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Abstract

Friction stir processing (FSP) of a new rare earth-free Mg-5A1-3.5Ca-1Mn (AXM541) alloy
resulted in significant microstructural refinement and mechanical properties comparable to
existing AXM series Mg alloys. Severe refinement of the Al-Ca (C36) phase during FSP led to
uniform dispersion throughout the microstructure. The synergistic effect of high heat input and
the presence of these 1-4 um size particles resulted in dynamic recrystallization via particle
stimulated nucleation (PSN), with an average grain size of 4.5 um after FSP. Further, improved
mechanical properties of the AXM541 alloy along the processing direction produced a tensile
yield strength (TYS) of 322 + 14 MPa and a total elongation of 16 + 3%. The increase in strength
was also attributed to the dispersion strengthening effect associated with Al-Ca and Al-Mn
(D810) particles. Moreover, the AXM541 alloy showed a better mechanical response compared
with other AXM alloys irrespective of high Ca/Al ratio, due to the effective refinement and
redistribution of Al-Ca phases resulting from FSP. However, strain hardening ability and TYS of
the AXM541 alloy could be further improved if the Mn/Al ratio could be tailored, as Al-Mn
particles do not break down during FSP.
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1. Introduction
The good strength-to-weight ratio of Mg (and its alloys) makes it especially attractive for
automotive applications, as vehicle fuel consumption is greatly reduced. Recently, Mg and its

alloys have been used to produce powertrains in die cast form. However, their limited use in
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wrought form for similar applications is attributed to low strength, limited formability, and poor
corrosion resistance [1-4]. Similarly, recent efforts to obtain ultrahigh strength and corrosion-
resistant Mg alloys (with strengths as high as 400 MPa) by adding high concentrations of rare
earth (RE) elements such as Y, Gd, and Zr also make the alloys extremely costly [1-4].

Other commercial Mg alloys (e.g., Mg-Al, Mg-Zn and Mg-Al-Zn alloys) have shown
strength comparable to 6000 and 7000 series Al alloys, but only through the use of severe plastic
deformation processes such as equal channel angular pressing (ECAP) and torsion. These
processes are cost-inefficient and not industrially feasible [5-8]. Recent work on wrought Mg
alloy systems such as Mg-Zn-Ca, Mg-Zn-Ag-Ca-Zr, Mg-Sn-Zn-Al has confirmed that high
strengths can be obtained by normal extrusion and precipitation hardening, but at the expense of
poor ductility [8-9].

In short, research geared towards the realization of new RE-free wrought Mg alloys that have
significant strength and ductility combinations is necessary. Indeed, efforts have been directed to
Mg-Al-Ca based alloys with good potential for attaining significant property profiles at lower
costs [5-8]. This advancement has been attributed mainly to the presence of thermally stable
intermetallic compounds as a part of the eutectic. Such compounds include MgxCa (C14),
(Mg,Al); Ca (C36) and Al>Ca (C15), depending on the Ca/Al ratio in the microstructure [9]. By
increasing the Ca/Al ratio, the phases have followed the sequence of Al,Ca-(Mg,Al); Ca-Mg,Ca
forming as a part of the eutectic. Further, Li et al. [9] investigated systematically the effect of
Ca/Al on the formation of these phases. They observed that a higher Ca/Al ratio of about 0.9-1.5
resulted in the formation of Mg>Ca, whereas a ratio of 0.25-0.5 resulted in the formation of
Al>Ca as a part of the eutectic. Intermediate values of 0.5-0.9 led to C36 phase formation in the
microstructure [9-13]. In addition to the phases mentioned above for Mg-Al-Ca alloys, Mn has
been an inherent part of the composition, and has led to the formation of a D810 phase
(popularly known as the AlsMns phase) in Mg-Al-Ca-Mn (AXM) alloys, depending on Ca/Al
and Mn/Al ratios, respectively [7-13].

