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Abstract: Friction stir processing (FSP) was used on coarse-grained WE54 magnesium alloy plates of
as-received material. These were subjected to FSP under two different cooling conditions, refrigerated
and non-refrigerated, and different severe processing conditions characterized by low rotation
rate and high traverse speed. After FSP, ultrafine equiaxed grains and refinement of the coarse
precipitates were observed. The processed materials exhibited high resistance at room temperature
and excellent superplasticity at the high strain rate of 10−2 s−1 and temperatures between 300 and
400 ◦C. Maximum tensile superplastic elongation of 726% was achieved at 400 ◦C. Beyond 400 ◦C,
a noticeable loss of superplastic response occurred due to a loss of thermal stability of the grain size.
Grain boundary sliding is the operative deformation mechanism that can explain the high-temperature
flow behavior of the ultrafine grained FSP-WE54 alloy, showing increasing superplasticity with
increasing processing severity.

Keywords: friction stir processing; WE54 magnesium alloy; superplasticity; grain boundary sliding;
processing severity

1. Introduction

Magnesium, as the lightest structural metallic material, is being used in different engineering
applications and may replace aluminum once its strength and ductility are improved with the help of
intensive research on this material [1,2]. Such investigations will decrease the weight of structures,
especially in the automotive and aerospace industries, increasing fuel-efficiency and minimizing its
CO2 footprint.

The strength of magnesium can be increased by alloying with rare earth elements, which usually
present high solubility in the magnesium lattice and are effective for precipitation and age hardening [3,4].
This addition can also significantly improve the creep resistance of magnesium alloys, as proven with
the addition of yttrium and gadolinium, heavy rare earth (RE) elements that usually improve high
temperature strength [3–5].

An additional issue for the widespread use of magnesium comes from its poor workability at
room temperature, which makes the fabrication of complex-shaped components a difficult task. This is
due to the limited number of slip planes available and the activation of twinning. Such a problem is
partially solved by extensive grain refining that may increase ductility at room temperature [6–8].
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Among numerous techniques used for achieving ultrafine grain (UFG) microstructures,
severe plastic deformation (SPD) processing techniques are nowadays the most promising route [9–11].
The large stresses and huge deformation values imposed during SPD generate high dislocation
densities in the materials, which evolve into ultrafine grain structures through recovery and
recrystallization processes.

Among the SPD techniques, friction stir processing (FSP) is rapidly developing because it allows
the attainment of large products with UFG microstructures and can be easily implemented in the
industry. FSP is a versatile solid-state processing technique that can tailor the microstructure and,
therefore, the mechanical properties by controlling the processing parameters and the cooling rate.
In this work, magnesium samples were friction stir processed under two different cooling conditions,
non-refrigerated and cryogenic (liquid nitrogen) cooling, and at various tool rotation and traverse
speeds seeking a high severity in the introduction of plastic deformation.

A direct consequence of microstructure refinement is the possibility of deforming in a superplastic
way. In such a case, elongations to failure are much larger than for coarse-grained materials,
usually reaching values larger than 400%, or 200% for high strain rates (>10−2 s−1) [12]. This behavior
is needed for the use of superplastic forming as a feasible production process of geometrically complex
parts. In order to make superplastic forming a profitable method at an industrial scale, strain rates equal
to or higher than 10−2 s−1 are required. The underlying deformation mechanism in superplasticity is
grain boundary sliding (GBS), which requires a fine grain size, less than 20 µm, and a high fraction of
high angle grain boundaries. The grain sliding during GBS requires a diffusion-controlled mechanism
that acts as an accommodation process. Therefore, the temperature should be relatively high, which
may lead to grain growth as a counter-productive side effect. These two factors should be closely
controlled to attain successfully large elongations. In addition, the finer the grain size, the higher
the superplastic strain rate, the lower the superplastic temperature, and the slower the grain growth.
Therefore, it is interesting to process the material with the highest severity in order to obtain the
smallest grain size and benefit from these advantages in the superplastic forming of high added-value
structural parts.

