they were sectioned down
the middle and macroetched using a 10% nital solution to reveal the side

wall penetration of the welds. Average penetration values were calcu-

lated by dividing the penetration area by the total welding length.

2. ESW Titanium Alloys

Since a thick-wall titanium alloy tube was not available, a 38 mm
diameter hole was machined in the middle of a 10 cm x 10 cm sguare and
50 mm thick Ti-6Al-4V alloy plate. Two of the plates were lined-up and
set on a base plate to form a 38 mm diameter 10 cm deep well. Similar

to the steel welds, the nonconsumable guide ESW using pure Can flux was

made by depositing a 3.2 mm diameter Ti-6Al-4V alloy wire into the well.
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Both AC and DC power supplies with constant voltage control were used
to make the weld.

In another attempt to make nonconsumable guide ESW of titanium
alloy, the consumable guide plate and the welding head were attached to
a vertical moving mechanism. As welding proceeded, the welding head as
well as the guide plate were withdrawn upward from the molten slag pool.
If the guide plate withdrawal speed was adjusted to be equal to the
welding speed, the nonconsumable quide process could proceed smoothly

until the end of the weld.
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Figure 13. Nonconsumable guide ESW set-up for depositing stainless
filler metal on a short steel tube.
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D. Weld Evaluation

Three sets of experimental conditions were used to evaluate the
structure and mechanical properties of 50 mm thick electroslag welds
made with the optimum welding conditions developed in the previous

section. These three sets were:

(1) ESW Ti1-6Al-4V plates using high purity flux,
(2) ESW Ti-6Al-4V plates with reagent grade flux and

(3) ESW Ti-6211 plates using high purity flux.

After these welds were made, they were sectioned and machined for the

following tests and observations.

1. Metallographic Observation

Transverse-to—weld sections were removed from each weld for macro—
structure observation. Both transverse and longitudinal specimens from
the weld center, heat affected zone (HAZ), and base metal were cut from
each weld for microstructural assessment. All specimens were ground
through different grit grinding papers, and were polished through 5,
0.3, and 0.05 micron alumina polishing wheels. A solution containing 200
ml H,0, 30 g oxalic acid, 2 ml HF, and 5 g Fe (NOy)y*9H,0 was used to
reveal the grain structure of the welds. The Kroll's reagent etchant

H.O to 1000 mL was used to reveal the

containing 1-3 mL HF,2-6 mL HNO3, 5

general microstructure.
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tely 0.5 mm thick slices were cut by an abrasive silicon carbide wheel.
These thin slices were ground to 100 micron thickness with pure methanol
cooling. Discs with 3mm diameter were punched from these slices and
were further thinned by electro-polishing. Electro-polishing was
carried out in a jet polishing wunit at -45 °C by using CaCl2 in pure
methanol solution. Then, these discs were examined under a Hitachi-800

scanning transmission electron microscope operating at 200 Kv.

2. Chemical Analysis

Complete chemical analyses of selected welds and slags were
performed, since the amount of the interstitial element content
(especially oxygen, and nitrogen) has a great effect on the mechanical
properties of the titanium alloys. Approximately 0.5 mm thick specimens
were extracted from locations within the weld, heat-affected zone (HAZ)
and base metal from mid-sections of each weld for oxygen and nitrogen

analyses as well as selected carbon and hydrogen analyses.

3. Mechanical Testing

Transverse-to-weld tensile specimens having a 12.7 mm diameter
were machined as per ANSI/ASTM E8 - 79a standard in order to assess the
weld joint properties. To ensure the specimens were tested in the weld
metal, all weld metal longitudinal specimens and smaller size 6.4 mm
diameter specimens which had a gage length (25mm) smaller than the weld
width (around 40 mm), were also tested. Tension tests were carried out

in an Instron machine at a cross head speed of 0.041 mm/s.

Both Rockwell C hardness and Knoop microhardness tests were per-
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formed on the metallographic sections of electroslag welds. Specimens
for the microhardness test were taken from the same specimens for the
transverse-to-weld microstructural studies. Microhardness readings were
taken with a knoop indenter using a 500 gram load. Measurements were
made 1 mm apart starting from the weld center to the base plate., Five
neasurements were taken at each location across the weld along the mid-
thickness plane, and the average values were reported.

After the welded specimens were macroetched to reveal grain
structure, the exact location of each notched CVN toughness specimen
could then be accurately machined out of the welds as shown in Figure
14. Macroetching also permitted precise placement of the notch (using a
broaching technique) in the CVN specimens. The specimens were then
machined to final dimensions according to ASTM specification E23, The
CUVN toughness specimens were tested at three different temperatures:

0°C, 25°C, and 100°C (32°F, 77°F, and 212°F) respectively.

4. Fractograpny and Fracture Path Stugdy

The fracture surfaces of both tensile and CVN toughness specimens
were examined in a JEOL scanning electron microscopy. To study the
relationship between the microstructure and the fracture path, some
selected fractured specimens were nickel-plated and sectioned perpen-
dicularly to the fractured surface. The schematic illustration of the
sections made on a fractured CVN specimen is shown in Figure 15. The
new sections were then ground, polished, and examined under the optical

microscope.
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Iv. RESULTS

A. Consumable Guide ESW Ti Process Development

Sixty welds were made by the consumable guide ESW process with
different welding variables, as shown in Table 4, in order to study the
effect of Jdifferent welding variables on the process stability and
quality of the welds. The welding variables were divided into two
groups. The first group of variables were those that had been fixed or
preselected before welding. These variables included : electrode
diameter, number of electrodes, welding gap, flux, power type and plate
thickness. The second group of variables were those that were adjusted
during the welding. These variables were welding voltage and welding
current (or wire feed rate). 1In all welds, the currents and wire feed
rates were not independent variables, because they were interrelated to
each other. This was a characteristic of the constant voltage power
supplies used for ESW of titanium alloy.

The adjustable wvariables (voltage and current) had a direct effect
yon process stability as well as quality of the welds as shown in Table
4. If these wvariables were not properly adjusted during the welding,
the ESW process would be interrupted by short circuiting or arcing. The
resulting welds were unsatisfactory because of lack of fusion caused by
slag entrapment. The preselected variables had only an indirect effect
on the welding process. They affected the response of adjustable
variables which controlled stability of the ESW process. If these var-

iables were not selected properly, the working range of the adjustable



variables would be severely limited or non-existent.

Table 4 Consumable guide ESW of Ti-6Al1-4V and Ti-6211 plates.

Weld wire No.of Gap Flux Ave. Ave. Power Wire Feed Remarks
No. Dia. Wires Current Voltage Type Rate
(mm ) (rom ) (A) (V) (mm,/s )
Ti-6A1-4V 50 mm thick plate :
1 2.4 2 25 CaF, 1000 30 AC 80
2 900 30 55
3 1100 30 70
4 1200 25 80
5 750 25 30
6 950 25 45
7 900 35 - Arcing
8 600 35 - Arcing
9 1200 30 75
10 1600 30 DC(r) 72 Arcing
11 1600 25 80 Arcing
12 32 * 975 30 AC 65
13 * - 35 - Arcing
14 * 975 30 62
15 3.2 1 CaF, 1000 30 60
16 750 30 35 Arcing
17 900 30 50
18 900 25 55
19 750 25 25 Arcing
20 1000 25 60
21 StF2 950 30 60
22 CaF, 1100 25 65
23 1500 25 DC(s) 50 Arcing
24 1500 30 65 Arcing
25 2.4 930 25 AC 110
26 1130 25 130
27 850 25 66 Arcing
28 2 350 25 47
29 1150 25 68
30 1100 25 61
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Table 4 (continued)

Weld wire No.of Gap Flux Ave. Ave. Power Wire Feed Remarks
No. Dia, Wires Current Voltage Type Rate
(trra ) (rmmm) (A) (V) (mm/s)
31 800 25 31 Arcing
32 1120 30 66
33 950 30 47
34 1150 35 66 Arcing
35 800 30 40
36 1200 35 102 Arcing
37 ** 1000 30 66
38 *x 1050 30 70
39 W 1200 30 82
40 *x 1100 25 48
41 w1200 25 70
42 **x%x 1150 30 75
43 * e 900 30 48
44 * e s 800 30 40 Arcing
45 2.4 2 32 Axxx 1100 30 57
46 ok ke 800 30 40 Arcing
47 *hxx 1200 30 80
48 wooeks 1200 30 75
49 3.2 1 CaF 1000 30 62
50 (CaFZ) 1000 30 60
51 (Can) 1000 30 60
52 2 CaF, 1200 30 40
53 CaF2 1000 30 30
54 (Can) 1000 30 30

Ti-6A1-4V 25 mm thick plates :

55 3.2 1 25 CaF, 600 30 36 (1"plate)
56 700 30 45

57 450 30 22

58 400 30 20 Arcing
Ti-6211 50 mm thick plates :

59 3.2 1 32 (Can) 1000 30 60

60 1000 30 60

* CaF.-40% SrF2-10% LaF
** CaF.-25% LaF
k%% CaF°-12.5% LAF
xx*% CaFs-12.5% YF,
*xkx CaFo-25% YF,

3

3
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1. working Range of ESW Variables

For consumable guide ESW of 50mm Ti-6A1-4V plates using an AC
sguare wave power supply angd pure CaF2 flux, the optimum range for vol-
tage was 25-30 volts and current was 850-1200 amps as shown in Figure
16. When the voltage was kept below 25 volts, the weld exhibited lack
of fusion resulting from insufficient heat input. Wwhen the voltage was
adjusted above 30 volts, the welds again had lack of fusion problems
resulting from unstable arcing above the slag pocl. That is, above 30
volte, the welding process changed from a stable ohmic electroslag mode
to unstable arcing. The unstable arcing produced virtually no side-wall
fusion because most of the arc heat was expended as radiation and
vaporizing a surface layer of the slag pool.

Although not as critical as voltage, the current had to be main-
tained within 850 A - 1200 A as shown in Figure 16. The minimum current
value below which arcing occurred on top of the slag pocol was approxima-—
tely 850 A. This value corresponds to a current density of 1.8 A/mmz
(including the cross sectional area of the filler metal and consumable
guide plates). The maximum current value above which severe guide plate
oxidation occurred was approximately 1200 A corresponding to a current
density value of 2.5 A/mmz. However, the argon shielding gas provided
protection for all of the heated titanium parts during the ESW process.
The maximum current value was also bounded by the limitation of power
supply. The machine was rated 100% duty cycle at 1000 A, therefore it
could only be used continuously at 1200 A for 6 to 7 minutes.

Compared to the working range reported for steel for a similar
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16 the

thickness with Cv-DC, and the highly resistive Hobart 201 flux,
working range for ESW the titanium alloys was smaller and shifted to
lower voltages and higher current values. The difference was mainly
caused by electrical resistivities of the different fluxes wused for ESW
of titanium verse steel. Molten CaF, slag used for ESW titanium alloys
had lower resistivity than the molten oxide-base slag (Hobart 201 flux)
used for ESW steels, and it favored operation at low voltage and high
current conditions.