Researchers have established that these Al-Ca- and Al-Mn-rich phases are important in
microstructural engineering for achieving the desired combination of properties in AXM series
alloys during extrusion [6-13]. Thus, the present study has focused on designing a new
composition of an Mg-Al-Ca-Mn alloy and evaluating its mechanical properties after obtaining

wrought microstructures through friction stir processing (FSP). A brief study focused on how Al-



Ca and Al-Mn phases affect microstructure refinement and the resultant mechanical properties
for an Mg-4Al-3.5Ca-1Mn (all in weight %) alloy after FSP.
2. Experimental

Mg-Al-Ca-Mn alloy design was accomplished using Thermo-Calc software to predict its
composition and phases. The alloy was obtained in cast condition in the form of a billet. The as-
received nominal composition of the new Mg-4Al-3.5Ca-1Mn alloy (henceforth designated as
AXM541) 1s given in Table 1. A flat 13 mm-thick plate was cut from the billet and friction stir
processed at a rotational speed of 500 RPM, a transverse speed of 2 ipm, and at a tilt of 0.5°. The
processing tool was 18 mm in diameter with a concave pin length of 5.7 mm and a diameter of 6
mm. Metallographic samples were prepared by polishing to 0.05 um using diamond paste,
followed by etching with an acetic picral solution. The microstructure was characterized along
the cross section using a Nova Nano Scanning Electron Microscopy (SEM) with an Electron
Dispersive Spectroscopy (EDS) attachment. Phases were identified using EDS and X-ray
diffraction (XRD) analysis. Hardness was measured on a microhardness testing machine in the
nugget region (from top to bottom). Room temperature tensile tests were carried out on samples

of 2 mm gauge length at an initial strain rate of 1 x 107 5!,

Table 1: Nominal alloy composition of AXM541 alloy (all in weight %)
Condition Mg Al Ca Mn
As-cast Balance 3.85 3.12 0.95

3. Results
3.1 Design approach and phase analysis for Mg-5A1-3.5Ca-1Mn (AXM541) alloy

As mentioned in section 1, the main concern in Mg alloys is their limited plasticity, which is
attributed to the fewer slip systems available at room temperature. Extensive work to overcome
this drawback has focused on alloying additions to pure Mg, which set the foundation for the
design of AZ series Mg alloys. The main strategy behind adding Al to Mg is to change the c/a
ratio as well as to form an intermetallic compound that assists in randomizing the preferential
nucleation of grains (i.e., their texture). Although AZ series alloys display higher strength than
pure Mg, these alloys still exhibit poor formability because of the presence of a brittle Mgi7Ali2

phase in the microstructure [2]. Hence, further attempts by researchers to add RE elements to Mg



gave rise to exceptionally higher strengths but with associated high alloying costs. Thus, the
recent trend is to design Mg alloys with cost-effective alloying additions such as Al, Ca, Li, Mn
and Zn, to provide balance between enhanced properties and cost; this approach offers a strong

path for further research [4-15].
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Figure 1. Phase diagram for Mg-4Al-3.5Ca-1Mn alloy (AXM541) using Thermocalc software.

The present work considers Al, Ca and Mn as alloying additions based on the expectation of
enhanced microstructural efficiency [16]. The amounts of these elements were deduced from
thermodynamic simulations using Thermo-Calc software, which predicted the type of phases that
may form in the microstructure. As the aim was to refine the as-cast microstructure of the new
alloy by FSP, which uses severe deformation and heat in synergy, second-phase particles that can
be either dissolved or refined are expected to promote attaining the maximum benefit. As
mentioned earlier, a Ca/Al ratio > 0.9 led to the formation of an Mg>Ca phase that is extremely
brittle. So, the Ca/Al ratio was chosen to be 0.7, such that it will form a more soluble C36 phase.
Also, the amount of Mn was fixed based on thermodynamic calculations that showed the
formation of a D810 phase in the matrix at 1 wt%. Hence, alloy composition was fixed to Mg-
4Al1-3.5Ca-1Mn, and the probable phases in the microstructure for this composition were
predicted from the Thermo-Calc phase diagram (Figure 1).

