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Abstract

This study investigates the effects of Ti addition on the weldability, microstructure and mechanical properties of a

dissimilar weldment of Alloy 690 and SUS 304L. Shielding metal arc welding (SMAW) is employed to butt-weld two

plates with three welding layers, where each layer is deposited in a single pass. To investigate the effects of Ti addition,

the flux coatings of the electrodes used in the welding process are modified by varying additions of either a Ti–Fe com-

pound or a Ti powder. The results indicate that the microstructure of the fusion zone (FZ) is primarily dendritic. With

increasing Ti content, it is noted that the microstructure changes from a columnar dendritic to an equiaxed dendritic, in

which the primary dendrite arm spacing (PDAS) becomes shorter. Furthermore, it is observed that the amount of Al–Ti

oxide phase increases in the inter-dendritic region, while the amount of Nb-rich phase decreases. Moreover, the average

hardness of the FZ increases slightly. The results indicate that Ti addition prompts a significant increase in the elonga-

tion of the weldment (i.e. 36.5%, Ti: 0.41 wt%), although the tensile strength remains relatively unchanged. However, at

an increased Ti content of 0.91 wt%, an obvious reduction in the tensile strength is noted, which can be attributed to a

general reduction in the weldability of the joint.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

In the past, there have been various instances where

dissimilar weldments of Alloy 600 and SUS 308 Stainless

Steel (SS) employed in nuclear power plant components

have failed. These failures have generally been attributed

to an inappropriate matching of the welded materials
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and to an improper slot in the weldments [1]. Accord-

ingly, researchers have attempted to identify a more ro-

bust combination of materials for dissimilar weldments.

This study investigates the feasibility of replacing Alloy

600 and SUS 308 SS with Alloy 690 and SUS 304L SS,

respectively. Although the latter materials are both Ni–

Cr–Fe alloys, they exhibit significantly different material

properties and vary greatly in cost since their Ni, Cr and

Fe contents are very different. Alloy 690 is expensive,

but has the advantage of excellent resistance to stress

corrosion cracking (SCC) and inter-granular stress cor-

rosion cracking (IGSCC). SUS 304L SS is a less expen-

sive material and has found widespread application

within general corrosion environments.
ed.
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In elevated temperature environments, Alloy 690 has

a superior corrosion resistance due to its high Cr content

(30 wt%) [2,3]. The application of an appropriate heat

treatment can enhance its corrosion resistance even fur-

ther. Consequently, this alloy is widely used to replace

nuclear power plant components such as steam genera-

tor tubes, which were previously made of Alloy 600

[4–6]. SUS 304L SS is also employed within nuclear

power plant components, e.g., for general components

requiring corrosion resistance properties.

The mechanical and corrosion resistance properties

of components are influenced not only by the base mate-

rials themselves, but also by the characteristics of the

weld between them. This is particularly the case for dis-

similar weldments. These weldments permit a reduction

in the constructional cost of components [7], and conse-

quently they continue to be the subject of considerable

research. However, one problem associated with dissim-

ilar weldments is that the obvious compositional varia-

tion and alloy transfer associated with the dilution of

the two different base metals may result in failure of

the weld [8]. The adoption of a filler metal compatible

with both base metals has been proposed as a means

of ameliorating this problem.

Inconel Filler Metal 82 (I-82), Inconel Welding Elec-

trode 182 (I-182), Inconel Filler Metal 52 (I-52) and

Inconel Welding Electrode 152 (I-152) are all suitable

for the welding of Alloy 690. I-82 and I-182 were origi-

nally developed for the welding of Alloy 600, but are

now also applied in the welding of Alloy 690. However,

Page [6,9] indicated evidence of IGSCC in the resulting

welds, and consequently, I-52 and I-152 were developed

as alternative filler metals. A previous study has re-

vealed a significant difference in the welding character-

istics of these two filler metals, i.e., I-82 provides

enhanced weldability and improved mechanical proper-

ties, whereas I-52 demonstrates superior corrosion

resistance [10].

