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The effect of grain refining elements such as copper, titanium and aluminum on transverse tensile
strength, ductility, impact toughness, microhardness and austenite content of AISI 430 ferritic stainless
steel welds through Gas Tungsten Arc Welding (GTAW) process in as-welded condition was studied.
Taguchi method was used to optimize the weight percentage of copper, titanium and aluminum for max-
imizing the mechanical properties and austenite content in the weld region of ferritic stainless steel
welds. Based on Taguchi orthogonal array the regression equations were developed for predicting the
mechanical properties of ferritic stainless steel welds within the range of grain refining elements. The
observed mechanical properties and austenite content have been correlated with microstructure and
fracture features.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Ferritic stainless steel (FSS) is characterized by lower cost, higher
thermal conductivity, smaller linear expansion and better resistance
to chloride stress corrosion cracking, atmospheric corrosion and oxi-
dation compared to austenitic stainless steels [1,2]. In certain appli-
cations such as the production of titanium by kroll process, where
titanium tetrachloride (TiCl4) is reduced by magnesium, austenitic
stainless steels are used for the reduction retorts with an inner lining
of FSS to mitigate the problem of leaching of the nickel by molten
magnesium. These steels are extensively used in making vessels
for food and chemical industries, heat exchangers, architectural
and automotives, etc. Gas Tungsten Arc Welding (GTAW) or Tung-
sten Inert Gas (TIG) welding is an arc welding process that produces
coalescence of metals by heating them with an arc between a non-
consumable electrode and the base metal. GTAW process is well
suitable for joining thin and medium thickness material like alumi-
num alloys and steels. GTAW process is generally used for welding of
these alloys because it produces very high quality welds [3].

The principle weldability issue with the FSS is maintaining ade-
quate toughness and ductility in the weld zone (WZ) and heat af-
fected zone (HAZ) of these steels, this is due to large grain size in
the fusion zone (FZ) [4–6] because they solidify directly from the
liquid to the ferrite phase without any intermediate phase trans-
ll rights reserved.
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formation. The problem of grain coarsening in the WZ of FSS welds
is addressed by limiting heat input by employing low heat input
welding processes [7–10]. Strong carbide and nitride forming ele-
ments are usually added to eliminate the sensitization and im-
prove the mechanical properties of FSS [11–15]. Studies have
been conducted to grain refine FSS welds by electromagnetic stir-
ring [16], by employing alternating current GTAW process [17–19]
as well as through liquid metal chilling [20]. Earlier attempts have
been made to grain refine welds of these steels by the addition of
elements such as titanium and copper [21]. From the reported lit-
erature it is observed that the grain refinement in the WZ of AISI
430 FSS welds by the addition of grain refining elements such as
copper (Cu), titanium (Ti) and aluminum (Al) with specified weight
percentage for increasing the mechanical properties is not studied
and also it is observed that the optimization of grain refining ele-
ments in the WZ of AISI 430 FSS welds for maximizing the mechan-
ical properties is not reported.

Factorial design of experiments using Taguchi method is a sys-
tematic method of approach for design and analysis of experiments
for the purpose of improving the quality characteristics [22–25].
Nowadays, Taguchi method has become a practical tool for improv-
ing the quality of output without increasing the cost of experimen-
tation by reducing the number of experiments. Juang and Tarang
[26] have used Taguchi method for optimizing the process param-
eters of TIG welding of stainless steel. They have used arc gap, flow
rate, welding current and welding speed each with four levels for
optimization of weld pool geometry. Kumar and Sundarrajan [27]
optimized mechanical properties of TIG welded Al–Mg–Si alumi-
num alloy using Taguchi method. Balasubramanian et al. [28]
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Table 2
Working range of the grain refining elements.

Symbol Element Units Lower level
(1)

Medium level
(2)

Higher level
(3)

A Copper g 1 2 3
B Titanium g 1 2 3
C Aluminum g 1 2 3

Table 3
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obtained refined grain size with pulsed current TIG welding of alu-
minum alloys to Ti alloys. They have used peak current, base cur-
rent, pulse frequency and pulse on-time as the process
parameters with four levels for optimizing the three quality charac-
teristics of tensile, notch tensile and yield strengths.

The objective of the present study is to investigate the influence
of grain refining elements such as Cu, Ti and Al addition on
mechanical properties of AISI 430 FSS weldments and to obtain
the optimum combinations of these grain refining elements for
increasing the mechanical properties and austenite content using
Taguchi method.
Constant process parameters.

