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Abstract— Magnesium (Mg) and its alloys are gaining
wide popularity as promising candidates for automobile,
aerospace and structural applications. On the other hand,
friction stir processing (FSP) is a solid state technique used
to alter the microstructural characteristics of a metal. In the
present study, AZ91 Mg alloy was processed by FSP at
optimized process parameters. The microstructural changes
were analyzed and found that the presence of secondary
phase (Mg17Al12) was reduced. The network like structure of
secondary phase that was appeared at the grain boundary
before FSP has disappeared after the processing. Grain size
was also found to be reduced from (66.5 ± 8.7 µm) to (4.1±
1.6 µm). The corrosion behavior was assessed by immersion
test in 3.5%NaCl solution and found that the processed
AZ91 has lower corrosion rated during the early hours of
corrosion attack. However, after 72 h of immersion the
corrosion resistance of the processed AZ91 was found to be
reduced. Hence from the present study it can be understood
that the presence of secondary phase has a great influence
on the corrosion behavior of AZ91 mg alloy and that can be
altered by grain refinement.
Keywords— FSP, AZ91 Mg alloy, secondary phase,
corrosion, grain refinement.

shown that the corrosion resistance was increased with the
grain refinement [4-12] and also decreased in some studies
[10-12, 15] of Mg alloys. Recently, friction stir processing
(FSP), a solid state method developed from the friction stir
welding (FSW) has shown tremendous effect on altering the
mechanical and corrosion properties by modifying the
microstructure of the metals. In FSP, a rotating non
consumable rotating tool consisting of a shoulder and a pin is
inserted and plunged through the work piece and the
microstructure of metallic sheets or plates can be modified.
The mechanism behind grain refinement during FSP can be
seen elsewhere [16]. Improved corrosion resistance for FSPed
Mg alloys was reported in the literature [5-8]. However, the
information regarding the effect of FSP on the secondary
phase in Mg alloys and further on electrochemical behavior is
insufficient. Therefore, in the present study, AZ91 Mg alloy
was processed by FSP and the effect of evolved
microstructure on the corrosion behavior was investigated.
The mechanism behind the corrosion behavior after FSP is
discussed.
II. Material and Methodology

I. I nt r o d uct io n
Magnesium (Mg) and its alloys are attracting a
considerable attention in the automobile and aerospace
industry for light weight structural applications. Lower density
compared with aluminium, high specific strength and
excellent damping properties make magnesium as a promising
choice among many other non-ferrous metals. [1]. However,
the poor corrosion resistance of magnesium is a limitation
which must be considered as a valid factor for designing the
structures intended to use in corroding environments [2]. AZ
series (Aluminum and zinc) Mg alloys are the widely known
and commercially available materials in the families of Mg
alloys. Mg alloy with 9% Al and 1% Zn (AZ91) is one of the
compositions suitable for various applications. Usually, AZ91
Mg alloy is produced by die casting method and exhibits
excellent damping properties. The presence of more secondary
phase (Mg17Al12) at the grain boundaries significantly
influences the mechanical and corrosion properties [3]. It was
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Die cast AZ91 Mg alloy (8.67%Al, 0.85%Zn, 0.002%Fe,
0.03%Mn and remaining being Mg by wt.%) ingot was
obtained from Exclusive Magnesium, Hyderabad, India.
Work pieces of size 100 × 100 × 4 mm3 were cut from the
received ingot and friction stir processing (FSP) was carried
out using an automated universal milling machine (Bharat
Fritz Werner Ltd., India). FSP tool was made of H13 tool
steel with a shoulder diameter of 20 mm. FSP tool has a
tapered pin at the end of the shoulder with root diameter of
3mm and end diameter of 1 mm with a length of 3 mm. A
few trial experiments were conducted and defect free
processed zone was obtained at optimized process parameters.
Then the FSP was carried out with a tool travel speed of 25
mm/min at a tool rotational speed of 1400 rpm. The
penetration depth (3 mm) was given such a way that the tool
shoulder touches the work piece surface. The processed AZ91
Mg alloy was coded as FSPed A931.
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Samples of size 10×10×4 mm3 were cut from the
nugget zone of FSPed AZ91 and unprocessed AZ91 sheets.
For metallographic observations, all the samples were
polished with different graded emery sheets up to 2000 grade
and followed by alumina and diamond paste (1-3 µm)
polishing. The polished specimens were then cleaned using
ethanol and dried in hot air. Etching agent comprised of 5 g of
picric acid, 5 ml acetic acid, 5 ml distilled water and 100 ml
ethanol was prepared and chemcial etching was done by
immersing the polished samples for 20 sec. Then the etched
samples were gently cleaned in de-ionized water, dried and
then optical microscope (Leica, Germany) images were
obtained at different regions.
The samples of same size were immersed in 3.5% NaCl
solution for 24, 48 and 72 h and the corrosion rate of the
samples was calculated. Lab grade NaCl (Merc, India) was
used to prepare 3.5% NaCl solution using de-ionized water.
Each sample was immersed in 50 ml solution such a way that
the ratio of the surface area of the sample to the volume of the
solution was maintained as more than 1:10. The containers
were kept at the room temperature. After different intervals of
time, the samples were taken from the NaCl solution and
gently rinsed in stable de-ionized water and dried. A boiling
solution of chromic acid (180 g / one liter of de-ionized water)
was prepared to remove the corrosion products. After the
immersion test, the samples were immersed in the boiling
solution of chromic acid and remained until the corrosion
products were completely dissolved. The samples were then
dried in open air and weight measurements were obtained.
Corrosion rate was calculated according to ASTM standard
NACE TM0169/ G31 – 12a as given below [17].
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travel speed is decreased to 20 mm/min, the material flow
was observed as defect free as shown in Fig 1 (b).