The Cr and Ni contents of a nickel-based alloy play

an essential role in determining the corrosion resistance

of the material. It has been shown previously that the

IGSCC and SCC effects in a nickel-based alloy can be

suppressed effectively by specifying either a 30 wt% Cr

content or a 60 wt% Ni content [11]. Furthermore, both

Cr and Ni have a high affinity with C and readily form

carbides [12,13]. The heat generated during the welding

process causes the Cr content to interact readily with

the C to form carbides such as M23C6 and M7C3, which

then precipitate on the grain boundaries. This reaction

may result in a Cr-depletion within the first-pass welding

layer or in the heat affected zone (HAZ), which causes a

degradation of the weldment�s corrosion resistance. The
problem of Cr-depletion can be avoided by either

increasing the Cr and Ni content of the alloy, or by

introducing high affinity elements such as Ti and Nb

to stabilize the C [14].
Yamanaka et al. [15] have indicated that the addition

of Nb in Alloy 600 is an effective means of enhancing its

corrosion resistance properties. Furthermore, Lee and

Kuo [16] demonstrated an improvement in the mecha-

nical properties of Alloy 690 welds at room temperature

through the addition of Nb. However, it has been shown

by others that the resulting formation of an Nb-rich

phase decreases the corrosion resistance of the weld

[16]. Accordingly, researchers have investigated the use

of Ti addition to improve the mechanical properties of

dissimilar weldments.

It has been determined that the addition of Ti can

reduce porosity, lessen welding defects and increase the

strength of the FZ [17]. Furthermore, an appropriate

addition in the weld metals for steels increases the

toughness properties of the weld and eliminates weld

segregation [18,19]. Since the affinity of Ti to C is greater

than the affinity of Cr to C, Ti forms MC-type carbides

with C much faster than Cr will do, and therefore Ti

addition yields a significant increase in the corrosion

resistance and mechanical properties of the weld [12–

14]. However, since Ti is a strong deoxidizer, it is not

readily retainable in welds, and consequently has a neg-

ative influence upon the weldability [20–22].

The intention of the current study is to investigate the

effects of various levels of Ti addition on the welding fea-

sibility, FZ microstructure, and mechanical properties of

a dissimilar Alloy 690 and SUS 304L SS weldment. Ti

addition is realized by modifying the Ti content of the

electrode flux coating with varying percentages of either

a pure Ti powder or a Ti–Fe compound.
2. Experimental procedure

This study concerns dissimilar weldments of Alloy

690 and SUS 304L. The compositions of these two mate-

rials are presented in Table 1. The Alloy 690 was sup-

plied by Sumitomo Metal Technology Ltd., and had

been heat-treated at 1050 �C for 5 min and then

quenched in water prior to delivery. Meanwhile, the pur-

chased SUS 304L was heat treated in the laboratory at

1050 �C for 2 h and then allowed to cool in air. Samples
of both materials were then prepared with dimensions of

80 · 70 · 6 mm (length · width · thickness).
The compositions of the electrodes prepared for the

current investigation were based on the Inconel Welding

Electrode 152 series. (Note that Inconel is the trademark

of INCO Alloys International, West Virginia, USA.)

Oxford filler metal 52 of diameter / = 3.2 mm was cho-
sen as the core wire. (Note that Oxford is the trademark

of Oxford Alloys Inc. Louisiana, USA.) A series of

welding electrodes were prepared by coating the core

wire with a flux containing various additions of either

a Ti powder or a Ti–Fe compound. The compositions

of the individual experimental electrodes were analyzed



Table 1

The composition of base metals and welding electrodes (wt%)

Ni Cr Fe Mn Nb Ti Mo C Si Cu Al S P

Alloy 690 60.65 29.70 8.76 0.29 – 0.20 – 0.022 0.35 0.02 – 0.001 0.007

SUS 304L 8.00 18.00 Bal 2.00 – – – 0.030 1.00 – – 0.003 0.045

Oxford Filler Metal 52 60.00 29.30 8.80 0.40 0.02 0.500 0.100 0.030 0.17 0.060 0.61 0.010 –

Inconel Welding Electrodes 152 52.80 30.00 10.40 3.42 1.87 0.112 0.071 0.032 0.42 <0.005 0.14 0.008 0.009

Without extra additiona S009 51.20 29.60 11.70 3.99 1.82 0.099 0.072 0.048 0.47 0.061 0.06 0.009 0.019