But welds made in this low-voltage and high-current welding regime
had lower base metal dilution due to its lower heat input values. For
example, a 50 mm thick plate of steel could be welded by wusing Hobart
201 flux with 600 A, 45 V and 0.21 mm/s travel speed (129 kJ/mm), while
a similar weld of Ti~6A1-4V could be deposited by using pure CaF, flux
with 1000 A, 30 vV, and 0.47 mm/s travel speed (64 kJ/mm). Clearly, the
high resistivity slag is capable of substantially increased heat input
by virtue of its ability to sustain high voltages without any arcing

instability.

2. Dilution of the Welds

The average percentage base metal dilution values of the consum-
able quide ESW of 50 mm thick Ti-6A1-4V plates using AC power supply and
pure CaF, flux were plotted with respect to welding voltages and
currents as in Figure 17. The average base metal dilution values were
measured from the macroetched transverse sections at the bottom, middle

and top of the welds. It is clearly shown in Figure 17 that base metal
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dilution increased with increasing voltage and was independent of
current level.

The effect of current on the base metal dilution was counter-
balanced by the filler metal feed rate. When current was increased, by
increasing the filler metal feed rate, the welding speed was also
increased and the time allowed for conducting heat to the base metal
decreased. In the ESW process, the base metal dilution was directly
proportional to the welding voltage and the filler metal melting rate
was directly proportional to welding current.

The average base metal dilution wvalues were also plotted as a
function of the welding heat input in Pigure 18. The welding heat input
was calculated from equation 3. However, the welding heat input alone
is not a good 1indication of the base metal dilution in the consumable
guide ESW Ti-6Al1-4V alloy as shown in Figure 18, For example, when the
heat input was 60 kJ/mm, the average base metal dilution value varied
from 0% to 35%. This is a direct result of neglecting heat distribution
and heat 1loss in the molten slag pool. Especially, When low filler
metal melting rate was wused, equation 3 gave very high heat input
prediction because of low welding speed. But the weld had low base
metal dilution because heat produced by the slag was concentrated on top
of the slag pool and a large portion of heat was lost to the air which

was unavailable for melting the base metal.
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3. Filler Metal Diameter

In consumable guide ESW of 50 mm thick Ti-6Al-4V alloys. four dif-
ferent combinations of filler metals were used to study the effect of
filler metal diameter on the welding process. These four combinations

are as follows:

A. single 2.4 nm diameter filler metal
B. dual 2.4 mm diameter filler metals
C. single 3.2 m diameter filler metal

D. duval 3.2 mm diameter filler metals.

These filler metal combinations were successful used to join 50 mm thick
Ti-6Al-4V plates together. The working range of voltage and current
shown in Figqure 19 was the same for all four combinations of filler
metals. Because the guide plates had same cross—section area as shown
in Figure 8. Comparing with the non-consumable quide ESW of titanium
alloy in later section, the consumable quide plate made it possible to
use smaller diameter filler metal for ESW of titanium alloy without
arcing.

When current was plotted against filler metal melting rate (filler
metal feed rate times filler metal cross-section area times number of
filler metals) as in Figure 20, a single linear correlation was obtained
in spite of different combination of filler metals were used. The
linear relationship between current and filler metal melting rate showed
that in the consumable guide ESW process, filler metal melting rate was

not controlled by the ohmic heating (proportional to IZR) of the filler



metal. The filler metal melting

conducting from the surrounding molten

proportional to the welding current.
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rate was controlled by the heat

slag pool which was directly
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4. pPlate Thickness Effect

The welding conditions used to join 50 mm (2") Ti-6A1-4V plates
were modified angd applied to join 25 mm (1") Ti-6Al-4V plates. These
modifications included reducing the cross-section of guide tube to half,
decreasing welding gap from 32 mm to 25 mm and reducing the initial flux
addition from 150 g to 100 g but maintaining a slag pool of the same
depth. The working range of current obtained at 30 V was 450 A — 600 A
shown in Figure 21. When the current was kept above 700 A, the guide
plate turned red hot, and when the current was kept below 450 A, the
process became unstable and arcing occurred on top of the slag pool.

This current working range corresponded to current density values
between 1.8 A/mm2 and 2.5 A/mmz, similar to the results obtained from
consumable guide ESW of 50 mm thickness welds. This shows that. if the
slag pool depth and voltage were unchanged, the current had to be
increased with increasing plate thickness to maintain the same current
density in both guide plate and slag pool. Then, the working current
density range could be wused ¢to predict the required working current
range for consumable guide ESW of different thicknesses of titanium
plates. For example, the current working range for consumable guide ESW

of 100 mm (4") thick titanium plates would be 2000 A to 2800 A.
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5. Flux Alloying

Another attempt to widen the working window for ESW titanium was
the addition of different fluorides to increase the resistivity of the
pure CaF2 flux. These fluxes included LiF, NaF, MgFZ, SrFZ, A1F3, LaFa,
and YF3.  After preliminary study, LiF, NaF, MgF,, and A1F3 flux addi-
tions were disregarded because of their wvolatility at the ESW tempera-—
ture range. Both Lar, and YF3 flux additions study were carried on
pecause these two flux were very stable at ESW working temperature
range, and showed signs of increasing the resistivity of CaF, flux.

Up to 25 % of either LaF, or YFy flux were added to the pure Car,

3

flux for ESW titamnium alloys. The effect of LaF, and YF, flux addi-

3 3

tions on welding current and filler metal melting rate of ESW process
were shown in Fiqure 22. Compared with the welds made by the pure CaF2
flux at the same filler metal feed rate, the welding current decreased
3 Or YF4 flux addition. Though this
showed signs of reducing the welding current, the effect was still

with increasing amount of either LaF

insufficient to widen the working range as shown in Figqure 23. The

welding working range for LaFy or YF flux additions to the pure CaF,

3
flux remained the same as the welding working range by using the pure
CaF2 flux alone.

Fluxes with LaFy and YFy additions greater than 25 % were not used
because their densities are higher than that of molten titanium alloy.
This resulted in slag entrapment in some welds made with 25 % LaF, or
P flux. The effect of LaF3 or YF3 flux addition
on the base metal dilution is shown in Figure 24. At the same welding

YF3 additions to the CaF
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current, welds made by CaF, flux with either LaF, or YF3 flux addition
had lower base metal dilution than welds made by pure CaF, flux. This
result could be explained by the higher heat input of the welds made by
pure CaF, which had the highest welding current at the same filler metal
melting rate ( same welding speed), and same welding voltage as shown in

Figure 22,
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6. ESW With DC Power Supply

Unlike AC welding, attempts at ESW of Ti-6Al1-4V with a CV DC power
source proved unsuccessful. Regardless of the combination of current,
voltage, polarity, welding speed and filler metal diameter, consumable
guide ESW with DC power could not develop enough ohmic heat to produce a
fully fused weld joint. In all cases, an unstable arc developed above
the slag and no window of acceptable welding parameters could be es-
tablished. The welding current fluctuated between 900 A and 2100 A as
shown in Figure 25 (B), compared with a smaller current fluctuation
between 750 A and 1050 A in a stable AC ESW process (Figure 25 (A)).

The only technique to successfully utilize DC CV power was to
drive the guide plate (while the filler wire was still feeding through
the guide plate) into the slag pool at a speed approximately equal to
half the welding speed. For example, the guide plate of a weld deposit-
ed on 50 mm thick plate at a2 welding speed of 50 mm/min had to be driven
into the slag pool at a speed of approximately 25 mm/min to reduce
current density and sustain ohmic slag heating. Thus, by this method,
the guide plate length (consumed during welding) was at least 1.5 times
the length of weld.

Although this method produced sound welds, the action of driving
the guide plate represented unnecessary procedural requirements. In
addition, often there was inadequate space available above the welding
head to accommodate the long guide plate. Compared to the simplicity of
the AC CV welding system, the DC moving guide plate method would not be

considered practical.
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7. Interstitial Element Contamination

Interstitial elements content of the titanium welds, specifically
the oxygen and nitrogen levels, are shown in Table 5. Results of Ti-
6A1L-4V welds showed that welds made by high purity CaF, flux (¢ 51) had
lower interstitial element contents than welds made by reagent grade

CaF, flux (#49, #52), in both longitudinal and transverse sections. The

2
results also indicated that contamination came from air because the
welds that had a high oxygen content also had a high nitrogen content
and the top of the weld (end) had higher oxygen and nitrogen contents
than the bottom of the welds (beginning). Air could get into the ESW
process through the gap between cooling shoes and base plates, or it
could be fed into the molten slag pool as a stagnant layer on the filler
metal. Another source of contamination is the guide plate which could
pick up interstitial elements during fabrication and welding.

Despite all the possible sources for contamination, the results
of Ti-6211 weld showed that it was free of interstitial elements
contamination. The Ti-6211 weld was deposited with high purity CaF2

flux and special cooling shoes which contained an argon spraying

device similar to the one shown in Figure 1.
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Table 5. Interstitial elements content (wt%) of titanium electroslag
weld and base metals.

Identification 0 N H C
Ti-6A1-4V :

Base Metal .22 .021 .001 .033
Weld 4 38 .22 .014 - -
Weld ¢ 54 .21 .019 .004 -
Weld # 51 Longitutional Section :

Bottom .19 .015 .005 -
Middle (10 cm from bottom) .28 022 .004 -
Top (20 cm from bottom) .23 .015 .005 -
Weld ¥ 52 Longitutiopal Section :

Bottom .19 .007 - -~
Middle (10 cm from bottam) .28 .034 - .021
Top (20 am from bottom) .32 .034 - -
Weld § 49 Transverse Section :

Weld center .35 .027 - -
Weld (10 mm from WC) .35 .029 - ~-
HAZ (24 mm from WC) .25 .018 - -
HAZ (30 mm from WC) .20 .012 - -
BM (40 mm from WC) .19 .011 - -
Weld # 51 Transverse Section :

Weld Center .22 .011 - -
Weld (10 mm from WC) .22 .014 - -
HAZ (24 mm from WC) .19 .009 - -
HAZ (30 mm from WC) .18 .007 - -
BM (40 mm from WC) .19 .009 - -
Ti-6211 :

Base Metal 077 .006 .004 -
Weld & 59 Transverse Section :

Weld Center .085 .005 - -
Weld (10 mm from WC) .091 .008 - -
HAZ (24 mm from WC) .083 .006 - -
HaZ (30 mm from WC) .084 .007 - -
BM (40 mm from WC) .077 .006 - -

WC: Weld center
HAZ: Heat affected zone of base metal
BM: Base metal
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8. Steel Welds for Reference

Fifty-mm thick steel plates with the same welding gap and guide
tube geometry as Ti-6AL-4V electroslag weld joints were welded by ESW
with either pure CaF2 or Hobart 201 (oxide base) fluxes. Results in
Table € indicate that ESW of steel alloy has a larger working range than
ESW of Ti~6Al-4V alloy. By using pure CaF, flux, the current working
range for ESW of the steel plate was 500 A to 1200 A, which was wider
than the current working range (850 A to 1200 A) for ESW of Ti-6Al-4V
alloy. But the voltage working range for ESW of steel alloy was 25 V to
30 vV, which was the same as the voltage working range for ESW of Ti-6Al-
4v alloy.

When Hobart 201 flux was used, the working range of ESW of steel
was further widened beyond that of ESW of steel using pure CaFZ flux.
The current working range was 500 A to 1200 A and the voltage working
range was 30 V to 55 V.

