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Friction stir welding of AZ 91D magnesium alloy has been undertaken with boron powder application at the interface. Multi
responses are measured with different characteristics. The responses are analyzed with variable weightages employing TOPSIS
Taguchi method. Optimal parameter condition has been identified and found that weld speed is playing major role in
controlling all the responses. The performance is computed for the optimum case and also the ANOM and ANOVA test is
conducted to show the performance improvement.
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Introduction

Magnesium alloys are light in weight and are used as
structural members in aerospace and automotive industries.
The advantages of magnesium and its alloys are lowest
density, high specific strength,good castability, improved
corrosion resistance etc. While the disadvantages of it
includes low elastic modulus, low cold workability and
toughness. SiC nanoparticles reinforced Mg-based
MMCs have been fabricated in attempt to obtain light
weight materials with better mechanical properties.
Magnesium alloys are easily oxidized in weld zone
because of theirhigh chemical reactivity even at moderate
temperatures. At high temperature in the range 200-500
oC the magnesium AZ91D alloy exhibits changes in
microstructure and partial dissolution of minority
phases. Failure occurs basically by inter crystalline
splitting along the boundaries of original dendrites.
With the chage in shape of tool profilethe material flow
behavior is influenced and the mechanical properties
are effected with formation of grains in joints of FSW
components. The joining of these alloys with other
engineering materials specially with aluminum alloys
will further lead to more weight saving in the finished
components [1, 2]. The magnesium alloys are susceptible
to hot cracking and oxide formation during fusion
welding Process [3, 4]. Friction stir welding (FSW) is a

prospective method employed to join the magnesium
alloys eliminating the formation of weld defects [5].
The tool steels are used as the materials for rotary tools
in FSW effectively owing to their high temperature
strength [6]. Due to dynamic recrystallization the grain
size is reduced to a size of 1-20 µm in the friction stir
welding of magnesium alloys [7]; With special cooling
the grain size was reduced to 25-100 nm [8, 9]. The
yield strength of magnesiumjoints, increased with
increase in tool transverse speed, but the deformation is
non uniform due to microstructural differences that
exists across these zones [10]. With the reinforcement
of SiC nanoparticles in the FSW of AZ 31 with
AA7075 the weld microstructure was affected by
pinning mechanism [11]. A decrease in average grain
size with reduction in tool rotation rate along with the
increase of tool transverse velocity is observed [12]. In
AM50 Mg alloy the grain reduction from 500 to 100
µm is observed with the addition of boron from 0 to
0.15% [13]. In this investigation the effect of boron
addition on microstructure and mechanical properties
of AZ 91D magnesium alloy is undertaken employing
FSW process.

Experimentation

Materials
AZ 91D Magnesium alloys are employed in the

present study in the form of plates of 5 mm thick and
the chemical composition, mechanical and thermalproperties
are illustrated in Table 1 and 2 respectively. The edge
of a plate is provided with a groove of one mm depth
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and filled with boron powder and the other plate is in
close contact with the grooved plate. They are fixed in
a vice for performing the friction stir welding process.
The boron particles are micro sized 200 µm and is

employed to produce the joint and is reinforced like a
composite layer.

Friction stir welding:
It is a solid state welding process in which the metal

parts are joined without reaching melting point. A
cylindrical non consumable rotating tool possessing a
pin and shoulder is inserted into the abutting edges of
the pates and trasverses along the interface [Fig. 1] and
generates the localized heating. 

This heating softens the material and the movement

Table 1. Chemical Composition of AZ91D Magnesium Alloy.

Material
Element % in weight

Mg Al Zn Si Mn Cu Fe O

AZ91D 90.2 8.7 0.95 0.035 0.05 0.003 0.01 0.05

Table 2. Mechanical& Thermal Properties of AZ91D Magnesium Alloy.

Material UTS (MPa)
Yield Strength 

(MPa)
% Elongation

Thermal Conductivity 
(W/m ᵒK)

Melting Temperature 
(ᵒC)

AZ91D 230 160 3 72 533

Fig. 1. Friction stir welding Machine.

Table 3. FSW Process Parameters.

Parameters Units

Levels

Low
(1)

Medium
(2)

High
(3)

Rotational Speed (X1) r.p.m 710 900 1100

Weld speed (X2) mm/min. 16 20 25

Tool tilt Angle (X3) 0⁰ 2 2.5 3

Fig. 2. Tensile AndImpact Test Samples.
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of it takes place due to tool travel resulting in fine
grains at the joint. The parameters employed while
making the joints are given in Table 3.

Mechanical property Evaluation:
The joints have been subjected to mechanical

property evaluation. The tensile test sample employed
is as per ASTM E08 standard Fig. 2a while the impact
test sample preparation is done as per ASTM E23
standard as shown in Fig. 2b. Micro hardness of the
joints have been evaluated at a load of 100 gmf at an
interval of 0.5 mm across the joint. The welded
samples s prepared form FSW process were cut into
test samples by wire cut EDM machines. The welding
process was conducted employing the combination of
parameters in such a way that randomness consistency
and accuracy have been maintened completely.

