
METALS & CORROSION

Extrusion techniques on microstructure optimization

and quantitative analysis of texture influence

on ductility improvement for heat-resistant Mg–Nd–Zn–

Zr magnesium alloy

J. He1, W. Z. Chen1,2,* , Z. J. Zhang1, X. M. Chen1, J. F. Ma1, W. K. Wang1,2, and
W. C. Zhang1,2

1School of Materials Science and Engineering, Harbin Institute of Technology, Weihai 264209, People’s Republic of China
2Weihai Lightweight Materials and Forming Engineering Research Center, Weihai 264209, People’s Republic of China

Received: 13 September 2021

Accepted: 3 January 2022

Published online:

25 January 2022

� The Author(s), under

exclusive licence to Springer

Science+Business Media, LLC,

part of Springer Nature 2022

ABSTRACT

Aiming at the ductility improvement of the rare-earth magnesium alloys, the

influence of themicrostructure refinement and texture on the strength and ductility

was quantitatively analyzed for the Mg–Nd–Zn–Zr alloy subjected to the solid

solution and extrusion. At an extrusion temperature of 500–150 �C for the solid-

solute rods, abundant dynamic recrystallization and basal texture component

change led to the generation of the alloy rods possessing an optimal ductility of 25–

40% and a yield strength of 181–250 MPa. During the extrusion process, the\10–

10[//ED deformed fiber texture was gradually formed, and the dynamic recrys-

tallization led to a prominentmicrostructure refinement. The inclined basal texture

emerged due to the preferential growth of the recrystallized grains. The yield

strengthvariedsignificantlywith the extrusion techniques, and its relationshipwith

the grain size could be quantified by using the texture, characterized by the initial

average equivalent basal Schmid factors mbas, influenced Hall–Petch relationship.

The strengthening effect was included by the enhanced value of s0;bas (effective
critical resolved shear stress based on basal slip) at yielding and the declined value

of mbas from the strain hardening phenomenon during the low temperature extru-

sion. The high room-temperature ductility of 30–40%was dependent on the refined

microstructure and weak inclined basal texture. The promotion of the uniform

elongation from the inclined texture had a large contribution in the ductility

improvement. This study reveals the regulating effect of the plastic processing on

the strength andductility (especiallyductility), alongwith the importanceof texture

modification on the properties of the rare-earth heat-resistant magnesium alloys.
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Introduction

The properties, such as high-temperature strength,

excellent creep resistance, heat and corrosion resis-

tance, etc., of the rare-earth (RE) magnesium alloys

can meet the urgent need for the structural weight

reduction in aerospace applications [1–3]. The rare-

earth elements, such as Y, Gd, Nd, Sc, etc., are cap-

able of inducting the solid solution strengthening

effects in the magnesium matrix, along with excellent

precipitation strengthening effects obtained through

the aging heat treatment [4]. Among these, the Mg–

Gd and Mg–Y heavy metal alloyed systems have

attracted a significant attention owing to their out-

standing age hardening and heat resistant properties,

such as Mg–Gd–Y–Zr [5, 6], Mg–Gd–Zn–Zr [7, 8],

Mg–Y–Nd–Gd [9], and Mg–Y–Zn [10, 11] (Table 1).

The strength of the Mg–Gd and Mg–Y alloys is

enhanced after precipitation from the abundant sec-

ond phases in the supersaturated solid solutions;

however, the coarse grains produced after the solid

solution treatment can lead to a poor ductility. For

instance, Rong et al. [12] reported the ultimate tensile

strength and yield strength of Mg–15Gd–1Zn–0.4Zr

of 405 MPa and 288 MPa, respectively, after a solid

solution treatment at 500 �C for 2 h and 520 �C for

12 h as well as aging at 200 �C for 65 h; however, the

ductility was only 2.9%. The same scenario was

reported by Zhang et al. [9] for the Mg-Y alloys,

where the solid solution treatment at 525 �C for 6 h

and aging at 225 �C for 40 h for the cast Mg–4.3Y–

3Nd–1.2Gd–0.2Zn–0.5Zr allow led to the yield

strength and ultimate tensile strength of 214 MPa and

316 MPa, respectively; however, the elongation was

merely 4.4%. Also, Yu [15] reported only 8.3% elon-

gation for the hot-extruded Mg–11.5Gd–4.5Y–1.5Zn–

0.4Zr. In another study, Zhang [10] observed 11.0%

elongation for the hot-extruded Mg–9Y–5Zn–0.6Zr.

The high content of the rare earth ([ 8 wt%) ele-

ments can significantly enhance the cost of the alloys,

thus inhibiting their application potential. Therefore,

it is vital to focus on the development of the mag-

nesium alloys with low alloy content (\ 5 wt%) as

well as remarkably enhanced ductility and forma-

bility [8, 11, 17–21]. The general mechanical proper-

ties of the mid/low RE magnesium after solid

solution and hot extrusion are listed in Table 2. For

instance, an improved ductility of 21.3% is noted for

Mg–3.0Gd–2.7Zn–0.4Zr–0.1Mn after hot extrusion

[8]. Nd, with the maximum solid solubility in mag-

nesium of around 3.6 wt% and almost zero solid

solubility (* 0.08 wt%) at 200 �C, can exert a signif-

icant precipitation strengthening effect [22]. Gener-

ally, Mg–Nd alloy cannot be directly applied in the

industry because of its large grain size as cast. To

refine the grain size after casting, Zr is usually added

as the nucleating agent [23]. At the same time, a small

amount of Zn can further improve the aging peak

strength and creep strength of Mg–1Nd–1Ce–Zr alloy

[24]. Gavras reported that for Mg–Nd alloys, the

addition of Zn can improve the tensile and

Table 1 Typical mechanical properties of high RE content ([ 8 wt%) magnesium alloys

Composition Heat treatment Tensile properties References

UTS

(MPa)

