
METALS & CORROSION

Fatigue deformation mechanism of the Mg–Nd alloys
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ABSTRACT

Low cycle fatigue behavior of the Mg–3.68 wt%Nd–0.58 wt%Zr alloy was

investigated in both as-cast and various heat-treated conditions and the T6-

treated (peak-aged) Mg–3.69 wt%Nd alloy in terms of cyclic stress responses

with microstructure evolution. Dislocation-slip mechanism was found to be

responsible for the fatigue deformation in the grain-refined material in both the

as-cast and the T4-treated (solution) conditions and in the non-grain-refined

material in the T6-treated condition. Dislocation interaction with precipitates

and twins dominating cyclic deformation was only observed in the grain-refined

material with aging hardening conditions. The constant stress amplitudes

observed in the as-cast and the T7-treated (over-aged) conditions in the grain-

refined material are attributed to the competing mechanism of work hardening

and stress release caused by the cracks and slip bands, respectively. The

transformation of precipitates from b00 to b1 and b and the coarsening of b1

precipitate leads to the cyclic softening in the T6-treated alloy. The shearing

mechanism of dislocations is the main reason for the change of precipitate in the

alloy.
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GRAPHICAL ABSTRACT

Introduction

Heat treatment changes the microstructure of the

magnesium alloys, thus affecting their fatigue prop-

erties [1–8]. It has been reported that the cyclic stress

response behavior of the Mg–3Nd–0.2Zn–1Zr

(NZ30K) alloy under as-cast and heat treatment

conditions is obviously different during low cycle

fatigue process [9, 10]. At the total strain amplitude of

0.4%, the stress amplitude of the as-cast alloy

increases in the initial cyclic loading stage (below
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about 100 cycles) and then remains unchanged until

failure, showing initial cyclic hardening followed by

cyclic saturation. For the T4-treated alloy (solution

heat treated condition: 540 �C 9 10 h), the stress

amplitude increases with the increase of number of

cycles. The trend of the initial work hardening is

slow, and after 100 cycles the hardening is acceler-

ated obviously. Overall, the T4-treated alloy shows

obvious work hardening trend throughout the entire

fatigue testing. The precipitates in the T6-treated

(peak-aged treatment, 540 �C 9 10 h ? 200 �C 9 14

h) and the T7-treated (over-aged treatment,

540 �C 9 10 h ? 250 �C 9 10 h) alloys are finer b00

precipitates (Mg3Nd, hcp, D019, a = 0.64 nm,

c = 0.52 nm, hexagonal prism) [11] and relatively

coarser b1 precipitates (Mg3Nd, fcc, a = 0.74 nm,

{10–10}a plate) [12], respectively. The stress ampli-

tude of the T6-treated alloy is increased in the

beginning of cyclic loading. After certain number of

cycles (say * 350 cycles), the stress amplitude of the

alloy decreases. Generally, the T6-treated alloy shows

a trend of initial hardening and then softening [13]. In

contrast, the T7-treated alloy shows neither harden-

ing nor softening with the increase of the number of

cycles. In addition, for an extruded Mg–3Nd–0.2Zn–

0.5Zr magnesium alloy [14], cyclic softening occurs at

lower strain amplitudes while cyclic hardening

occurs at higher strain amplitudes. Wang et al. [15]

pointed out that an extruded Mg–8.0Gd–3.0Y–0.5Zr

magnesium alloy shows nearly symmetrical stress–

strain hysteresis loops and marginal cyclic harden-

ing, and the mean stress is almost zero during low

cycle fatigue. This is similar to the findings reported

for an extruded Mg–10Gd–2Y–0.5Zr alloy [16], where

tension–compression yield symmetry was observed.

Moreover, Yin et al. [17] also suggested that at strain

amplitudes of 0.2% to 1%, the extruded Mg–12%Gd–

3%Y–0.5Zr alloy kept the cyclic stability prior to

fatigue failure. For an extruded Mg–8Al–0.5Zn alloy

[4], an abrupt increase in the plastic strain amplitude

shows the onset of the fatigue crack initiation on the

surface of the fatigue samples.

The cyclic deformation behavior of a metallic alloy

is mainly dependent on the characteristics of dislo-

cation movement and microstructure evolution

[18–21]. For the Mg–Nd-based alloy during fatigue,

however, there are few in-depth studies on the

influence of heat treatment and grain size on

microstructure evolution, especially on the interac-

tion mechanism between dislocations and second

phase particles, precipitates and twins [22–25]. It is

important to understand the relationship between the

existing forms of Nd element, grain size and defor-

mation mechanism for the structure optimization and

practical application of the Mg alloys containing Nd.