Ti–Fe compoundb

STF013 51.90 28.50 12.00 3.88 1.90 0.132 0.073 0.048 0.52 0.062 0.06 0.008 0.019

STF027 51.50 28.30 12.40 3.78 1.96 0.271 0.077 0.047 0.64 0.062 0.06 0.008 0.018

Ti-powderc

ST017 53.50 26.82 11.86 3.96 1.82 0.176 – 0.039 0.61 – 0.06 0.004 0.013

ST041 53.00 26.92 11.83 3.94 1.92 0.410 – 0.040 0.78 – 0.05 0.003 0.013

ST091 53.17 27.01 12.64 3.61 1.45 0.910 0.057 0.050 0.93 0.010 0.05 – –

a Without extra Ti addition in the flux, the Ti content comes from the filler metal.
b Adding Ti–Fe compound in the flux to change the Ti content.
c Adding Ti-powder in the flux to change the Ti content.
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in accordance with AWS/ASME SFA A5.11 specifica-

tions, and the results are presented in Table 1. The elec-

trodes are designated in terms of their Ti content, i.e.,

S009 electrodes are those without extra additives, while

the ST and STF electrodes contain Ti powder and Ti–

Fe compounds, respectively. Furthermore, the digits

within the designation of each electrode refer to the Ti

content. A bead on plate (BOP) welding test was per-

formed using each electrode under identical welding

parameters (i.e. 65 A, 21 V, straight positive, DCSP).

The corresponding results are shown in Table 2.

Fig. 1 presents the experimental arrangement

adopted for the welding process. The beveled test plates

to be welded together were arranged to form an 80� V
groove with a 3.2 mm root opening gap and a 1 mm root

face. A ceramic backing strip was stuck beneath the

weldment. Prior to welding, the experimental electrodes

were dried thoroughly, and the surfaces of the base met-

als and clamps were cleaned with acetone. The two test

plates were then butt-welded using the SMAW welding

process. A total of three welding layers were utilized,

with each layer being deposited in a single pass. The slag
Table 2

The effect of Ti–Fe compound and Ti powder on the bead on plate w

Specimen no. Spatter Fluidity Smoke

S009 s s s

STF013 s n n

STF027 s n n

ST017 · n ·
ST041 · · ·
ST091 · · ·

s good; n bad; · very bad.
and oxide were completely removed after the completion

of each pass, and the inter-pass temperature was allowed

to fall below 150 �C before the next pass was performed.
The SMAW welding parameters for each pass of each

electrode are presented in Table 3.

Samples for microstructural analysis were ground

and polished mechanically, and were then etched elec-

trolytically under six volts DC for 20–30 s in a reagent

of 70 ml H3PO4 + 30 ml H2O. Optical microscopy was

used to observe the varied microstructure of the weld.

A scanning electron microscope (SEM) equipped with

an energy disperse X-ray spectrometer (EDS) was em-

ployed to analyze the microstructure.

Regarding the mechanical properties of each weld, the

average hardness of the FZ was measured using a Vickers

hardness tester with a load of 200 g, and tensile testing

was performed with an MTS 810 universal tensile testing

machine at room temperature and with a crosshead

speed of 0.02 mms�1. In accordance with ASTM-E8

specifications, the dimensions of the tensile test speci-

mens were as shown in Fig. 2. The ruptured specimens

were then observed fractographically under an SEM.
elding (welding parameters: 65 A, 21 V, DCSP)

Deslag Appearance Arc stability

n s s

n n s

n n n

· n n

· n ·
· · ·



Table 3

Procedure and welding parameters for SMAW

Multi-pass

schematic

Welding

current

Specimen Pass

number

Welding parameters Heat input

(kJmm�1)

Total heat

input

(kJmm�1)
Current

(A)

Voltage

(V)

Welding

speed (mms�1)

DCSP S009 3 65 21 1.43 0.72

2 65 21 1.55 0.66 2.05

1 100 22 2.45 0.67

STF013 3 65 21 1.18 0.87

2 65 21 1.47 0.70 2.41

1 100 22 1.97 0.84

STF027 3 65 21 1.58 0.65

2 65 21 1.73 0.59 2.04

1 100 22 2.07 0.80

AC ST017 3 100 22 1.60 1.03

2 100 22 1.88 0.88 2.94

1 100 22 1.60 1.03

ST041 3 100 22 1.92 0.86

2 100 22 2.28 0.72 2.82

1 100 22 1.33 1.24

ST091 3 100 22 2.17 0.76

2 100 22 2.52 0.65 3.02

1 100 22 1.02 1.61

Alloy 690 SUS 304L 

80

160

70

Unit : mm

61

3.2

80O

Fig. 1. The design of weldment.
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3. Results and discussion