Figure 1 Photographs of FSPed AZ31 sheets: (a) 1400 rpm
tool rotational speed and 25 mm/ min tool feed and (b) 1400
rpm tool rotational speed and 20 mm/ min tool feed.
Fig 2 shows the optical microscope images of the samples. It
is clear from the observations that the FSP led to grain
refinement. Before FSP, AZ91 has considerable amount of
secondary phase (β-phase) as indicated with thick arrow in
Fig 2 (a). The β-phase was appeared at the α-grain
boundaries. Interestingly after FSP, the presence of β-phase
was completely disappeared. The α-grains became rich in
aluminium and turned into super saturated solid solution. The
grain size in the nugget zone of FSPed AZ91 has found to be
refined to (4.1± 1.6 µm) compared with the starting grain size
(66.5 ± 8.7 µm). During FSP, the material flow is complex in
nature that includes different regions such as preheat zone,
extrusion zone, forging zone and post heat zones [18]. As the
tool moves over the work piece, excessive material flow
causes localized extrusion around the tool pin. As reported in
the literature, dynamic recrystallization is the prime
mechanism behind the grain refinement during FSP.

Corrosion rate (mm/year) = k * ΔW / (A* T * D) -- (1)
where, k = 8.76x104, T = time of exposure in hours, A = area
of the specimen in cm2, ΔW = weight loss in g , D = density
in g/cm3.
III. Results and Discussion
Fig 1 shows photographs of friction stir processed (FSPed)
AZ91 sheets with defects and without defects obtained during
the optimization of the process parameters. AZ91 Mg alloy is
brittle and difficult to process material. The material plastic
flow of AZ91 during FSP is also complex as it exhibits brittle
nature. The tool rotational speed and traverse speed are the
two important processing parameters which influence the heat
generation during FSP. Insufficient material flow has
produced defects as shown in Fig 1(a) which is due to
insufficient heat generation during FSP at 1400 rpm tool
rotational speed and 25mm/min tool travel speed. As the tool
ITMAE@2016

Figure 2 Optical microscope images of the samples: a)
unprocessed AZ91, b) FSPed AZ91 and c) magnified image
obtained at the nugget zone of FSPed AZ91
Fig 3 shows weight loss measurements for the samples after
1, 2 and 3 days. The weight loss for AZ91 was higher
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compared with FSPed AZ91 during the initial hours and
interestingly found to be reduced after 72 h of immersion. The
decreased corrosion rate after FSP can be related with the
presence of secondary phase (β-phase) and the reduced grain
size. In Mg alloys, grain boundary behaves as cathode and
grain interior acts as anode during the electrochemical events
when exposed to any corroding environment. Presence of
secondary (β) phase influences the electrochemical events as
the (β) phase acts as cathode and therefore the corrosion
mechanisms are severely affected. The role of β phase is
prominent in AZ91 Mg alloy. Due to the presence of active
cathode and anodic sites within the AZ91 Mg alloy, galvanic
couple is established and a quick localized corrosion is
initiated. [7,8]. Bobby Kannan et al., [5] reported a slight
increase in the corrosion resistance for FSPed AZ31 Mg alloy
and suggested that the β phase (Mg17Al12) dissolution into the
α-grains decrease the galvanic corrosion and enhanced the
corrosion resistance. Similarly, in the present study after FSP,
the fraction of β phase (Mg17Al12) was reduced to a great
extent as observed from the microstructural studies (Fig 2).
Therefore, the super saturated α-grains in FSPed AZ91 have
shown higher corrosion resistance compared with unprocessed
AZ91. Surprisingly, The corrosion rate of the FSPed AZ91 (3
± 1.9 mm/year) was found to be increased compared with
AZ91 (1.8 ± 0.3 mm/year) as the immersion time was
increased to 72 h. This interesting behavior can be related with
the effect of the corrosion products which are formed on the
surface of Mg alloys when immersed in chloride containing
solutions.

