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Abstract: Light-alloys play a significant role in saving weight in automotive and aerospace
industries; however, a few joining methods guarantee mechanical and fatigue strengths
for high performance application. Even conventional arc welding processes do not offer
constant quality joints. Therefore, this study uses an alternative solid-state welding process,
friction stir welding (FSW), to analyze post processing microstructures and assess mechanical
and fatigue strength. Magnesium alloy AZ31B plates were welded using different welding
parameters in a dedicated FSW machine. The effect of the spindle speed (w) and welding
speed (v) on the microstructure, the tensile strength and fatigue were studied. The stirred
zone (SZ) at the FS-welded joints presented a microstructure composed by homogeneous
equiaxial grains, refined by dynamic recrystallization. A rise in grain size, weld bead width,
tensile and fatigue strengths with the increase of speed ratio (w/v) were observed. Results of
the fatigue and mechanical strength here presented outperformed results from welds made
with conventional milling machines.

Key-words: Magnesium AZ31B; Fatigue strength; Tensile strength; Friction stir welding; FSW.

Avaliacao da Resisténcia Mecanica e a Fadiga de Chapas Soldadas por
Atrito com Pino nao Consumivel da Liga de Magnésio AZ31B

Resumo: Ligas leves apresentam uma importante fun¢do na industria, na redugdo de peso
na indUstria automotiva e aeroespacial. No entanto, poucos métodos de unido garantem a
resisténcia mecanica e de fadiga necessarias para aplicacdes de alto desempenho. Inclusive,
processos convencionais de soldagem a arco, nem sempre fornecem juntas soldadas de
qualidade. Portanto, este estudo usa um processo de soldagem alternativo em estado sélido,
conhecido por soldagem por atrito com pino ndo consumivel (SAPNC). Sdo analisadas as
microestruturas apds soldagem, a resisténcia mecanica e de fadiga. Chapas de magnésio
da liga AZ31B foram soldadas com diferentes parametros em uma maquina dedicada para
SAPNC. Foram estudados os efeitos da velocidade de soldagem (v), velocidade de rotagdo (w)
na microestrutura, resisténcia mecanica e de fadiga. A zona misturada (ZM) das juntas por
SAPNC mostrou microestruturas compostas por graos homogéneos e equiaxiais, refinados
por recristalizagdo dinamica. Foi observado um aumento do tamanho de grdo, largura do
corddo, resisténcia mecanica e de fadiga com o aumento da relagdo de velocidade (w/v).
Os resultados da resisténcia mecanica e fadiga apresentados ultrapassaram resultados de
juntas similares realizadas em maquinas fresadoras convencionais.

Palavras-chave: Magnésio AZ31B; Resisténcia a fadiga; Resisténcia mecanica; Soldagem por
atrito com pino ndo consumivel; SAPNC.

1. Introduction

Welded joints tended to exhibit microscopic defects such as porosities, impurities
and even cracks [1,2]. These defects can be overcome by using FSW, welding process in the
solid state, invented by TWIin 1991 [3]. The FSW process consumes a very small amount
of energy without requiring filler materials, this allows to obtain high speed welded
joints with superior mechanical properties compared to conventional arc welding [1,4].
In addition, light alloys welded by FSW dismiss the gas shield protection. The FSW process
was initially used in aluminum alloys, but this process has recently been focused on new
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structural applications seeking to improve resistance. FSW of aluminum [5-7] and magnesium [6] alloys has a great
potential of application in the aerospace and automotive industries [7].

The spindle speed (v), the welding speed (w), downward force and pin geometry are the most relevant variables
of FSW. These variables influence the geometry and penetration of the weld, which influence the mechanical
properties of the different zones of the welded joint [5,6]. In previous studies, Franco [8] used a milling machine
to perform FSW sheet Mg alloy AZ31B, achieving a mechanical efficiency of 93%, and a reduction of grain size up
to 85% in the SZ. Similarly, Avila et al. [1] used a milling machine, and evaluated the tensile strength and fatigue
strength, finding a mechanical efficiency up to 96%, and a fatigue efficiency of 70% with respect to the BM. On the
other hand, Padmanaban and Balasubramanian [9], evaluated the fatigue strength of the AZ31B Mg alloy, of welded
joints with laser, with GTAW, with pulsed arc and by FSW, proving that FSW joints exceeded the fatigue strength
of the welds obtained by the GTAW process. Most studies in FSW of Mg alloy AZ31B focused on determining the
tensile strength, the microstructure in the SZ, and determination of alloy defects, without assessing the fatigue
resistance. Therefore, this study aims to characterize the joints welded by the friction process of a magnesium
alloy AZ31B, including the tensile and fatigue behavior.