2. Material and Experimental Procedure

Extruded WE54 plates of dimensions 300 × 80 × 5 mm3 were received from Magnesium Elektron
(Manchester, UK). The plates were solution-heat treated at 525 ◦C for 8 h, followed by hot water
quenching (60 ◦C) and final aging at 250 ◦C for 12 h, which consist of the so-called T6 temper [13].
The composition of the alloy was the following (in wt.%): 5% Y–1.5% Nd–1.5% RE–0.45%Zr–balance Mg.

The microstructural characterization was carried out by means of electron back-scattered diffraction
(EBSD). EBSD samples were prepared by mechanical polishing up to a final 1 µm diamond particles
step, followed by chemical polishing for 5 to 10 s using a solution of 4.2 g picric acid, 10 mL acetic acid,
10 mL H2O, and 70 mL ethanol.

The as-received plates were subjected to FSP under different processing and cooling conditions.
The tool to perform FSP was made of an MP159® nickel-cobalt base alloy and it comprises a scrolled
shoulder 9.5 mm in diameter and a concentric threaded conical pin with flutes 4.7–4.1 mm in diameter
and 1.8 mm in length. The as-received WE54 alloy in the T6 condition was processed by FSP with
a special emphasis on high processing severity to obtain the finest possible grain size. In order to
achieve the above-mentioned high severity, the material was processed using low rotation rate (ω)
and high traverse speed (v) to minimize the heat input (HI), which can be estimated as HI ∝ ω2/v.
Such an approach is convenient for industrial applications, since we decrease the processing time.
Furthermore, the sheets were firmly mounted on two different backing plates, one made of steel and
the other one made of copper. The latter contains a series of cavities where liquid nitrogen flows to
increase the cooling rate. The liquid nitrogen applied flow rate was such that the upper surface of the
copper backing anvil reached −60 ◦C, facilitating a high heat extraction during FSP and restricting any
possible grain growth. The temperature of the steel backing plate was room temperature. The different
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processing conditions, characterized by the traverse speed, v, and the rotational speed, r or ω, and its
nomenclature are given in Table 1. The specific cooling conditions are named “refrigerated” and
“non-refrigerated” for the copper and steel backing plates, preceded by the letter R or N, respectively.

Table 1. Nomenclatures and values of the friction stir processing (FSP) conditions.

ω (rpm) v (mm/min) HI (rpm2/(mm/min)) Nomenclature

1400 500 3920 N or R14r05v

1000 500 2000 N or R10r05v

1000 1000 1000 N or R10r10v

The six sets of processing conditions, selected following a logarithmic increase in the severity,
were named N14r05v, N10r05v, N10r10v, and R14r05v, R10r05v, and R10r10v.

Constant crosshead speed tensile tests (CCST) initially at 10−2 s−1 were used to characterize the
mechanical behavior of the alloy. In addition, strain rate change tests (SRCT) in tension ranging from
10−1 to 10−5 s−1 were performed to characterize the high temperature (300–450 ◦C) behavior. The tests
were performed in air using an Instron 1362 universal testing machine equipped with a four-lamp
ellipsoidal furnace. Planar dog-bone tensile samples with 6.5 × 2 × 1.7 mm gage area dimensions
were electro-discharge machined so that their longitudinal axis was parallel to the extrusion or FSP
direction, as shown in Figure 1. The tensile samples were mirror-polished in their upper surfaces
to a final thickness of 1.6 mm to monitor their changes after tensile testing at various temperatures.
The true strain, ε, is calculated as ε = ln(1 + e), where e = (l − lo)/lo, lo is the initial gage length and l is
the instantaneous length. The true stress is defined as σ = F/Ao (1 + e), where Ao is the initial section of
the sample and F is the supported load during tensile testing.
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Figure 1. Geometry and orientation of machined tensile samples of the FSPed WE54 Mg alloy.