In the present study, the as-cast and the heat-treated

(T4, T6 and T7) Mg–3.68 wt%Nd–0.58 wt%Zr alloy

(actual chemical composition) materials and the T6-

treated Mg–3.69 wt%Nd were tested at strain

amplitudes of 0.2% and 0.4% for certain numbers of

cycles, respectively. TEM analyses were conducted

on the fatigued samples to explore the microstructure

evolution of the Mg–3.68 wt%Nd–0.58 wt%Zr alloy

from as-cast to various heat treatment conditions

(solution heat treated T4, peak-aged T6 and over-

aged T7) and the T6-treated Mg–3.69 wt%Nd alloy

during the low cycle fatigue.

Experimental procedure

In this work, the materials are the Mg–3.68 wt%Nd–

0.58 wt%Zr alloy (average grain size of

* 51 ± 5 lm) and the Mg–3.69 wt%Nd alloy (aver-

age grain size of * 1625 ± 236 lm) the prepared by

gravity permanent mold casting process. The casting

process in the present study is the same as that

reported in [26]. The heat treatment of the alloy

consists of solution treated at 550 �C for 8 h (T4), and

then either peak-aged at 200 �C for 10 h (T6) or over-

aged at 200 �C for 120 h (T7), respectively.

The tensile samples (gage dimensions of /
6 mm 9 30 mm) were tested on an Instron tensile

machine at room temperature and a crosshead speed

of 1 mm/min. Three tensile specimens were tested

and the average tensile properties were reported. The

fatigue samples (gage dimensions of / 6.25 mm 9

12.5 mm) were performed on Instron fatigue

machine using the strain-controlled mode (triangular

waveform R = - 1, frequency of 1 Hz). At the strain

amplitude of 0.4%, the fatigue tests of the Mg–

3.68 wt%Nd–0.58 wt%Zr alloy under the as-cast and

the heat treatment conditions were terminated after

certain numbers of cycles (100 cycles (T6 and T7), 250

cycles (as-cast), 350 cycles (T6), 500 cycles (as-cast and

T4), and 1000 cycles (T6 and T7)). At the strain

amplitude of 0.2%, however, the fatigue testing was

performed until 104 cycles for both the T4- and the

T6-treated Mg–3.68 wt%Nd–0.58 wt%Zr alloy. In

addition, for the T6-treated Mg–3.69 wt%Nd alloy,
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the tests were interrupted after 200 cycles (hardening

stage), 500 cycles (peak stress point) and 1000 cycles

(softening stage), respectively. The dislocation struc-

ture in the fatigue-tested specimens was observed

under TEM. The dislocation morphology and

microstructure evolution of the fatigue-tested sam-

ples were observed using JEM-2100 TEM and FEI

TECNAI G2 20 high-resolution projection electron

microscope. TEM specimens were electropolished by

double spraying at temperature of –25 �C, electrical

current of 0.2 A and working voltage of 45 V.

Results and discussion

Microstructure and tensile properties

Figure 1 shows the typical microstructure character-

istics of the eutectic particles and the precipitates

within the grains of the Mg–3.68 wt%Nd–0.58 wt%Zr

alloy under the as-cast and the heat treatment con-

ditions (T6 and T7). Similar to NZ30K (Mg–3Nd–

0.2Zn–1Zr) alloy [11], the microstructure of the as-

cast Mg–3.68 wt%Nd–0.58 wt%Zr alloy mainly con-

sists of a-Mg matrix and hard be-Mg41Nd5 eutectic

particles (tetragonal, I41m, a = 1.47 nm, c = 1.04 nm)

(on {1–100}a and {11–20}a planes) [12] (as shown in

Fig. 1a), while the T4-treated alloy merely consists of

a supersaturated solid solution and a-Mg matrix [11].

For the T6-treated alloy (as shown in Fig. 1b), the fine

b00 precipitates (on {1–100}a and {11–20}a planes) have

a completely coherent relationship with the matrix,

resulting in a lattice distortion and effectively block-

ing dislocation movement to achieve the purpose of

strengthening [11, 12]. In contrast, the large precipi-

tates (length of 200–1000 nm, width of 50–500 nm) in

the T7-treated Mg–3.68 wt%Nd–0.58 wt%Zr alloy are

considered as b1 precipitates on {1–100}a and {11–20}a
planes (marked by yellow arrow in Fig. 1c) [12]. As

shown in Fig. 1d, the microstructure of the coarse-

grained Mg–3.69 wt% alloy before fatigue testing

mainly consists of large number of fine b00 precipi-

tates (marked by the yellow arrow) and a small

amount of large b1 precipitates (marked by the red

arrow).

