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Effects of Nd and rotary forging on mechanical properties of AZ71 Mg alloys
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Abstract: The effects of Nd addition on the mechanical properties and plastic deformability of AZ71 Mg alloys were investigated.
0.5%—2.0% (mass fraction) Nd was added to AZ71 Mg alloys. The grain size and the amount of brittle f-Mg;,Al;, phase reduce with
increasing the Nd addition, while nanosized AlNd, precipitates form. In combination with 32% rotary forging and subsequent
annealing, the grain size of Nd-added AZ71 Mg alloys reduces greatly from over 350 um to below 30 um. Both tensile strength and
ductility increase with the Nd addition up to 1.0%. The addition of Nd beyond 1.0% leads to the aggregations of rod-shaped Al,;Nd;
and blocky ALNd precipitates, thereby deteriorating both strength and ductility. The 1.0% Nd-added AZ71 Mg alloy shows tensile
strength up to 253 MPa and elongation of 10.7%. It is concluded that adding 1.0% Nd to AZ71 Mg alloy yields the optimum
toughness, whether under as-cast or rotary forging and annealing conditions.
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1 Introduction

Mg alloy, renowned as the 2Ist century green
engineering material, has emerged as the third metallic
structural material, following steels and Al alloys [1-3].
Despite increasing emphasis on energy conservation and
environmental issues, development and application of
Mg and Mg alloys are still limited due to the following
concerns. 1) Mg alloys have few slip systems and usually
have poor ductility and thus inferior forming ability.
Furthermore, the formation of brittle f-Mg;;Al;, phase
largely impairs their ductility [4]. 2) The difference in
corrosion potentials of a-Mg and p-Mg;;Al;; phases
causes severe galvanic corrosion and poor corrosion
resistance properties of Mg alloys. 3) The low melting
point of f-Mg;Al;, phase tends to soften the Mg alloys
and demonstrates poor high temperature properties.

Two routes were employed to resolve the above-
mentioned issues in Mg alloys. Firstly, ZHANG et al [5]
proposed to refine grain size to below 10 pm by
combining severe plastic deformation (SPD) and heat
treatment. The fine grain size can give rise to
superplastic properties at high temperature, leading to
significant enhancement of high-temperature forming
ability. AZ61 Mg alloy was shown to produce grains
with size of 3.5 pm via repetitive upsetting—extrusion
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process [6]. CHAPMAN and WILSON [7] showed that
when the grain size is smaller than 2 um, the ductile—
brittle transition temperature of Mg alloys reduces to
room temperature, thereby enhancing forming ability for
cold forging. Secondly, by the addition of strengthening
elements, intermetallic compounds with high melting
point can form to improve mechanical properties of Mg
alloys at both room and high temperatures [8,9]. And by
eliminating the formation of f-Mg;Al;, phase, the
corrosion resistance of Mg alloys can also be improved.

The present study chooses a less studied AZ71 Mg
alloy with medium combination of strength and ductility
compared with the deformable AZ31 and the high
strength AZ91 Mg alloys. Two routes are pursued to
improve the properties of AZ71 Mg alloy: adding
neodymium (Nd) and plastic deformation using rotary
forging. Nd is selected since its electronegativity (1.14)
is closer to that of Mg (1.31) [10] than that of Al (1.61).
This gives rise to higher Nd solid solubility in Mg than
Al It can also reduce the formation of f-Mg;;Al;,
phase [11]. On the other hand, Nd has been reported to
have great effect on the grain refinement in Mg—4Al [12]
and AZ80 Mg alloys [13], which improves both strength
and ductility. The Nd-containing Mg alloys also showed
improved high temperature deformability [14].

The current study uses rotary forging as the plastic
deformation to assist grain size reduction, which has
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been employed for forming axis-symmetric products
under plane stress in industrial production [15]. Although
the strain of rotary forging process is lower than that of
SPDs, the rotary forging process is nevertheless an
industrial process that gives rise to reasonable magnitude
of strain at a high strain rate [16]. It has also been
reported recently that the rotary forging refined grains
significantly in Al-15%Si composites [17] and reduced
porosity in the work pieces, giving rise to fully dense
materials [18]. Because the effects of rotary forging on
Mg alloys are seldom reported and the porosity causes
large property deviation in Mg die-castings [19]. The
current study examines the effects of rotary forging on
both the grain refinement and mechanical properties of
0—2% (mass fraction) Nd-added AZ71 Mg alloys.

