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CharaCterization, MeChaniCal and Corrosion Behavior of Mg-sn-Pb alloy ProduCed  
By friCtion surfaCe alloying

the current paper demonstrates friction-assisted surface alloying to produce mg-Sn-pb alloy within the solid state by using 
friction stir processing (FSp) principle. a groove is machined on the surface of pure magnesium sheet and a thin wire of Sn-pb was 
inserted into the groove and then FSp was carried out on the surface. in order to achieve uniformity in the alloy formation, second 
pass was also carried out on the stirred region. development of mg-Sn-pb alloy was observed at the surface as reflected from the 
corresponding X-ray diffraction peaks. Surface micro-hardness of the produced surface mg-Sn-pb alloy was significantly increased 
than pure mg. Corrosion behavior was assessed by polarization tests and the result indicated higher corrosion resistance for the 
produced alloy due to the developed solid solution grains. Both the first-pass and second-pass samples have exhibited similar levels 
of corrosion resistance. higher tensile strength (148.7 ± 5.1 mpa) was observed for the produced surface alloy and second-pass 
marginally elevated the tensile strength (152.1 ± 3.8 mpa) compared with mg (106.2 ± 4.2 mpa). higher ductility was also observed 
as reflected from the increased % of elongation (7.4 ± 0.8 and 8.2 ± 1.1) for the produced alloys compared with mg (4.3 ± 0.7). the 
present work demonstrates the potential of friction surface alloying to develop mg-Sn-pb alloy without melting the base material 
that exhibits improved corrosion and tensile properties. Furthermore, it is also concluded that the second pass marginally increases 
the corrosion and mechanical performance of the alloy. 
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1. introduction

developing highly hard and functional surfaces by modify-
ing the surface composition or depositing coatings of appropriate 
phases on the substrate are the viable strategies in surface engi-
neering to enhance the surface properties of the structures without 
affecting the core. on the other hand, alloying helps to develop 
metallic structures with improved properties and offers several 
benefits in engineering applications. producing surface com-
posites by dispersing different phases into the substrate without 
changing the chemical composition of the core is widely seen in 
materials engineering [1]. Special methods including centrifugal 
casting [2], surface laser melting [3], plasma spraying [4], friction 
stir processing (FSp) [1], friction surfacing (FS) [5] etc. are used 
to alter the phases at the surface of materials to introduce specific 
properties to the surfaces without altering the core of the struc-
tures. among these methods, solid-state processes such as FSp 
reduce the limitations involved in the liquid-state methods [6]. 

FSp is employed to refine surface microstructure and also 
to produce surface composites by introducing reinforcements 
into the surface [7]. usually, hard and brittle reinforcing phases 
which exhibit higher melting point than the substrate are se-
lected. therefore, the reinforcing phases remain in the solid 
state but subjected to stirring and mixing within the processed 
zone during FSp. the composite layer thickness is dependent 
of the grooves or holes filled with reinforcements at the surface 
and the FSp tool geometry [8]. a few process variations have 
also been documented in friction-assisted techniques to modify 
the metallic surfaces in order to impart unique features at the 
surface itself, leaving the interior of the structure unaffected. 
one such technique is called friction surfacing, in which the 
substance to be coated is transferred to a substrate by means of 
plastic deformation aided by heat produced by friction between 
the substrate and rotating consumable rod [9]. dilip and janaki 
Ram [10] demonstrated another process named as “friction 
deposition” in which layer-by-layer deposition of material from 
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a spinning consumable rod is transferred to a substrate which 
can be viewed as an additive manufacturing technique. the 
same group also developed a different method called “friction-
free form” that uses layer deposition by friction to create 3d 
structures [11]. the two other variations “friction stir cladding” 
[12] and “friction stir channeling” [13], were also reported in 
the literature which are categorized as friction-assisted process 
to produce blind channels inside the solid and to deposit surface 
layers on the substrates, respectively. 