The Thermo-Calc phase diagram of the AXM alloy (Figure 1) predicted the formation of a-

Mg, C36, D810 and C15 phases in the microstructure when the composition was selected as Mg-



5Al1-3.5Ca-1Mn (all in wt%). Secondary electron images of the AXMS541 alloy in the as-cast
condition (Figure 2 (a)) showed the presence of a pro-eutectic a-Mg phase (A13), along with a
eutectic consisting of a-Mg + (Al, Mg),Ca (C36) phases, both in lamellar and divorced
morphologies. The presence of these phases was further confirmed by XRD analysis (Figure 2
(b)) showing pronounced peaks for the 0-Mg phase as well as intense peaks for the C36 and
D810 phases (enlarged inset in Figure 2 (b)). High magnification imaging of the eutectic clearly
displayed the lamellar C36 phase (Figure 2 (c)) and the partially divorced eutectic region in the
microstructure. Further, Mn was observed in the form of an AlsMns phase (D810) (Figure 2 (d))
and confirmed using EDS point analysis (Figure 2 (a)), which revealed the presence of Mn-rich

regions.
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Figure 2. Microstructure of as-received AXM541 alloy showing (a) the presence of pro-eutectic
a-Mg (A13) and eutectic (A13+C36 phase), (b) XRD analysis showing the presence for (Mg,
Al),Ca, A13, C36 and D810 phases in as-cast condition (c) lamellar region of the eutectic at
higher magnification showing the C36 phase and (d) the D810 phase.

3.2 Microstructure and mechanical properties of AX541 alloy after FSP

The microstructure of the AXMS541 Mg alloy after friction stir processing in the nugget
region showed extensive grain refinement compared to the base (as-cast) microstructure (Figure
3 (a)). The eutectic phase was significantly refined in the form of very fine particles (highlighted
in Figure 3 (b)) dispersed homogeneously throughout the microstructure along with some larger

remaining particles, as it was in the as-cast microstructure (Figure 3 (b)). An EDS scan of the



large particles revealed that they were rich in Al and Mn and may correspond to the D810 phase
(Figure 3 (c¢)). Moreover, since unlike the C36 particles, the D810 particles remained intact and
did not break down during FSP, the implication is that they must be strong and insoluble in the
matrix. Figure 3 (d) indicated the presence of a mainly equi-axed grain structure after FSP in the
nugget region of the AXM541 alloy, with an average grain size of 4.5 £ 0.25 um. New, fine
recrystallized grains (Figure 3 (di-ds)) located primarily near the C36 particles (Figure 3 (d1)),
suggest their potential use as nucleation sites during FSP.

Figure 4 (a) confirms that the engineering stress-strain curve deformed under tensile loading
for three specimens at a strain rate of 1 x 10 s’'. They clearly indicated high tensile yield stress
(TYS) of the alloy (322 + 14 MPa). Ultimate tensile strength improved to 361 + 17 MPa resulted
in a strain hardening ability (UTS-TYS) of 39 MPa. The total elongation of 16 + 3% (Figure 4
(a)) was significant along the processing direction. True stress-strain curve and the resultant
work hardening response for Sample 3 (Figure 4 (b)) clearly show stage III work hardening
operating during deformation. The continuous drop in work hardening is interrupted at a plastic
strain of 3%, which points to the transition of the deformation accommodation mechanism away
from the conventional slip. The hardness value of the alloy also reached an average value of 74

HV in the nugget region, as compared to the base hardness value of 53 HV (Figure 4 (c)).
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Figure 3. Secondary electron images showing (a) friction stir processed (nugget) and base
microstructure, (b) nugget microstructure displaying refined eutectic particles, (c1 and c2) Mn-
rich particles including EDS point analysis, (di-d4) polygonal grain structures and recrystallized
grains near broken eutectic particles, and (d;) EDS scans of the broken eutectic particles
revealing the presence of primarily Al and Ca.
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Figure 4. (a) Engineering stress-engineering strain curves, (b) true stress-true strain and work
hardening curves for AXM541 alloy along the processing direction for sample 3, (c) hardness
variation in nugget region, (d) fracture surface of tensile sample deformed along the processing
direction and (e, f) Backscattered electron images and corresponding EDS scans showing Al-Ca-
and Al-Mn-rich particles.