YS

(MPa)

E (%)

Mg–10Gd–3Y–Zr 525 �C 9 10 h ? 250 �C 9 12 h 235 152 6.5 [5]

Mg–15Gd–1Zn–0.4Zr 500 �C 9 2 h ? 520 �C 9 12 h ? 200 �C 9 65 h 405 288 2.9 [12]

Mg–15.6Gd–1.8Ag–0.4Zr 480 �C 9 18 h ? 500 �C 9 8 h ? 200 �C 9 32 h 423 328 4.9 [13]

Mg–10Y–2.5Sm 540 �C 9 6 h ? 250 �C 9 2 h 216 – 3.5 [14]

Mg–4.3Y–3Nd–1.2Gd–0.2Zn–

0.5Zr

525 �C 9 6 h ? 225 �C 9 40 h 316 214 4.4 [9]

Mg–11Y–5Gd–2Zn–0.5Zr 535 �C 9 20 h ? 225 �C 9 24 h 307 240 1.4 [3]

Mg–15Gd–1Zn–0.4Zr 520 �C 9 12 h ? extruded at 490 �C (9:1) 423 359 10 [7]

Mg–10Gd–3Y–1.0Zn–0.5Zr 480 �C 9 6 h ? extruded at 400 �C (8:1) 347 231 11 [6]

Mg–11.5Gd–4.5Y–1.5Zn–0.4Zr 520 �C 9 48 h ? extruded at 420 �C (10:1) 453 387 8.3 [16]

Mg–9.5Y–3.5Zn–1Mn 450 �C 9 18 h ? extruded at 450 �C (10:1) 421 333 5.8 [17]

Mg–9Y–9Zn–0.6Zr 510 �C 9 16 h ? extruded at 400 �C (15:1) 351 245 11.0 [10]
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compressive properties at room temperature, during

which a quasi-binary phase Mg3(Zn, Nd) and a

ternary phase Mg50Nd8Zn42 will be precipitated [25].

For instance, Zhang [26] reported the yield strength

and ultimate tensile strength of 116 MPa and

198 MPa as well as an elongation of 14% for the Mg–

3Nd–0.4Zn–0.4Zr alloy treated via direct chill casting.

The hot rolling and heat treatment of the Mg–Nd

alloys can effectively improve the tensile ductility at

the ambient temperature by weakening the basal

texture through recrystallization [27]. Therefore, the

Mg–Nd–Zn-based system is commercially viable to

develop the low-cost and high-strength RE magne-

sium alloys.

The plastic processing can effectively refine the

microstructure and enhance the mechanical proper-

ties. Owing to the prominent brittleness at room and

medium temperatures for the RE-enhanced magne-

sium alloys (Table 1), the plastic processing tech-

niques to fabricate the high-strength heat-resistant

magnesium alloys has not been paid a significant

attention. Further, the microstructure control and

property improvement based on the plastic process-

ing technique are even more challenging, especially

with the inevitable dispersive precipitation. This

hinders the application of the high-strength heat-re-

sistant magnesium alloys in the large-scale structural

manufacturing applications. Therefore, the formabil-

ity improvement via plastic forming is vital to modify

the microstructure and properties.

Consequently, in this study, the extrusion process

was adopted for the Mg–Nd–Zn–Zr alloy rods, and

the solid solution-extrusion process was explored to

analyze the influence of the plastic deformation on its

structure. The room-temperature ductility improve-

ment mechanism was quantitatively investigated so

as to provide a benchmark for designing the high-

performance wrought magnesium alloy sheets suit-

able for a wide range of industrial applications.

Experimental

The commercial Mg–3.1 wt%Nd–0.4 wt%Zn–

0.6 wt%Zr cast alloy was used as the raw material.

The alloy was produced via the semi-continuous

ingot casting. In order to fully achieve the ductility

improvement during the solid solution treatment and

subsequent aging strengthening effect, the solid

solution at a temperature of 530 �C was used for a

period of 1.5–24 h prior to extrusion. After 6 h, the

rods were extruded in a 315 tons vertical extruder

with a billet size of A50 mm, the extrusion die size of

A52 mm, extrusion speed of 20–25 mm/s, and

extrusion outlet diameters of 13 and 16 mm. The

extrusion die was induction-heated at a constant

temperature of 300 �C, and the temperature range of

the billet was 150–500 �C. The temperature was

determined at the extrusion outlet using an infrared

thermometer with an error range of ± 10 �C. The

graphite emulsion was used for the lubrication so as

to obtain the extruded rods with an optimal surface

quality. The process flow diagram is illustrated in

Fig. 1.

The microstructure and texture in the ED-TD plane

were identified using the electron backscattering

diffraction (EBSD) analysis performed using a JEOL

733 electron probe equipped with the TSL OIM

Analysis system. The Harmonic series expansion

with a series rank of 16 and Gaussian half-width of 5�
were used in OIM to generate the pole figures and

calculate the corresponding maximal pole densities.

The metallographic observations were performed

Table 2 Typical mechanical properties of mid-low RE content (1–5 wt%) magnesium alloys

Composition Heat treatment Tensile properties References

UTS (MPa) YS (MPa) E (%)

Mg–3.0Nd–0.4Zn–0.5Zr 530 �C 9 8 h ? 200 �C 9 4 h 254 137 7.4 [18]

Mg–2.5Nd–0.6Zn–0.5Zr 515 �C 9 16 h ? 200 �C 9 12 h 220 135 5.5 [19]

Mg–2.7Nd–0.6Zn–0.5Zr 530 �C 9 14 h ? 200 �C 9 12 h 258 191 4.2 [20]

Mg–3.0Gd–2.7Zn–0.4Zr–0.1Mn 520 �C 9 10 h ? extruded at 350 �C (8:1) 341 315 21.3 [8]

Mg–3.5Sm–0.6Zn–0.5Zr Extruded at 320 �C (7:1) 381 363 9.0 [21]

Mg–4Y–2Zn–0.5Al 450 �C 9 2 h ? extruded at 350 �C (20:1) 416 376 11 [11]
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using a Hitachi S-570 scanning electron microscope

(SEM), with the observation plane along the trans-

verse and extrusion directions. The accelerating

voltage was 20 kV for the EBSD and SEM analyses.