The tensile properties of the Mg–3.68 wt%Nd–

0.58 wt%Zr alloy under the as-cast and the heat

treatment conditions and the T6-treated Mg–

3.69 wt% alloy are summarized in Table 1. The yield

strength (YS) and ultimate tensile strength (UTS) of

the Mg–3.68 wt%Nd–0.58 wt%Zr alloy slightly

decrease after solution treatment (T4). In contrast, the

ductility of the alloy is significantly improved (from

7.9 to 15.3%). After ageing treatment, the YS and UTS

of the alloy are significantly increased from about

83 MPa (T4) to 156 MPa (T6) or 145 MPa (T7) and

about 192 MPa (T4) to 283 MPa (T6) or 271 MPa (T7),

while the elongation is remarkably decreased from

about 15.3% (T4) to 6.8% (T6) or 11.5% (T7).

Figure 1 Bright field images

showing the phases and

precipitates in the pre-fatigue

Mg–3.68 wt%Nd–0.58 wt%Zr

alloy under a as-cast; b T6-

treated condition; and c T7-

treated condition

(B = [0001]a). d Bright field

image showing the precipitates

of the T6-treated Mg–

3.69 wt%Nd alloy with

coarse-grains before fatigue

testing (B = [11–20]a).
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Compared with the T6-treated Mg–3.68 wt%Nd–

0.58 wt%Zr alloy with fine grains, the T6-treated Mg–

3.69 wt% without Zr addition exhibits lower tensile

strengths (YS of 49 MPa, UTS of 112 MPa) and

elongation (about 4.6%) due to large grains.

Cyclic stress response behavior

Figure 2 shows the variation of the cyclic stress

amplitude for the as-cast and the heat-treated Mg–

3.68 wt%Nd–0.58 wt%Zr alloy tested at the strain

amplitudes of 0.2 and 0.4%. Moreover, the curve of

the T6-treated Mg–3.69 wt%Nd alloy tested at the

total strain amplitude of 0.4% is also included for

comparison. Initial cyclic stress amplitude (r0, 1th

cycle), maximum stress amplitude (rMax), and Dr
(= rMax - r0) of the Mg–Nd alloys tested at total

strain amplitude of 0.2% and 0.4% are summarized in

Table 2. Similar to the NZ30K alloys [9], the stress

amplitude of the as-cast Mg–3.68 wt%Nd–

0.58 wt%Zr alloy initially increases and then remains

saturated during the entire low cycle fatigue, while

the stress amplitude of the T4-treated alloy is con-

tinuously increased until failure. The T4-treated alloy

exhibits lower initial stress amplitude (r0 = 79 MPa)

and higher cyclic hardening rate (Dr = 34 MPa) in

comparison with the as-cast alloy (r0 = 91 MPa and

Dr = 19 MPa), which is generally attributed to the

influence of Mg–Nd eutectic particles. For the T7-

treated alloy, the stress amplitude keeps almost

constant at the strain amplitude of 0.4% (Dr = 4

MPa). The stress amplitude of the T6-treated alloy

first increases (Dr = 24 MPa) and then decreases

until failure. Furthermore, compared with the T7-

treated alloy, the T6-treated alloy has higher cyclic

stress amplitude (? 35 MPa) due to higher yield

strength (? 11 MPa). The difference in cyclic

response behavior between the peak-aged and the

over-aged alloy is mainly attributed to the different

types of the precipitates present (matrix-coherent b00

and matrix-incoherent b1 precipitates) (as shown in

Fig. 1) [12].

At the total strain amplitude of 0.2% (as shown in

Fig. 2), the peak-aged (T6-treated) Mg–3.68 wt%Nd–

0.58 wt%Zr alloy shows higher initial stress ampli-

tude (r0 = 90 MPa) than that for the solid-solution-

ized (T4) alloy (r0 = 55 MPa) due to the higher yield

strength (? 73 MPa). In addition, the stress ampli-

tude of the T6-treated alloy keeps constant while the

stress amplitude of the T4-treated counterpart is

increased after 500 cycles during fatigue process. It is

seen from Fig. 2 that the T6-treated alloy exhibits the

characteristics of cyclic hardening first and then

cyclic softening (at total strain amplitude of 0.4%).