It is important to know that the voltage working range for ESW is
controlled by the flux resistivity and welding geometry. With the same
welding geometry, the electroslag welds made by the higher resistivity
Hobart 201 flux had a larger working range than did the electroslag
welds made by lower resistivity CaF2 flux. For the same plate thick-
ness, the current working range for ESW was controlled by the resis-
tivity of filler metal and guide plate. The welds made by lower resis-
tivity steel filler metal and gquide plate had a wider current working
range than the welds made with the higher resistivity titanium filler

metal and guide plate.
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For 50 mm thick welds, the filler metal melting rates were plotted
against average welding currents at 30 V in Figure 26. Comparing all
steel electroslag welds, welds made by Hobart 201 flux had higher filler

metal melting rates than welds made by pure CaF, flux at the same

2
average welding current. Also, at the same average welding current,
Ti-6A1-4V welds made by pure CaF,, flux had higher filler metal melting
rates than steel welds made by both pure CaF, flux and Hobart 201 flux.
Hobart 201 flux couléd not be wused in ESW of Ti-6Al-4V alloy,
because titanium reacted severely with oxygen contained in Hobart 201
flux. The ESW process changed totally to an arcing process. The weld

metal was saturated with oxygen and became so brittle, it could simply

be chipped away.

Table 6 Comparison study of titanium vs steel consumable guide ESW
with one matching filler metal (3.2 mm diameter), 32 mm
welding gap, and AC power supply.

Weld Material Flux Ave. Ave, Wire Feed Remarks
No. Current Voltage Rate
(R) (V) (mm,/s )
61 Ti * - 40 - arcing
62 steel * 600 45 27
63 steel * 700 38 30
64 steel Car, 1000 30 25
700 30 20
65 steel CaF, - 35 26 arcing
- 35 15 arcing
600 30 18
66  steel * 600 30 27
750 30 32
1000 30 37

* : Hobart 201 flux
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B. Resistivity Measurements

1. Slag Resistivity

Since slag resistivity values and slag conductivity values are
reciprocals of each other, and it is convention to use the conductivity
term for the molten slag, only conductivity values will be used in this
section. The cell constant at different immersion depths was measured
before and after the conductivity measurement of the molten KCl slag.
From Figure 27 (A), it was found that the cell constant values remained
almost unchanged after exposing to molten RKCl slag. The measured con-
ductivity values at different temperatures of the molten KCl and LiF
slags were in good agreement with the values reported by Paul Clack et
al81 as shown in Figure 27 (B). This showed that the four electrode
probe method was reliable to measure the slag conductivity.

The cell constant values after the conductivity measurement of
pure CaF, slag were lower than the cell constant values before the con-
ductivity measurement as shown in Figure 28 (A). The difference was due
to tungsten electrodes used for the conductivity probe deteriorated
during the conductivity measurement of pure CaF2 slag. Therefore, the
average cell constant data were used for the calculation of slag
conductivity values.

Measured conductivity values of pure CaF, slag at different
temperatures are shown in Figure 28 (B) along with other researcher’s

data reported by Hara et alzs‘ Conductivity values of pure CaF2 slag

measured in this study are consistently lower than conductivity
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values reported by Hare et al. There are several possible explanations
for the difference. The most likely explanation is the deterioration of
tungsten electrodes due to oxidation at high temperatures, which lowers
the cell constant values of the probe as shown in Figqure 28 (A) and
consequently lowers the measured slag conductivity values.

The other explanation is due to the effect of thermal expansion
and surface tension of the molten slag making it difficult to measure
the exact immersion depth of the probe into the molten slag pool, which
is essential to relate the measured resistivity value to the predeter-

nined cell constant value.
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2. Filler Metal Resistivity

Heating rate experiments were performed in order to establish the
correlation between the electric resistivity and ohmic heating of the
filler metal in the ESW process. The temperature rise of different
metal electrodes having a 3.2 mm diameter, caused by the ohmic heating
of the applied current, was shown in Figure 29. The temperature rise of
the Ti-6A1-4V electrode was the fastest, followed by the stainless steel
electrode and the low carbon steel electrode. Also, the temperature
rise was faster when the applied current was 135 A than when the applied
current is 30 A. Another factor affecting the ohmic heating was the
diameter of the electrode. When same current was applied to different
diameter titanium alloy electrodes, the temperature rise was faster when
smaller diameter electrode was used as shown in Figure 30.

The electric resistivity at different temperatures for different
alloy electrodes was presented in Figure 31. It confirmed results from
the ohmic heating measurements. By comparing the stainless steel, low
carbon steel, and the Ti-6A1-4V electrodes, the Ti-6A1-4V electrode had
the highest ohmic heating rate because it had the bhighest electric
resistivity values. The electric resistivity values of Ti-6Al1-4V and
Ti-6211 electrodes are almost the same, but the electric resistivity
values of commercially pure titanium are much lower than both Ti-6A1-4V
and Ti-6211 electrodes.

Using copper coated electrodes is a common practice in the welding
industry. The main purposes of copper coating are oxidation protection

and lubrication during welding. Also, it is believed that copper coat-
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ing would reduce the resistivity of the electrode. But, as shown in

Figure 32, both copper coated low carbon steel and commercially pure

titanium

electrodes had the same resistivity values as those electrodes

with their copper coating removed.
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C. Nonconsumable Guide ESW Process

1. ESW in Steel Tube

The nonconsumable guide ESW was used to fill a thick-wall steel
tube with a 3.2 mm diameter stainless steel electrode with different
welding parameters. It had been successfully joined by both a DC or an
AC power source with both pure Car, and Hobart fluxes at different
combinations of voltage and current. As shown in Figure 33, using DC CV
power source at 40 V, welds made with Can flux had consistently higher
average welding currents than welds made with Hobart 201 flux at the
same filler metal melting rate. This was because pure CaF, fiux had
higher conductivity than the Hobart 201 flux and allowed a higher
current to pass for the same welding conditions. Another interesting
point is that at the lowest filler metal melting rate wused in this
study, arcing occurred in the weld made by pure CaF2 flux, but no arcing
occurred in the weld made by Hobart flux. This arcing phenomena was
caused by the overheating of the electrode due to its own electric
resistance.

Figure 34 (A) shows that the welding heat input increased with
decreasing filler metal melting rate. Since the average penetration of
the welds was directly proportional to the welding heat input, the aver-
age penetration increased with decreasing filler metal melting rate as
shown in Figure 34 (B). Also shown in Fiqure 34 (B), the weld where
arcing occurred on top of the slag pool had no penetration at all. This

was because the heat produced by the arc was concentrated at the top of
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the slag pool, resulting in a heat loss by radiation to the air from the
arc colum, leaving a smaller fraction of heat to melt the filler metal
and heat the slag pool. Therefore, no excess heat was available to melt
the base metal from the molten slag pool, resulting in lack of penetra-

tion to the side wall.
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Figure 33. Relationship between the average welding current and

filler metal melting rate in nonconsumable guide ESW of
steel with either pure CaF, or Hobart 201 fluxes at 40V

with DC power supply.
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2. Nonconsumable Guide ESW Titanium Alloy

Contrary to the successful nonconsumable quide ESW of steel, the
nonconsumable guide ESW for Ti-6Al-4vV alloys proved unsuccessful.
Regardless of the combination of current, voltage and welding speed,
non-consumable quide ESW of titanium with one 3.2 mm diameter filler
metal could not stabilize at any combination of welding conditions to
produce a sound weld joint. In most cases, an unstable arc developed
above the slag pool and no window of acceptable welding parameters could
be established. The weld had lack of fusion problems resulting from

slag entrapment as shown in Figure 35,



Figure 35.

Photograph shows lack of fusion problems resulting from
slag entrapment in a Ti-6A1-4V weld made by nonconsumable

guide ESW with pure CaF, flux and one 3.2 mm diameter
filler metal.

95
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D. Weld Evaluation

Weld evaluation consisted of: (a) an analysis of metallurgical
structures by optical and electron microscopy, (b) study of the source
of interstitial element contamination, (c) tensile testing and hardness
testing, (d) Charpy V-notch toughness testing, and (f) fractography.
After development of the optimum range of welding parameters for consum—~
able guide ESW of titanium alloys, the following three welds were

prepared for evaluation:

1. Ti-6AR1-4V  high purity CaF, flux 50 mm thick
2. Ti-6Al-4V  reagent grade CaF., flux 50 mm thick
3. Ti-6211 high purity CaF, flux 50 mm thick

The optimum welding parameters wused to join S0 mm thick Ti-6al1-4V angd
Ti-6211 plates are given in Table 7 below. These parameters were chosen
based on results of the ESW process development study.

Table 7 Optimized welding parameters for consumable guide ESW of 50
mn thick titanium alloys

Target Allowable Range
;;;;;_Supply AC Constant Voltage AC Constant Voltage
Voltage 30 v 25 - 30 v
Current 1000 A 900 - 1250 A
Filler Metal Single 3.2 mm Single 2.4 mm and 3.2 mm
(Diameter Wire) Dual 2.4 mm and 3.2 mm

(Diameter Wire)
Welding Gap 32 mm 30 -35 mm

Deposition Rate 11.1 kg/h Dependent on Current Setting
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1. Analysis of Metallurgical Structures

The transverse~to-weld section macrostructures of all three welds
were identical, therefore only the macrostructure of Ti~6A1-4V weld
using reagent grade CaF, flux is shown in Fiqure 36. From this figure,
it is evident that the welds were symmetric with respect to the weld
center. Upon traversing the weld from the weld center into the base
plate, the unique manifestations of the prior beta grain macrostructure
could be classified into three different zones in each weld Jjoint: (1)
columnar grain weld zone, (2) HAZ and (3) unaffected base metal (BM).
Although the weld center macrostructure in Figure 36 appeared to be
equiaxed in the plane of the photograph, the entire weld structure in
3-dimensions was actually fully columnar.

The microstructures of weld metal, HAZ, and base metal are shown
in Figure 37 for the Ti-6A1-4V weld made with reagent grade Car, flux,
in Figure 38 for the Ti-6A1-4V weld made with high purity CaF, flux, and
in Figure 39 for the Ti-6211 weld made with high purity CaF, flux. The
optical microstructure of Ti-6A1-4V welds made by high purity and
reagent grade CaF2 fluxes were virtually identical as shown in Figures
37 and 38. Ti-6211 alloy is classified as near alpha alloy because it
contains a lesser amount of the beta phase than the alpha + beta Ti-6Al-
4V alloy, but the microstructures revealed in Figure 39 are similar to
the microstructures of Ti-62L-4V alloy shown in Figure 37 and 38. This
is because the beta phase is retained between alpha platelets and it is
very difficult to distinguish beta phase from the alpha platelet bound-

aries by chemical etching used for optical microscopic observation.
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Only transmission electron microscopy can be used to distinguish these
phases.

The weld zone microstructures for both Ti-6AL-4V and Ti-6211 alloys
contained grain boundary alpha, lamellar alpha + beta structure, and
Widmanstdtten alpha + beta colonies in the grain center. The HAZ
microstructures were typified by grain boundary alpha, lamellar alpha +
beta structure, and the basketweaved alpha + beta structure in the grain
center. The base metal microstructures had the characteristic wWidman~
stdtten alpha + beta colony structure with grain boundary alpha.

The notable difference between the weld, HBAZ, and BM microstruc-
tures was that the alpha platelets were finest in the HAZ, medium in the
weld, and thickest in the BM as seen in Figures 37(B), 38(B), 39(B).
One common feature in all the microstructures was the continuous thick

alpha film along the prior beta grain boundary.