Parameter Value

Welding current (Amps) 120
Welding speed (mm/min) 50
Electrode polarity DCSP
Arc voltage (V) 10–13
Arc gap (mm) 2
Filler wire diameter (mm) 1.6
Electrode 2% Thoriated tungsten
No. of passes 3
Shielding gas (argon), flow rate (L/min) 10
Purging gas (argon) flow rate (L/min) 5
Preheat temperature (�C) 100

Table 4
Experimental layout L9 (34) orthogonal array.

Exp. no. A B C

FS1 1 1 1
FS2 1 2 2
FS3 1 3 3
FS4 2 1 2
FS5 2 2 3
FS6 2 3 1
FS7 3 1 3
FS8 3 2 1
FS9 3 3 2
2. Experimental procedure

The base material employed in this study is 5 mm thick AISI 430
FSS. The chemical composition of the base material is presented in
Table 1. GTAW was carried out using a Master TIG AC/DC 3500W
welding machine (Make: kemppi). The advantages of the GTAW
process are low heat input, less distortion, resistance to hot crack-
ing and better control of FZ there by improved mechanical proper-
ties. From the reported literature [7–10] and previous work done
[21], the most important process parameters which are having
greater influence on the weld bead geometry and FZ grain refine-
ment of continuous current GTAW process have been identified.
They are as: welding current, welding speed and arc voltage. In
the present investigation, trial runs were conducted by varying
the weight percentage of one of the grain refining elements and
keeping the others constant to find the working range of grain
refining elements. Feasible levels of the grain refining elements
were chosen in such a way that the joint should be free from any
visible defects.

The range of the grain refining elements selected under the
present study and the constant process parameters are presented
in Tables 2 and 3 respectively. In the present study, the Taguchi
method was applied to experimental data using statistical software
Minitab 15. The number of grain refining elements considered un-
der this study is three and the level of each grain refining element
is three. The degree of freedom of all the three grain refining ele-
ments is 6. Hence, L9 (34) orthogonal array is selected. Each condi-
tion of experiment was repeated twice to reduce the noise/error
effects. The details of the selected orthogonal array were presented
in Table 4. The S/N ratio for each level of the grain refining element
is computed.

The quality characteristics, i.e. ultimate tensile strength (UTS),
yield strength (YS), impact toughness (IT), percentage of elongation
(%EL), microhardness and austenite content of the welds were
evaluated for all the trials and then statistical analysis of variance
(ANOVA) was carried out. Based on the ANOVA, the contribution of
each element in influencing the quality characteristic is evaluated.
The ANOVA also provides an indication of which elements are sta-
tistically significant. The optimum elements combination are pre-
dicted and verified.

The rolled plates of 5 mm thick AISI 430 FSS were cut into the
required dimension. A single ‘V’ butt joint configuration shown in
Fig. 1 was selected and the joints were made using the experimen-
tal layout shown in Table 4. Prior to welding, the base metal plates
were wire brushed and degreased using acetone and preheated to
100 �C. All the necessary care was taken to avoid the joint distor-
Table 1
Chemical composition of the base material and filler material (wt%).

Material C Mn Si

Base material (AISI 430 FSS) 0.044 0.246 0.296
Filler material (AISI 430 FSS) 0.044 0.246 0.296
tion during welding. Purging is provided at the bottom of the
plates. The same argon gas is used for shielding as well as purging.
A filler material conforming to the composition given in Table 1 is
used. Cu (in foil form) was added between the butt joint of FSS
after the root weld. Then, Ti and Al powders of �100 lm mesh
(99% purity level) were added to the molten pool through hopper
and a fine pipe by the controlled way using the motor mechanism.
Weld joint is completed in three passes.
2.1. Metallography

In order to observe the microstructure under the optical micro-
scope, specimens were cut from the welds, then prepared accord-
ing to the standard procedures and etched using aquaregia (1 part
HNO3, 3 parts HCL). Microstructures of the welds were studied and
recorded. Scanning Electron Microscope (SEM) was used for energy
dispersive X-ray analysis (EDX) and fractographic examination.
American stress technologies (ASTs) 2000 X-ray stress analyzer
P S Ni Cr Fe

0.023 0.002 0.164 17.00 Balance
0.023 0.002 0.164 17.00 Balance



Fig. 1. Schematic sketch of the weld joint (all dimensions are in ‘mm’).