The inflection point of cyclic stress amplitude of the

T6-treated alloys generally occurs at about 350–450

cycles. After reaching to the peak stress point, the

cyclic stress amplitude of the coarse-grained alloy

Table 1 Tensile properties of

the Mg–3.68Nd–0.58Zr alloy

under as-cast and heat

treatment conditions

Alloys Heat treatments YS (MPa) UTS (MPa) Elongation (pct)

Mg–3.68 wt%Nd–0.58 wt%Zr alloy as-cast 94 ± 2.1 203 ± 4.7 7.9 ± 2.3

T4-treated 83 ± 3.6 192 ± 2.8 15.3 ± 1.4

T6-treated 156 ± 3.7 283 ± 3.4 6.8 ± 1.2

T7-treated 145 ± 1.8 271 ± 2.5 11.5 ± 1.5

Mg–3.69 wt%Nd alloy T6-treated 49 ± 5.7 112 ± 4.8 4.6 ± 2.1

Figure 2 Variation of cyclic stress amplitude with the number of

cycles for the as-cast, T4-, T6- and the T7-treated Mg–

3.68 wt%Nd–0.58 wt%Zr alloy with fine-grains and the T6-

treated Mg–3.69 wt%Nd alloy with coarse-grains tested at the

total strain amplitude of 0.4%. The curves of the T4- and the T6-

treated Mg–3.68 wt%Nd–0.58 wt%Zr alloys tested at the total

strain amplitude of 0.2% are also included for comparison.
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presents a sudden decline trend, while the stress

amplitude of the fine-grained alloy decreases rela-

tively slowly. In contrast, the T6-treated alloys with

different grains exhibit the same value of Dr (about

23–24 MPa).

Cyclic strain resistance

The relationship between the plastic strain amplitude

and the number of cycles for the Mg–3.68 wt%Nd–

0.58 wt%Zr alloy under the as-cast and the heat

treatment conditions is shown in Fig. 3. At the total

strain amplitude of 0.4%, the plastic strain

amplitudes of the as-cast and the T4-treated alloy are

decreased during the low cycle fatigue testing. For

the T7-treated alloy, the plastic strain amplitude

remains nearly unchanged before final failure. In

contrast, the plastic strain amplitude of the T6-treated

alloy decreases in the initial cyclic loading stage, and

then increases until failure during fatigue. At the total

strain amplitude of 0.2%, the plastic strain amplitude

of the T6-treated alloy is near zero, while that of the

T4-treated alloy decreases with the increase of num-

ber of cycles. The curve of the T6-treated Mg–

3.69 wt% alloy is also included in Fig. 3 for compar-

ison. For the plastic strain amplitude, as shown in

Fig. 3, the coarse-grained alloy shows a similar

change as the fine-grained alloy tested at the same

strain amplitude.

Effect of eutectic particles

Figure 4 shows the typical dislocation distribution

and the corresponding diffraction spots of the as-cast

and the T4-treated Mg–3.68 wt%Nd–0.58 wt%Zr

alloy after 250 and 500 cycles, respectively. The

electron beam is nearly parallel to the Mg matrix

(11–20)a and [0001]a, respectively. Under the condi-

tion of g = 1–100, a large number of the dislocations

were observed at the {1–100}a prism plane for the as-

cast alloy after 250 cycles (marked by red arrows in

Fig. 4a). Moreover, a small amount of the dislocations

at the {11–20}a and {0001}a can also be found (marked

by yellow and blue arrows in Fig. 4a). On the whole,

the dislocations of the as-cast alloy are dominated by

straight dislocation slip bands. After 500 cycles, in

addition to the high density dislocations (marked by

white arrows in Fig. 4b), a few of microcracks (length

of 50–100 nm) were formed in the as-cast alloy

Table 2 Initial cyclic stress amplitude (r0), maximum stress amplitude (rMax), and Dr (= rMax - r0) of the Mg–3.68 wt%Nd–

0.58 wt%Zr alloy and the T6-treated Mg–3.69 wt%Nd tested at the total strain amplitudes of 0.2% and 0.4%

Alloys Heat

treatments

Initial cyclic stress amplitude

r0 (MPa)

Maximum stress amplitude

rMax (MPa)

Dr = rMax - r0
(MPa)

Mg–3.68 wt%Nd–0.58 wt%Zr

alloy, 0.4%

as-cast 91 110 19

T4-treated 79 113 34

T6-treated 137 161 24

T7-treated 122 126 4

Mg–3.68 wt%Nd–0.58 wt%Zr

alloy, 0.2%

T4-treated 55 75 20

T6-treated 90 94 4

Mg–3.69 wt%Nd alloy, 0.4% T6-treated 113 136 23

Figure 3 Variation of plastic strain amplitudes with the number of

cycles for the as-cast, T4-, T6- and T7-treated Mg–3.68 wt%Nd–

0.58 wt%Zr alloy tested at the total strain amplitude of 0.2% and

0.4%. The curve of the T6-treated Mg–3.69 wt%Nd alloy tested at

the total stain amplitude of 0.4% is also included for comparison.
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(marked by blue arrows in Fig. 4b). The cracks orig-

inated mainly from the cracked slip bands on the

{11–20}a and {1–100}a planes. Crack initiation is due

to the localization or accumulated deformation dur-

ing fatigue, which is closely related to dislocation

motion behavior [27–30].