2 Experimental

The materials were prepared by melting appropriate
amount of Mg—20%Nd (mass fraction) master alloys and
AZ71 Mg alloys to obtain 0—2% Nd (mass fraction)
containing AZ71 Mg alloys. Melting was performed
using an electrical furnace with CO,+Ar protection and
the melt was gravity cast at 700 °C into a Cu mould. The
compositions of all alloys were analyzed using
inductively coupled plasma method and are listed in
Table 1.

Table 1 Compositions of Nd-added AZ71 alloys (mass fraction,
%0)
Alloy Al Zn Mn Si Nd Mg
AZT1 7.69 054 0.18 0.054 - Bal.
AZ71+0.5%Nd 7.54 055 0.17 0.052 0.62 Bal
AZT71+1%Nd 7.66 0.53 0.16 0.051 1.07 Bal
AZ71+1.5%Nd 748 055 0.17 0.053 143 Bal
AZT1+2%Nd 7.67 0.55 0.17 0.049 2.05 Bal

The Nd-added AZ71 Mg alloys were then heated to
300, 380 and 420 °C under 1.33 Pa vacuum for 6 h
before quenching into water to select an optimum
homogenization temperature, so the 427 °C eutectic
point in the Al-Mg phase diagram was not exceeded.
One optimum homogenization temperature was selected
based on the dissolution of dendrites formed in as-cast
materials.

The homogenized Nd-added AZ71 Mg alloy rods
were rotary forged with an engineering strain of 32%
from 14.5 to 12 mm in diameter at a strain rate of 3 s~
after heating at 200 °C for 15 min. The 32% strain was
chosen so that the specimens did not fracture during the
forging processes. The rotary forged specimens were
then subjected to annealing at 200, 250, 300, and 350 °C
under 1.33 Pa vacuum for 1 h. The optimal annealing

processes for complete recrystallization were chosen to
measure the mechanical properties of the annealed
materials.

The microstructures of the as-cast, as-forged, and
annealed Nd-added AZ71 Mg alloys were analyzed by
optical microscopy, scanning electron microscopy (SEM,
Hitachi S—4700), and transmission electron microscopy
(FEI Tecnai F20). The chemical compositions of
precipitates were analyzed using an energy dispersive
X-ray spectroscopy (EDS) detector attached to the SEM.
The quantitative measurements of precipitate were made
on a Nikon Eclipse LV—150 optical microscope using an
image processing software (Image-Pro Plus 6.0). The
tensile tests were conducted using a Tinius Olsen
universal tensile test machine at room temperature. The
tensile specimens were prepared according to the
small-size round tension test specimen 4 of ASTM
E8/E8M standard [20].

3 Results and discussion

3.1 As-cast and homogenized structures

Figure 1 shows that the Nd-added AZ71 Mg alloys
mainly consist of two phases: a-Mg (the matrix) and
[-Mg;Aly, (the dark area). The as-cast grain sizes for
Nd-added AZ71 Mg alloys obtained using the Jeffries
Planimetric method are shown in Fig. 2. The as-cast
grain size reduces with increasing the Nd addition up to
1.0%. The grain size does not decrease much when over
1.0% Nd is added.

According to the Mg—Al phase diagram, the
Al-deficient primary a-Mg phase first forms during
solidification. The residual liquid concentrates with Al
residing in the dendrite arms and then transforms to
primary fS-Mg,Aly, precipitate and a-Mg+S-Mg;;,Alj,
eutectic phases (Fig. 3).