The elemental analysis was conducted by the energy

dispersive spectrometry (EDS) analysis at an accel-

erated voltage of 20 kV. The tensile tests were carried

out at ambient temperature by employing

INSTRON5569, with a constant speed equal to an

initial strain rate of 6.7 9 10-4 s-1. The measure-

ments were repeated thrice for accuracy. The dog-

bone specimens with a gauge length of 15 mm and a

diameter of 4 mm were machined out of the middle

part of the as-extruded rods along the extrusion

direction with a constant speed of 0.6 mm/min.

Results

Microstructural characteristics during solid
solution treatment

Figure 2 displays the microstructure of the billet after

solid solution treatment for 1.5, 3, 6, 9, 12, 15, 18, and

24 h as well as the second phase distribution

observed by the SEM and EDS analyses. The as-cast

Mg–Nd–Zn–Zr alloy was mainly composed of a-Mg,

and the intergranular eutectic Mg12Nd was dis-

tributed as the continuous network at the grain

boundaries, occupying about 2.8% of the total area

(Fig. 3). The aggregation at the grain boundaries was

not conducive for coordinating the plastic deforma-

tion or exerting the aging precipitation strengthening

effect. The SEM analysis of the solid solution treated

structure revealed that the intergranular Mg12Nd

phases gradually decreased on enhancing the solu-

tion time from 9 to 18 h, followed by dissolution in

the matrix with less than 0.1% area ratio. At the same

time, a large number of dispersed round regions with

diameters of 10–40 lm appeared rapidly inside the

grains, as shown in Fig. 4. The EDS analysis in

Table 3 demonstrated that the spots distributed along

the grain boundaries (Fig. 4a, point 1–4) were the

Mg12Nd accounting for 4.0–5.3% of the total area. A

few Zr particles were also observed to form at the

center of the enrichment zone. Fu et al. [28] reported

the block-like and rod-like phases to be the ZrH2- and

Zr-rich regions, respectively. As the solid solution

time was extended to 24 h, the dispersed short block-

like a-Nd phase with a length of * 5 lm (Fig. 4b,

point 6) reappeared within the grains, with the Nd

content as high as 87.2% and area ratio of 0.8%.

In order to analyze the elemental diffusion and

segregation, the solid solution treatment durations of

6 h and 24 h were selected to scan the elements, as

shown in Fig. 5. After the solid solution treatment at

530 �C for 6 h, a considerable proportion of Nd in the

alloy was still observed to be concentrated in the

grain boundary in the form of Mg12Nd. At the same

time, a small amount of Zn was noted to segregate in

the Nd-rich zone. The Zr element, which acted as a

nucleating agent during solidification, was uniformly

dispersed. After the solid solution treatment for 24 h,

the Nd element in the matrix was re-accumulated

and precipitated to form the a-Nd phase, which sig-

nificantly reduced the solid solubility of the Nd ele-

ment in the matrix. Such a high temperature

accumulation and precipitation was not conducive to

the improvement of the alloy strength after defor-

mation. In summary, for the Mg–Nd–Zn–Zr alloys

treated at 530 �C for 6 h, the intergranular Mg12Nd

phase still remained incompletely solute. A fully

solid solution was achieved after 9–18 h, with the

emergence of the round region Zr enrichment. On the

other hand, after 24 h, an obvious a-Nd phase was

noted to be supersaturated and segregated from the

matrix.

Figure 1 Schematic diagram of solid solution and hot extrusion process for the Mg–Nd–Zn–Zr alloy.
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Microstructural characteristics after hot
extrusion

The hot extrusion with varied extrusion temperatures

and extrusion ratios was conducted at a fixed solid

solution temperature of 530 �C for 9 h to explore the

strength and ductility enhancement techniques. With

an aim of enhancing the ductility, the hot extrusion

process was carried out for the Mg–Nd–Zn–Zr alloy

in the temperature range from 150 to 500 �C. The

extrusion ratios of 16 and 10 were utilized to explore

their impact on the microstructure.

Effect of extrusion parameters on the microstructural

characteristics

A number of literature studies have suggested the

significance of temperature in activating the defor-

mation modes and microstructural characteristics

[29–31]. For example, 0.5 Tm divides the boundary

between the dynamic recovery and dynamic

recrystallization. In addition, for the dynamic

recrystallization behavior, lowering the temperature

can distinctly elevate the Zener–Hollomen parameter,

refine the microstructure and enhance the mechanical

properties [32, 33]. In this study, the extrusion tem-

perature ranging from 150 to 500 �C was employed

with an extrusion ratio of 16 for the Mg–Nd–Zn–Zr

alloy, and the corresponding grain misorientation

spread (GOS) microstructure characteristics are

depicted in Fig. 6. GOS was determined by the

average misorientation of each individual measure-

ment point within the grain and represented the lat-

tice distortion degree within the grains [32]. Referring

to the literature [34] and grain morphology, the

recrystallized grains were identified by the GOS

values smaller than 2� (marked blue, green, and

yellow), while the deformed grains elongated along

the extrusion direction (ED) were greater than 2� and
were marked red. The average area grain sizes were

extracted from the maps and multiplied by 1.37 to

convert them to the spatial average grain sizes. At an

Figure 2 The SEM map of alloy after different solid solution time: a as-cast, b 1.5 h, c 3 h, d 6 h, e 9 h, f 12 h, g 15 h, h 18 h, i 24 h.
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extrusion temperature of 500 �C, a typical completely

dynamic recrystallized microstructure (with no

deformed grains) emerged with an average grain size

of 15.5 lm. At an extrusion temperature of 400 �C,
the grains were further refined to an average size of