As shown in Fig. 4c, there are a large number of

dislocation slip bands (marked by red arrows) in the

matrix of the T4-treated Mg–3.68 wt%Nd–

0.58 wt%Zr alloy after 500 cycles. Similar to the as-

cast alloy, most of the dislocations are mainly located

at the {1–100}a prism plane. Moreover, another type

of dislocations with different configurations can be

also observed in the matrix of the T4-treated alloy

(marked by yellow arrows in Fig. 4d). The disloca-

tions are mainly composed of short straight disloca-

tions and curved dislocations located on the {1–100}

and {11–20} planes. Similar curved dislocations were

also formed in the N30K-T4 and NZ30K-T4 alloys

after tensile deformation [31]. Compared with the as-

cast alloy, a large number of the curved dislocations

are seen in the T4-treated alloy. There is no evidence

of twining in plastic deformation during the low

cycle fatigue process. On the whole, cyclic deforma-

tion behavior of the as-cast and the T4-treated Mg–

3.68 wt%Nd–0.58 wt%Zr alloy is mainly dominated

by dislocations-slip.

For the as-cast alloy, the cyclic hardening at the

early stage of fatigue is mainly due to the formation

of a large number of dislocations and the interaction

between the dislocations and grain boundaries and

Mg–Nd eutectic particles. After solid solution treat-

ment (T4), the yield strength of the alloy is slightly

decreased (by * 10 MPa) in comparison with the as-

cast alloy. For the T4-treated alloy, only the grain

boundary hinders the dislocation movement during

fatigue because the eutectic compounds almost fully

dissolve into the matrix. With the increase of the

number of cycles, in the region with low dislocation

density, the matrix continuously deforms and forms

dislocation entanglement, resulting in cyclic harden-

ing until failure. After 500 cycles, the cyclic stress

response of the as-cast alloy keeps cyclic stabilization,

which is the result of the competing mechanisms of

mirco-hardening and mirco-softening. During the

low cycle fatigue process, there is an equilibrium

relationship between the hardening caused by dislo-

cation entanglement and the stress release from

micro-crack initiation.

Effect of matrix strength

The microstructure of the T4-treated alloy merely

consists of a-Mg matrix which is a highly supersat-

urated solid solution. The strain-hardening occurs

mainly due to solid solution strengthening and grain

boundary strengthening. For the T6-treated alloy

with the fine b00 precipitates, cyclic response is mainly

dependent on the precipitates and the grain

Figure 4 a Bright field image

of the as-cast Mg–

3.68 wt%Nd–0.58 wt%Zr

alloy tested at a strain

amplitude of 0.4% after 250

cycles (B = [11–20]a);

b bright field image showing

the micro-cracks in the as-cast

alloy after 500 cycles

(B = [0001]a). c bright field

image of the T4-treated Mg–

3.68 wt%Nd–0.58 wt%Zr

alloy tested at a strain

amplitude of 0.4% after 500

cycles (B = [11–20]a);

d bright field image showing

another typical dislocation

morphology in the T4-treated

alloy (B = [11–20]a).
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boundaries. Figure 5 shows the typical structures of

the dislocations observed in the T4- and T6-treated

Mg–3.68Nd–0.58Zr alloy at the strain amplitude of

0.2% after 10,000 cycles. It can be seen that a large

number of the straight dislocations (marked by blue

arrow in Fig. 5a) and curved dislocations (marked by

yellow arrow in Fig. 5b) were formed in the matrix of

the T4-treated alloy after 10,000 cycles. In contrast,

except for the fine b00 precipitates (marked by white

arrow in Fig. 5c), there is almost no dislocation in the

T6-treated alloy after 10,000 cycles. As the T4-treated

alloy has lower matrix strengths than the T6-treated

counterpart, the T4-treated matrix can deform at the

strain amplitude of 0.2% and then form high-density

dislocations entanglement, resulting in cyclic micro-

hardening and finally working hardening.