Metallography and Scanning electron microscopy
The weld samples here mounted in bakelite and

polishing was performed using SiC papers. Olympus
optical microscopewere etched with ethanol based
picric acid solution to capture the microstructure at the
weld joint. The fractured features from the tensile test
are examined under scanning electron microscope
inunetched condition at various magnifications and the

fracture evaluation is carried out.

(EDAX) Energy dispersive X-ray spectroscopy
It is employed for elemental analysis in the stir zone

of the specimen to identify the compound formation
occur at the weld nugget zone.

Taguchi Method
Design of experiments by Taguchi method optimizes

the process parameters in such a way that the intended

Table 4. L9 Orthogonal Array.

Run
Speed (rpm)

(X1)
Feed (mm/min)

(X2)
Angle (ᵒ)

(X3)

1 710 16 2

2 710 20 2.5

3 710 25 3

4 900 16 2.5

5 900 20 3

6 900 25 2

7 1100 16 3

8 1100 20 2

9 1100 25 2.5

Table 5. (a) Mechanical Properties of AZ 91D Mg alloy FSW joints with boron powder.

S.No UTS YS El IS Hv

1 129.2 60 1.87 1.5 88

2 140.7 68.44 1.86 2 79

3 150 95.42 1.89 2 65.8

4 199.3 157.2 2.15 2.5 70.6

5 144.4 92.8 2 2.5 68.9

6 80 54 1.85 4 70.5

7 179.6 145.4 2.05 2.5 62.1

8 94 104.2 1.9 3 68.9

9 164.1 55.77 1.85 2 67.8

Table 5. (b) S/N Ratios of AZ 91D Mg alloy FSW Joints With Boron Powder.

S.No
S/N Ratio’s

UTS YS El IS Hv

1 42.2218882 35.563025 -5.4368321 3.52182518 -38.888666

2 42.9664993 36.7062 -5.3902589 6.02059991 -37.948143

3 43.5235622 39.5927882 -5.5292361 6.02059991 -36.361877

4 45.9892743 43.9290508 -6.6487692 7.95880017 -36.96994

5 43.1883358 39.3509595 -6.0205999 7.95880017 -36.75934

6 38.0617997 34.6478752 -5.3434346 12.0411998 -36.963782

7 45.085643 43.2512881 -6.2350772 7.95880017 -35.860433

8 39.4625571 40.3573544 -5.575072 9.54242509 -36.768166

9 44.3021716 34.9280129 -5.3434346 6.02059991 -36.629717
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quality and the achieved targets stay close and the
process often being termed as parameter design. In this
investigation L9 orthogonal array [Table 4] of Taguchi
is being undertaken for the experimentation [14, 15].

TOPSIS Method
Technique for order of preference by similarity to

ideal solution (TOPSIS) is a multicriteria decision
analysis method resting on the concept that the
alternatives will be having shortest geometric distance
from positive ideal and longest from negative ideal
solutions. Normalization is carried out for the multi
characteristic responses and getting realistic form of
modeling by tradeoff between poor and good results.

Results and Analysis
The experimentation has been conducted by employing

the L9 Taguchi OA. To eliminate error and bias the
runs are conducted at random. Five responsible
variables namely ultimate tensile strength (UTS), Yield
strength (Ys), elongation percentage (El), Impact
toughness (Is) and Vickers micro hardness (Hv) were
measured and compiled in Table 5a.

Lower the better criterion is employed for elongation
and hardness whilehigher the better is employed for the
remaining responses and accordingly signal noise (S/N)
ratios are computed as illustrated in Table 5b.

After normalizing the data have been weighted
with 35% each to properties namely UTS and Is and a
weightage of 10% is given to the remaining responses
while carrying out the TOPSIS analysis in Table 5c.

For comparative evaluation FSW joints of AZ 91D
Mg alloy also made without the addition of boron
powder at the joint and the mechanical properties have
been measured [Table 6].

The closeness coefficients computed from TOPSIS

Table 5. (c) Weighted Analysis of AZ 91D Mg alloy FSW Joints With Boron Powder.

S.No
Weighted Response Ideal Solution

CC
UTS  YS El  IS Hv Positive Ideal Negative Ideal

1 0.217844 0.052425 -0.00801 0.018171 -0.05733 0.049393 0.015679 0.24095

2 0.219336 0.053537 -0.00813 0.030734 -0.05535 0.036675 0.021433 0.368852

3 0.218682 0.056838 -0.00813 0.03025 -0.0522 0.036539 0.021722 0.372837

4 0.216666 0.059131 -0.00895 0.037496 -0.04976 0.233245 0.030227 0.114726

5 0.21675 0.056426 -0.00851 0.039943 -0.05271 0.004857 0.015855 0.765493

6 0.205826 0.053533 -0.00826 0.065115 -0.05711 0.041253 0.229782 0.847795

7 0.216927 0.059457 -0.00857 0.038293 -0.0493 0.233586 0.029376 0.111712

8 0.202217 0.059086 -0.00881 0.048898 -0.05383 0.223046 0.031559 0.123952

9 0.228889 0.051559 -0.00789 0.031106 -0.05407 0.035239 0.02984 0.458522

Table 6. Mechanical Properties of AZ91D Mg alloy FSW Joint Without Boron Powder.