Figure 36.
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Transverse-to—weld section macrostructure of Ti-6A1-4V
electroslag weld using reagent grade CaF, flux,
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Figure 37. Microstructures of Ti-6A1-4V weld made with reagent grade

CaF, flux (A) along prior beta grain boundary, (B) in the
cen%er of prior beta grain.
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(Figure 37 continued)
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Figure 38. Microstructures of Ti-6A1-4V weld made with high purity
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Lamellar o + 8

Figure 39. Microstructures of Ti-6211 weld made with high purity
CaF. flux (A) along prior beta grain boundary, (B) in the
cen%er of prior beta grain.
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(Figure 39 continued)
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Weld metal and base métal microstructures observed by TEM are
shown in Figure 40 for the Ti-6A1-4V alloy weld using high purity Car,
flux and 1in Figure 41 for the Ti-6211 alloy weld using high purity CaF2
flux. Base metal microstructure features of the Ti-6Al—4V weld were
characterized by a twinned structure in the alpha plate (Figure 40(B)).
Twins are commonly observed in beta forged, slow cooled, and annealed
alpha + beta titanium alloys.

The classic Burgers relationship: (101), // (0001), . (¥IT), //
[1 1§O]abetween alpha and beta phases is shown in Figure 42. It shows
that the alpha + beta widmanstdtten structure in Figure 42(A) is formed
by growth of a2lpha plates parallel to one specific {110) plane of the
original beta phase when the Ti-6al-4V alloy is slowly cooled from the
beta phase region.

The beta phase region in both Figure 40 and 41 shows a consider-
able dislocation density and the interface phase as reported by Banerjee

et a1.86_88

At a higher magnification, the interface phase is clearly
visible as shown in Figure 43. From the diffraction pattern shown in
Figure 44, the interface phase has been identified as a hydride with an
fcc structure, which agrees with the result reported by Banerjee et

a1'86—88

According to the results shown by Banerjee et al., the hydro-
gen came from the TEM sample preparation technique because the hydrogen
content in titanium alloy is below the solubility limit. Though precau-
tions were taken for this study, the interface phase of hydride was

still present in all the TEM micrographs. The possible source of

hydrogen is the water used for cooling while cutting thin TEM sample.
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Figure 40. TEM micrographs of Ti-6A1-4V alloy weld made with high
purity Car, flux (A) weld metal, and (B) base metal.
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(A)

(B)

FPigure 41. TEM micrographs of Ti-6211 alloy weld made with high
purity CaF‘2 flux (A) weld metal, and (B) base metal.
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Pigure 42. TEM micrographs of Ti-6A1-4V base metal (A) bright fielad
image, (B) selected area diffraction (SAD) pattern, and
(C) schematic illustration of the SAD pattern.
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Weld metal TEM micrographs of Ti-6211 weld made with high
purity CaF, filux (A) bright field image, (B) dark field
image showS alpha phase, (C) dark field image shows the
beta phase, and (D) dark field image shows interface
phase.
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2. Interstitial Element Content in Welds

Since the mechanical properties of alpha + beta titanium alloys
are strongly dependent on their interstitial element content, chemical
analyses of all Ti-6A1-4V and Ti-6211 welds were performed, especially
around the area where specimens were taken for mechanical testing. The
oxygen and nitrogen contents along the transverse section of all three
Ti-6A1-4V and Ti-6211 welds reported in Table 5 were plotted in Figure
45.

Figure 45 shows that the weld metal of Ti-6A1-4V made with high
purity CaF, flux always developed lower interstitial contents than the
weld metal of Ti-6A1-4V using reagent grade CaF, flux. This suggested
strongly that the use of high purity Cal"2 flux could lower the intersti-
tial element content of electroslag welds. It also shows that in the
weld made with reagent grade CaF, flux, not only did the weld metal pick
up oxygen and nitrogen, but the HAZ close to welding fusion line area
also had higher oxygen and nitrogen content than the base metal.

The Ti-6211 welds made with high purity CaF, flux had the lowest
interstitial elements content as shown in Figure 45. This is because
Ti-6211 base metal and filler metal had lower interstitial element

content than the Ti-6Al-4V base metal and filler metal.
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3. Tension test

Most of the transverse-to-weld tension specimens failed in the
weld region, primarily due to geometric effects. The gage length of the
transverse tension specimens contained 75% to 80% of the weld metal.
And after the test was finished, the surface of the Dbroken specimen was
macroetched to reveal the actual location where the break occurred.
Also some smaller gage length transverse specimens and all weld metal
longitudinal specimens were tested to make sure the specimens were
tested in the weld metal region.

The tensile and yield strengths of the weld metal for all three
welds were always slightly greater than their respective base metal
values as shown in Figure 46. However, the reduction in area (%RA) and
percent elongation (%E) for the weld metal of all three welds were
around 50% lower than the wvalues for their respective base metals.
Also, the weld of Ti-6A1-4V alloy using reagent grade CaF2 flux exhibit-
ed the lowest %RA and %E values among these three welds. Because nearly
all of the gage length contained weld metal, all of the tensile frac-

tures occurred in the weld metal (near the weld interface).



115

1200 20
2 -
1000 __ UTS )
E : 1 FYS ] 15
= 800 |l ]
» - |l — %E 1~
S 600 “RA 410 &
bet o * .
2 _ .
400 A
g -5
200~ i
- E
J - 0
Base Metal Weld Using Weld Using
(}k) High Purity Reagent Grade
CaeF2 Flux CaF2 Flux
1200_ 20
r ]
© 2 -1
- %ZRA -
3 Boo—U'l‘Sj ] ]
[
o 600 10 »®
b - N N
& r :
400~ ]
r -5
- i
200[ -
of J 0
Base Metal Weld Using
High Purity
(B) CaF2 Flux
Figure 46. Comparison of tensile properties of electroslag welds

with their respective base metals (A) Ti-6Al-4V, (B) Ti-
6211.



116

4. Hardness test

Microhardness measurements made along the transverse section of
Ti-6A1-4V welds using reagent grade CaF, flux revealed that the hardness
was slightly higher in the weld region compared to that of the base
metal as shown in Figure 47(a). However, from Figures 47(b), and 47(c),
the hardness profiles across Ti-6A1-4V and Ti-6211 welds using high
purity CaF, flux were generally uniform. Furthermore, the weld metal of
Ti-6Al-4V weld using reagent grade CaF, flux consistently possessed the

highest hardness values among the three welds.
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Figure 47. Transverse microhardness profiles across three elect-
roslag welds (A) Ti-6Al1-4V weld using reagent grade CaF
flux, (B) Ti-6Al-4V weld using high purity CaF, flux, (C%
Ti-6211 weld using high purity CaF, flux,
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(Figure 47 continued)
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S. Charpy V-notch test

CVN toughness
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values at 0°C, 25°C, and 100°C (32°F, 77°F, and 212-

°F) along the transverse section of all Ti-6A1-4V and Ti-6211 welds are

shown in Figure 48.

Ti-6A1-4V and Ti-6211 welds were lower than the CVN toughness

BM and HAZ regions.
4V welds

base metal as shown in Figure 48(A)
the CUN toughness values at the base
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corresponding values
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(Figure 48 continued)
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6. Fractography

From the fractographs of broken CVN toughness specimens in Figure
49, the fracture surfaces of weld metal specimens of Ti-6AL-4V and Ti~
6211 welds exhibited a macroscopic brittle fracture appearance (flat and
featureless) as compared to the more granular appearance of the HAZ and
base metal fracture surface. But at higher magnifications, all fracture
surfaces displayed an entirely microscopic ductile dimple type appear-
ance as shown in Figure 50. Also, the weld metal specimens showed large

89

elongated dimples similar to those reported by Chesnutt et al. ~ and Lin

et al.go. The base metal specimens clearly revealed crack branching in
both Ti-6AL-4V and Ti-6211 alloys.

Fractographs of broken tension test weld metal specimens and base
metal specimens of both Ti-6A1-4V and Ti-6211 weld joints made with high
purity CaF2 flux are shown in Figure 51. The enlarged fractographs of
selected areas in Figure 51 were shown in Figure 52. The fracture
appearances of weld metal and base metal specimens were similar to each
other in Dboth alloys as shown in Figures 51, and 52, despite the fact
that the tensile ductility of the weld metal specimen was only S0% of
the tensile ductility of the base metal specimen (for both alloys) as
shown in Figure 46 .

Microstructures of sections taken perpendicularly to the fracture
surface of CVN impact and tension test specimens are shown in Figures 53
and 54 for Ti-6Al1-4V and Ti-6211 welds, respectively. The results in

Figures S3(A) and 54(A) indicate that the crack propagation occuring in

CUN impact test specimens didn’t have any preferred path. But in
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tension test specimens, the crack preferred to propagate along the thick
alpha film present at prior beta grain boundaries (Figures 53(B) and
54(B)). This is particularly true in the weld metal specimens because
of large columnar prior beta grain size. The crack could follow one
prior beta grain boundary through the entire diameter of the specimen.
In summary, weld metals made by ESW process had lower tensile
ductility and CVN impact toughness than did the corresponding base
metals. Although the weld metal CUN specimens exhibited a macroscopic
brittle fracture, the microscopic features of the fractures revealed
micro-void coalescence and a ductile dimpled fracture surface. Upon
tracing the fracture path, the cracks propagated transgranularly in CVN
impact test specimens and intergranularly along the prior beta grain

boundaries in the tension test specimens.



Figure 49.
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Fractographs of broken CVN toughness specimens taken at
low magnification of the weld metal, HAZ, and BM of (&)
Ti-6A1-4V weld made with reagent grade CaF, flux, (B) Ti-
6A1-4V weld made with high purity caF, “flux, and (C)
Ti-6211 weld made with high purity CaF, flux.
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(Figure 49 continued)

(B)
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(Figure 49 continued)
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Figure 50. Enlarged fractographs of the weld metal, HAZ, and BM show
a quasi-cleavage fracture and crack branching in: (A) Ti-
6n1-4vV weld made with reagent grade CaF, flux, (B) Ti-
6A1-4V weld made with high purity caF, "flux, and (C)

Ti-6211 weld made with high purity CaF., flux.

2



126

(Figure 50 continued)

(B)
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(Figure 50 continued)
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Figure 51. Low magnification fractographs of broken tension test
specimens of the weld metal, and BM in : (A) Ti-6A1-4V
weld made with high purity CaF, flux, and (B) Ti-6211
weld made with high purity CaF, flux.



Figure 52.
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Enlarged fractographs from selected area in Figure 51,
show elongated type of dimple in: (A) Ti-6A1-4V weld made
with high purity CaF, flux, and (B) Ti-6211 weld made
with high purity CaF2 Tux.
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Figure 53. Microstructures of section taken perpendicularly to the
fracture surface of: (A) CVN specimen, and (B) tension
specimen in Ti-6A1-4V weld made with high purity CaF,
flux.
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Crack Path

Figure 54 Microstructures of section taken perpendicularly to the
fracture surface of: (A) CVN specimen, and (B) tension
specimen in Ti-6211 weld made with high purity CaF, flux.
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V. THEORETICAL ANALYSES OF ESW PROCESS

Unlike ESW of ferrous metals, an AC-CV power source provides the
only means to successfully join titanium alloys by consumable gquide ESW
method. Both DC-en and DC-ep resulted in uncontrollable arcing between
the filler/guide and surface of the slag poocl and sidewalls. Thus, DC
power sources, which are commonly utilized for ESW ferrous metals, al-
ways produced poorly fused welds on Ti-6Al1-4V.