The EDS analyses (Fig. 4) further show that, in
Nd-added AZ71 Mg alloy, both faceted shaped Al,Nd
and Al;;Nd; rods form inside the a-Mg phase (Figs. 4(c)
and (d)). The ALNd and Al;;Nd; precipitates are
confirmed by the selected area diffraction conforming
with their corresponding crystal structures (Fig. 5). The
observations of precipitates are consistent with those
reported by WANG et al [13] in Nd-added AZ80 Mg
alloys. In Fig. 5(b), nanosized AI,Nd, precipitates with
rod shape are also observed inside the a-Mg grains.
Because the electronegativity of Mg is 1.31, that of Al is
1.61, and that of Nd is 1.14, the greater difference
between the electronegativity of Al and Nd tends to form
ALNd, in preference to the f-Mg;;Al;, phase [12,21].
The formation of AINd, indicates that Nd has a
tendency of reacting with Al in the melt at high
temperatures during solidification. More Al atoms are
consumed by the Al,Nd, phase, thereby reducing the
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Fig. 1 As-cast microstructures of AZ71 alloy with different Nd additions: (a) 0; (b) 0.5%; (c) 1.0%; (d) 1.5%; (e) 2.0%
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Fig. 2 Grain size of Nd-added AZ71 Mg alloys in as-cast state
and with 32% rotary forging followed by annealing at 300 °C
and 350 °C for 1 h

amount of Al in the liquid phase and suppressing the
formation of f-Mg;;Al;, eutectic phase at later stages of
solidification. On the other hand, as low as 0.4% Nd was
reported to enhance the a-Mg nucleation in AZ91 Mg
alloy by reducing the solid—liquid interfacial energy
causing the microstructure to refine [22]. Therefore, both
the dissolved Nd atoms in the matrix and nanosized
AlNd, precipitates play a role in the grain size reduction.

The volume fraction of AIl,Nd, precipitates increases
with increasing the Nd addition (Fig. 6). Small equiaxed
ALLNd appears in the AZ71+0.5%Nd specimen. The
addition of Nd over 1.0% increases the precipitation of
Al;|Nd; which has fine rod shape. The rod-shaped
Al;Nd; precipitate is more enriched with Al than Al,Nd.
Figure 7 shows that both the volume fraction of Al,Nd,
precipitates and its deviation increase with increasing the
Nd addition. The increase of standard deviation
suggests that the Al,Nd, precipitates tend to distribute
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Fig. 3 Reduction of proeutectic f-Mg;Al;, and eutectic phases in as-cast Nd-added AZ71 Mg alloys with increasing Nd additions:
(a) 0; (b) 0.5%; (c) 1.0%; (d) 1.5%; (e) 2.0%

20pm

- \ S 1
Fig. 4 EDS analyses of precipitates in as-cast AZ71 Mg alloy containing 2.0% Nd: (a) Eutectic phases; (b) Proeutectic f-Mg;Al;,
phase; (c) AILNd and Al;;Nd; phases; (d) Elemental mapping of (c)
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Fig. 5 Selected area diffraction patterns of (112)A1,Nd (a) and (2033) Al;Nd; (b) phases in as-cast AZ71 Mg alloy containing
2.0% Nd (Nanosized precipitates in a-Mg grains are indicated by circle in Fig. 5(b))
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Fig. 7 Volume fraction of ALNd, precipitates and ratio of their
standard deviations to average volume fraction in as-cast AZ71
Mg alloys with different Nd additions

non-uniformly and aggregate with increasing the Nd
addition. The aggregation of AINd, precipitates is
especially prominent when the Nd addition exceeds 1.0%,
as shown in Figs. 6(c), 6(d) and 7.

The optimal homogenization process was selected
based on the full dissolution of f-Mg,;Al;, phase and the
breakdown of dendritic structures. Figure 8 demonstrates
that the f-Mg;,Al;, phase completely dissolves back into
the matrix and forms equiaxed grains after homogenizing
at 420 °C for 6 h. Heating at 420 °C for 6 h is thus
chosen as the optimum homogenization treatment. It can
be seen in Figs. 8(ay), (bs), (c4), (ds) and (e4) that the
ALNd, precipitates still reside in the microstructures,
because AlLNd, form at temperatures higher than the
homogenization temperature.
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Fig. 8 Microstructures of AZ71 alloys with 0 (a;—ay), 0.5% (b;—by), 1.0% (c;—c¢4), 1.5% (d;—dy), and 2.0% (e,—e4) Nd additions under
as-cast (aj, by, ¢y, dy, €;1), 300 °C homogenized (a,, by, ¢y, ds, €;), 380 °C homogenized (a3, b, c3, d3, €3), and 420 °C homogenized

(a4, by, ¢4, dy, €4) conditions

3.2 Rotary forged and annealed structures

The homogenized AZ71 Mg alloys were
subsequently rotary forged with 32% engineering strain
at 200 °C. The extent of surface cracks decreases with
increasing the Nd addition. No cracks are observed in the
AZ71 Mg alloy containing over 1.0% Nd.