3. Results

3.1. Microstructures

Figure 2 shows an orientation-imaging map of the as-received WE54 Mg alloy. The micrograph,
taken in the L plane, reveals equiaxed grains of diameters in the range 50 to 250 µm. A description of
similar microstructures is given elsewhere [14–16].
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Figure 2. Orientation-imaging map (OIM) obtained by electron back-scattered diffraction (EBSD) of the
as-received WE54 Mg alloy, T6 condition.

Figure 3 shows orientation-imaging maps of the WE54 alloy (EBSD inverse pole figure maps) after
FSP of the 10r10v material, (a) non-refrigerated and (b) refrigerated.
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Figure 3. Orientation-imaging maps of the WE54 alloy (EBSD inverse pole figure maps) after FSP in
the conditions (a) N10r10v and (b) R10r10v.

The grain size values of the R10r10v and N10r10v materials, which correspond to the most severe
FSP condition, measured by Feret diameters, are 0.9 and 1.3 µm, respectively. As is evident from
comparing Figures 2 and 3 (please note the different scale, 500 vs. 10 µm), a huge refinement has been
attained by severe processing of this magnesium alloy.

3.2. Tensile Tests to Rupture of WE54 Alloy Processed by FSP

Figure 4 shows stress–strain curves at initial strain rates of 10−2 s−1 and various temperatures of the
WE54 alloy processed by FSP under three processing conditions and two cooling conditions, refrigerated
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and non-refrigerated. Two different behaviors can be distinguished, one at low (high stresses and low
ductility) and another one at high (low stresses and high ductility) temperatures, with a transition
temperature around 250–300 ◦C. The low temperature regime (25–200 ◦C) shows very similar low
tensile ductility values < 25% for all samples and high stress values, which decrease slightly with
increasing temperature in this interval. On the contrary, the high temperature interval (350–450 ◦C)
shows very large tensile elongations (as high as 726%), and very low stress values. This contrast
between low and high temperature behavior increases with increasing processing severity and with
the use of refrigeration. The transition temperatures (250–300 ◦C) are also affected by refrigeration
and processing severity. For the non-refrigerated conditions, at 300 ◦C the ductility values increase
noticeably with increasing severity, while for the refrigerated conditions, the increasing ductility
is observed from 250 ◦C for the two most severe processing conditions. Additionally, the largest
tensile ductility value is observed for all conditions at 400 ◦C, accompanied by very low stress values.
At 450 ◦C, the stress values increase and the ductility values drop, which indicates changes in the
deformation mechanism.
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Figure 4. Stress–strain curves of materials processed by FSP and tested at an initial strain rate of
10−2 s−1 at temperatures from 25 to 450 ◦C, non-refrigerated (N, left) and refrigerated (R, right).

Table 2 gives the mechanical parameters of all the curves presented in Figure 4. It is remarkable
the high elongation values reached at 400 ◦C for all materials under all conditions at this high strain
rate. A maximum elongation to failure of 726% is observed for the R14r05v material. Nonetheless,
very high values of 562, 593, 599, 664, and 666% are also obtained for the rest of the conditions at
400 ◦C. It is also interesting to note that very high elongations are also obtained at 350 ◦C and in some
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conditions at 300 and 450 ◦C. However, at 450 ◦C, there is a clear loss of ductility with respect to 400 ◦C,
which is attributed to massive grain growth, and will be discussed in depth in the next section.

Table 2. Yield stress (σ0.2), flow stress (σ), uniform elongation (eu), and elongation to failure (eF) at
different test temperatures of the alloy WE54 processed by FSP and tensile tested at 10−2 s−1.