8.5 lm, along with a more equiaxed shape and a

large quantity of grains satisfying the relation

GOS\ 0.5�. The grain distribution turned into the

lognormal fitting (Fig. 7) at a temperature of 400 �C.
As temperature was decreased to 350 �C, a small

amount of the deformed grains appeared, and the

extent of the blue grains with GOS\ 0.5� dramati-

cally dropped from 0.81 to 0.27. Meanwhile, the

average grain size continued to decline to 5.7 lm. At

an extrusion temperature ranging between 300 and

250 �C, the grain size kept on decreasing to 4.0 lm,

with no appearance of the deformed grains. How-

ever, the refining tendency ceased at a temperature of

150 �C with an average grain size increased to

5.9 lm. At this stage, the large deformed grains

elongated along ED with a grain size of * 26 lm
emerged, accounting for 13% of the total grains.

Therefore, the extrusion temperature range of

200–400 �C was in accordance with the refined and

fully dynamic recrystallized microstructure for the

Mg–Nd–Zn–Zr alloy.

The microstructural variation with temperature at

an extrusion ratio of 10 was also examined, and the

results are presented in Fig. 8. During the whole

extrusion process, the grains were refined more

intensely, and the recrystallization degree was less

incomplete as compared to the extrusion ratio of 16;

however, the overall tendency was basically similar.

It demonstrated the continuous refinement as the

extrusion temperature decreased. Specifically, the

extent of dynamic recrystallization was largely

impaired as compared to the extrusion ratio of 16,

with 12% deformed grains at 400 �C, 16% at 300 �C
and 24% at 150 �C at an extrusion ratio of 10 in

contrast with 0% deformed grains at 400 �C and

Figure 3 Percentage of intergranular second phase for Mg–Nd–

Zn–Zr alloys under different solid solution time.

Figure 4 SEM map of Mg–

Nd–Zn–Zr alloys under solid

solution at 530 �C for a 6 h

b 24 h. Points 1–4 in a were

discontinuous Mg12Nd, and

points 5, 6 were Zr enrichment

zone. Points 1–5 in b were

Mg–Nd phase, and point 6 was

Zr enrichment zone.

Table 3 EDS test for the second phase element for solid solute

Mg–Nd–Zn–Zr alloys (at%)

6 h Mg Nd Zn Zr/at% 24 h Mg Nd Zn Zr/at%

1 94.5 4.8 0.7 0.0 1 85.8 13.8 0.3 0.1

2 94.0 5.2 0.8 0.0 2 39.7 58.3 1.0 1.0

3 95.5 4.0 0.8 0.0 3 12.9 84.3 1.2 1.6

4 94.1 5.3 0.6 0.0 4 9.0 87.3 1.7 2.0

5 77.2 0.4 0.3 22.1 5 74.7 24.1 0.6 0.6

6 73.3 0.5 0.4 25.8 6 12.1 0 0.7 87.2
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Figure 5 Element scanning of Mg–Nd–Zn–Zr alloy under solid solution at 530 �C for: a 6 h, b 24 h.

Figure 6 GOS map of extruded Mg–Nd–Zn–Zr alloys at extrusion ratio of 16 with different temperatures: a 500 b 400 c 350 d 300 e 250

f 150 �C.
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300 �C and 13% at 150 �C at an extrusion ratio of 16.

The distinction was attributed to the high deforma-

tion heat and storage energy at high extrusion ratios,

thus leading to enhanced dynamic recrystallization

and less deformed structure. As for the grain sizes,

the grains at an extrusion ratio of 10 were

significantly refined at every temperature as com-

pared to the extrusion ratio of 16. Finally, at 150 �C,
the average grain size was refined to 2.4 lm and

5.4 lm, as shown in Fig. 9, respectively. In conclu-

sion, the extrusion ratio of 10 was more favorable for

the grain refinement effect, leading to a small

Figure 7 Grain size distribution for extruded Mg–Nd–Zn–Zr alloys at 500–150 �C with extrusion ratio of 16.

Figure 8 GOS map of Mg–Nd–Zn–Zr alloys after the hot extrusion with extrusion ratio of 10 and at temperature of: a 500 b 400 c 350

d 300 e 250 f 150 �C.
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recrystallization degree due to a small deformation

heat, as compared to the extrusion ratio of 16.

Figure 10 demonstrates the TEM and EDS analyses

of the alloy extruded at 250 �C at the extrusion ratios

of 10 and 16. Further, Table 4 lists the elemental

percentage in the second phase. For an extrusion ratio

of 10, an abundant second phase with the grain size

ranging from 0.1 to 0.4 lm and Nd element

accounting for 6.4% were detected. The earlier

observed Zr enrichment zone after the solid solution

treatment disappeared with the extrusion and

accounted for only 0.2% in the matrix. The compo-

sition of the second phase was identified in EDS as

Mg12Nd (point 1, 2, 3). At an extrusion ratio of 16,

two morphologies of the second phase existed: the

block shape of * 50 nm size (point 1, 2) and the rod

shape of * 40 nm (point 3, 4) size. The EDS analysis

revealed these phases to be Mg12Nd and Mg–Nd–Zn,

respectively. Compared with the second phase pre-

cipitation after the solid solution treatment, Mg12Nd

continued to exist; however, the Zr enrichment zones

and a-Nd segregation were invisible after the hot

extrusion.