Figures 9(a,), (b)), (cy), (d;) and (e;) show that the
microstructures of rotary forged Mg alloy specimens
consist of numerous twins and deformation bands. The
density of defects increases with increasing the Nd
content, obviously due to the nanosized AIlNd,
precipitates. These fine precipitates are capable of
pinning dislocation slips and distributing strains
uniformly. The increase of twins and deformation bands
increases the work hardening and thus higher uniform
strains may be achieved in the Nd-added specimens. The
accumulation of defects due to the Nd addition can also

assist the dynamic recrystallization of AZ71 Mg alloy
[23].

The rotary forged specimens subsequently
underwent annealing processes at 200—350 °C for 1 h.
The microstructures of rotary forged specimens annealed
at 200 °C for 1 h are shown in Figs. 9(a,), (b), (c2), (dy)
and (e). Large amounts of plastic deformation and twin
crystals are still present, with the widths of twins
widened in comparison with those in Figs. 9(a;), (b)),
(c1), (d)) and (e;). When the annealing temperature
further increases to 250 °C, new grains start to form, as
shown in Figs. 9(a;3), (b3), (c3), (d3) and (e;). With
increasing the Nd content, the extent of recrystallization
increases as well, due to higher defect density. All tested
alloys complete recrystallization after annealing at
350 °C, as shown in Figs. 9(as), (bs), (cs), (ds) and (es).
The annealed grain size decreases greatly from 230—
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Fig. 9 Microstructures of AZ71 alloys with 0 (a;—as), 0.5% (b;—bs), 1.0% (c;—cs), 1.5% (d;—ds), and 2.0% (e;—es) Nd additions after
rotary forging (aj, by, ¢, dy, €;), and annealing at 200 °C (a,, by, ¢, dy, €3), 250 °C (a3, bs, c3, d3, €3), 300 °C (a4, by, c4, dg, €4), and
350 °C (as, b5, Cs, d5, 65) for1h

365 um under as-cast conditions to 21-50 um (Fig. 2).
Figure 2 demonstrates that the recrystallized grain size
also reduces with increasing the Nd content.

For 1.0% Nd-added AZ71 Mg alloy, rotary forging
and annealing processes decrease the grain size greatly
from 241 pum of as-cast structures to 24 um (Fig. 2).
When over 1.0% Nd was added, the grain size does not
decrease further, according to Figs. 2 and 9(cs), (ds) and
(es). The 1.0% Nd addition to AZ71 Mg alloy is a critical
content for grain refinement indicating that over-
precipitation of AlNd, can no longer aid to refine the
grains.

In summary, the effects of Nd addition on the
microstructures of AZ71 Mg alloy include multiple
aspects: reducing the formation of p-Mgj;Al;, and
precipitating nanosized Al,Nd,. The dissolved Nd in the
matrix and nanosized precipitates assist to distribute the
strain and defects uniformly, promoting grain refinement.
However, when the precipitates aggregate, the grain size
cannot further reduce.

3.3 Ambient mechanical properties
The tensile strength and elongation of the

i el e AW ]

Nd-containing AZ71 Mg alloys are shown in Figs. 10
and 11, respectively. The tensile strength and ductility
increase simultaneously with 0.5%—1.0% Nd addition in
both as-cast specimens and forged-and-annealed
specimens at room temperature. Both the strength and
ductility reach the maximum values (253 MPa and
10.7%, respectively) by rotary forging and annealing
1.0% Nd-added AZ71 Mg alloy. Similar trends of
maximum strength and elongation were observed as well
in AZ81 Mg alloy with 2% Y and Nd addition by XIE et
al [24]. Furthermore, according to Figs. 10 and 11, the
standard deviations reduce greatly after rotary forging. A
possible explanation is that the rotary forging process
assists the reduction of casting porosity [17] and reduces
the deviations in tensile tests.