Condition T (◦C) σ0.2 (MPa) σ (MPa) eu (%) eF (%)

20 195 335 21 22
150 165 288 15 17
200 205 281 13 14
250 146 197 18 24

N14r05v 300 111 141 12 46
350 63 78 7 107
400 26 33 17 666
450 21 22 2 98
20 220 336 19 24

150 213 318 22 24
200 218 312 21 24
250 224 255 21 26

N10r05v 300 138 140 8 61
350 60 73 8 210
400 12 17 69 664
450 26 28 1 166
20 230 355 23 27

150 223 324 21 24
200 219 305 18 22
250 194 247 23 39

N10r10v 300 90 120 7 107
350 32 43 14 198
400 6 14 76 562
450 22 24 1 169
20 203 327 22 24

150 194 306 20 23
200 179 290 21 25
250 195 282 20 25

R14r05v 300 148 200 26 101
350 60 81 6 226
400 16 23 10 726
450 20 23 3 222
20 248 354 17 20

150 213 282 13 14
200 231 292 13 15
250 179 223 27 89

R10r05v 300 71 90 7 420
350 23 28 7 512
400 6 15 96 599
450 29 30 0.4 345
20 270 375 20 22

150 209 319 19 21
200 230 283 11 15
250 159 209 25 94

R10r10v 300 75 94 8 166
350 26 35 7 440
400 6 12 97 593
450 22 23 0.6 265

Figure 5 shows curves of the elongation to failure at 10−2 s−1 as a function of temperature for the
WE54 alloy after FSP under various conditions. For comparison, data from the as-received material
in the T6 condition (not subjected to FSP) are included in the figure [17]. The ductility continuously
increases with temperature and a strong peak is observed at 400 ◦C. At this temperature, the ductility
values for all samples are around 700% with a maximum of 726% observed in the R14r05v material.
It can also be observed that at 250–350 ◦C, the tensile ductility values of the refrigerated conditions
(continuous lines) are higher than those corresponding to the non-refrigerated ones (dashed lines).
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At 450 ◦C, the elongation to failure drastically drops, pointing to a change in the deformation mechanism
as a result of grain growth. This peak and the subsequent drop do not exist in the non-processed WE54
material, since the ductility increases continuously up to the highest temperature of 450 ◦C [17].
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Very low stress values are also observed at high temperatures in most of the tensile tests in the
range 350–450 ◦C. The flow stress, σ, as a function of temperature at 10−2 s−1, is represented in Figure 6.
Again, for comparison, data from the as-received material in the T6 condition (not subjected to FSP)
are included in the figure [17]. The figure shows a moderate decrease in the stress with temperature
up to 200 ◦C. Above this temperature, the stress strongly drops. The same behavior is observed
for all FSP and cooling conditions. The highest stress value at room temperature is given for the
material processed under the most severe condition, and refrigerated, R10r10v. On the contrary, at high
temperatures, this material shows the lowest stress values. It should be noted the slight stress increase
at 450 ◦C, which is attributed to rapid grain coarsening of all our WE54 processed materials at such a
high temperature. This behavior can be compared with that of the material without FSP [17], for which
the increase at 450 ◦C does not exist and the curve continuously decreases from 250 ◦C.Metals 2020, 10, x FOR PEER REVIEW 8 of 15 
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3.3. Surface Morphology of Samples after the Constant Strain Rate Tests

The surface morphology of the tested samples gives a clear hint of the underlying microstructures,
especially under superplastic conditions for which sliding of the grains is clearly visible. Figure 7
presents those SEM micrographs after testing at 10−2 s−1 for the 14r05v materials under the two cooling
conditions. Similar microstructures are obtained for the other two processing conditions, 10r05v and
10r10v. Fine grains are depicted in all cases except at 450 ◦C. Before testing, the Feret diameters were
about 0.9 and 1.3 µm for the refrigerated and non-refrigerated materials, respectively. These grain
sizes are similar to those tested at 250 ◦C, for which deformation is small. Larger grains are observed
in samples deformed at higher temperatures attesting grain growth during testing. At 350–400 ◦C,
clear hints of grain boundary sliding are observed with the grains sliding against each other, as shown
in Figure 7. This fine microstructure is able to attain very large elongations, 726% at 400 ◦C, at high
strain rate, as shown in Figure 5. At 450 ◦C, the microstructure is unstable, tending to grow quickly
so that most of the grains become too large to withstand superplastic deformation for most of the
FSPed microstructures.Metals 2020, 10, x FOR PEER REVIEW 9 of 15 
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Figure 7. SEM micrographs of the topography of samples tested at 10−2 s−1 at various temperatures for
the processing condition 14r05v, non-refrigerated (N, left) and refrigerated (R, right).