Run
Parameter Ultimate Tensile 

Strength
(UTS)

Yield 
Strength

(Ys)

Elongation
(El)

Impact 
Toughness

 (Is)

Hardness
(Hv)Speed Feed Angle

1 1100 16 3 114 71 2 1.5 103

Table 7. Analysis of Means (ANOM).

Level X1 X2 X3

1 0.4957 0.1883 0.4836

2 0.5445 0.4306 0.4370

3 0.2299 0.6512 0.3496

Delta 0.3146 0.4629 0.1340

Rank 2 1 3

 Table 8. Analysis of Variance (ANOVA).

Source DF Adj SS Adj MS F-Value Contribution (%)

X1 2 0.19039 0.095196 1.36 31.34

X2 2 0.25246 0.126230 1.80 41.96

X3 2 0.01886 0.009429 0.13 3.13

Error 2 0.13995 0.069977

Total 8 0.60166



Analysis of friction stir welding of AZ91D magnesium alloy with boron application using TOPSIS Taguchi method 443

analysis [Table 5c] have been subjected to Analysis of
Means and Analysis of Variance as per Taguchi method
and are shown in Table 7 and Table 8 respectively.

Discussion

The yield strength and ultimate tensile strength of the
welded joints when boron powder was in place at the

Fig. 3. Microstructure of Metal and its Welds. 

Fig. 4. SEM micrograph & EDAX survey.
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interface are higher than the joints made without boron
powder. The ultimate tensile strength has increased
from 114 MPa, when boron was not present, to 199
MPa when boron was at the interface. The microstructure
of the weld nugget zone of the joints without boron
powder and with boron powder is shown in Fig. 3. In
the given figures, Fig. 3a. shows the base material
having large grains, Fig. 3b. shows the material after
welding where the weld grains are fine due to dynamic
recrystallization compared to parent material and in
Fig. 3c. free boron is formed at the grain boundaries.
The heat generated in the process is conducted from
weld zone to HAZ through the AZ91 magnesium alloy
and boron powder. As the melting temperature of the
boron is more than the parent metal it remained as free
powder at grain boundaries and helping in improving

the mechanical strength.
The average grain size in weld zone is fine compared

to the TMAZ and HAZ zones due to dynamic
recrystallization occurred due to the tool rotation [12].
Also the boron has caused the grain refinement and
subsequent improvement of mechanical properties [13].
The fractured surface is observed under scanning
electron microscope and verified for the precipitation
of compound formation using EDAX as shown in
Fig. 4.

It is found that sporadic B2O3 compounds are formed
at the weld nugget and their mixing with MgO causes
the solid with textural property variation together with
a change in strength distribution [16]. The elongation
has also increased to 2.15% when boron application is
undertaken in welding. Due to rotation of tool, severe

Fig. 5. Hardness of a weld joint.

Fig. 6. Analysis of Means.
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plastic deformation occurs which increases the dislocation
density preventing the grain boundary from slipping.
The atomic size of boron is smaller as compared to
magnesium and hence occupied interstitially in the
matrix and pinned the movement of dislocation and
grain boundary. The impact toughness of the joint with
boron addition has also increased to 4.0 Joules due to
the presence of boron.

The temperature increases with tool rotation and
reaches to an extent of 500 oC. In the presence of boron
the precipitation hardening taking place causing the
variation in hardness across the weld zone through
TMAZ and HAZ occurred due to the microstructural
changes taken place [17]. The hardness survey across
the weld zone to base metal for a typical weld joint is
shown in Fig. 5. The hardness is changed in the weld
zone compared to base metal.

The Analysis of Means (ANOM) computed in Table
7 are plotted for variation against the levels of each of
the process parameters as shown in Fig. 6.

Optimal parameters condition [Table 9] is identified
by selecting the higher the better criterion for the
closeness coefficient. The contribution of each of the
parameters on the chosen response is computed
employing Yate’s algorithm for ANOVA [14] andis
shown in the Table 8.

The contribution of each of the parameters on the
chosen response is computed and is shown in the Table
8. The weld feed is playing major role by an extent of
41.96% and speed is operating to a tune of 31.34%
while the tilt angle is governing the least to a minimum
of 3.13% in the variation of the responses.

The optimal responses are as per the run 6 of the
results when TOPSIS analysis is conducted with
weightages are attributed. However the functional
requirement in sitedecides the weightage and the
optimally can be chosen accordingly.

Conclusions

• The multi criterion responses can be best handled

by TOPSIS analysis with weightages.
• The weld feed is governing about 42% in the

achievement of all responses optimally.
• Boron helped in increasing the mechanical properties

considerably as compared to base friction welding
joints.
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Table 9. Optimal Parameters.

S. No. Parameter Units
Optimal Level

Code Absolute value

1 X1 r.p.m 2 900

2 X2 mm/min 3 25

3 X3 degree 1 2