Figure 6 shows the typical morphology of the

precipitates and the dislocations in the T6-treated

Mg–3.68 wt%Nd–0.58 wt%Zr alloy tested at the total

strain amplitude of 0.4% after 100 cycles (hardening

stage), 350 cycles (peak stress point) and 1000 cycles

(softening stage). The typical dislocation distribution

of the T6-treated alloy after 100 cycles (stress

increasing stage) is shown in Fig. 6a (B = [11–20]a).

There are many dislocations (marked by white and

yellow arrows) within the grains and near the grain

boundary. Similar to the T4-treated alloy, the dislo-

cations of the T6-treated counterpart are also mainly

Figure 5 Bright field images of (a and b) the T4-treated and c the T6-treated Mg–3.68 wt%Nd–0.58 wt%Zr alloy tested at a strain

amplitude of 0.2% after 10,000 cycles (B = [11–20]a).

Figure 6 a Bright field image

showing the typical

distribution of the dislocations

of the T6-treated Mg–3.68Nd–

0.58Zr alloy tested at strain

amplitude of 0.4% after 100

cycles (B = [11–20]a);

b High-resolution dark field

images showing the

precipitates and dislocations

(marked as D1-3) near the

precipitates; c Bright field

image showing the b1
precipitates were cut by

dislocations in the T6-treated

alloy after 350 cycles; d Bright

field image showing the b1 and
b precipitates in the T6-treated

alloy after 1000 cycles.
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located at {1–100}a prism planes. High-resolution

dark field image in Fig. 6b shows that the b00 pre-

cipitates (marked by white arrow) and the disloca-

tions near the precipitates in the T6-treated alloy after

100 cycles (B = [0001]a). It can be seen that the

movement of the dislocations (marked as D1-3) was

blocked by the precipitates. As the precipitates in the

T6-treated alloy are metastable b00 precipitates, they

are easy to be sheared repeatedly by the dislocations

during fatigue. It is believed that the dislocations cut

from the surface of the precipitates (marked by red

and yellow arrows). The phenomenon of the dislo-

cations cutting through the precipitates mainly

occurs at the {11–20}a prism plane. Our previous

research reported in detail the interaction mechanism

between the dislocations, precipitates and twins of

the T6-treated Mg–3Nd–0.2Zn-1Zr alloy [32]. At

room temperature, the cyclic softening for the T6-

treated alloy is mainly attributed to the shearing of

the dislocations through the precipitates and the

transformation of the precipitates [33–36].

After 350 cycles (peak cyclic stress amplitude

point) of the T6-treated alloy, the type and size of the

precipitates have changed obviously (as shown in

Fig. 6c), from fine b00 precipitates to larger b1 pre-

cipitates [12, 32]. Moreover, a small amount of band-

shaped b1 precipitates can be observed in the T6-

treated alloy. The b1 precipitates have been also cut

by dislocations in the T6-treated alloy after 350 cycles.

After 1000 cycles (cyclic stress amplitude decreasing

stage), there are some massive b1 precipitates and

needle-like b precipitates (Mg12Nd, tetragonal,

a = 1.03 nm and c = 0.59 nm) [12] formed in the T6-

treated alloy (as shown in Fig. 6d). For the T6-treated

alloy, the change of the cyclic stress amplitude shows

a trend of initial hardening followed by softening,

corresponding to the transformation of the precipi-

tates. At cyclic hardening stage, the b00 precipitates

gradually change to the b1 precipitates. The initial

hardening is mainly attributed to the barrier of b00

precipitates and b1 precipitates to the dislocations

and dislocation entanglement. Cyclic softening is due

to the mirco-softening caused by phase transforma-

tion (from b00 precipitates and b1 precipitates (marked

by blue arrows) to b precipitates (marked by red

arrows)) [32, 37–39].

As shown in Fig. 7a, persistent slip bands (PSBs)

are formed in the matrix of the T6-treated Mg–

3.68Nd–0.58Zr alloy after 350 cycles. The PSBs loca-

ted at the {1–100}a prism planes are thin and straight,

indicating the characteristics of the dislocations cut-

ting precipitates multiple times [40–42]. During low

cycle fatigue process, deformation behavior of the T6-

treated alloy tends to experience three development

stages, including dislocation-slip in the matrix, micro

persistent slip lines, initiation and propagation of the

PSBs. In addition, the twins also participate in the

cyclic deformation of the T6-treated alloy after 350

cycles (as shown in Fig. 7b) [32]. For the magnesium

alloys, both dislocations-slip and {10–12} twinning

are the main plastic deformation modes [43–45]. In

our previous paper [32], the role and characteristics

of the twinning in the NZ30K-T6 alloy during low

cycle fatigue process were studied in detail.