The increase of strength in AZ71 Mg alloy with the
Nd addition less than 1.0% can be attributed to the
followings factors. 1) The Nd grain-refining effects
increase the strength. 2) Nd contributes to both solution
strengthening and precipitation strengthening. 3) The
rotary forging and subsequent annealing further reduce
the grain size and increase the strength. Nevertheless,
the strength drops when the Nd addition exceeds 1.0% in
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Fig. 11 Elongation of Nd-added AZ71 Mg alloys under as-cast
condition and rotary forged and 350 °C annealed condition

AZ71 Mg alloy. For the AZ71 Mg alloy containing over
1.0% Nd, the aggregation of sharp rod-shape Al;;Nd;
precipitates (Figs. 6(c) and (d)) acts as stress
concentrators, reducing the strength.

On the other hand, Nd atoms are 13% larger than
Mg atoms. The X-ray diffraction analyses (Table 2) show
that the c/a ratio increases with increasing the Nd
addition. This is in contrast to the Mg—Ce alloys where
c/a does not change with increasing the Ce addition [9].
Because the ideal c/a ratio in hexagonal close packed
structure is 1.633 (M ), the c/a ratio overpasses 1.633
when 1.5% or more Nd is added to AZ71 Mg alloy,
according to Table 2. Larger c/a often implies that basal
slip systems operate in preference to multiple slip
systems [9].

However, according to Figs. 9(b)), (cy), (d,) and (e)),
multiple orientations of deformation bands are observed
in deformed grains indicating that multiple slip systems
are operating. The large c/a ratio does not seem to
restrict the operation of non-basal slip systems in the
Nd-containing AZ71 Mg alloys. One possible reason is

Table 2 Effect of Nd addition on lattice parameters and c/a
values of AZ71 Mg alloys

Alloy  dggoynm  dgorynm  a/nm emm  cla
AZ71 0.2781 0.2448 0.3211  0.5163 1.608
?520/7011\; 0.2759  0.2437 0.3186 0.5191 1.629
ﬁi;};; 0.2753  0.2431 0.3185 0.5186 1.632
{XSZOZ]II\I; 0.2754  0.2433 0.3180 0.5199 1.635
?(%’/7011\1; 0.2741 0.2431 0.3168  0.5201 1.640

that the dissolved Nd atoms increase the critical resolved
stress for basal slip. The increased stacking fault due to
Nd addition also facilitates the ability of cross-slipping
and allows slips other than basal system to operate [25].
The increase of slip systems thus contributes to the
increase of ductility with the Nd addition up to 1.0%.
The stress concentration effects of Al,Nd, aggregate, on
the other hand, cause the elongation to drop adversely
when the Nd addition is over 1.0%.

4 Conclusions

1) The addition of Nd in AZ71 Mg alloy depresses
the formation of p-Mgj;Al,, eutectic phase and
nanosized AlNd, precipitates. The dissolved Nd in the
matrix and nanosized AINd, precipitates aid to grain
refinement which leads to the increase of strength and
elongation at room temperature. When the Nd addition
exceeds 1.0%, excess amount of AINd, precipitates
aggregate and thereby deteriorate both strength and
ductility.

2) The rotary forging process incorporated with
annealing treatment significantly reduces the grain size
from 230365 um under as-cast condition to 21—50 pm.
The strength of 1.0% Nd-added AZ71 Mg alloy increases
greatly from 177 MPa at as-cast state to 253 MPa after
rotary forging and annealing. The elongation also
increases significantly from 5.6% to 10.7%. The tensile
strength of 253 MPa is comparable with that of AZ91
Mg alloy, while the elongation of 10.7% is amazingly
72% higher than that of commercial AZ91 Mg alloy. The
addition of 1.0% Nd results in uniformly distributed
nanosized AILNd, precipitates and is the optimum
concentration to be added in AZ71 Mg alloy.
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