Fig. 4. Configuration of charpy V-notch impact specimen (all dimensions are in
‘mm’).
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with a provision to determine austenite was utilized for the mea-
surement of austenite content in the weld region of FSS joints.
2.2. Mechanical testing

Microhardness tests were carried out using a Vickers digital
microhardness tester in transverse direction of the weld joint. A
load of 300 g was applied for duration of 10 s. The microhardness
was measured at an interval of 0.1 mm across the weld, 0.5 mm
across the HAZ and unaffected base metal. The schematic sketch
of the hardness survey is shown in Fig. 2.

The tensile test specimens were made as per ASTM E8 standards
[29] by cutting the welded joints and machined by Wire cut Elec-
trical Discharge Machining (WEDM) to the required dimensions.
The configuration of the tensile test specimen adopted is given in
Fig. 3. The tensile test was conducted with the help of a computer
controlled universal testing machine (Model: TUE-C-600) at a cross
Fig. 2. Schematic sketch of hardness survey across the joint (all dimensions are in
‘mm’).

Fig. 3. Configuration of tensile test specimen (all dimensions are in ‘mm’).
head speed of 0.5 mm/min. During tensile tests, all the welded
specimens were failed within the weld region.

Charpy impact test specimens were prepared to the dimensions
shown in Fig. 4 to evaluate the impact toughness of the weld metal.
Since the thickness of the plate was small, subsize [29] specimens
were prepared. The impact test was conducted at room tempera-
ture using a pendulum type charpy impact testing machine.

3. Results and discussion

3.1. Mechanical properties

The measured values of UTS, YS, %EL, IT, microhardness and aus-
tenite content of FSS weldments and base metal were presented in
Table 5. The data on all the properties of weldments have been
subjected to regression analysis. The responses Y such as UTS, YS,
%EL, IT, microhardness and austenite content are the function of
Cu, Ti and Al. The response function can be expressed as:

Y ¼ f ðCu; Ti;AlÞ

Y ¼ f ðA;B;CÞ

For the three factors, the selected polynomial (regression) could
be expressed as:

Y ¼ b0 þ b1A2 þ b2Aþ b3B2 þ b4Bþ b5C2 þ b6C ð1Þ

where b0 is the free term of the regression Eq. (1), the coefficients b1,
b3 and b5 are quadratic terms and b2, b4 and b6 are linear terms. The
coefficients of the variables are calculated for different responses
[30,31]. After determining the coefficients, the regression equations
were developed. These equations were used to predict the UTS, YS,
IT, %EL, microhardness and austenite content within the factorial
space exploited. Regression equations showing the effect of grain
refining elements (Cu, Ti and Al) on mechanical properties, austen-
ite content and correlation coefficients for the observed properties
and austenite content are summarized in Table 6. High correlation
coefficients indicate a good relationship between the grain refining
elements (Cu, Ti and Al) and the observed property data. Microhard-
ness survey in transverse to the weld direction of a typical weld
(FS8) revealed three different regions, such as WZ, HAZ and unaf-
fected base metal which is shown in Fig. 5. The hardness was high-
est in the WZ compared to HAZ and unaffected base metal [25,32].
Maximum hardness in the WZ can be attributed to the existence of
fine precipitates such as titanium carbides (TiC) and aluminum



Table 5
Mechanical properties and austenite content of AISI 430 FSS weldments.

Specimen ID UTS (MPa) YS (MPa) %EL IT (J) Microhardness at the weld center
(HV)

Austenite content at the weld region
(wt%)

Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2

FS1 394 395 295 312 4.4 3.9 2 4 235 240 9 9.5
FS2 350 355 235 250 3.6 3.4 4 2 260 265 11.5 10
FS3 364 371 264 225 3.7 3.4 2 2 258 260 9.5 7
FS4 330 335 260 220 3.3 3.4 2 4 235 240 11.5 10.5
FS5 362 365 227 345 3.8 4.6 4 4 270 280 12.5 11.5
FS6 345 354 291 330 4.5 3.8 4 4 280 285 12 12.5
FS7 427 423 265 320 4.7 3.5 4 2 290 310 12.5 14
FS8 491 446 375 395 5.8 6.4 6 6 360 365 19 18
FS9 350 340 225 245 3.8 3.6 4 4 310 320 13.5 12
Base material 426 422 320 316 15 11 20 24 218 222 – –

Table 6
Regression equations for the mechanical properties and austenite content of AISI 430 FSS weldments.