Figure 3 corrosion rates of the samples calculated from the
immersion tests.
Magnesium hydroxide and magnesium oxide are the two
important corrosion products usually formed on mg alloys.
These phases are semi-protecting ceramic phases which do not
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withstand for longer periods in the presence of chloride ions.
Therefore, the protection offered by these layers on the
surface is insufficient and further corrosion is advanced if the
material is under the attack of the chloride ions. However, in
the present study, FSPAZ91 has lower amounts of the
corrosion products compared with AZ91 during early hours of
immersion and which has offered lower protection as the
immersion time increased to 72 h. Hence from the present
study, it can be understood that FSP can be used to produce
fine grained super saturated AZ91 alloy which increase the
corrosion resistance particularly during the early stages of the
corrosion attack.
IV. Conclusion
In the present study, AZ91 Mg alloy was successfully
processed by friction stir processing and a grain refinement
from 66.5 ± 8.7 µm to 4.1± 1.6 µm was achieved. From the
microstructural observations, it was found that the β phase
(Mg17Al12) phase was completely dissolved and super
saturated AZ91 Mg alloy was produced. Corrosion behavior
assessed by immersion tests carried out in 3.5%NaCl solution
has clearly shown the influence of secondary phase on
corrosion behavior of FSPed AZ91. The increased corrosion
resistance for FSPed AZ91 can be attributed to the smaller
grain size and the negligible presence of the secondary phase.
Hence, it can be concluded that corrosion resistance of AZ91
can be improved by FSP by developing super saturated fine
grains

References
i) Avedesian M. M. and Baker H. (1999) ASM specialty
handbook, Magnesium and magnesium alloys, ASM International,
USA.
ii) Mordike, B.L., Ebert, T., 2001. Magnesium-Propertiesapplications-potential. Materials Science and Engineering A. 302,
37–45
iii) Fridrich, H.E., Mordike, B. L., (2006) Magnesium
technology, Springer, Germany.
iv) Alvarez-Lopez M, Pereda MD, Valle JA, FernandezLorenzo M, Garcia-Alonso MC, Ruano OA, Escudero ML (2010)
Corrosion behaviour of AZ31 magnesium alloy with different grain
sizes in simulated biological fluids, Acta Biomater 6: 1763–1771.
v) Bobby Kannan M, Dietzel W, Zettler R (2011) In vitro
degradation behaviour of a friction stir processed magnesium alloy,
J Mater Sci: Mater Med 22: 2397–2401.
vi) Ratna Sunil B, Arun Anil Kumar, Sampath Kumar TS,
Uday Chakkingal (2013) Role of biomineralization on the
degradation of fine grained AZ31 magnesium alloy processed by
groove pressing, Mater Sci Eng C 33: 1607–1615.
vii) Argade GR, Panigrahi SK, Mishra RS (2012) Effects of
grain size on the corrosion resistance of wrought magnesium alloys
containing neodymium, Corros Sci 58: 145–151.

doi : 10.17950/ijer/v5i2/034

Page 451

International Journal of Engineering Research
Volume No.5 Issue Special 2, pp: 449-452
viii) Argade GR, Kandasamy K, Panigrahi SK, Mishra RS
(2012) Corrosion behavior of a friction stir processed rare-earth
added magnesium alloy, Corros Sci 58: 321–326.
ix) Aung NN, Zhou W (2010) Effect of grain size and twins on
corrosion behaviour of AZ31B magnesium alloy, Corros Sci 52: 589–
594.
x) Wang H, Estrin Y, Fu H, Song GL, Zúberová Z. (2007) The
effect of pre-processing and grain structure on the bio-corrosion and
fatigue resistance of magnesium alloy AZ31, Adv Eng Mater 9: 967972.
xi) Op’t Hoog C, Birbilis N, Estrin Y. (2008) Corrosion of
pure Mg as a function of grain size and processing route, Adv Eng
Mater 10(6): 579-582.
xii) Hamu GB, Eliezer D, Wagner L. (2009) The relation
between severe plastic deformation microstructure and corrosion
behavior of AZ31 magnesium alloy, J Alloy Compd 468: 222–229.

ITMAE@2016

ISSN:2319-6890)(online),2347-5013(print)
11-12 Feb. 2016
xiii) Fridrich HE, Mordike BL (206) Magnesium technology,
Springer, Germany.
xiv) Bahman
Homayun,
Abdollah
Afshar
(2014)
Microstructure, mechanical properties, corrosion behavior and
cytotoxicity of Mg–Zn–Al–Ca alloys as biodegradable materials, J
Alloy Compd 607: 1–10.
xv) Song D, Ma A, Jiang J, Lin P, Yang D, Fan J (2010)
Corrosion behavior of equal-channel-angular-pressed pure
magnesium in NaCl aqueous solution, Corros Sci 52: 481–490.
xvi) Mishra RS, Ma ZY (2005) Friction stir welding and
processing, Mat Sci Eng R 50: 1–78.
xvii) ASTM Standard NACE TM0169/ G31 – 12a. Standard
practice for laboratory immersion corrosion testing of metals. West
Conshohocken, PA: ASTM International, (2012), DOI:
10.1520/G0031-12A.
xviii)
Arbegast WJ (2003) In: Jin Z, Beaudoin A,
Bieler TA, Radhakrishnan B (eds), Hot Deformation of Aluminum
Alloys III, TMS, Warrendale, PA, USA.

doi : 10.17950/ijer/v5i2/034

Page 452