2. Experimental Methodology

The effects of the spindle speed (v) and welding speed (w) were studied on the tensile strength, fatigue
resistance and micro hardness of an AZ31B magnesium alloy welded by FSW. Additionally, a microstructural
characterization was carried out through the welded joints seeking correlations with welding parameters. Nine
experimental conditions were used, three spindle speeds and three welding speeds, as shown in Table 1. Figure 1
shows the distribution of the experimental units, which corresponds to extruded plates of AZ31B Mg alloy 90-mm
wide x 120-mm long x 3.20-mm thick butt-welded by FSW. The end effects of the welded joints were discarded
by cutting the 15mm length final and initial segments of the weld beads. Table 2 shows the chemical composition
(% by weight) of the AZ31B alloy. Welds were performed in a dedicated TTI FSW welding machine, which allowed
to have a constant tool tip penetration control along the weld bead. A cylindrical tool with a threaded pin, show
in Figure 2, made of a H13 quenched and tempered steel to guarantee a minimum hardness of 50 Rockwell C was

Table 1. Experimental conditions in terms of spindle speed and travel speed ratio (w/v).

v (mm/min)
w (rpm)
100 200 300
1200 12 6 4.0
1600 16 8 5.3
2000 20 10 6.7
Dised’

eC"‘“e“

/0“-9 i,b/e
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Figure 1. Scheme of the friction stir butt-welded joints (experimental unit) and its sectioning in samples for
different assessments and characterizations.

Soldagem & Inspecdo. 2018;23(1):52-59 53



Luna et al.

Table 2. Chemical composition (% by weight) of base metal, alloy AZ31B Mg [1].

Mgalloy Al Mg Fe Mn Si Zn
AZ31B 2.8 Bal 0.007 052 0.09 1.0

@ 12mm

% & 4.5UNC

)

R

{ ] 2.9 mm:

Figure 2. Schematic view of the cylindrical tool with a threaded pin, made of a H13 steel with 50 HRC.

used. During welding a head inclination (tool tilt) of 1° was used, counter clockwise tool rotation and position control
were used to perform the welds. Quality assessment of the welded joints was performed using a stereomicroscope.

For this study, the variables considered as input factors were the welding and spindle speed, each factor
with 3 levels, as shown in Table 1. The experimental design was a factorial design 32, 2 factors with 3 levels for a
total of 9 treatments.

The microstructure characterization and hardness measurements were performed through metallographic
analysis with optical microscope. A random sample of each treatment was selected, and 8 measurements were
made in each sample. The grain measurements were done under the ASTM E112 [10] standard requirements. For the
Vickers hardness tests, 100 gf for 10 seconds were applied in each spot, 8 separate points every 2 mm respectively.

Tensile tests were performed according to ASTM E8 [11] standard on a universal test machine, four (4) replicates
were performed for a total of 36 tests. The response variable of this design was the ultimate tensile stress. Fatigue
tests were performed according to ASTM E466 [12] by using servo-hydraulic machine. Axial and tensile loading
configuration, a sinusoidal wave with frequency of 30 Hz and Stress Ratio equal to 0.1 (R=0.1) were used during
fatigue tests. At first, the test response variable was the fatigue life cycle with a load of 70% of the tensile strength
of the base material. The welded joint presenting the best mechanicals properties, tensile strength and fatigue
resistance was selected to perform a complete fatigue curve assessment. Thereafter, 16 samples from this selected
condition were used to build the fatigue strength (S) versus number of cycles (N) curves (S-N). Three stress levels
were used during fatigue tests, 4 samples for 70%, 5 samples for 60% and 7 samples for 50% of ultimate strength
of the base metal. An error of 5% was assumed and a confidence level of 90% was selected.
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3. Results and Discussion
3.1. Welding features

Figure 3 shows a summary of the data collected, loading and displacement during the welding process.
Downward force decreases as the spindle speed increases. In addition, downward force increases for faster travel
speeds. Both observations are explained by the produced and dissipated heat, as the heat increases the base
material offers less resistance to be penetrated, therefore the needed force to keep the tool on the programed
position decreases. High spindle speeds produce much more heat than slow speeds, and higher travel speeds
dissipate larger amount of heat.
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Figure 3. Conventional curves of weld parameters using penetration control mode: (a) 1200 (b) 1600 and
(c) 2000 rpm in combination with 100, 200 and 300 mm/min.