S. no. Response Regression equation Coefficient of correlation

1 UTS (MPa) Y ¼ 352:49þ 43:66 � X2
1 þ 20:66 � X1 � 25:83 � X2

2 � 15 � X2 þ 51:41 � X2
3 � 9:41 � X3 0.96

2 YS (MPa) Y ¼ 258:19þ 4:99 � X2
1 þ 20:33 � X1 � 33:49 � X2

2 � 7:66 � X2 þ 64:5 � X2
3 � 29:33 � X3 0.99

3 %EL Y ¼ 3:83þ 0:28 � X2
1 þ 0:45 � X1 � 0:76 � X2

2 � 0:03 � X2 þ 0:85 � X2
3 � 0:42 � X3 0.97

4 IT (J) Y ¼ 4:21� 0:16 � X2
1 þ 0:83 � X1 � 1:16 � X2

2 þ 0:16 � X2 þ 0:33 � X2
3 � 0:66 � X3 0.97

5 Microhardness (HV) Y ¼ 287:94þ 5:91 � X2
1 þ 35:41 � X1 � 24:08 � X2

2 þ 17:08 � X2 þ 15:16 � X2
3 � 9:83 � X3 0.98

6 Austenite content (wt%) Y ¼ 13þ 0:375 � X2
1 þ 2:7 � X1 � 2:62 � X2

2 � 0:04 � X2 þ 0:75 � X2
3 � 1:08 � X3 0.98

Where X1 = copper, X2 = titanium and X3 = aluminum.

Fig. 5. Microhardness survey in transverse to the weld direction of FSS weld
(sample-FS8).

Fig. 6. Graphical representation of S/N ratio and percentage contribution of grain
refining elements (Cu, Ti and Al) on UTS.
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oxides (Al2O3) and solid solution strengthening by the Al during
welding.
3.2. Optimization of grain refining elements

The grain refining elements such as Ti and Al were added as
powders of �100 lm mesh (99% purity level) to the molten pool
in the range from 1 g to 3 g with respect to the weld speed and
at a controlled feed rate over a length of 300 mm of the FSS joints
and Cu (in foil form) was added between the butt joint of FSS over a
length of 300 mm in the range from 1 g to 3 g after the root weld.
The weight percentage of grain refining elements Cu, Ti and Al
were measured by Electron Probe Microanalysis (EPMA) and it
was found that, for the addition of grain refining elements such
as Cu (1–3 g) between the butt joint; Ti and Al (1–3 g) to the mol-
ten pool, the weight percentage is varying from 0.1 wt% to
0.25 wt% for Cu, 0.3–0.9 wt% for Ti, 1.7–6.2 wt% for Al respectively.

The optimization of weight percentage of grain refining ele-
ments using Taguchi method permits evaluation of the effects of
individual elements independent of other elements on the identi-
fied quality characteristics, i.e. UTS, YS, %EL, IT, microhardness
and austenite content [31]. The influence of each grain refining ele-
ment can be evaluated by determining the S/N ratio for each factor
at each level. In this study, for UTS, YS, %EL, IT, microhardness and
austenite content, the S/N ratios were chosen according to the cri-
terion of larger-the-better (LB). The S/N ratio (g), on the LB basis for
maximizing the selected quality character is calculated as:

g ¼ �10log10
1
n

Xn

i¼1

1
y2

i

( )
ð2Þ

where ‘y’ is the average quality character and ‘n’ is the number of
repetitions. In this study n is equal to 9. Using Eq. (2) and the data



Fig. 7. Graphical representation of S/N ratio and percentage contribution of grain
refining elements (Cu, Ti and Al) on YS.

Fig. 8. Graphical representation of S/N ratio and percentage contribution of grain
refining elements (Cu, Ti and Al) on %EL.

Fig. 9. Graphical representation of S/N ratio and percentage contribution of grain
refining elements (Cu, Ti and Al) on IT.

Fig. 10. Graphical representation of S/N ratio and percentage contribution of grain
refining elements (Cu, Ti and Al) on microhardness.

Fig. 11. Graphical representation of S/N ratio and percentage contribution of grain
refining elements (Cu, Ti and Al) on austenite content.

Table 7
Optimum values of the quality characteristics.

Quality characteristics Optimum condition Optimum value

UTS (MPa) A3B2C1, i.e. Cu at level 3
(3 g), Ti at level 2 (2 g)
and Al at level 1 (1 g)

455

YS (MPa) 377
%EL 5.8
IT (J) 6
Microhardness (HV) 359
Austenite content (wt%) 18.32

Table 8
Validation of the optimum results.