3.4. Strain Rate Change Tests

Figure 8 shows data from the strain rate change tests performed in the range 300 to 450 ◦C at
strain rates from 10−5 to 10−1 s−1 for all processing conditions and two cooling conditions. The slope
of the curves corresponds to the apparent stress exponent, n. A low n value of about 2 is usually
observed at low strain rates and high temperature, which is typical of superplastic materials where
grain boundary sliding controls deformation. The increase to higher n values at high strain rates and
lower temperatures in these materials is usually attributed to a change into slip creep as the controlling
deformation mechanism. As observed in Figure 8, there is a gradual decrease in stress values (from as
high as 200 MPa at 300 ◦C to as low as 1–2 MPa at 400 ◦C) and n values (towards 2 at 400 ◦C) with
increasing testing temperature, for all samples. At 350–400 ◦C, there is a wide interval of high strain
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rates for which the FSPed alloys show low n values close to two, which can be associated to GBS of the
ultrafine grains. Although the high temperature behavior of the different samples appears to be quite
similar, some hints show that there is an influence of the processing severity and refrigeration on the
superplastic response, which will be highlighted in the discussion section. The anomalous behavior
at 450 ◦C is noticeable, for which their stress values should be lower than those of 400 ◦C; however,
most of them are even higher.Metals 2020, 10, x FOR PEER REVIEW 10 of 15 
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Regarding the activation energy, only an estimation can be provided since there is no constant
value of stress exponent and the microstructure is constantly coarsening. For instance, a rough
evaluation has been made in the R14r05v material between 300 and 400 ◦C at 40 MPa, in the range of
low n values, that gives a value of about 180 kJ/mol, somewhat higher than the activation energy value
associated with lattice diffusion, QL. However, negatives values (without any physical meaning) are
found when trying to obtain an activation energy value between 400 and 450 ◦C, associated with a
change in the deformation mechanism.

4. Discussion

The present study makes evident the need to understand the influence of FSP conditions and
the resulting microstructure on the wide range of deformation behaviors of the materials processed
at different rates and cooling conditions. Figure 6 shows the high resistance at low temperatures,
which is a result of the severe grain refinement due to the strategy of imposing high severity processing
conditions. This is reached by a combination of low rotation speed, minimizing the frictional heat
generation, and by increasing the traverse speed to ease a quick heat dissipation, minimizing the
process temperature and reducing grain growth just after the tool pass [18–20]. The Hall–Petch law
predicts an increase in the stress with decreasing grain size, at low temperature, as occurs for the
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processed material, but other factors such as the grain size distribution, refinement of the second phases,
and the presence of elements in solid solution may also influence this behavior [21]. On the other hand,
the figure also shows the rapid decrease in the stress above 250 ◦C for all materials, and especially, in the
processed materials. This rapid stress drop with increasing temperature is attributed to the start of a
creep behavior that is mainly controlled by diffusional processes. These diffusional processes generally
involve the ability of dislocations to bypass the obstacles. These obstacles are usually overcome through
a climb mechanism, but, in the presence of solutes, an interaction among dislocations and solutes may be
controlling as well. Additionally, when the material presents small, equiaxed, and highly misoriented
grains, another diffusionally accommodated mechanism may take control of the creep behavior under
certain strain rate and temperature conditions, which is GBS in the so-called superplastic window.
The three possible mechanisms differ in their microstructural evolution, and stress and ductility values
at high temperature. The solid solution creep mechanism brings higher stresses due to the reinforcing
solute–dislocation interactions, and showing elongated grains parallel to the imposed deformation.
On the contrary, the GBS mechanism yields easy deformation at much lower stresses than those of
dislocation-based creep mechanisms and the morphology of grains does not change even after very
large deformations, remaining equiaxed and highly misoriented. The ductility obtained by GBS is
usually much higher than for any other mechanism, in parallel to the much lower creep stresses
measured during high temperature deformation. Additionally, the smaller the grain size, the larger
the ductility, the lower the creep stress, and the higher the strain rate sustaining GBS. This is the reason
underlying our strategy to process the material severely, in order to obtain the finest microstructure as
possible [18–20].