Table 2: Tensile properties of AXM541 alloy for as-cast and as-FSP conditions

Condition YS (MPa) UTS (MPa) Elongation (%)
As-cast 125+9 150 £ 13 12+4
As-FSP 322+ 14 361 £ 17 16 +3

As suggested by the softening (Figure 4 (a)) and by analyzing the fracture surface (Figure

4 (d)), SEM confirmed the ductile nature of the alloy. As expected, the complete dimple region

in the fractograph endorsed reasonable alloy ductility. Moreover, the backscattered electron



images of the fracture surface (and their respective EDS scans) also revealed the presence of Al-
Ca- and Al-Mn-rich particles. After FSP, the Al-Ca-rich particles were very fine compared to the
Al-Mn-rich particles (Figure 4 (e,f)). Therefore, the larger Al-Mn-rich particles may have acted

as crack nucleation sites, thus limiting overall alloy ductility.

4. Discussion
4.1 Development of ultrafine grained microstructure containing Al-Ca and Al-Mn particles
upon FSP

Recent studies of the AXM series Mg alloys have focused mainly on microstructure
refinement after extrusion. The addition of Al was attributed to improved ductility, whereas Ca
acted as a grain refiner [9-14, 15]. Li et al. [9] explained that the effect of the Ca/Al ratio on the
microstructure and its refinement was significant. They further elaborated that extrusion led to
extensive grain refinement due to dynamic recrystallization assisted by particle stimulated
nucleation (PSN). Very fine particles homogeneously present throughout the microstructure were
either Ca-rich or Al-rich, depending on the Ca/Al ratio [9]. Lower Ca/Al ratios resulted in fine
Al-rich particles, intermediate ratios led to the presence of C36 particles, and higher ratios
resulted in fine Ca-rich particles. According to Al-Samman et al. [17] and Humpreus et al. [18],
particle sizes larger than 1 pm assisted with PSN, as the larger particles provided higher strain
gradients and higher dislocation densities locally, thereby leading to the nucleation of
recrystallized grains. Thus, both Ca/Al ratio and particle size were critical for grain refinement
during extrusion of the AXM Mg alloys [9-19].

Another concern was the presence of Al-Mn rich (AlgMns) compounds in the microstructure,
which did not experience significant refinement during hot deformation of the AXM alloys
during extrusion. Nakata et al. [13] systematically studied the effect of Mn content on the
microstructure and its refinement during deformation. They reported that an increase in Mn led
to a corresponding increase in the size and volume fraction of unbreakable Al-Mn particles
during deformation, and an adverse effect on the microstructures and mechanical properties of
the AXM alloys [13]. They further mentioned that 0.4 wt% Mn was the optimum amount for
achieving the desired effect on the microstructure [13].

The present study used FSP of AXM-series Mg for microstructure refinement. The coupling
effect of heat and plastic deformation during FSP resulted in severe dynamic recovery in

materials having high stacking fault energies, materials such as Al. On the contrary, low stacking
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fault materials such as Mg underwent dynamic recrystallization (DRX) instead of dynamic
recovery during FSP [14-15, 17-23]. Thus, in the present case, DRX was the primary mechanism
for the formation of fine grains after FSP. The presence of fine C36 particles assisted DRX via
PSN. Most of the particles refined during FSP were larger than 1 um (Figure 5 (a-c)), and were
sufficient for use as nucleation sites during recrystallization (Figures 3 (di-ds4)) [14-15, 17-19].
Recrystallized grains formed near the C36 particles during FSP confirmed that PSN occurred
during recrystallization (Figure 5 (a-c)). Moreover, larger Al-Mn particles were also important
for PSN due to their increased size-dependent strain gradient [6, 14-15, 17-19]. That few of the

D810 particles were fragmented during FSP without being severely refined indicated high shear

strength. However, their presence likely enhanced DRX during FSP.

Figure 5. Secondary electron images showing fine recrystallized grains formed near the crushed
C36 particles after FSP.