The configuration of the typical dislocations and

slip bands in the T7-treated alloy tested at the total

strain amplitude of 0.4% for 100 cycles is shown in

Fig. 8a. The dislocations in the T7-treated alloy are

composed of dislocation slip bands located at {0001}a
plane and {1–100}a prism plane. It can be seen that the

slip bands (marked by blue arrow) at the {1–100}a
plane are fine and straight (length of 80–700 nm,

width of 5–50 nm). The slip bands in the matrix of the

T7-treated alloy have the PSBs structure [46, 47].

After 1000 cycles, the microstructure of the T7-treated

alloy is almost the same as that of the counterpart

after 100 cycles (as shown in Fig. 8b).

Similar to the T6-treated alloy, the b1 precipitates in

the matrix of the T7-treated counterpart were cut by

the dislocations (marked by yellow arrows in Fig. 8c).

The microstructure of the T7-treated alloy mainly

consists of the b1 precipitates, the dislocations and

slip bands on {1–100} prism plane during low fatigue

process. For the T7-treated alloy, the stabilization of

the cyclic stress amplitude is mainly due to the bal-

ance between work hardening caused by dislocation

entanglement and micro-softening caused by the

formation of the slip bands. In contrast, the stress

response behavior of the aged alloy is mainly

dependent on the interaction between various pre-

cipitates with different types of dislocations. Com-

pared with the T6-treated alloy, the T7-treated

counterpart exhibits lower yield strength, higher

ductility and more homogeneous deformation. The

T6-treated alloy shows the initial cyclic hardening

followed by cyclic softening mainly due to the

retarding effect from the fine b00 precipitates on the

dislocations-slip and the formation of the PSBs. For

the T7-treated alloy, the large b1 precipitates and the

formation of PSBs during low cycle fatigue process

J Mater Sci (2023) 58:1315–1329 1323



led to lower cyclic stress amplitude and more

homogeneous deformation.

Effect of grain size

TEM analysis results of the typical dislocation struc-

tures of the coarse-grained Mg–3.69 wt%Nd alloy

(average grain size of * 1625 ± 236 lm) tested at the

total strain amplitude of 0.4% after 200 and 500 cycles

are shown in Fig. 10 (B = [11–20]a). It is seen from

Fig. 9a that large numbers of the dislocation bands

(marked by yellow arrows) on the (0001)a basal plane

and {1–100}a prism plane were formed in the coarse-

grained after 200 cycles. After 500 cycles, there are a

series of complex interactions between dislocations in

the coarse-grained, and a large number of the dislo-

cations located on basal and non-basal planes (as

shown in Fig. 9b) and dislocation entanglement (as

shown in Fig. 9c) were formed. The increase of the

dislocation density and dislocation entanglement is

the evidence of cyclic micro-hardening.

Figure 10 shows the typical dislocation distribution

at the same location with different bass vectors in the

T6-treated Mg–3.69Nd alloy after 1000 cycles. In the

cases of g = 0001 and g = 0002, the dislocations in the

matrix of the coarse-grained samples can be observed

(as shown in Fig. 10a and b). The dislocations are

considered to be\a ? c[ or\c[dislocations located

on the {1–100}a plane. Under the condition of

g = 1–100, the\a[dislocations located on basal and

non-basal planes are still clearly visible (as shown in

Fig. 10c). It is thus believed that for the T6-treated

alloy with coarse-grains, both \a[ dislocations and

\a ? c[ or\c[dislocations located at the basal and

non-basal planes participate in the plastic deforma-

tion. When the cyclic number is increased to 1000

cycles, some ring-shaped bands can be observed in

the matrix of the coarse-grained alloy (as shown in

Figure 7 a Bright field image

showing the slip bands and b0 0

precipitates in the T6-treated

Mg–3.68 wt%Nd–0.58 wt%Zr

alloy after 350 cycles; b bright

field image showing the twins,

b0 0 precipitates and b1
precipitates after 350 cycles.

Figure 8 a Bright field image

showing the dislocations and

the slip bands in the T7-treated

Mg–3.68 wt%Nd–0.58 wt%Zr

alloy tested at total strain

amplitude of 0.4% after 100

cycles (B = [11–20]a);

b bright field image showing

the microstructure of the T7-

treated alloy after 1000 cycles;

c bright field image showing

the b1 precipitates were cut by
the dislocations.
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Fig. 10d). In terms of the morphology, the bands are

similar to the dislocation bands, which are composed

of the straight dislocations and bending dislocations.