The mechanism for this striking difference in weldability between
titanium and steel by ESW is believed to be electrochemical in nature
and related to the presence of three synergistic factors: (1) electrode
polarization during the ESW process, (2) the low electrical resistivity
of the molten CaF2 flux, and (3) the high electric resistivity of the
titanium electrode (guide and filler metal). The combined effects of
these three factors cause the filler electrode and guide to "burn” out
of the slag pool to create arcing between the electrode and surface of
the slag pool and sidewalls. The following analyses will describe quan-
titatively the mechanism of ESW of titanium. Point-by-point comparisons
will be made between the ESW of titanium and steel to illustrate the
differences and difficulties which must be overcome to successfully weld

titanium alloys.

A. Characteristics of ESW Steel vs Titanium

To simulate the electric path during ESW of a titanium alloy with

AC-CV power, an electric circuit model is created to represent different
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parts of the circuit as resistors. For example, the estimated values of
resistances (shown in Table 8) for the guide, filler metal, filler met-
al/slag interface, slag pool, slag/molten metal interface, molten metal
pool and plate are calculated based on the geometry and average tempera-
tures of each "resistor" in the ESW circuit. Estimated resistance val-

ves (R) are calculated by using Equation 8:

R = p (L/RA) vttt tereonocrnntnenoenosonassns

where L/A is the characteristic length to area ratio over which resis-
tance is measured and ¢ is the resistivity. The interfacial polariza-

tion resistance (Rp) is calculated using Equation 9.91

- l Gt e e e rre e siertmttar e i, S
Rp RT/NFi (9)

Where R is the gas constant, T is temperature, n is number of charges
transferred, io is the exchange current and F is the Faraday constant.
Estimates are also provided for comparable welds (same geometry set-up)
made on steel using a standard oxide-based flux (Table 39). The interfa-
cial resistance, molten metal resistance and plate resistance values for
ESW both titanium and steel are much smaller than the slaq resistance as
shown in Table 8 and 9. Therefore, these values could be neglected in
order to simplify the electric circuit diagrams as shown in Figure S55(A)
for ESW of titanium and Figure 55(B) for ESW of steel.

Figure 55 clearly shows that the slag pool resistance is the major

resistance in the ESW process. Due to the lower slag resistance inher-
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ent to CaF, flux, ESW of titanium with CaF2 flux must be operated at
higher current and lower voltage conditions than similar ESW of steel
with oxide-based flux. By the combination of the lower slag resistance
and higher wire electrode resistance, the wire electrode provides 19% of
the total resistance in ESW of titanium, compared with only 3% in ESW of
steel. This high electrode resistance plus the high welding current
causes the titanium wire electrode and quide to be susceptible to over-
heating to the point where the electrode can no longer sustain the
electroslag mode. When this condition exists, the titanium electrode
can not penetrate into the slag pool as deeply as the comparable steel
wire electrode. This increases the chances of the titanium electrode
burning out of the slag pool and turning ¢the ESW process into an arc
process.

When uncontrollable arcing occurs, most of the welding heat
is concentrated above the slag pool to: (a} vaporize the slag surface,
(b) overheat the guide and filler metal and (C) radiate energy away from
the weld joint. Simultaneously, the lower portion of the slag pool
becomes so cold that an inadequate amount of heat reaches the titanium
weld pool below to form a sound weld deposit. Furthermore, the high
current values needed for ESW titanium limit the length of the consum-
able guide that can be utilized tc approximately 120 cm (4 ft.) due to

IzR heating of the guide.
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Table 8 : Estimates of the resistance values during ESW of 50 mm thick
Ti-6AL-4V plate using the parameters shown in Table 7.

T,. | Resistivity {Leng‘th Area ;Reﬂistmce % of Tota)
ﬁl | Resistan

°C) | (x10°'0-em) | (mm) | (ma’) | (x10'0) eTanee
Guide 500 0.154 508 483 : 1.82 5.4
Filer Metal Tip [1000 0.227 20 8 5.68 18.¢
Filler Meta) - Slag (1727 - - - 0.04 0.1
Interface *
Slag 1727 140.0 13 804 22.64 75.3
Siag - Molten Mewal |1727 | - - - 0.04 0.1
Interface ¢ |

T 1

Molten Metal 1850 = 0.400 b | 1963 | 0.0l (0.03)
T5-6A)-4V Plate | 600 | 0154 | 150 | 5000 0.05 0.2

Table 9 : Estimates of resistance values during ESW of 50 mm thick
steel plate using AC power, 550 A, 45 V and Hobart 201 flux.

T,. | Resistivity |Leogith | Area [Resistance| op ¢ 144
3 | 3 3 Resistance
(°C) | (x10°N-em) | (mm) | (mm’) | (x120°Q})
Guide 500 0.0590 508 483 0.62 0.7
Filler Metal Tip [1000 | 0.081 20 8 2.28 2.7
Filler Metal - Slag |1727 | - = i - 0.04 (0.05)
Interface * '
Slag 1727 500.0 13 804 80.85 96.4
Slag - Molten Metal |1727 - - - 0.04 (0.05)
lnterface ¢
Molten Metal 1540 0.140 5 | 1963 0.004 (0.005)
Steel Plate 500  0.059 150 | B0O0O 0.02 (0.02)
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Figure 55. Simplified circuit diaqgram for an ESW 50 mm thick plate
with AC power supply: (A) ESW titanium with CaF2 flux and

(B) ESW steel with Hobart 201 flux.
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B. DC Polarization Effect During ESW

ESW of titanium with DC power was not possible due to polarization
effects unless the guide was physically driven into the slag pool. An
amplified circuit diagram of the DC-ep (DC electrode positive) system
for ESW of titanium is shown in Figure 56. The major difference between
the AC and DC processes is that the latter has a more significant
interfacial resistance than the former. This is primarily duve to the

4 ions at the anode and Ca+2 ions at the cathode.

polarization of it
The polarization resistance value was estimated to be 6% of the total
resistance by using the data for DC polarization of pure iron electrodes
reported by Mitchell et al.61 .

The heat generated by polarization resistance at the interface
promotes more rapid melt back of the filler metal tip and consumable
guide. At this point, so little of the filler metal is in contact with
the slag that only the top of the slag bath is hot, while the bulk slag
is cooling (increasing slag resistance). Quickly, an arc is initiated
by the combination of filler metal melting out of the slag and gas
evolution of TiF4 and/or Can at the slag/electrode interface. Forma-
tion of gas at the interface further increases the resistance and melt
back tendency at that location.

Thus, it 1is believed that the unstable arcing in DC welding is due
to polarization of the flux into calcium metal and fluorine or titanium

92

tetrafluoride gas. Once formed, the fluorine is so reactive that is

immediately dissoves into the slag solution. No fluorine gas has ever

been reported to be present in the welding fumes under both stable ESW
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and unstable arcing conditions. The dissolution of metallic calcium in
the flux is believed to further increase the conductivity of the slag
which leads to unstable arcing. Using AC current greatly inhibits this
electrolysis reaction.

Once arcing is initiated, the <circuit Jdiagram changes to that
shown in Figure 56(B). Here, heat is concentrated above the slag pool,
while arcing is taking place between the electrode and both the slag
surface and the sidewalls. Although the bulk slag temperature is so low
that lack of fusion results, the top layer on the slag pool 1is evolving
gas and providing a conducting path to the sidewalls. The stability of
the arcing process dominates and it 18 not possible to sustain an
electroslag mode of welding.

If the same DC-ep weld shown in Figure 56 were made with steel
filler metal /guide and CaF2 flux, the electroslag mode would dominate
over the competitive arcing mode because the electrode resistance is
substantially less than that for titanium. The oxide-based high resis-
tivity flux wused for ESW steel further enhances the electroslag mode by
reducing the current needed for welding and, thus, reducing IZR heating
of the filler metal and melt back. Development of a more resistive
halide flux for ESW of titanium alloys would also be helpful in widening

the window of usable welding parameters shown in Figure 16.
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Figure 56. Simplified circuit diagram for ESW 50 mm thick titanium

plate with DC power supply and Car, flux : (A) unstable
welding in the electroslag mode and™ (B) stable mode of
arcing between the electrode and slag surface.
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C. Mechanism of ESW with Low Resistivity Calcium Fluoride Flux

By expanding the resistance term in Equation 1, Ohm’s law for the

ESW process could be written as shown below :

Vo = Iy Psise LegePogs

Psieg @ resistivity of slag

leFf : Effective inter-electrode distance
e%f : Effective electrode contact area
leff/Aeff is known te have an inverse relationship with electrode feed
rate (Ve),33 therefore, it can be expressed as:
lorgAgre = /8 vy)  —mmm- - (11)
f(ve) : a function related to ve

Then, substituting Equation 11 into Eguation 10, the result 1is as

follows:

Wy = (0 vg B)/(Ag = Aj)  —mmmmmsomooomomoomooooooooo —  (2)

Binput = Vg 1My —mmmmmmmmmmmme --- (3)

= Bipput = Wy 1,/ mm e mmmmmmmmmm—m————o — (13)
C:nA/(Ag ~A)

At constant voltage (VWw = Constant), Equation 12 can be rewritten as:

I,=C, f(v )Py  —— mmmmmmmmmmmmm oo — (14)



141

Cv : constant voltage value

Substituting Eguation 14 into Equation 13, the result is:

2
Binput T C,” £V )Py OV
- Cl f(zve)/p.[.g ve .............................. (15)
2
Cl - CV /C

1. Flux Resistivity Effect on the Welding Current

The constant voltage power supply was used for ESW of both titanium
and steel alloys. At a fixed value of voltage and electrode feed rate,
the weld wusing a low resistivity flux (such as CaF, flux) requires a
higher current than the weld using high resistivity flux (such as oxide-—
base flux). The reason is that the current is inversely proportional to
the resistivity as shown in Equation 14. This result was observed in
consumable quide ESW of steels (Figure 26) and ih non-consumable guide
ESW of steels (Figure 33); both were made by low resistivity CaF2 flux.

Besides having a higher current, the weld deposited with low
resistivity CaF, flux also generates a higher heat input than the weld
using a high resistivity oxide-based flux at a fixed values of voltage
and electrode feed rate as shown by Equation 15. The weld with a higher
heat input will have a higher base metal dilution as shown in Figure 34.

Similar results were reported by Ann17

for consumable quide ESW of
steels using different percentages of CaF2 addition in Hobart 201 oxide-

base flux.
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2. Flux Resistivity Effect on the Welding Voltage

Equation 15 shows that the heat input of the ESW process increases
when the welding voltage is increased. But the welding voltage can not
be increased indefinitely, because there is a limit imposed by the slag
pool geometry. When the voltage is being increased and the current is
constant in the ESW process, the inter-electrode distance increases
according to Eguation 10, until the electrode is out of the slag pool
and an explosive arc breaks out between the electrode and slag pool.
Since the result of arcing is a lack of fusion and slag entrapment
Gefects in the weld, the welding voltage has to be kept below the
threshold to avoid arcing.