3.1. Weldability and weld composition

Table 2 shows the effects of Ti–Fe compound and Ti

powder addition on the BOP welding process character-
istics under welding parameters of 65 A, 21 V, DCSP. It

is observed that welding operation becomes more diffi-

cult as the Ti content increases. Under these conditions,

thick smoke is generated during the welding process,

particularly when welding is performed using electrodes

with a Ti powder additive. It can be assumed that the
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Fig. 2. The design of tensile test.
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smoke formation is associated with the violent deoxidi-

zation of the Ti. Regarding the fluidity of the weld, the

S009 electrode series provides the best results. As the

Ti-powder addition increases, it is noted that the fluidity

of molten metal, arc stability and deslag characteristics

all deteriorate. It is also observed that the electrodes

with a Ti–Fe compound additive yield less spatter than

those with a Ti powder additive.

The results of Table 2 indicate that neither the addi-

tion of Ti powder nor the addition of Ti–Fe compounds

enhances the fluidity of molten metal. It is noted that the

S009 electrodes, which have the lowest Ti content, yield

the best weldability results. Hence, it can be assumed

that the severe oxidizing reaction of the Ti in the flux

plays an important role here.

As stated above, the welding arc becomes more

unstable as the level of Ti addition increases, especially

in the case of electrodes containing a Ti-powder addi-

tive. Therefore, welding cannot be performed unless

either the electrodes or the welding parameters are chan-

ged. Consequently, for the investigation of welds formed

using the ST-series electrodes, the welding parameters

were adjusted to 100 A, 22 V, AC, as shown in Table 3.

Fig. 3 presents the appearance of the welds produced

with the six designed electrodes and their corresponding
Fig. 3. The appear
welding parameters. It is observed that the welds with a

Ti–Fe compound addition demonstrate a smooth and

fine bead ripple due to the good fluidity of molten metal.

However, the fluidity of those with a Ti powder additive

deteriorates as the level of Ti content increases.

Although the major composition (Ni, Cr, Fe) does not

vary significantly, it is obvious that the weld appearance

becomes rougher as the Ti content increases, especially

for the case of the electrodes containing a Ti powder

additive.

In this study, the transfer ratio of Ti from the addi-

tive of the electrodes to the welds is approximately

10%. Davis and Bailey [20] and Tanaka et al. [21] pro-

posed that Mg and Al, which both react readily with

oxygen, could reduce the loss of Ti through oxidization

at high temperatures.

Additionally, the contents of Si and Fe rise as the le-

vel of Ti increases, regardless of whether the Ti addition

is in the form of a Ti-powder or of a Ti–Fe compound.

This phenomenon is attributed to the fact that Ti has a

higher affinity to oxygen than either Si or Fe. Hence,

their oxidization is reduced, and their contents increased

accordingly. Furthermore, since the addition of Ti low-

ers the oxygen content in the weld, there is an apprecia-

ble improvement in the toughness of the weld [22].
ance of weld.
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3.2. Microstructural analysis of fusion zone

Fig. 4 presents the macrostructure of the S009 weld-

ment (without extra Ti addition). It can be seen that the

resulting structure is mainly dendritic when the Ti con-

tent of the electrode is not modified. As shown in

Fig. 5, when the level of Ti addition increases, the micro-

structure with Ti–Fe compound addition changes from a

columnar dendritic and equiaxed dendritic structure to

an equiaxed dendritic structure. However, as shown in

Fig. 6, the FZ microstructure with Ti-powder addition

does not change significantly, but remains predomi-

nantly with a columnar dendritic structure.

The PDAS of the various welds in their cap and root

regions were measured. The corresponding results are

shown in Fig. 7. It is clear that the PDAS in the welds

with Ti–Fe compound addition is denser than in the

welds with Ti-powder addition. This difference can be

attributed to the different cooling rates (welding

speeds), heat inputs (current · voltage/welding speed),
and Ti contents associated with the different electrodes.
Fig. 4. The optical graph of S009 weldment.