3.2. Metallography

Analysis of the welded joints macrostructures, carried out in the cross-section by means of the stereo
microscope, allows to observe the conical shape of the bead with complete penetration up to the root. In addition,
measurements of the width of the bead, grain size and maximum temperatures are shown in Table 3. Temperature
estimation equation can be explained according to the expression found by Arbegast and Hartley, see Equation 1,
maximum temperature T__ is proportional to the Mg melting temperature (Tf = 650 °C), and to the spindle speed
squared - welding speed (w?/ v) ratio, where a and k are material’s constants, a= 0.05 and k=0.7 [4]. Grain size,
bead width and maximum temperature increase with the w/v and w?/ v ratios, thus spindle speed plays a key role
during welding.

a)2 :
Tmax =k(v><104 T/ (1)

Table 3. Speed ratio effect in the bead width, grain size of stir zone and T__ calculated by Equation 1.

w v w/v w?/v Grain size Grainsize Bead width T..
(revmin') (mmmin’') (rev/mm) (rev’/ mm) No.ASTM[10] (um) (mm) (°C)
1200 100 12 14400 11.52 6.84 59 463
200 6 7200 11.88 6.00 5.4 448
300 4 4800 12.00 5.60 5.3 439
1600 100 16 25600 9.88 11.70 6.9 477
200 8 12800 10.53 9.31 6.5 461

300 5 8533 10.54 9.28 6.5 451
2000 100 20 40000 9.38 13.92 7.6 488
200 10 20000 9.95 11.41 7.3 471
300 7 13333 10.08 10.91 7.2 462

Base Material 5.10 61.50 -
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The heat input in the FSW and plastic deformation produced in SZ generate dynamic recrystallization,
causing nucleation and formation of new grains, with smaller sizes than the other areas of the welded joints, as
shown in Figure 4. Grain size at SZ tended to increase with the spindle speed and the speed ratio (w/v), as shown
in Table 3 as reported by Franco [8]. SZ presented a microstructure with fine equiaxial grains, with uniform size
through the transverse section, also as reported by Suhuddin et al. [13]. The thermomechanically affected zone
(TMAZ) arises from an insufficient heating temperature for dynamic recrystallization during the FSW [1]. This zone
is located between stir zone (SZ) and base metal (BM), with some characteristics similar SZ, that made difficult its
differentiation. The heat affected zone (HAZ) was located after the SZ towards the base metal, as show in Figure 4.
The study of the grain size was performed on all samples.

f (0)

22amd (q) bl SRR

Figure 4. Typical and representative macro and microstructure of different zones of the welded joint. Speed
ratio of 5.3 (1600/300 rev mm). (a) Cross-section macro view and schematic representation of the welded joint.
Micrographs: (b) base metal (BM), (c) thermomechanically affected zone of the retreating side (TMAZ-RS), (d) stir
zone (SZ), and (e) TMAZ of the advancing side (TMAZ-AS).
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3.3. Micro hardness test

Figure 5 shows the microhardness values made every 2 mm along the cross section of the welded joint.
SZ presented a hardness value similar to BM [14], an average hardness of 50.25 + 0.50 Vickers was obtained
(value with a confidence level of 95%). It was also observed a tendency for the SZ hardness to increase, as the
travel speed increase and keeping the spindle speed constant.

707 |« 1200/100 1200/200 » 1200/300

651 = 1600/100 + 1600/200 * 1600/300
601 4 2000/100 « 2000/200 + 200/200
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S 45 tet e 7
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g 1 L]
354 :
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Figure 5. Hardness profiles obtained in FSW joints.

3.4. Tensile tests

Figure 6 shows the final resistance as a function of the speed ratio w/v. The tensile strength tended to
increase, by increasing the speed ratio, until the ratio of 10 rev mm. From this speed ratio, the higher rotation
speeds of the spindle and the lower welding speeds generated an excessive heat, diminishing the mechanical
properties [8], at the time that the grain size increased and the hardness decreased. For intermediate speed ratios,
the mechanical properties of the weld joints seem to depend more on the speed of the spindle and the generation
of heat. For welded joints with a speed ratio of 10 rev/mm, the maximum mechanical efficiency corresponded
to 97.6% of the base material, which exceeds the results obtained by Avila et al. [14] on similar joints made with
a milling machine.
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!
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Figure 6. Ultimate tensile strength versus speed ratio (w/v]).