This threshold voltage for ESW with a lower resistivity flux is
lower than that for ESW with a higher resistivity flux, because voltage
is directly proportional to resistivity as shown in Equation 10. This
result can be easily illustrated by the following examples. In
consumable gquide ESW of Ti-6Al1-4V alloys using low resistivity CaF,

flux, the typical values used to calculate the voltage threshold are:

I, = 1100 A (average current among working range),
Pstag = 0.14 ohm-cm (resistivity of CaF2 at 1700 C),
l¢g = 1 cm (maximum gap between guide and base metal plates), and

Aeff = 4.84 cm2 (cross~section area of guide plate)

substituting all these values into Equation 10, the result is:
v = (1100 x 0.14 x 1)/4.84 V
max

=32V
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For ESW of steel using high resistivity Hobart 201 oxide-base flux, the
typical welding variables are listed below:

I, = 600 A (average current among working range),

Psiag — 0.5 ohmcm (resistivity of Hobart 201 flux at 1700 C),

1 = 1 cm (maximum gap between guide and base metal plates), and

eff

Age ™ 4.84 cm2 (cross-section area of guide plate)

substituting all these values into Equation 10, the result is:

Vmax = (600 x 0.5 x 1)/4.84 V

- B2 V

These results are in good agreement with experimental observations.
As shown above, arcing is rarely ever encountered in ESW of ferrous
alloys. The voltage limit for stable ESW of Ti-6A-4V alloys using low

resistivity CaF, flux is determined to between 30 V and 35 V as shown in

2
Figure 16. The ESW process 1is stable at 30 V and changes to an arc
process at 35 V, Similar results have also been observed for ESW of
steel using low resistivity CaF2 flux; the ESW process is stable at
30 V and changes to an arc process at 35 V as shown in Table 6.

Table 6 also shows that ESW of steel using high resistivity Hobart
201 flux is stable at 3BV and 45V without arcing. The working range for
voltage during ESW of steel using high resistivity Hobart 201 flux has
been reported to be 36-45 V by Annl’ (for 50 mm thick plates) and 35-50
V by Frost et al.>> (for 100 mm thick plates). Therefore, the estimated

limiting voltage value (62 V) may be a 1little higher than the actual
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value.

In summary, the welds made by low resistivity flux have a lower
voltage working range than the welds made by high resistivity flux. The
consequence of having a lower voltage working range is that the welds
will have a lower heat input (Equation 15) and welding procedures will
have to specify the upper limit of voltage for actual use. If arcing
occurs more than about once per 10-20 seconds, the voltage will need to

be reduced.

D. Electrode Ohmic Beating Effect

1. Equations for Ohmic Heating

From the ohmic heating experiments, the initial ohmic heating rate
of the electrode can be calculated by the following equations.
Assuming no heat losses to the environment, all the heat produced by
ohmic heating is used to heat up the electrode. Therefore, the heat

balance for a small section of electrode can be expressed as shown in

Equation 16.
AL DcC_dr =12L(RO+aT)dt/A ..................... (16)
2 2
=> 4T / (1 +al/R) =I°R dt /A DCp
let CchR /AZDC (17)
o D reereeeeseeeieieneiei

=> ar / (1 + aTVRO) = C dt
=> d{In(1l + aT/RO)} Ro/a = C dt

Inteqrating both sides:
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=) In(l + aT/RO) Rc/a =Ct
= (1 + aT/RO) - exp(aCt/ Ro)

The resulting temperature rise as a function of time is derived in

Equation 18 as shown below :

=) T = {exp(a C t / RO) -1} Ro/a .......................... (18)
The heating rate is expressed as :

=> dT/dt = Cexp(aCt / Ro) ................................ (19)
at £t = 0, the initial heating rate is equal to:

= dT/dt)t_ = C

0
2 2
=T RO /A" D Cp

let j = I/A
- dr/at) -3°R /DC (20)
£=0 o D rereeeessaeaieniiaaia
A : Cross-sectional area of electrode
L : Length of the electrode where temperature is measured
D : Density of the electrode
C_.: Heat capacity of electrode
™. Temperature of the electrode

I : Applied current

R : Resistivity of the electrode at room temperature

o - N

a : Temperature coefficient of resistivity

t : Time

C : Parameter as defined in Equation 17
In : Natural logarithm function

exp : exponential function

¢ current density

.
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Equation 20 shows that the initial heating rate of the electrode
is equal to the square of current density times the resistivity of the
electrode at room temperature divided by the heat capacity and density
of the electrode. Figure 57 shows that the measured initial heating
rate values are in good agreement with the values calculated using

Equation 20.
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Figure 57. Correlation between the calculated using Equation 20 and

measured values of initial ohmic heating of different el-
ectrodes.
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2, Ohmic Heating Effect on Arcing Instability in Non-Consumable Guide

ESW Process
The ohmic heating rate results were further applied to calculate
the amount of chmic heating contribution to the electrode melting rate
in the non-consumable ESW process. Figure 58 shows a simplified diagram
of the electrode feeding model for the non-consumable guide ESW process.
The temperature increase of the electrode before it enters the slag
pool is equal to the ohmic heating rate times the duration time for the

electrode to travel through the total dry stickout distance.

Ol0,

Electrode
L,

T

Copper Guide Tube ____

NI,

L¢&——pry stickout

Slag Pool Surface "—‘————L
T

Slag Pool

Figure 58. A simplified diagram shows the wire feed system used in
the non-consumable guide ESW process.
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Assuming no heat losses to the environment, the temperature can be

expressed as :

T-T,= (AT/AL) L/V, v (21)
T : Electrode temperature before it enters the slag pool
TO: Electrode temperature after it leaves the copper guide
tube (assumed to be at room temperature)
dT/dt: Ohmic heating rate of the electrode
: Dry stickout distance
v_: Electrode feed rate
In the ESW process the L/’ve value is small, therefore, the initial ohmic
heating rate can be used to approximate the steady state ohmic heating
rate. So, by substituting Eguation 20 into Equation 21, the temperature

rise is eqgual to:

T - T, = (dT/dt),_o) LA,

2
= 3TRGL /D Co Ve e (22)

This equation is the same as the one-dimensional analytical solution

reported by Myers et al.93

Equation 22 can be converted to the per—
centage chmic heating contribution of the total electrode melting rate,
by dividing the heat caused by ohmic heating with total amount of heat

reguired to melt the electrode. The result is as followed :

Pohm % = {Cp (T - TO) / Hm} x 100% ... (23)

And, substituting Equation 22 into Equation 23:

Pohm % : percentage ohmic heating contribution of electrcde
melting rate
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Ho ! Heat required to melt the electrode

The electrode melting rate and welding current correlation have been

93-95

reported by several researchers to have a parabolic relationship as

shown in the equation below:

M:Re-az+bI2+c ..................................... (25)

MR : Electrode melting rate

aI2: HeaF conduction from the slag pool

bI”: ohmic heating of the electrode

¢ : constant

For stable ESW, the electrode feed rate is equal to the electrode
melting rate. If the ohmic heating contribution was higher than 100%,
which means the electrode melts faster than the electrode feed rate, the
electrode would burn out of the slag pool and the ESW process would turn
into an arc process. Arcing on top of the slag pool is not desirable in
ESW process because the resulting weld will have lack of fusion due to
slag entrapment. To avoid arcing, a limiting electrode feed rate can be
obtained from Equation 25 by setting the percentage ohmic heating
contribution to 100%. The result is shown below in Equation 26 :

2
Vigm = 3 RS L/ DH V. {26)

e

Viip G Limiting electrode feed rate

If the electrode feed rate is slower than the limiting value, then
arcing will occur on top of the slag pool.

To demonstrate the ohmic heating effect on arcing instability in
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non-consumable guide ESW process, examples for ESW of steel and titanium
alloys are discussed below. The welding variables; current, electrode
feed rate, dry stickout distance and electrode diameter are shown in

Figure 59(A) for steel (taken from ASM Metal Handbook96

), and in Figure
59 (B) for titanium alloy (taken from Gurevich’s reportzo). Using
Equation 24, the corresponding percentage ohmic heating contribu-
tion of the electrode melting rate are calculated and plotted in Figures
60(A) for steel and in Figure 60(B) for titanium alloy.

The results in Figure 60 show that the titanium alloy is far more
susceptible to arcing caused by ohmic heating than steel even though a
larger diameter electrode is used for ESW of the titanium alloy. This
is because titanium alloy has an electrical resistivity value (180x10‘6
ohm—cm) that is nine times the value (20)(10'_6 ohm—cm) of steel as shown
in Pigure 31,

Figure 60 also shows that the percentage ohmic heating contribution
to the electrode melting rate is directly proportional to dry stickout
distance, but inversely related to electrode diameter and welding
current (electrode feed rate). The inverse effect of welding current on
percentage ohmic heating contribution of electrode melting rate is
because current and electrode feed rate are interrelated in the ESW
process, and the increase of electrode feed rate is faster than the
corresponding increase of current as shown in figure 59. Also, when

increasing the current, the electrode penetrates deeper into the slag

pool and the contribution of electrode melting rate due to the heat

conducted from slag pool increases.
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In summary, the percentage ohmic heating contribution of electrode
melting rate gives an indication of arcing instability in non-consumable
quide ESW process. ESW of titanium alloys is more susceptible to arcing
than ESW of steel due to its high electric resistivity and the require-

ment that titanium be welded with low resistivity halide fluxes.
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VI. DISCUSSION

A. ESW Process Optimization

1. Working Range for ESW

In the ESW process, the working range concept shown in Figure 4
reported by Frost et al.35 was simplified and shown in Figure 61(A).
Boundary A represents a lower voltage limit for minimum base metal
dilution. Boundary B is the higher current (associated with electrode
feed rate) limit, beyond this limit short circuiting occurs. The higher
voltage limit (Boundary C) is proportional to the resistivity of the
flux as discussed in Chapter V. Arcing occurs on the top surface of the
slag poocl when the voltage exceeds this limit. Boundary D is the lower
current {electrode feed rate) limit. When the current is set below the
limit, arcing initiate on top of the slag pool due to ohmic heating of
the electrode.

Since boundary A is mainly dependent on the material properties
as reperted by Frost et a135., it does not change by simply adjusting
the welding variables. Boundary B was replaced by the machine limiting
current value because at the higher welding current levels caused by the
low resistivity slag, the machine limit was reached first before the
short circuiting limit. 1In this study, only boundary C and D were

targeted because the low resistivity CaF, flux and high resistivity wire

2
electrode and guide plate used for ESW of titanium alloys had a great

effect on boundary C and D.
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For clarity, the working range for the consumable gquide ESW of 50
mm (2") thick titanium (shown in Figure 16) was compared with the

16. A substan-

working range for ESW of steel reported by Venkataraman
tial difference in the working range for titanium and steel was shown in
Figqure 61(B). The working range of welding parameters for the titanium
was much smaller and shifted to a higher current and lower voltage area
than the working range for ESW steel. This result was due to the
combined effect of low resistivity CaF2 flux and high resistivity tita-
nium electrode wused for ESW titanium alloys. The low resistivity CaF2
flux lowered the voltage 1limit (threshold for wuncontrollable arcing)
from 62 V (using Hobart 201 oxide-base flux) to 32 V as calculated in
Chapter V. The high resistivity titanium electrode elevated the lower
current limit from 500 A (for steel electrode) to 850 A due to the ochmic
heating effect.