Effect of extrusion parameters on texture

Figure 11 demonstrates the textural changes in the

{0002}, {10–10} and {11–22} pole figures (PF) as well as

the [100]//ED inverse pole figures (IPF), as the

extrusion temperature decreased from 500 to 150 �C.
In general, the texture of Mg–Nd–Zn–Zr after extru-

sion was completely different from the conventional

extruded {0002}//ED fiber in the RE-free magnesium

alloys. After extrusion at 400 �C, the {0002} basal

plane almost deviated from ED and\0001[, with a

deflection angle of 75� (seen in its IPF), thus exhibit-

ing a dispersed basal pole distribution. With the

extrusion temperature declining to 250 �C, the scat-

tered basal poles gradually concentrated to form the

ring-shaped inclined texture with the {0002} basal

plane tilting 20�–60� from ED. Reflecting on the IPF,

an obvious pyramidal {11–22}–{10–11}//ED fiber

texture was observed to emerge. The maximum basal

plane intensity stabilized around 2.8, and the maxi-

mum IPF intensity fluctuated mildly around 2.0. At a

temperature of 150 �C, the {0002} basal pole intensity

moved closer to the center of the pole figure, thus

illustrating that a large number of {0002} basal planes

were aligned with ED. In addition, a

weak\10–10[//ED fiber texture component was

present on the IPF, which did not appear previously.

The extruded fiber texture component corresponded

to the elongated deformed grains to rotate the lattices

and less recrystallized grains to randomize the ori-

entation in the GOS map.

The texture variations on decreasing the tempera-

ture at an extrusion ratio of 10 are illustrated in

Fig. 12. The texture was overall stronger than the

Figure 9 Grain size distribution for extruded Mg–Nd–Zn–Zr alloy at 500–150 �C with extrusion ratio of 10.
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extrusion ratio of 16, with an appearance of a more

concentrated {0002}\10–10[ fiber texture compo-

nent. At a temperature of 500 �C, a ring-shaped

inclined texture was observed on the {0002} plane, the

same as that in the low temperature part of the tex-

ture at an extrusion ratio of 16, and the ring width

was around 45� (as shown in IPF). At a temperature

of 400 �C, the\10–10[//ED fiber texture component

emerged on IPF with a maximum intensity of 2.7, and

intensity poles were distributed more densely on the

equator plane in the {0002} pole figure. In the mean-

time, the inclined texture component was signifi-

cantly weakened, demonstrating a more dispersed or

light-shaded pattern on the IPF. The inclined texture

component disappeared eventually at a temperature

of 150 �C, and a strong fiber texture with the maxi-

mum basal plane intensity of 5.6 was achieved.

Associated with the microstructural characteristic,

the less recrystallized grains due to the low defor-

mation heat at a small extrusion ratio were incapable

of sufficient reorientation to disperse the texture

distribution. In the meanwhile, the existing large

deformed grains maintained the initial extruded fiber

texture so as to form a strong texture at an extrusion

ratio of 10.

Mechanical properties of the extruded Mg–
Nd–Zn–Zr alloy rods

Figure 13 and Table 5 depict the mechanical proper-

ties of the Mg–Nd–Zn–Zr rods extruded at different

extrusion ratios and extrusion temperatures to ana-

lyze the effect on the mechanical properties. At the

same extrusion ratio, the lower was the extrusion

temperature, the superior were the mechanical

properties. The Mg–Nd–Zn–Zr rods exhibited higher

ductility and lower yield strengths at large extrusion

ratios, but smaller ductility and higher yield strength

Figure 10 TEM and EDS figures for Mg–Nd–Zn–Zr alloy extruded at 250 �C with extrusion ratio of a 10, b 16. Points 1–3 in a were

Mg12Nd, and points 1, 2 in b were Mg12Nd, and points 3, 4 were Mg–Nd–Zn.

Table 4 Element percentage in second phase for the Mg–Nd–Zn–

Zr alloy extruded at 250 �C

R10 Mg Nd Zn Zr/at% R16 Mg Nd Zn Zr/at%

1 93.0 6.4 0.4 0.2 1 92.4 7.2 0.4 0.0

2 93.0 5.4 0.9 0.7 2 90.5 8.9 0.6 0.0

3 89.0 10.0 0.9 0.1 3 89.9 8.8 1.2 0.1

4 90.8 7.4 1.8 0.0
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at small extrusion ratios. At the same extrusion

temperature, the different extrusion ratios exerted an

obvious impact on the yield strength and ductility of

the extruded alloys. Specifically, at an extrusion ratio

of 10, the lower was the extrusion temperature, the

higher was the yield strength of the extruded rods.

Among these, for the Mg–Nd–Zn–Zr rod extruded at

250 �C, the yield strength reached 250 MPa, whereas

the ultimate tensile strength and fracture elongation

were determined to be 278 MPa and 25% respec-

tively. Afterwards, on increasing the extrusion tem-

perature, the mechanical properties gradually

decreased and reached the minimum. After extrusion

at 400 �C, the yield strength and ultimate tensile

strength were 195 MPa and 250 MPa; however, the

fracture elongation was appreciable (36%). In com-

parison, the Mg–Nd–Zn–Zr alloys extruded at an

extrusion ratio of 16 and a low extrusion temperature

possessed high yield strength. For instance, for the

Mg–Nd–Zn–Zr rods extruded at 250 �C, the yield

strength and ultimate tensile strength were 181 MPa

and 247 MPa respectively, with a fracture elongation

of 43%. In summary, for the Mg–Nd–Zn–Zr alloys,

the ductility could reach between 25 and 40% after a

single extrusion cycle, and the yield strength varied

between 181 and 250 MPa, thus displaying an effec-

tive control of the ductility improvement. Based on

the aforementioned microstructural observation, the

difference in the mechanical properties could be

attributed to the differences in the grain refinement,

texture change and residual strain hardening influ-

enced by the corresponding plastic processing.