As shown clearly in Figure 6, the six processed materials present much lower stress values than
those of the as-received WE54 magnesium alloy, at high temperature, up to a minimum value at 400 ◦C.
The stress values can be as low as a factor of four, which is very useful for the industrial forming of
complex parts. This behavior corresponds to a different deformation mechanism than that operating in
the non-processed as-received alloy.

Another feature important to note in Figure 6 is the increase in the stress at 450 ◦C in the FSP
materials at which the microstructure coarsens significantly (Figure 7). Therefore, the mechanism
controlling deformation at high temperature is one depending on grain size. In contrast, the material
not subjected to FSP does not show such behavior which is an indication that, at high temperature,
the controlling mechanism is different from that of the processed materials. Indeed, the behavior of the
as-received material was attributed to a solute-drag slip creep mechanism [17,22], as a rate-controlling
process which is grain size-independent. Correspondingly, Figure 5 clearly shows the rapid increase in
the elongation to failure from 20 to 400 ◦C and their high values, much higher than those corresponding
to the as-received material, up to about 700%, typical of a grain boundary sliding mechanism for which
the ductility is sensibly dependent on grain size [23–25].

In addition, a homogeneous equiaxed microstructure is present after deformation, up to 400 ◦C,
as shown in Figure 7, and a low stress exponent, close to 2, is obtained, as shown in Figure 8. This figure
also shows very low stress values, which corroborate the strong decrease in stresses above 300 ◦C
shown in Figures 6 and 8. This evidence points clearly to the grain boundary sliding mechanism as the
one controlling deformation. The high strain rates where n is still close to 2 at temperatures above
300 ◦C are remarkable. This wide range of strain rates is associated to the fine grain size obtained by
severe friction stir processing of the WE54 Mg alloy, around 1 µm at the start of testing. At 300 ◦C
and above 10−2 s−1, a typical power law region is observed with n values higher than 5, pointing to a
dislocation creep mechanism at lower temperatures. At 450 ◦C, for which the microstructure strongly
coarsens, as revealed in Figure 7, a change back to a dislocation creep mechanism is taking place.

The various graphs of Figure 8 from strain rate change tests corresponding to the six processed
materials show similar behavior. A relatively large range of strain rates and temperatures is found,
where n is about 2 and, therefore, superplastic properties can be expected in such a large window,
even at strain rates as high as 10−1 s−1 at the highest temperatures. This behavior corresponds to a
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GBS mechanism, as the processed alloys possess ultrafine, equiaxed, and highly misoriented grains,
the stresses are low, and the ductility values are very high. In the range of low temperature and high
strain rates, a change towards dislocation creep is observed, increasing the values of the stress exponent,
as expected, and corroborated by Figure 6, as well. Another interesting feature revealed in these graphs
is the behavior at 450 ◦C. As grain coarsening is taking place rapidly during testing at this temperature in
the processed alloys, the stresses are higher than expected, and they even cross the lines corresponding
to the data at 400 ◦C, showing higher stress exponents. In fact, as shown in Figure 8c,d,f, there is an
abrupt change in slope at 450 ◦C at low strain rates because increasing coarsening is leading the behavior
of the ultrafine processed alloy towards the behavior corresponding to a coarse-grained alloy. Effectively,
the solute-drag slip creep mechanism, characterized by a stress exponent of 3, was demonstrated to occur
in the same WE54 material that was not severely plastically deformed by FSP and had a coarse grain
size [17]. Since the sample tested at 450 ◦C showed large grain growth, it is reasonable to assume that
the sample is in the process of changing mechanisms from GBS to solute-drag creep. This is especially
important during deformation at the lowest strain rates, where the sample remains at this temperature for
a long time. Due to the continuous grain coarsening at high temperature, even extreme at 450 ◦C, leading
to a change in deformation mechanism, it is difficult to obtain a true activation energy value associated
with the high temperature creep of the processed alloys. In the range 300–400 ◦C, an approximate
value of 180 kJ/mol is obtained for the activation energy for creep in the R14r05v material, although
in the range 400–450 ◦C, the value becomes negative, without physical meaning, due to the change in
deformation mechanism. Temperature-dependent activation energy values were also found for a similar
fine-grained Mg–Y–Nd alloy [26]. However, the value obtained, although slightly high, is not far from
that corresponding to lattice self-diffusion of magnesium, 135 kJ/mol [27,28], and may be regarded as
typical of reinforced magnesium alloys. In summary, between 300 and 400 ◦C, the materials deform by a
GBS mechanism and at 450 ◦C, the ultrafine-grained alloys coarsen their microstructures rapidly and
change their superplastic behavior towards a solute drag creep mechanism, as the initial, unprocessed
coarse WE54 alloy [17].