Figure 61(B) shows that the working range for ESW of titanium
alloy using Car, Flux 1is only one eighth that of the working range for
ESW of steel using Hobart 201 (oxide-based) flux. Similarly, due to the
lower working voltage, ESW of titanium alloys generates significantly
lower heating power resulting in a lower base metal dilution value than

ESW of steel (based on Eguation 15).
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2. Current and Electrode Melting Rate Correlation

The current and electrode melting rate correlation is shown in
Equation 25. One of the requirements for a stable ESW process 1is that
the electrode feed rate be approximately equal to electrode melting

rate, so the process could maintain a steady state.

MRe =al+b I2 = P (25)
MRe: Electrode melting rate
al’: Heat conduction from the slag pool

bIz: Ohmic heating of the electrode
c : Constant

13,16,34

In ESW of steel, several investigators have reported a linear

relationship between the electrode feed rate and welding current, but

17,35,38 | .ve reported a parabolic relation

some other researchers
between the electrode feed rate and welding current. In this study,
consumable guide ESW of titanium alloys resulted in a linear relation as
shown in Figure 20. But in non-consumable guide ESW of steel, a
parabolic relationship (Figure 33) was found. Figure 59(A) (taken from

ASM Handbook96

), clearly shows that a linear relationship exists between
the electrode feed rate and welding current for consumable gquide ESW of
steel while a parabolic relationship is characteristic for the non-
consumable guide ESW of steel.

The explanation for this difference lies in Equation 25. For the
non-consumable gquide ESW process, the ohmic heating term (IzR) is

sufficiently large such that the current and electrode feed rate

develop a parabolic correlation. On the other hand, in the consumable
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guide ESW process ohmic heating affected mainly the guide plate and not
the electrode, so, the electrode was melted by the heat conducted from
slag pocol and the electrode melting rate was linearly proportional to

the welding current as shown in Equation 25.

3. Heat Input and Its Effect on Base Metal Dilution during ESW

In consumable guide ESW, welding current and electrode feed rate

have the linear relationship: MR, = al. Substituting this into Equation

13 yielded:
Hinput =V /G e (27)
The heat input is proportional to welding voltage only. Figure 17

clearly shows  that the percentage base metal dilution (direct
proportional to heat 1ipput) increases with increasing voltage, but
independent of current.

In non-consumable gquide FESW, the welding current and electrode
feed rate have a parabolic relationship. Substituting this relation

into Equation 13 yielded:

- /2
Hinput (Vw vel ) /C Vg  rerrereereeaei (28)

- /2
Vw / C vel
This equation shows that the heat input or base metal dilution
value increases when voltage increases, also, when electrode feed rate

decreases. This result was shown in Figure 34 for non-consumable guide

ESW of steel. The base metal dilution value increased when the
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electrode feed rate decreased except when arcing occurred on the top
surface of slag pool. If arcing occurred, no base metal dilution
resulted.

Equation 25 also shows that the electrode melting rate is
independent of welding voltage. Therefore, in consumable gquide ESW
process, welding voltage and current played their roles independently.
Welding current governed the electrode melting rate and also the welding
speed. But, welding voltage was responsible for the heat input and base
metal dilution level. Since consumable guide ESW of titanium alloy had
a lower working voltage than did ESW of steel, it had a low heat input
and low base metal dilution problem. Figure 17 shows that the maximum
base metal dilution obtained for consumable guide ESW of titanium alloys
is 38% compared to the 40% to 60% base metal dilution in standard con~

sumable gquide ESW of steel.ls'17

4. Vire Diameter and Plate Thickness Effect

In the consumable guide ESW of titanium, melting rate was insensi-
tive to the filler wire diameter due to the presence of the 12 mm (1,/2")
thick plate quide. Generally, a large diameter filler wire was thought
to be less susceptible to ohmic heating and could be used to widen the
operational window by reducing the lower current limit. But, since the
ohmic heating effect was predominantly controlled by the guide plate,
increasing diameter of the electrode did not lower the lower current
limit.

Plate thickness usuvally only had an indirect effect on the ESW
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process. The required welding current for good weld was directly
proportional to the plate thickness. The maximum plate thickness was
bound simply by the maximum current output of the power supply. Theo—
retically, any thickness of plate can be welded by ESW. The lower limit
of the plate thickness (20 mm) was however limited by the physical
dimensions of the welding head used with in ESW process. In this
study, 25 mm (1") thick Ti-6Al-4V plate was successfully welded by the

consumable guide ESW process.

5. Flux Alloying Addition Effect

The flux resistivity effects on the ESW process have been discussed
in Chapter V. The main conclusion is that ESW of titanium using a low
resistivity CaF, flux has a lower heat input than ESW wusing a high
resistivity flux primarily because of the voltage limitation (30 V)
required to prevent arcing. In order to increase the resistivity of

flux for ESW, CaF, flux was alloyed with LaF

97

3 or YFB and AlF3 fluxes

has reported the beneficial increases in

2

additions. Bacon et al.

3 Or YF3 and A1F3

fluxes addition as shown in Figure 62. Among them, the AlF3 flux was

resistivity of CaF,2 with increasing amounts of LaF

discarded due to its high volatility above 1200 °C.

The addition of LaF3 and YF3 fluxes was maintained below 25%

because the density values of the LaF., (4.4 g/cm3 at 1675 °C) and YF

3 3

fluxes were higher than the density value of molten titanium (4.1 g/cm3—

).30 When LaF3 or YF3 flux additions exceeded 25%, the denser flux

tended to segregate from the slag pool into the weld metal.
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Although the additions of 20% to 25% LaF; or YF, fluxes increased

the resistivity of CaF, flux by approximately 50% (Figure 62), the

2
increased resistivity slag only slightly increased welding performance
as shown in Figure 22. The working range of welding parameters shown in
Figure 23 remained assentially identical to that shown in Figure 16 for
pure CaF, flux. One possibility is that the resistivity values of the
alloyed flux are not high enough, because thelr values are still only
half that of the Hobart 201 oxide-based flux. Another possibility is

that the increase in the wupper voltage 1limit is too small and is

overshadowed by the scatter of the voltage output.
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Figure 62. Electrical conductivity (reciprocal of resistivity) of
CaF, flux with addition of : (A§7AJ.F3 flux, (B) LaF, flux
and”(C) YF3.(after Bacon et al.” ')
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6. Non—-Consumable Guide ESW of Titanium Alloy

Although consumable guide ESW worked well with a single 3.2
mm filler wire, similar ESW with the non-consumable guide proved unsuc-
cessful. The main reason for the unsuccessful non-consumable guide ESW
of Ti-6Al-4V alloys was uncontrollable arcing on top of the slag pool
caused by using an inadequate diameter electrode (3.2 mm) and not using
any slag pool level control system ¢to maintain a short dry stickout
distance of only a few mm’s. For comparison, researchers at Paton
Institute20 successfully welded titanium because they used a very large
diameter electrocde (5 mm) and a special technique for slag pool level
control to reduce the arcing instability caused by electrode ohmic heat-
ing. Eguation 24 shows that the ohmic heating contribution to the total
electrode melting rate is proportional to the sguare of the current
density. The advantage of using a larger diameter electrocde (5 mm) is
that the ohmic heating for a 5 mm electrode is six times lower than
that for a 3.2 mm (1/8") electrode. Therefore by using a larger
diameter electrode, the chance of arcing on top of slag pool was greatly
reduced.

In non-consumable guide ESW Ti-6Al-4V alloy, the other important
variable affecting the ohmic heating of the electrode was the dry
stickout distance. As shown in Figure 60 when the dry stickout distance
increases, the percentage of the ohmic heating contribution to electrode
melting rate increases, even over 100%. Therefore, without a slag pool

level control system, the dry stickout distance will vary greatly and

the ESW process will lose its stability.
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D. Weld Evaluation

1, Metallography

The large prior beta grain size of the as-deposited weld macro-
structure shown in Figure 36 is due to the very high heat input (75
kJ/mm for 50 mm thick plate, Table 7) used to make these welds. The
symmetry in macrostructure (about the weld center) occurs because of the
symmetric placement of the base plates and cooling shoes which were the
major heat sinks in the ESW process. The HAZ of titanium electroslag
welds is relatively large as compared to steel electroslag welds,
because the thermal diffusivity values for Ti alloys are lower than the
values for steel.

Unlike weld metal deposited by the GT2W process where martensite
was commonly observed in the microstructure of Ti-6a1-4v and Ti-6211
alloys as shown in Fiqure 63, no martensite was observed in the electro—
slag welds of either alloy. This was due to the substantially slower
cooling rate resulting from the high heat input used for the ESW
process.

The beta-to-alpha transformation in Ti-6A1-4V alloys 1is well

documented.ge_lol

In the weld metal, the weld zones had coarse mic-
rostructure similar to that of a small casting except that the prior
beta grains emanating from the HAZ continued to grow into the weld zone
by epitaxial growth. The three-fold increase in grain width in the weld

(compared to the coarse grained HAZ) was a result of competitive grain

growth. Upon cooling during ESW, the substructure within the large beta



165

grains had been shown to develop in three distinct steps:

(1)

(3)

the alpha phase first grew heterogeneously from the prior beta
grain boundary and advanced by a planar interface,

the lamella alpha + beta phases grew from the grain boundary into
the grain because the undercooling broke down the planar interface
and

at the grain center, some new nuclei formed due to further under-
cooling and subsequently grew and interlocked with each other to

form the Widmanstatten alpha + beta colony structure.

In the HAZ, the first two steps were similar; only the microconst-

ituents were finer than those in the weld regions. During the last step

in the HAZ, the basket weave Widmanstatten structure developed because

many new nuclei formed and grew due to the higher undercooling produced

by the fast cooling rate in the HAZ.
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Figure 63. Martensitic microstructure of weld metal made by GTAW in
(A) Ti-6A1-4V and (B) Ti-6211.
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2, Interstitial Element Contamination

The Ti-6Al1-4V weld deposited with the reagent grade CaF2 flux
contained 100% more oxygen and 200% more nitrogen than did the base
metal as shown in Figure 45. This shows that the use of reagent grade
Car2 flux was inadequate to protect the molten metal from interstitial
element contamination. 1In the Ti-6A1-4V and Ti-6211 welds deposited
with high purity CaF2 flux, the weld metal contained the same intersti-
tial element content as did the base metal as shown in Figure 45. This
indicated that the ESW process was not a source of contamination if a
good level of workmanship was maintained.

The weld metal tensile ductility and CVN impact toughness of the
Ti-6A1-4V and Ti-6211 welds using high purity CaF, flux were lower than
their respective base metal values (Figures 46 and 48), in spite of the
fact that they had the same levels of interstitial content as their
respective base metals (Figure 45). This shows that the interstitial
element content of the weld 1is not the main controller of the weld
metal tensile ductility and CVN impact toughness losses.

But, the weld metal of the Ti-6A1-4V welds using reagent grade
Can flux has the lowest tensile ductility and CVN impact toughness val-~
ues among these three welds (Figures 46 and 48), while having the high-
est interstitial element content among them (Figure 45). Therefore, the
interstitial content of the weld metal still playes a secondary role in
explaining the losses in weld metal tensile ductility and CVWN impact

toughness.
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3. Tensile Properties
102

Terlinde et al. have reported that increasing prior beta grain
size decreased both tensile strength and ductility. Raising the inter-—
stitial content, particularly oxygen, increased the tensile strength

73,74

while decreasing tensile ductility. Also, reducing the alpha plate

thickness was reported to increase both tensile strength and ductili-

90,103-104
ty.