Discussion

Microstructural evolution
during the extrusion of the Mg–Nd–Zn–Zr
rods

Comparing the texture of the Mg–Nd–Zn–Zr alloy

after extrusion at 150 �C and 500 �C, it was revealed

Figure 11 {0002}, {10–10},

and {11–22} pole figures and

inverse pole figures for Mg–

Nd–Zn–Zr alloy extruded at

500–150 �C with extrusion

ratio of 16.
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Figure 12 {0002}, {10–10},

and {11–22} pole figures and

inverse pole figures for Mg–

Nd–Zn–Zr alloy extruded at

500–150 �C with extrusion

ratio of 10.

Figure 13 Room temperature stress–strain curves of Mg–Nd–Zn–Zr alloy extruded at 500–150 �C with extrusion ratio of a 16, b 10.
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that the deformed microstructure corresponded to

the\10–10[//ED fiber texture component, which

implied that the basal slip was still dominant for the

rare-earth magnesium alloys deformed under 500 �C.
The recrystallization grains in accordance with the

inclined {0002} basal texture component stemmed

from two mechanisms: preferential nucleation or

preferential growth [35–37]. Taking a close look at the

orientation between the matrix and refined recrys-

tallization grains inside the deformed grains in

Fig. 14, the refined recrystallized grains were

observed to be oriented away from ED in the 15�–80�
range. Specifically, at an extrusion temperature of

150 �C, the deflection angle in the map ranged from

15� to 80�. On the other hand, for an extrusion tem-

perature of 500 �C, the recrystallized grains were

oriented from 10� to 50�. This indicated that the

recrystallization nucleation tended to waken the

texture by dispersing the pole points away from ED.

This also meant that the inclined {0002} basal texture

component was likely to result from the predominant

preferential growth at the later extrusion stage and

before the water quenching.

Combining the microstructural characteristics

during the extrusion process, a predominant recrys-

tallization occurred in the Mg–Nd–Zn–Zr alloy after

extrusion in a large temperature range, resulting in a

severe microstructure refinement with a grain size

less than 5 lm. It was accompanied by the transition

from the traditional strong basal texture. The

microstructure evolution in the Mg–Nd–Zn–Zr alloy

during the extrusion process could be explained as

follows. The deformation distortion inside the grains

continuously increased as the extrusion proceeded

and gradually formed the typical\10–10[//ED fiber

deformation texture. As the distortion energy accu-

mulated at some point, the dynamic recrystallization

with the discontinuous nucleation occurred in the

microstructure, thus resulting in a severe refinement

of the microstructure. In addition, the orientation of

the recrystallization grains was deviated from the

matrix to weaken the basal texture. During the later

extrusion stage, the deviated weakened recrystal-

lization grains grew preferentially, and the texture

gradually converted into the inclined {0002} recrys-

tallized texture. At the end, the microstructure rep-

resented the combined outcome of the plastic

deformation and recrystallization and was signifi-

cantly influenced by the extrusion parameters. The

influence mainly manifested in two aspects: the

microstructure refinement by recrystallization and

percentage of the recrystallized grains. The

microstructure refinement was affected by the Zener–

Hollomen [38, 39] value, which increased as the

extrusion temperature declined. It resulted in a sig-

nificant refinement of the recrystallized grains, thus

obtaining the refined grains under 5 lm an extrusion

temperature of 300 �C. Thus, a higher extrusion ratio

attributed to a higher deformation heat, thereby

increasing the actual temperature in the deformation

zone. This implied that a low Zener value caused the

coarsening of the microstructure at a large extrusion

ratio. The percentage of the recrystallization grains

was mainly dependent on the extrusion ratio, i.e., the

plastic deformation degree. The higher was the

extrusion ratio, the severer was the plastic deforma-

tion degree and the higher was the deformation

temperature, thus contributing to the fully recrystal-

lized microstructure and stable inclined {0002} basal

texture. However, at the small extrusion ratios, for

Table 5 Summarized mechanical properties of as-extruded Mg–Nd–Zn–Zr alloy rods

Condition YS (MPa) UTS (MPa) UFE (%) FE (%)

R16 R10 R16 R10 R16 R10 R16 R10

T500 116 ± 2 145 ± 8 226 ± 1 227 ± 8 26.0 ± 0.0 23.4 ± 1.6 37.5 ± 0.1 40.9 ± 1.2

T400 134 ± 2 195 ± 8 232 ± 1 249 ± 3 24.3 ± 0.1 20.2 ± 0.9 39.6 ± 1.1 36.7 ± 0.4

T350 151 ± 6 223 ± 2 234 ± 3 265 ± 2 24.1 ± 0.4 17.6 ± 0.7 39.4 ± 1.0 27.3 ± 2.2

T300 164 ± 4 243 ± 6 234 ± 2 268 ± 3 24.0 ± 0.7 17.3 ± 0.5 41.8 ± 1.9 33.3 ± 0.8

T250 184 ± 3 253 ± 2 248 ± 0 274 ± 2 21.9 ± 0.6 17.0 ± 0.1 38.2 ± 1.6 31.8 ± 1.7

T150 220 ± 1 250 ± 3 257 ± 1 279 ± 3 18.2 ± 0.1 15.8 ± 0.1 32.8 ± 0.5 25.5 ± 1.4

YS yield strength, UTS ultimate tensile strength, UFE uniform elongation, FE fracture elongation
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the extrusion temperature lower than 400 �C, the

mixed microstructural characteristic of the deformed

and recrystallized grains was observed. On decreas-

ing the temperature, the percentage of the deformed

microstructure was continually enhanced, and the

microstructural inhomogeneity was more obvious.

Meanwhile, the texture components began to show-

case the deformed\10–10[//ED fiber texture com-

ponent, which was gradually intensified as the

extrusion temperature decreased and became domi-

nant for the temperatures lower than 150 �C.