Failures on the tested joints occurred on a plane of approximately 45° with reference to the load axis of the
tested samples through the transition zone between base metal (BM) and THZ, failing 55.6% of the times on the
advance side HAZ-AS, 27.8% on the retreating side HAZ-RS, and 16.7% failed on the base material BM (See Figure 4).
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Most of these failures were generated because the maximum cutting efforts coincided with the transition zone
where a low mechanical resistance zone was generated.

3.5. Fatigue tests

The fatigue tests were performed for the experimental treatments with better results in tension corresponding
to the spindle speed 1600 and 2000 rpm. Figure 7 shows the fatigue strength evaluated using 70% of the ultimate
tensile strength (S ;) of BM, S __ =150 MPa.

Speed ratios between 5 and 10 (rev/mm) presented the highest mechanical strength, as shown in Figure 6,
and speed ratios between 8 and 20 (rev/mm) have the best fatigue results (see Figure 7). Thus, samples with the

8000+
7000+ an
6000+ °

5000+

4000+ o

Cycles (N)

3000
2000+

1000 T T T T T
4 8 12 16 20

Speed ratio - o/v [rev mm’]

Figure 7. Resistance to fatigue when varying the speed ratio (w/v).

best quasi static tensile behavior does not correspond to those with the best fatigue tests results. A similar behavior
was reported by Chowdhury et al. [15], who welded joints of the Mg AZ31B-H24 alloy.

The best fatigue behavior was obtained for the speed ratio of 8 rev/mm (1600/200 rev/mm), so it was
selected to perform the complete S-N curve. The S-N curves are least-square fits to each set of data of the Basquin’s
equation log (N) = log (A)+m log (SR), where N is the number of cycles to failure in fatigue tests, A the intercept,
and m the slope of the curve. As shown in Figure 8 and Table 4, the base metal (BM) presented the best fatigue
behavior, with a calculated fatigue strength (MPa) in 2x10° cycles higher than the FSW and GTAW joints. Therefore,
by analyzing the slope of the curves, the higher the best, the FSW joints performed in this study presented a better
behavior than FSW joints performed in a milling machine [1,9]. Hence, a better controlled welding process can
provide better quality joints.

1000
] = BMref. [1]
e FSW this study
FSW ref. [1]
FSW ref. [10]

g
= 100
t’ 4
(7]
172}
Load %
. . >
application °
=
10 T T T T T T T T T
10* 10° 10°

N (cycles)

Figure 8. Comparative S-N curves.

58 Soldagem & Inspecdo. 2018;23(1):52-59



Mechanical and Fatigue Strength Assessment of Friction Stir Welded Plates of Magnesium Alloy AZ31B

Table 4. Summary of fatigue properties and comparison with other authors of BM, FSW and GTAW joints.

. Fatigue strength
Specimen A (MPa?, 2x10° q?cles
FSW (This study) 2243 -8.77 69.00
BM (ref. [1]) 20.25 -7.83 81.00
FSW (ref. [1]) 19.08 -7.80 60.00
GTAW (ref. [1]) 13.85 -5.20 48.00
BM (ref. [9]) 10.36 -2.80 72.00
FSW (ref. [9]) 9.35 -2.40 40.00
GTAW (ref. [9]) 9.07 -2.33 49.00

Standard
. Run out tests ..
Test to failure . deviation of
(No failure)
logN
16.00 0.00 0.60
19.00 2.00 0.52
14.00 0.00 0.57
16.00 0.00 0.61
5.00 - 0.56
5.00 - 0.48
5.00 - 0.46

4. Conclusions

¢ Mechanical properties of friction stir welded plates changes with the speed ratio (w/v). Atendency to increase
the grain size and the weld bead width by increasing the speed ratio was observed. On the other hand, the
hardness, the tensile and fatigue strength in the stir zone increased slightly as the relation w/v decreased;

e Stir zone in friction stir welded plates of an AZ31B alloy was characterized by a microstructure comprising
equiaxial homogeneous grains refined by dynamic recrystallization. Then, a tendency to increase hardness
with reference to BM is normally observed. Smaller grains increase the number of borders, and more barriers
for crack propagation, however, quasi-statics and fatigue properties do not overpass base material standard;

e Welds performed in automatic machine control designed for the FSW process presents better results than
welds performed in conventional milling machines, as compared with other studies for tensile and fatigue

properties.
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