Fig. 5. The micrograph of the central fusion zone with the Ti–Fe c
A faster welding speed results in a higher cooling rate

and a lowered heat input, which tends to refine the

PDAS [23]. According to Table 3, although the welding

speeds of the STF-electrodes only exceeds that of ST-

electrodes slightly, the heat input of STF-electrodes is

much lower owing to a small current. Therefore, the

PDAS in the STF welds will generally be finer than in

the ST welds.

Compared to the cap layer (i.e. the third welding

layer), the results reveal that the root has a shorter

PDAS. This result is mainly attributed to the greater

temperature gradient, which causes a faster cooling rate.

When welding the first pass (the root), the base metals

are at room temperature. However, the base metals are

at a temperature of about 150 �C when welding the third
pass (the cap). Consequently, the temperature gradient

is relatively higher in the root. This induces a faster cool-

ing rate and hence a more refined microstructure.

Additionally, Fig. 7 reveals that the PDAS decreases

significantly in the ST-series electrodes as the addition of

Ti increases. It is mainly contributed to the level of Ti

addition. Thaulow�s study has indicated the refinement
of PDAS in the weld with the Ti addition [19]. This re-

sult arises from the occurrence of high constitutional

cooling.

The increase in Ti addition causes a corresponding

increase in inter-dendritic phases. These phases may be

categorized as Nb-rich phases with an irregular slender

shape in the low Ti-addition electrodes, as shown in

Fig. 8(a), or as Al–Ti oxides and Al–Ti–Nb-rich parti-

cles with a spherical shape in the high Ti-addition elec-

trodes, i.e., as shown in Fig. 8(b) and (c).

The Nb-rich phases evident in Fig. 8(a) are assumed

to form in the later stages of the solidification process.

At that time, the remaining inter-dendritic liquid is rich

in solute atoms, including Nb, and Nb-rich phases tend
ompound additive (welding parameters: 65 A, 21 V, DCSP).



Fig. 6. The micrograph of the central fusion zone with the Ti powder additive (welding parameters: 100 A, 22 V, AC).
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Fig. 7. The measurement of primary dendritic arm space (PDAS) in the central weld.
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to form [16]. These phases are generally larger than the

Al–Ti oxides. Additionally, as the level of Ti addition in-

creases, these phases become smaller.

The Al–Ti–Nb-rich particles evident in Fig. 8(c) are

assumed to be a mixture of Al–Ti oxides and Nb-rich

phases since the affinity of Al and Ti to oxygen is higher

than Nb. The usual intention of adding Al and Ti in the

flux is to promote deoxidization in order to reduce

porosity in the weld. In this case, most of the oxides

would float to the surface of the welds to form part of

the slag, while only a minority would remain within

the weld in the form of spherical particles.

An observation of the inter-dendritic phase reveals

that the Al–Ti oxides increase with higher levels of Ti con-

tent. Conversely, the Nb-rich phases decrease and become

smaller. As a result of blending with the Al–Ti oxides,

shown as Fig. 8(b), the size of the Nb-rich phases shrink,
and consequently Nb-rich phases are less evident than

Al–Ti–Nb-rich particles in the inter-dendritic region.

3.3. Mechanical property tests

3.3.1. Hardness testing

Fig. 9 presents the results of hardness testing. It can

be seen that the average hardness of the weld increases

with increasing Ti content. In general, it is noted that

the hardness in the root exceeds that in the cap. How-

ever, in the case of the ST091 electrode, which possesses

the highest Ti content, the average hardness of the cap

and root is similar.

The root is formed in the first welding pass of the

welding process and the base metals are initially at room

temperature. Therefore, this pass has a higher cooling

rate than the third welding pass, i.e., the cap. Hence,



Fig. 8. The analysis of inter-dendritic phase: (a) Nb-rich phase in S009; (b) Al–Ti oxide in ST091; (c) Al–Ti–Nb-rich particles in ST091.
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the dendrite structures within the root are correspond-

ingly finer than those of the cap. It has been indicated

that a higher cooling rate tends to enhance the hardness

[16]. Consequently, the root has a higher hardness than

the cap. Furthermore, since the total weld is achieved
using a multi-pass process, a greater degree of residual

stress and deformation is induced within the root [24],

and this also contributes to a higher average hardness.