Quality
characteristics

Optimum condition Optimum
value

Experimental
valuea

UTS (MPa) A3B2C1, i.e. Cu at level
3 (3 g),
Ti at level 2 (2 g) and
Al at level 1 (1 g)

455 468.5

YS (MPa) 377 385
%EL 5.8 6.1
IT (J) 6 6
Microhardness

(HV)
359 362.5

Austenite content
(wt%)

18.32 18.5

a Average of two values.
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presented above, the S/N ratios were calculated. S/N ratio and the
percentage contribution of grain refining elements (Cu, Ti and Al)
on the quality characteristics such as UTS, YS, %EL, IT, microhard-
ness and austenite content were presented in graphical form in
Figs. 6–11. It is observed that the percentage contribution of Cu
is more compared to Ti and Al on mechanical properties and aus-
tenite content of FSS welds. The optimum results were presented
in Table 7. For validations of the optimum results, experiments
were conducted as per the optimum conditions, austenite content
and mechanical properties were evaluated and the average results
are presented in Table 8. It is observed that experimental values
were closer to the optimum values. Results of ANOVA indicate that
the grain refining elements (Cu, Ti and Al) are significant for all the
quality characteristics. The same optimum combination is ob-
served in UTS, YS, %EL, IT, microhardness and austenite content.



Fig. 12. Microstructures of weld region of FSS welds.

Fig. 13. SEM micrographs (a and b) for precipitates in the FZ and EDX (c and d) results for precipitates denoted by F1 and F2 of FSS weld made under FS8 (optimum) condition.
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Fig. 14. Fractographs of tensile (a–c) and impact specimens (d–f) of FSS welds (a) FS4, (b) FS6, (c) FS8, (d) FS4, (e) FS6, (f) FS8.
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3.3. Microstructure

Microstructures of all the joints were examined at the weld re-
gion of FSS welds and presented in Fig. 12. It is observed that the
samples made at the optimum condition (i.e. A3B2C1) resulted in
fine equi-axed grains compared to other conditions. SEM was ap-
plied to observe the distribution of precipitates in the FZ of weld-
ments made under optimum condition (i.e. A3B2C1) and the
results are presented in Fig. 13a and b. EDX is carried out to ana-
lyze the chemical compositions of the precipitations and the re-
sults were presented in Fig. 13c and d. From the EDX results, it
is observed that the Ti, carbon compounds such as TiC [19] and
Al2O3 were formed which are believed to be responsible for grain
refinement. The austenite content in the weld region of FSS joints
was measured in all the conditions of experimental layout and
the results were presented in Table 5. From the results it is ob-
served that the joints made under optimum condition (i.e.
A3B2C1) led to an increase in the austenite content. The increase
in austenite content with the addition of Cu (3 g) at optimum
condition can be attributed to the austenite stabilizing effect of
Cu [33].

3.4. Fractography

The tensile and impact fracture surfaces of FSS weldments made
at FS8 (Cu 3 g, Ti 2 g, Al 1 g), FS6 (Cu 2 g, Ti 3 g, Al 1 g) and FS4 (Cu
2 g, Ti 1 g, Al 2 g), conditions of experimental layout corresponding
to optimum, medium and lower values of quality characteristics
were analyzed by SEM to reveal the fracture surface morphology
and the results are presented in Fig. 14. From the results it is ob-
served that the fractured surfaces of weldments made under FS4
and FS6 conditions shows cleavage fracture indicating brittle fail-
ure, where as the tensile and impact fracture surfaces of welds
made at optimum condition (i.e. A3B2C1) shows quasi cleavage
fracture indicating both ductile and brittle failure. This can be
attributed to the equi-axed morphology of the FZ grains in the
FSS welds [21].
4. Conclusions

The influence of grain refining elements such as Cu, Ti and Al on
the microstructure, austenite content and mechanical properties of
FSS welds were investigated and the following conclusions can be
drawn.
(1) The same optimum combination (i.e. A3B2C1) is observed in
UTS, YS, %EL, IT, microhardness and austenite content of FSS
welds. This is attributed to the solid solution strengthening
by the formation of fine precipitates TiC and Al2O3 which
are effective in promoting equi-axed grains and to refine
the grain size in the WZ.

(2) The highest strength of welds at the optimum condition (i.e.
A3B2C1) without adversely affecting the ductility can be
attributed to the highest percentage of retained austenite
in the weld region.

(3) There is a marginal improvement in the ductility of FSS
weldments at the optimum condition (i.e. A3B2C1). This can
be attributed to the equi-axed morphology of the FZ grains
and formation of dimples, ductile voids in the WZ.

(4) The hardness was highest in the FZ of FSS weldments at the
optimum condition (i.e. A3B2C1). Maximum hardness in the
FZ could be explained by the existence of fine precipitates
TiC and Al2O3 and solid solution strengthening by the ele-
ment Al during welding.
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