usually, the dispersing phases are not melted by the heat 
produced during FSp. however, if the dispersed phase is locally 
melted due to the heat produced during FSp, an alloy can be devel-
oped between the dispersing phase and the substrate. it has been 
shown that, at the right processing conditions, the temperature 
in the nugget zone is reached up to 0.7-0.8 times of the melting 
point of the substrate during FSp [14]. therefore, the dispersing 
phase melting temperature must be lower than the matrix material 
(substrate) in order for the heat produced during FSp to cause 
the dispersing phase to melt and to produce a surface alloy. in the 
previous work, a binary surface alloy of mg-zn was successfully 
produced by “friction surface alloying” (FSa) and excellent 
corrosion resistance was observed against simulated body fluids 
[15]. FSa is differed with the friction surfacing process. in fric-
tion surfacing, the intended alloy to be deposited on the surface 
is used as consumable rod. in the proposed FSa process, alloy 
is developed in situ while the process is carried out. developing 
surface alloys by using the principle of FSa is not widely seen in 

the available scientific data. hence, FSa was adopted in this work 
with an objective to produce mg-Sn-pb surface alloy by using 
pure mg as the substrate and 60/40  Sn-pb soldering wire as the 
dispersing phase. then the produced surface alloy was character-
ized and the corrosion properties were evaluated and discussed. 

2. Materials and methods

pure mg (99.9%) sheets (100×100×4 mm3) were purchased 
from exclusive magnesium, india. a groove measuring 2 mm in 
width and 2 mm in depth was machined into the pure mg sheet, 
and 60/40 Sn-pb wire (2 mm diameter) was placed inside the 
groove. the sheet was then fixed on a vertical milling machine 
table (Bharat Fritz werner, india). an FpS tool (h13 steel) 
was employed to perform FSa at 1400 rpm (rotation speed) 
and 25 mm/min (travel speed) with zero tool tilt angle. the 
process parameters were selected based on the previous stud-
ies [15,16]. a tool with threaded taper pin profile was selected 
with a shoulder diameter of 20 mm. threaded pin profile gives 
higher level of material mixing during the stirring of the tool 
and hence, threaded profile was selected [14]. the pin (5 mm 
length) has a diameter of 5 mm at the shoulder and 2 mm at 
the tip. the schematic illustration of FSa, photographs of mg 
substrate, processing, and produced surface alloy are presented 
in Fig. 1. after completion of 1st pass, the surface alloy was 
subjected to 2nd pass. the samples were named as mg, alloy 1 

Fig. 1. (a) Schematic presentation of FSa process used to develop surface alloy of mg-Sn-pb, (b) photograph of the mg substrate with groove, 
(c) surface alloying during the 2nd pass, (d) produced mg-Sn-pb surface alloy after 2nd pass 
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and alloy 2 for pure mg substrate, surface alloy after 1st pass of 
FSa and 2nd pass of FSa respectively. 

Samples were extracted from the base material and also 
from the produced surface alloys. For microstructural exami-
nations (leica, germany), polished samples with mirror finish 
were etched with picral reagent [15]. From the microstructures, 
the average grain size was measured by linear intercept method 
in which lines of known length are drawn across the micro-
graph and the total intercepted grains are counted to obtain the 
average grain size [17]. the materials were analyzed by using 
X-ray diffraction (XRd, d8 Bruker, uSa) between 20° to 80° 
range. microhardness (omnitech, india, 100 g load for 15s) was 
measured on the surface and at the cross-section of the produced 
alloys and compared with the mg substrate. measurements were 
recorded in the thickness direction of the cross-section and across 
the stir zone of the produced surface alloys. 

the corrosion experiments were done by using 3.5% naCl 
solution through polarization studies (iVium Soft, netherlands). 
workpiece was considered as the “working electrode” and plati-
num electrode was used as counter in the presence of saturated 
calomel electrode (reference electrode). initially, cell potential 
was stabilized for 30 min and then polarization experiments 
were carried out between the fixed range of potential (–1000 to 
1000 mV) with 5 mV/s scan rate. electrochemical parameters 
were then recorded using tafel extrapolation of the polariza-
tion curves of the samples [18]. in order to record the corrosion 
parameters, from the polarization curves, the change from an-
odic polarization to cathodic polarization is noted as corrosion 

potential (Ecorr). then the tangents are drawn from the anodic 
and cathodic branches from the point where slope is significantly 
changed. the corresponding value of the intersection point on the 
horizontal axis gives the corrosion current density (icorr). From 
the obtained icorr values, corrosion rate (CR) was calculated by 
using eq. (1).