As stated above, the average hardness in the cap and

the root is approximately equal in the case of the ST091
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electrode. It is assumed that this is the result of an in-

creased occurrence of constitutional cooling due to the

increase of Ti addition. Generally, a cap with a low dilu-

tion tends to have a relatively greater constitutional

cooling. Therefore, a denser dendritic structure occurs

in the cap due to the greater constitutional cooling.

The hardness testing results indicate that the average

hardness of the welds produced using the Ti–Fe com-

pound additive is higher than that of the welds formed

using the Ti powder additive. This result is attributed to

the larger current, which causes a greater heat input in

the welds, when using the Ti-powder additive electrodes.

3.3.2. Tensile test

Fig. 10 presents the results of tensile testing. It is

noted that each specimen ruptured within the FZ. Fur-

thermore, it can be seen that an increased Ti content re-

sults in a greater elongation of the specimen prior to
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Fig. 10. The result of tensile test: (a) te

Fig. 11. The micrograp
rupture, but that the tensile strength remains approxi-

mately constant. Of the various specimens, the specimen

produced using the high Ti electrode, i.e., ST091, is the

first to fracture. This suggests that the poor weldability

associated with a high Ti content (0.91 wt%) causes a

general degradation of the weldment�s mechanical prop-
erties even though its average hardness is improved.

Fig. 11 presents images of the ductile rupture of each

of the specimens. It is clear that the quantity of inter-

dendritic phases in the rupture zone increases signifi-

cantly as the level of Ti addition increases. It appears

that holes are formed initially within the inter-dendritic

phases, and that these holes gradually link with each

other and result in the eventual rupturing of the speci-

men. When the shapes of the inter-dendritic phases are

spherical, the elongation of the specimen will be en-

hanced. However, when an increased number of irregu-

lar inter-dendritic phases are formed, the elongation will
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decrease. These phases are particularly evident in the

fracture of the low Ti addition specimen, S009, and ex-

plain the early rupture of this particular specimen and

its reduced elongation.

In the case of ST091, a great number of inter-dend-

ritic phases are induced in the weld. These phases gener-

ally have a spherical form. From the rupture results, it

can be seen that the dimples on the ST091 surface are

denser than those of the other specimens. Therefore, it

is assumed that the poor weldability decreases the elon-

gation and tensile strength of ST091.

It is also possible that large inter-dendritic phases

could be a fundamental cause of the degradation of

a weldment�s mechanical properties. Previously, Lee
et al. [25] stated that a higher Nb addition results in lar-

ger inter-dendritic phases, which prompt the weldment

to rupture within the inter-dendritic region. The results

of the present study suggest that an appropriate amount

of Ti addition may cause a finer microstructure and

smaller inter-dendritic phases, which increases the elon-

gation of the weldment rather than lowering its strength

under the conditions of high heat input.
4. Conclusions

(1) It has been demonstrated that the electrodes with

Ti powder addition generate more smoke, an unstable

arc, a larger spark, and display a poorer welding opera-

tion than those with Ti–Fe compound addition. Addi-

tionally, it has been noted that the fluidity and deslag

of the weld deteriorate as the level of Ti addition

increases.

(2) The results have shown that a Ti–Fe compound

additive is added, the microstructure tends to change

from one of columnar dendrite to one of equiaxial dend-

rite as the level of Ti addition increases. Moreover, it has

been noted that the PDAS shortens with increasing Ti

content, particularly in the electrodes with a Ti-powder

additive.

(3) Observations of the inter-dendritic phase have re-

vealed the presence of irregular Nb-rich phases, Al–Ti

oxides and Al–Ti–Nb-rich particle. It has been shown

that the Al–Ti oxides tend to dominate in this region

with increasing Ti addition.

(4) Hardness testing has revealed that the addition of

Ti enhances the average hardness of the FZ. Because of

the lower welding heat and the faster welding speed, the

welds with a Ti–Fe compound additive have a higher

hardness than those with a Ti-powder additive.

(5) Tensile testing has shown that all specimens frac-

ture in the FZ and that the failure mode is one of ductile

rapture. When the Ti content increases, it has been

shown that the tensile strength remains constant, but

that the elongation is considerably improved. However,
a Ti addition in excess of 0.91% will prompt the early

failure of the specimen.
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