4.2 Stress-strain response of AXMS541 alloy: comparison with leading Mg alloys

Mg alloys are associated with limited plastic accommodation at room temperature in that
higher critical resolved shear stress values are required for non-basal slip to occur. As a result,
extensive work has focused on enhancing the multi-slip tendency of Mg by restricting preferred
grain nucleation along basal planes (i.e., (0002) basal texture) during hot deformation [1-4, 17-
26]. This intended random nucleation of grains is triggered by particle stimulated nucleation
(PSN), wherein intermetallic particles refined during processing act as preferential sites for the
nucleation of strain-free grains, and thus result in recrystallized microstructures having grains
with a variety of orientations. The addition of RE elements to Mg was a very efficient way to
engineer the deformation response by altering texture evolution through PSN to trigger slip-
dominant plasticity in Mg [21-23]. However, RE elements being costly make these alloys
expensive for applications. Recent work on AXM series Mg alloys uses the maximum benefit of
cost-effective alloying additions that promote PSN. That is, these alloys contain Mg-Al-Ca rich
particles, depending on the Ca/Al ratio, which during processing gets heavily refined and thus

10



promotes PSN. Recent work by Sandlobes et al. [15] showed that adding merely a very small
amount of Ca to the Mg-Al system promoted the <c+a> slip during deformation and thereby
resulted in good strength and ductility.

In the present study, refining and redistributing Al-Ca rich particles established a more
homogenous microstructure upon FSP, which stimulated PSN and thus resulted in multi-slip
dominated plasticity in the alloy. This can be further confirmed from the work hardening rate
curve plotted against the plastic strain for sample 3. Figure 4 (b) makes clear that stage III of
work hardening is dominant during deformation; however, a sudden change in slope in 0 vs. €
plot (as marked in Figure 4 (b)) indicates the predominance of non-basal slip or twinning activity
during deformation. A detailed analysis of twinning and texture evolution continues. The onset
of change in slope is a strong indication of unconventional plastic deformation in the AXM541
alloy upon FSP [14-15, 17, 23-26]. Moreover, the presence of fine Al-Ca dispersoids also blocks
dislocation motion and contributes to a local increase in stress required for deformation, thereby
promoting sustained work hardening. In short, FSP-driven grain refinement and uniform
dispersion of refined Al-Ca particles resulted in a drastic improvement in the YS to 322 +14 MPa
from the as-cast YS of ~ 125 MPa (Table 2). As mentioned in section 3.2, Al-Mn rich particles
are not effectively refined during FSP and hence are suspected as crack nucleation sites during
deformation (Figure 4 (f)). This hints to the possibility that the ductility of the AXM541 alloy
could be improved further by manipulating the formation of Al-Mn rich particles.

Figure 6 compares YS and tensile elongation for the AXM541 alloy with other leading AXM
series alloys as well as with conventional Mg alloys in a grain-refined state [9-15, 21-23]. What
1s apparent is either very strong AXM alloys having YS as high as 400 MPa (red square in Figure
6) with very limited plasticity; or ductile AXM alloys having very low YS (yellow downward
triangle in Figure 6). Among them, the Mg-4Y-3RE alloy showed a superior combination of YS
and elongation, which to-date is now outperformed by the AXM541 alloy (red circle in Figure 6)
despite no RE elements being in the alloy. Thus, the AX541 alloy is a strong candidate for
lightweight, more cost-effective applications. However, the properties of these alloy can be
further elevated by tuning the Al and Mn content [9-13] so as to realize effective refinement of

second-phase particles during FSP and even more sustained work hardening during deformation.
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Figure 6. Yield strength and tensile elongation for AXM541 alloy and other conventional Mg
alloys in grain refined condition [9-15, 21-23].
5. Conclusions

A new AXM-series Mg alloy, AXM541, was friction stir processed to obtain a fine-grained
microstructure. As predicted by Thermo-Calc software, the AXM541 alloy revealed the presence
of substantially refined as-cast a-Mg, aMg + (Mg, Al);Ca eutectic (C36), and AlgMns (D810)
phases, with an average grain size of 4.5 um after FSP. In contrast to other high Ca/Al ratio-
containing AXM alloys after extrusion, the AXM541 alloy with a Ca/Al ratio of 0.7 showed high
TYS values of 322 + 14 MPa and elongation of 16 * 3%. This severe grain refinement and the
strong dispersion strengthening effect from very fine and uniformly distributed Al-Ca particles
occurred after FSP triggered non-basal slip during deformation. To further improve strain
hardening ability and elongation of the AXM series alloys for use in lightweight applications, the
Mn/Al ratio should be tailored, since the larger Al-Mn (D810) particles experienced minimal
refinement during FSP.
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