The tensile strength values of all weld metal of Ti-6Al-
4V and Ti-6211 electroslag welds were only slightly higher than their
respective base metal values as shown in Piqure 7. This was a combined
result of the larger prior beta grain size, higher interstitial content
and finer alpha plate thickness in the weld metal as compared to that of
the respective base metal.

In weld metal tensile specimens, the cracks followed the alpha
phase film along the prior beta grain boundary through almost the entire
diameter of the specimen as shown in Figures S53(B) and 54(B). In the
base metal tensile specimens, the cracks only followed the alpha phase
along the prior beta grain boundary occasionally. This shows that the
large prior beta grain width {3-5 mm) in the weld metal produced by the

ESW process {compared to the smaller prior beta grain size of 0.5 mm in

the base metal) is responsible for the sharply lower tensile ductility.

4, Microhardness

It is well established that the microhardness values of titanium
alloys increase with increasing interstitial content and decreasing

alpha plate thicknessj3 Although the alpha plate thickness was finest
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in the HAZ, medium in the weld, and thickest in the BM in all three

welds (Figures 37, 38, and 39), the microhardness values were hardly
affected. Also, the interstitial contents were uniform across the Ti-
6A1-4V and Ti-6211 welds deposited with high purity CaF2 flux as shown
in Figure 45. These are the reasons why the microhardness profiles
across the Ti-6A1-4vV and Ti-6211 welds (using high purity CaF2 flux)
are uniform (Figures 47(B), and 47(C)}. But, the Ti-6A1-4V weld metal
deposited with reagent grade CaF2 flux had higher microhardness values
than did either the HAZ or BM (Fig. 8a), due to its higher interstitial

content as shown in Figure 6.

5. CVN Toughness

The 0°C (32°F) CVN toughness profiles are shown in Figure 64.
All weld metal specimens had a lower CVN impact toughness than their
respective base metal and HAZ values. The low CVN impact toughness
in the weld metal specimens of all three welds was due to the
macroscopically transgranular fracture with little crack branching as
shown in Figure 49. In the base metal and HAZ specimens, the crack
front branched along the prior beta grain boundaries and the inter-wid-
manstatten colony boundaries (Figures 49 and 50). When branching
occurred, the crack required more energy to propagate so the CUN tough-
ness value increased as compared to the one fracturing with little or no
branching. In the weld metal specimens, it was not the grain boundary
alpha film (along the coarse prior beta grain boundary) causing the loss

of CVUN toughness because, if it were, the weld would have fracture
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intergranularly, rather than transgranularly as shown in Figure 45. It
is proposed that the coarse prior beta grain size and the large area of
lamella alpha + beta microstructure (Figures 37-39) provided the path
for crack to propagate long distances without branching. This was the
reason why the welds fractured transgranularly and had lower CVN
toughness values than did the HAZ and BM.

The CUN toughness values for the HAZ of Ti-6Al-4V welds deposited
with both high purity and reagent grade flux were slightly higher than
their corresponding BM values. But this was not true for the Ti-6211
weld. This might be explained by the finer alpha + beta microstructure
in the HAZ than BM (Figures 37 and 38), because the finer microstructure
produced a greater alpha/beta interphase area to absorb more energy when
a crack propagates through them. 1In the near-alpha Ti-6211 alloy, the
amount of beta was less than that observed in the Ti-6Al1-4V alloy so the
effect of the alpha/beta interface might be minor compared with the
effect of grain size on the CVUN tcughness values.

In summary, the mechanical properties of the weld and HAZ were
directly related to interstitial content, prior beta grain size, and
microstructure. The large prior beta grain size and the lamellar alpha
+ beta structure associated with it had the most detrimental effect on

the toughness of the Ti-6A1-4V and Ti-6211 electroslag welds.
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C. Cost-Effectiveness of ESW Ti Alloys

In determining the economy of ESW of titanium, a simple comparison
can be drawn between consumable-guide ESW and the only other practical
welding process: gas-tungsten arc welding (GTAW). Consider, for
example, a butt joint weld on 50-mm-thick Ti-6Al1-4V plates. The
total length of weld is 1 m long. Both processes use run-off tabs.

The factors in any cost comparison of welding processes include:
joint preparation, shielding gas, deposition rate, total welding
time, labor and flux consumption. Joint preparation for the ESW
process 1is simply a square-groove butt joint with a root opening
of 32 mm and guide plate preparation. The GTAW process requires
machining a double-u groove or double-V groove with a minimum 45-deg
inclined angle and adeguate root opening. The entire GTAW system,
including plates to be welded, spools of filler metal, etc., must be
mounted in a chamber filled with argon to prevent atmospheric contamina-
tion of the weld pool on such a thick section.

To greatly simplify the cost comparison between ESW and GTAW, we
can justifiably assume that the greatest costs by far are labor costs
and@ production time. Although both processes would be used in a
completely automatic mode, the operator of the GTAW system must perform
a multiple pass operation. The GTAW operator must stop, manually
reset and wait until the specified interpass temperature is attained
before proceeding to the next pass. The number of passes by ESW is only

one, regardless of the plate thickness, but the number of passes by GIAW
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exceeds 160. For comparison, the deposition rate for ESW of 50 mm
thick titanium in this study was approximately 11.1 Kg/h while that for
GT2W is approximately 0.4 Rg/h.

The welding time for ESW a djoint of 50-mm—thick Ti-6Al-4V plate
that is 1 m long would be approximately 39 min, while GTAW would require
at least 20 h. Even though the cost of labor for GTAW will be greater
than ten times that for ESW, the more important aspect of production
time must be considered. ESW process requires less than 1/30 of the
welding time required by GTAW process.

Regarding interstitial contamination and defects in welding, both
ESW and hot-wire GTAW are high—quality processes. However, it is
statistically mecre significant that both interstitial contamination and
weld defects will more 1likely occur in the deposits by GTAW than ESW.
This is because (1) argon cover can be lost when a slight breeze is
encountered (unless the entire plate is placed in a chamber flooded with
argon) and (2) each of the 160 passes by GTAW 1is susceptible to under-
cutting and lack of fusion type defects. The nature of ESW of titanium
alloys is such that the only possible defects are lack-of-fusion types
which are always visible at the surface. That is, if the surface of
the electroslag weld is sound, the probably that the interior is also
sound is nearly 100%. Thus, ESW is a very gocd alternative to GTAW for
thick plate welding operations, and ESW becomes more cost-effective as

the plate thickness increases.
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VII. CONCLUSIONS

From the investigation of ESW of Ti-6Al1-4V and Ti-6211

alloys, the following are concluded:

1. Titanium alloy plate, 25 mm (1") and 50 mm (2") thick, can be

successfully welded by the consumable guide ESW process.

2. The ESW process is a contamination-free method for welding titanium
alloys provided good workmanship standards (cleanliness of consum-
ables and plate) are met. wWeld metals free from interstitial
element contamination were obtained by consumable gquide ESW
using; AC-CV power source, high purity CaF2 flux, argon protection

over the slag pool, and good welding practice.

3. The welding current and electrode melting rate are related linearly
for the consumable guide ESW process and parabolically for non-

consumable gquide ESW of titanium alloys.

4. In consumable guide ESW, the base metal dilution increases with
increasing welding voltage, but remains unchanged with increasing

or decreasing welding current.

5. The electric path model clearly shows that 24% of the heat is
concentrated on the electrode and guide plate in consumable guide
ESW of titanium alloy, compared to only 3% for similar welding of

steel. This high percentage of heat causes the titanium electrode

and guide plate to overheat and to possibly generate arcing on the
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slag pool surface.

Predictive equations describing the mechanism of ESW with low
resistivity CaF, flux reveals that the maximum welding voltage
above which unstable arcing occurs is limited to 32 V (as compared

to 62 V for ESW steel using an oxide-base flux).

The model also predicts that ESW titanium operates at a lower
maximum available heat input than does similar welding on steel.

As the slag resistivity decreases, the maximum available heat
input (using high purity CaF2 flux) can only be maintained by

reducing the voltage and raising the current levels.

Despite the lower heating power generated by ESW with pure CaF,,

excellent weld guality and soundness was obtained.

The ohmic heating model for the consumable guide ESW process shows
that the arcing susceptible of a high resistivity titanium elec-
trode is much greater than that for a low resistivity steel
electrode. With a larger diameter electrode, shorter dry stickout
distance and higher resistivity flux, the ohmic overheating of the
electrode can be greatly reduced and stable welding conditions can

be achieved for non-consumable ESW titanium alloys.

The percentage of the ohmic heating that contributes to the
electrode melting rate increases with increasing current density,

electrode resistivity and dry stickout distance, but decreases
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with increasing electrode feed rate and heat content of the
electrode, Arcing occurs on top of the slag pool when the per-
centage ohmic heating contribution of electrode melting rate

exceeds 100%.

An AC power supply is mandatary for ESW of titanium alloys,
because AC power reduces the electrode polarization. Conversely,
DC power can not be used because the highly polarized slag gener-

ates uncontrollable arcing and electrode burn-back.

Due to the high heat input of the ESW process, the weld and HAZ
were characterized by large prior beta grain sizes, and weld metal
and HAZ microstructures consisting of grain boundary alpha,
lamellar alpha + beta, and widmanstdtten alpha + beta as compared
to grain boundary alpha and widmanstdtten alpha + beta in the base

metal .

Yield and tensile strength levels of the weld metal are similar to

those of the base material.

Tensile ductility wvalues for the weld metal of both Ti- 6Al1-4V and
Ti-6211 alloys are typically less than those of the base plate due
primarily to the coarse prior beta grains size and secondarily to
the interstitial content. The fracture path in the weld metal

follows the alpha phase film along the prior beta grain boundaries.

CVN impact toughness values in the weld metal of both Ti- 6A1-4V
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and Ti-6211 alloys are less than those of the plate due to the
coarse prior beta grain size and lamellar alpha + beta structure,
which cause the crack to propagate transgranularly with less

branching.
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RECOMMENDATIONS FOR FUTURE WORK

Results from this study clearly show that lower tensile ductility
and CVN impact toughnesg in the titanium weld metal is a result of
a large prior beta grain produced by very high heat input of the
ESW process. Grain refinement techniques such as magnetic
stirring, ultrasonic stirring, mechanical vibration, metal power
addition could be adopted to improve both tensile ductility and

CVN impact toughness of the titanium weld metal.

Based on the arcing instability model proposed in this study, non-
consumable quide electroslag welds of titanium alloys can be
successfully made by using a combination of a large diameter
electrode and a short dry stickout with a thermally insulated and

water cooled copper guide tube.

To widen the working range ( V = 25-30, I = 850-1200) in consumable
guide ESW of titanium alloys, a higher (electric) resistivity flux
is necessary in order to raise the maximum allowable voltage and
reduce the minimum current level without the arcing problem. Also,
by using an AC constant voltage power supply capable of delivering
high current at lower voltage (such as I = 300-2000 at v=15), the
working range could be increased by widening the current range at

lower voltage levels.
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