 CR (mm/year) = 0.0254×0.129×a× icorr /nD (1)

where, a is molar mass of mg (24.3 g/mol), n is the valance (2) 
and D is the density (1.74 g/cm3) of mg. after the polarization 
studies, the corroded sample surfaces were subjected to scanning 
electron microscopy (Sem, Carl zeiSS, germany) to investigate 
the surface morphologies. For tensile experiments (zwick/Roell, 
germany), sub-size test samples (n = 2) as per aStm-e8 stand-
ards [19] were prepared by wire edm. tensile samples were cut 
from the surface alloys and the mg substrate. the surfaces of the 
test samples were polished to remove the surface unevenness 
and then experiments were carried out at the ambient conditions 
by employing 0.01/s strain rate. From the stress-strain curves, 
tensile properties were measured and compared. 

3. results and discussion

the surface alloy exhibited distinctive microstructure in 
the processed region compared with the core of the base alloy. 
Fig. 2 presents the microstructures of the mg and the surface 
alloys. it is evident that the process resulted fine grained surface. 

Fig. 2. microstructures of the samples: (a) pure mg, (b) alloy 1 (mg-Sn-pb alloy after 1st pass) and (c) alloy 2 (mg-Sn-pb alloy after 2nd pass)
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From ~1500 µm, significant grain refinement up to 2.7 ± 2.5 µm 
and 2.1 ± 1.4 µm was observed in the surface alloy after 1st pass 
and 2nd pass respectively. Relatively, smaller grain size was ob-
served in the surface alloy after 2nd pass. Several intermetallic 
particles were also appeared (as confirmed by XRd analysis) 
in the surface alloy as distributed across the processed region. 
after 2nd pass, the intermetallic particle size was observed as 
decreased. Fig. 3 presents the XRd patterns of pure mg and 
the developed surface alloys after 1st pass and 2nd pass. the 
peaks were indexed by referring to the standard XRd data 
(iCdd, “international Center for diffraction data”). the XRd 
of the surface alloy confirms the development of intermetallics 
mg2Sn (jCpdS no. 31-0812) and mg2pb (jCpdS 01-0465) in 
the surface alloy after 1st pass. By referring to the binary phase 
diagram of mg-Sn alloy, it is understood that the solubility of Sn 
is maximum (14.48%) at 561.2°C and significantly decreases to 
less than 1% at room temperature [20]. Similarly, in the binary 
alloy of mg-pb, the maximum solubility of pb (7.75%) in mg can 
be observed at 466.2°C and with the decreased temperature, the 
solubility is drastically decreased to less than 1% [21]. usually 
in the binary alloys, development of intermetallics is inevitable 
if the alloying element exceeds the solubility limit. therefore, 
the development of mg2Sn and mg2pb intermetallics is expected, 
since more amount of Sn and pb was available in the stir zone. 
interestingly, the peaks corresponding to these intermetallics 
were disappeared after 2nd pass which is an indication to the 
decreased amount of intermetallics due to 2nd pass FSa. Both 
the surface alloys (1st pass and 2nd pass) have exhibited similar 
peak intensities. the intensity of (002) peak was considerably 
increased in the surface alloys compared with mg which is an 
indication of development of basal dominated texture in the sur-
face alloys. Both the microstructural studies and XRd analysis 
confirm the smaller grains and basal dominated texture in the 
produced surface alloys. additionally, 2nd pass alloy exhibits de-
creased intermetallics that suggest the development of supersatu-
rated grains [22-24]. Basal planes (002) are high density planes 

which exhibit lower affinity of chemical reaction and results in 
higher corrosion resistance. therefore, the development of basal 
dominated texture in the surface alloy promotes the corrosion 
resistance. after 2nd pass, the texture development was similar 
to that of the 1st pass alloy and hence, similar level of corrosion 
resistance is expected in both the surface alloys.

in developing surface composites by FSp, increasing the 
number of passes may help to achieve uniform distribution of 
the reinforcing phases into the substrate [14]. whereas in the 
surface alloying, the incorporated dispersing phase is intended 
to be melted and dissolved into the matrix. increased number of 
passes alters the solubility of the added alloying element within 
the stir zone. however, microstructural changes can be expected 
with the increased number of passes in FSp [25]. the increased 
number of passes also increases the grain refinement level and 
brings the uniformity in the grain size. the uniformity in the 
alloy formation at the surface is also increased with the number 
of passes. in the present work, marginally decreased grain size 
was measured in the 2nd pass sample compared with the 1st pass 
sample in addition to the development of basal dominated texture 
which can influence the structure-dependent properties. 