Grain refinement strengthening and strain
hardening

For polycrystals, the grain size d strongly affects the

yield strength rY and strain hardening rate, as

described by the Hall–Petch relationship [40],

r0:2 ¼ r0 þ kd�1=2, where r0 is crystalline friction

stress containing the influence of the solute and

precipitation, and k is the intrinsic constant of the

material. Figure 15 exhibits the relationship between

the yield strength r0:2 and grain size of the extruded

Mg–Nd–Zn–Zr alloys fitted by the Hall–Petch rela-

tionship. As shown in Fig. 15a, the Hall–Petch fitted

lines differed with the extrusion ratio. At an extru-

sion ratio of 16, for the stable inclined {0002} texture

component extruded at 500–250 �C, the yield stress

fitted linearly with the Hall–Petch relationship with

the crystalline friction stress r0 and slope k deter-

mined to be 43.1 MPa and 274.8 MPa�lm1/2, which

coincided with the literature reports [41]. At an

extrusion ratio of 10, for the extrusion temperature

varying from 500 to 250 �C, the fitted slope was as

high as 689.3 MPa�lm1/2 and the r0 value was neg-

ative. This apparently untrue Hall–Petch relationship

stemming from the combined effect of the texture

state shifted from the inclined {0002} texture at 500 �C
to the dispersed fiber texture at 250 �C, along with a

large number of deformed grains, at an extrusion

ratio of 10. At an extrusion temperature of 150 �C, for
both extrusion ratios of 16 and 10, the experimental

yield strength values were higher than the values

observed from the curve.

The previous studies have shown that the Hall–

Petch slope is directly dependent on the texture state

and increases with the basal texture strengthening for

the slope ranging between 100 and 300 MPa�lm1/2

[42, 43]. The texture influenced Hall–Petch relation-

ship could be modified as r0:2 ¼ M s0 þ jd�1=2
� �

,

where M is the Taylor factor, and s0 is the friction

shear stress. The Hall–Petch slope k is positively

correlated to the Taylor factor as k ¼ Mj. Considering
the Burger’s vectors in different slip systems, the

Figure 14 The orientation of

the deformed and dynamic

recrystallized grains in

extruded Mg–Nd–Zn–Zr alloy

with extrusion ratio of 10 at

a 150 �C, b 500 �C.
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friction shear stress s0 varies, and the strain harden-

ing rate of the different slip systems differs with the

dislocation multiplication. Accordingly, it is difficult

to characterize the texture influence by solving the

Taylor factor with M ¼
P

s jj _csjj= _e[44] for the magne-

sium alloys. Therefore, assuming only one slip sys-

tem in each grain at yield point, the average effective

Schmid factor can be calculated as mbas ¼

s0;basP
g

P
s

w
g
s �s0;s=m

g
sð Þ � 1=M with reference to s0;bas of the

basal slip to represent the texture influence, where m
g
s

is the Schmid factor in the grain with an operating

slip system s, and w
g
s is the corresponding area frac-

tion (equals 0 when not operating and
P

g

P
s w

g
s ¼ 1).

In order to resolve M, the CRSS ratios between the

operating systems were required first. Koike et al.

[45] estimated s0;pris/s0;bas between 1.5 and 2.0 based

on the room temperature tensile analysis. Luo et al.

[46] concluded that the slip/twinning CRSS ratio to

be between 0.5 and 4.5 for the rolled AZ31B magne-

sium sheet based on the experiments and calcula-

tions. Based on this, the CRSS ratios were selected as

basal: twinning: prismatic: pyramidal\c ? a[ =

1:2:4:2. With the resolved M and s0:2 ¼ r0:2
M

¼ s0;bas

þjd�1=2, the values of s0;bas = 15.4 MPa and

j = 105.3 MPa�lm1/2 were obtained. On this basis,

the fitted line in Fig. 15b was obtained, and the esti-

mated yield strengths on the line agreed well with the

experimental results. Meanwhile, s0;bas has been

reported to be in the range 12–23 MPa by Wang [47]

and Baczmański [48]. It showed that the grain

refinement could effectively strengthen the CRSS

ratio of the slip systems, and the texture influence

took effect by adjusting the macro-stress on the

micro-crystalline slip/twinning system at the yield

point. The influencing outcome could be estimated by

the average effective Schmid factor, mbas. Besides, the

strain hardening induced by the low temperature

raised the s0;bas value at yielding. For instance, an

improvement of 12 MPa was observed at an extru-

sion ratio of 10 and an extrusion temperature of

150 �C. This indicated that the moderate strain

hardening at low temperatures could exert a favor-

able strength improvement, which forms the basis for

the strengthening and toughening modification as

well as fabrication of the high ductility heat-resistant

magnesium alloys.

Ductility improvement and its mechanism

Grain refinement and texture weakening are consid-

ered to be the most effective ways to improve the

Figure 15 The relationship between a yield strength, r0:2, and the reciprocal of grain size square root, d-1/2, b Resolved shear stress and

the reciprocal of grain size square root, d-1/2.
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formability in the magnesium alloys. This study

aimed at obtaining the heat-resistant magnesium

alloys with an optimal ductility by plastic deforma-

tion so as to provide a technique for the fabrication of

the high-strength heat-resistant magnesium alloys.

The high-ductility heat-resistant Mg–Nd–Zn–Zr

alloys rods with an average grain size of 3–8 lmwere

acquired, and the fracture elongation could be stabi-

lized at 30–40% by the single hot extrusion cycle. In

our previous study on the ZK61 magnesium alloys,

an improvement in the fracture elongation stemmed

from the improved uniform elongation and post-

uniform elongation [49]. Specifically, the texture state

directly determined the uniform elongation. With the

weakening of the basal texture, the uniform elonga-

tion increased continuously, and the grain size was

responsible for the post-uniform elongation after

necking.

Based on this, the relationship between the grain

size and fracture elongation is presented in Fig. 16.

Apparently, the grain refinement did not lead to an

obvious enhancement in the fracture elongation.