Figure 9 gives a comparison of the curves at 300 and 400 ◦C between the two cooling conditions,
non-refrigerated and refrigerated, for the N10r10v and R10r10v materials. It is observed that the
refrigerated material, the most severely processed one, is less resistant at both temperatures, which is a
result of the finest grain size obtained. This means that at 300 ◦C, there is already an influence of grain
size on stress values, corroborated by Figure 6. Additionally, the ductility values are also much higher
for the processed alloys than for the unprocessed initial WE54, as observed in Figure 5, at 300 ◦C,
thus showing that it is at about this temperature from which the start of deformation controlled by
grain boundary sliding can be attributed.
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An important aspect that influences the creep behavior of FSP materials is the severity of the
processing. Figure 10 shows strain rate versus stress curves at 400 ◦C for the refrigerated materials with
different processing conditions. As mentioned before, the severity of the processing increases following
the order 14r05v < 10r05v < 10r10v. The figure shows that the stress decreases at an imposed strain
rate, or conversely, the strain rate at a given stress increases in the same order, according to the applied
processing severity. This favors the forming process, which is a consequence of the microstructure
refining with increasing severity. Therefore, it can be concluded that processing severity is an important
factor that influences the creep behavior of the WE54 magnesium alloy by achieving ultrafine grain
sizes which allow for superplasticity at higher strain rates. Similarly, a low heat input applied to a
Mg-9Li-1Zn alloy has also been successful to obtain ultrafine grains [29]. Furthermore, the ultrafine
grain sizes obtained also improve the resistance of the WE54 alloy at room temperature.
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Figure 10. The strain rate as a function of stress at 400 ◦C for the refrigerated materials with different
processing conditions to show the influence of the processing severity.

5. Conclusions

1. Friction stir processing under highly severe conditions was successfully applied to the coarse
WE54 alloy, so that refinement of the coarse precipitates and fine equiaxed grains was obtained.

2. The processed materials showed fine grains of the order of 1 µm and exhibited excellent high
strain rate superplasticity at temperatures between 300 and 400 ◦C, and strain rates even higher
than 10−2 s−1. This behavior contrasts with the higher resistance and lower ductility of the
unprocessed WE54 Mg alloy.

3. Large elongations, with a maximum of 726%, were achieved at 400 ◦C and 10−2 s−1. Additionally,
low stress and stress exponent values associated with grain boundary sliding are obtained,
which were lower the higher the processing severity. Beyond 400 ◦C, the elongations rapidly
decreased as a consequence of microstructure coarsening.

4. At 450 ◦C, a transition of mechanisms occurs from grain boundary sliding to solute drag creep
as the microstructure coarsens. This last mechanism is the operative mechanism of the coarse
unprocessed alloy at high temperatures.

5. Severe friction stir processing has been proven to be a method of obtaining ultrafine grains in Mg
alloys and, thus, producing materials of high resistance at low temperatures, and easy to form
superplastically at high temperatures and high strain rates.
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