From the earlier works, the development of supersaturated 
grains by dissolving more solute into mg matrix was demon-
strated after FSp [22-24]. hence, in the present work, dissolu-
tion of more Sn and pb into mg matrix can be observed after 
the 2nd pass. the surface alloy that is produced by FSa exhibits 
special characteristics including smaller grains rich with solute 
atoms and fine intermetallics. these special surface character-
istics compared with the other liquid state methods make FSa 
as distinctive and promising in developing surface alloys with 
enhanced properties. 

microhardness measurements across the cross-section 
and on the produced surface alloy are presented in Fig. 4. the 
average hardness values of the surface alloys were measured as 
86.2 ± 7.4 hV0.1 and 93.2 ± 4.2 hV0.1 for alloy 1 and alloy 2 
compared with mg (41.8 ± 4.5 hV0.1). it is evident that higher 
values were observed for the developed surface alloys. a dras-
tic fall in the hardness can be seen at the interface of produced 
surface alloy and the mg substrate. after 2nd pass, the variations 
within the hardness can be observed as decreased. increased 
hardness was observed for the 2nd pass sample compared with 
the 1st pass sample. the increased hardness in the surface alloy 
is attributed to the benefit of the alloying effect compared with 
pure mg. 

Fig. 5 presents the polarization curves and taBle 1 lists 
the obtained electrochemical parameters (Ecorr, and icorr) from 
the polarization curves of the samples and the calculated cor-
rosion rate of the samples. the surface alloys exhibited a clear 
distinction in the electrochemical parameters. Shifting the Ecorr 
towards more positive values indicates the noble behavior of 
the produced alloys. Furthermore, lower icorr values also indi-
cate the improved corrosion resistance for the developed alloys 
compared with mg. Smaller icorr values observed for the surface 
alloys indicate lower current flow through the workpiece under 
varying potential in the presence of the corroding electrolyte Fig. 3. XRd patterns of the samples
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which resulted in lower corrosion rates. improved corrosion 
resistance for the surface alloys is attributed to the metallurgical 
benefit that is usually achieved in alloying by developing solid 
solution grains and smaller grains in the alloys. decreased grain 
size increases the grain boundary and promotes quick passiva-
tion in the mg alloy which enhances the corrosion resistance 
[26,27]. 2nd pass sample exhibited marginal improvement in the 
corrosion resistance compared with the 1st pass sample. this can 

be ascertained to the effect of the decreased intermetallics size 
and volume which reduced the galvanic corrosion and also due 
to the decreased grain size. 

Fig. 6 presents the scanning electron microscope images 
of the surfaces after the pdp tests. Compared with the surface 
alloys, pure mg has shown regions of severe corrosion attack. 
within the surface alloys, 2nd pass sample has shown lower 
surface degradation due to corrosion compared with the 1st pass 
sample. the surface morphologies show uniform corrosion for 
the 2nd pass sample due to the smaller grain size and higher 
uniformity in the grain size of 2nd pass sample compared with 
the 1st pass sample. 

Fig. 7 shows the “stress-strain curves” obtained from the 
tensile tests and taBle 2 lists the calculated tensile properties. 
Compared with pure mg, the surface alloys have shown higher 
strength. higher yield strength was recorded for the surface al-
loys compared with the base samples. By observing the ultimate 
tensile strength values, within the surface alloys, 2nd pass sample 
has shown marginally higher strength without deteriorating the 
% of elongation compared with the 1st pass sample. interestingly, 
the ductility of the surface alloys was also observed as increased 
compared with the pure mg sample. usually, with the increased 
strength, the ductility of metals is decreased. however, due to 
the alloying, the formability and ductility of the metals can be 
successfully improved along with improving the load-bearing 
capacity. therefore, the benefit of alloying mg with Sn and pb 
to enhance the strength can be seen for the developed surface 
alloys in addition to the improved ductility. 

the present work exhibits the formation of mg-Sn-pb 
surface alloy by FSa without melting the substrate. Compared 
with the core of the substrate, improved corrosion and me-
chanical performance can be achieved in these surface alloys. 
additionally, issues such as oxidation and development of un-
desired intermetallics from the solidification can be completely 
eliminated by adopting the solid-state method. it is noted that the 