Instead, a monotonous decline in the elongation was

observed. However, the grain refinement led to an

increase in the post-uniform elongation at the coarse

grain region. However, at the fine grain region, the

refinement effect on the post-uniform elongation was

trivial. In contrast, the ductility improvement in this

study mainly resulted from the uniform elongation

enhancement affected by the texture state. Compared

with the strain hardening behavior, the texture

dependence on the uniform elongation was similar to

the texture dependence on the room temperature

strain hardening behavior, in which the hardening

rate was associated with the reciprocal of the basal

Schmid factor mbas. Likewise, the uniform elongation

was linearly related to the Schmid factors. The linear

fitting curve of the relationship between the Schmid

factor mbas and uniform strain eu is presented in

Fig. 17. The linear fitting equation was eu ¼ aþ bmbas

(a ¼ 0.10,b ¼ 0.86), which could accurately describe

the relationship between the uniform strain and tex-

ture state within the data range in this study. How-

ever, as mbas approached 0, there still existed a high

ductility value of 0.1, which was inconsistent with

our previous findings for the fine-grained AZ31 wire

with a uniform strain less than 0.03 [50]. Therefore, to

accurately express the influence of texture on the

Figure 16 The relationship between the reciprocal of grain size

square root, d-1/2 and fracture elongation.

Figure 17 The linear fitting curve of the relationship between

Schmid factor and uniform strain.
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uniform elongation, Voce hardening equation s�

s0 ¼ s1 1� exp �C h0
s1

� �h i
was adopted [46], where s0 is

the resolved shear stress, C ¼
P

s
csj jj j is the accumu-

lated slip shear strain, and s1 and h0 are the constants

associated with the material and temperature. Other

than the relationship mbas � 1=M at yielding, as the

strain hardening continued, mbas gradually

decreased, and M accordingly increased gradually.

Hence, for accuracy, M ¼ C
e ¼

r�r0
s�s0

� m�n
bas (mbas selec-

ted at the start of yielding, n[ 1) was utilized to

transform the macro-stress strain into the slip shear

stress and shear strain. The Considére criterion,

d ln r=de ¼ 1, was employed to approximately con-

duct the relationship between the uniform strain eu

and mbas as eu ¼
ln km�n

basþ1ð Þ
km�n

bas

, where k ¼ h0
s1
is a constant.

Fitting the equation led to k ¼ 1:13 and n ¼ 2:33. The

fitting accuracy was higher than the linear fitting,

with eu approximated to 0 when mbas was 0. In sum-

mary, for the high ductility heat-resistant Mg–Nd–

Zn–Zr alloy rods, for the grain size less than 8 lm,

the ductility improvement was mainly caused by the

uniform elongation increment and could be well

predicted by the effective Schmid factor mbas, which

further addressed the importance of the texture

modification for the plastic formability of the mag-

nesium alloys.

Conclusion

Aiming at the need for the ductility improvement of

the rare-earth magnesium alloys, the influence of the

extrusion temperature and extrusion ratio on the

microstructure of the Mg–Nd–Zn–Zr alloy rods was

analyzed by employing the solution-extrusion tech-

nique. The quantitative analysis of the effect of the

grain refinement and texture change on the strength

and ductility improvement was performed. It was

revealed that the texture modification was of signif-

icant importance to the strength and ductility

improvement. The main conclusions obtained from

the study are as follows:

(1) At a solution temperature of 500 �C, the Mg12-
Nd grain boundary phase remained after a

solution treatment duration of 6 h. The phase

completely solubilized in the matrix with the

round Zr precipitation area emerging after

9–18 h. After 24 h, the supersaturated a-Nd

segregation was observed. For the extrusion

temperature varying within 500–150 �C, pre-

dominant dynamic recrystallization and basal

texture component transition occurred, leading

to the fine-grained microstructure below

300 �C. The heat-resistant magnesium alloy

rods with room temperature fracture elonga-

tion of 25–40% and yield strength of

181–250 MPa were obtained, which confirmed

the ductility modification by the plastic pro-

cessing method.

(2) The microstructural evolution in the extrusion

process was as follows: as the extrusion process

proceeded, a typical\10–10[//ED fiber texture

was gradually formed. As the distortion energy

accumulated to a certain extent, a discontinuous

dynamic recrystallization occurred, which

severely refined the microstructure. The orien-

tation of the recrystallized grains was deviated,

leading to theweakening of thematrix grains. At

the later extrusion stage, the deviated recrystal-

lized grains preferentially grew, and the texture

turned into the recrystallized inclined {0002}

basal texture. Eventually, the microstructure

resulted due to the combined effect of the plastic

deformation and dynamic recrystallization.

(3) The yield strength varied with the extrusion

parameters by inducing the microstructure

refinement, texture change, or residual strain

hardening. The yield strength decreased with

the basal texture weakening and could be

predicted by the texture influenced Hall–Petch

relationship r0:2
M

¼ s0:2 ¼ s0;bas þ jd�1=2, where,

the effective critical shear stress of the domi-

nating slip s0;bas was 15.4 MPa, and the slope j

was 105.3 MPa�lm1/2. The texture state M

could be represented by the reciprocal of the

effective Schmid factor mbas. The strain harden-

ing induced during the low temperature extru-

sion could exert an optimal strengthening effect

by increasing s0;bas and lowering mbas at the

yield point.

(4) The high ductility at the room temperature was

determined by the grain refinement and

inclined basal texture after extrusion. The grain

refinement mainly improved the ductility by

increasing the post-uniform elongation;
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however, the effect was not obvious in the fine-

grained microstructure interfered by the resid-

ual strains. In this study, the ductility improve-

ment chiefly resulted from the uniform

elongation increment owing to the basal texture

weakening, inclined to the orientation perpen-

dicular to the extrusion direction. The uniform

strain could be estimated with the initial effec-

tive Schmid factor mbas at yielding by using the

equation:eu ¼
ln km�n

basþ1ð Þ
km�n

bas

:
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