Fig. 4. (a) microhardness in the thickness direction at the cross-section and (b) across the stir zone of alloy 1 (mg-Sn-pb alloy after 1st pass) 
and alloy 2 (mg-Sn-pb alloy after 2nd pass)

Fig. 5. potentiodynamic polarization curves of the samples

taBle 1

Corrosion parameters recorded from the polarization tests

sample
Corrosion 

potential (Ecorr) 
(v)

Corrosion current 
density (icorr)  

(a/cm2)

Corrosion rate
(mm/year)

pure mg –427 8.2×10–4 18.76
alloy 1 –319 0.99×10–4 2.26
alloy 2 –416 0.78×10–4 1.78
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with FSa. in order to produce surface alloy in FSa, the intended 
alloying element that is dissolved into the substrate must have 
lower melting temperature than that of the substrate. this is 
a limitation that restricts the choice of selection of alloying ele-
ment. however, different combinations of reinforcements can be 
selected to develop solid-state surface alloys by FSa. Since the 
dissolution of alloying element into the surface is limited, add-
ing higher alloying element is technically challenging by FSa. 
Furthermore, other surface properties of these solid-state surface 
alloys such as tribological properties, oxidation and degradation 
properties, interface strength, mechanical failure under different 
types of loading conditions etc are yet to be investigated. the 
feasibility of FSa to produce other surface alloys by using pure 
metals such as aluminium, titanium, zinc or their alloys as the 
substrates also needs to be explored. 

Fig. 6. Scanning electron microscope images of the surfaces after pdp test: (a) mg, (b) alloy 1 (mg-Sn-pb alloy after 1st pass) and (c) alloy 2 
(mg-Sn-pb alloy after 2nd pass)

Fig. 7. Stress-strain curves of the samples

exhibited performance of the developed mg-Sn-pb alloy surface 
is inferior compared with the commercial grade mg alloys such 
as az31, ze41, we43 etc. [28]. however, developing surface 
alloy without altering the core in solid state is technically chal-
lenging which is addressed in the current work. the preliminary 
results demonstrate the potential of developing surface alloys 

taBle 2

tensile properties of the samples recorded  
from the stress-strain curves

sample yield strength 
(MPa)

ultimate tensile strength
(MPa)

%  
elongation

pure mg 62.5 ± 2.1 106.2 ± 4.2 4.3 ± 0.7
alloy 1 79.7 ± 2.5 148.7 ± 5.1 7.4 ± 0.8
alloy 2 81.2 ± 3.3 152.1 ± 3.8 8.2 ± 1.1
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4. Conclusions

mg-Sn-pb surface alloy was produced in the present work 
without melting the substrate by using friction surface alloying 
(FSa), a variant of friction stir processing in which the rein-
forcement is melted and dissolved into the substrate to produce 
the surface alloy. Sn-pb wire was placed in a groove machined 
on the surface of a pure mg plate and FSa was carried out up to 
2 passes. microstructural studies revealed grain refinement of 
2.7 ± 2.5 µm and 2.1 ± 1.4 µm in 1st pass and 2nd pass samples, 
respectively compared with the pure mg (~1500 µm). XRd 
analysis confirms the formation of mg2Sn and mg2pb interme-
tallics in the produced surface alloys. due to the availability 
of excess amounts of Sn and pb during FSa, in addition to the 
development of supersaturated grains, intermetallics have been 
developed in the surface alloys. higher hardness was recorded 
for the surface alloys. polarization studies revealed lower icorr 
values (0.99×10–4 and 0.78×10–4 a/cm2) for the surface alloys 
compared with pure mg (8.2×10–4 a/cm2) which is a clear 
demonstration of improved corrosion performance. the surface 
morphologies of the alloys indicated uniform corrosion due to 
the refined miscrostructure. increased strength and higher % 
elongation were observed for the surface alloys; which is attrib-
uted to the benefit of the alloying. with the developed surface 
alloys, 2nd pass sample has shown marginally higher strength 
due to the uniform microstructure and decreased intermetallics 
compared with the 1st pass sample. hence, it can be concluded 
that FSa can be successfully adapted to produce surface alloys 
without altering the core to improve the surface performance 
of the structures within the solid state. Further investigations 
to assess the performance of these solid-state surface alloys 
subjected to different working environments needed to be car-
ried out to utilize the potential of FSa in surface engineering 
applications. 
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