In contrast, no similar bands were observed in the

fine-grained Mg–3.68Nd–0.58Zr–T6 alloy after 1000

cycles. Moreover, there is not enough evidence that

the twins participate in the cyclic deformation. For

the T6-treated Mg–3.69 wt%Nd alloy, therefore, the

dislocations-slip located on basal and non-basal

planes is the main deformation mode. In addition, the

evolution of the microstructure characteristic for the

coarse-grained alloy is significantly different from

that of the T6-treated Mg–3.68 wt%Nd–0.58 wt%Zr

alloy during low cycle fatigue process. The precipi-

tates of the coarse-grained alloy after 1000 cycles are

also composed of large numbers of fine b‘‘

precipitates.

Figure 9 a Bright field image

showing the dislocation

morphology of the T6-treated

Mg–3.69 wt%Nd alloy with

coarser grains after 200 cycles

(B = [11–20]a). b bright field

image showing the typical

dislocation distribution of the

T6-treated Mg–3.69 wt%Nd

alloy after 500 cycles

[B = (11 - 20)a]; c bright

field image showing the

dislocation entanglement in

the matrix of the coarse-

grained alloy

[B = (11 - 20)a].

Figure 10 Bright field images

showing the typical

configuration of the

dislocations in the T6-treated

Mg–3.69 wt%Nd alloy at the

same location after 1000

cycles: a g = 0001;

b g = 0002; c g = 1 - 100

[B = (11 - 20)a]; d bright

field image showing some

microscopic bands in the T6-

treated alloy (after 1000

cycles).
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For the fine-grained alloy, however, grain bound-

ary is the main obstacle to dislocation movement

besides the b’’ precipitates in the initial stage of cyclic

deformation. Similar to grain boundary, the twin

boundary in the alloy with finer grains can also

effectively block the movement of the dislocations

[32, 48–50]. For the coarse-grained alloy, the effect of

grain boundary can be ignored, and the existence of

the b‘‘ precipitates in the matrix has the most

important impact on the dislocation movement and

plastic deformation. In the region with low disloca-

tion density, the matrix deforms forming high den-

sity dislocation entanglement. The high density

dislocation region becomes a new obstacle to dislo-

cation-slip, leading to cyclic micro-hardening. In

addition, a variety of secondary interfaces are formed

within grains through fatigue process in the alloy

with coarser grains, which can further hinder the

dislocation-slip.

For the fine-grained alloy, due to the blocking

effect of grain boundary, the distance of the disloca-

tions-slip is significantly shortened, and the proba-

bility of the dislocations cutting through precipitates

and twins is significantly increased. In addition, the

metastable b’’ precipitates gradually transform into

the b1 and b precipitates because the activation of

driving force provided by the stress concentration at

the interface between b‘‘ precipitates and matrix. The

cyclic softening in the fine-grained alloy is mainly

attributed to the transformation of the precipitates.

Moreover, the formation of the micro-cracks partic-

ularly on the fatigued samples can also reduce the

cyclic stress. In contrast, the coarse-grained alloy

shows the longer free path of dislocation movement

and lower hardening rate [51]. On the one hand, the

dislocations cannot fully move to the grain boundary

to coordinate the deformation, and the barrier effect

of grain boundary can be ignored. On the other hand,

the probability of the dislocation cutting through the

precipitates is significantly reduced, and there is no

precipitate phase transformation in the matrix of the

coarse-grained alloy. At the late stage of fatigue, the

cyclic softening for the coarsen-grained alloy is

mainly due to the formation of the micro-cracks

particularly on the fatigued samples. After the for-

mation of cracks, the effective bearing area of the

fatigue samples becomes smaller, and the permanent

damage of the material is formed, thus reducing the

response cyclic stress amplitude.

Conclusions

For the as-cast and the heat-treated Mg–3.68 wt%Nd–

0.58 wt%Zr alloy with finer grains and the T6-treated

Mg–3.69 wt%Nd alloy with coarser grains, different

stress amplitude responses can be explained by the

evolution of the microstructure and the competing

mechanism between mirco-hardening and micro-

softening during the low-cycle fatigue.

(1) Cyclic hardening in the T4-treated alloy is

caused by dislocation entanglement. For the

as-cast alloy, the work hardening from the

dislocation density increment neutralizes the

softening caused by micro-crack initiation,

leading to cyclic stabilization after 500 cycles.

(2) For the T6-treated alloy, both dislocation inter-

action and twinning participate in the plastic

deformation of fatigue. The cyclic softening is

mainly attributed to the precipitate transforma-

tion from b’’ to b1 and b and the coarsening of

b1 precipitates in the fine-grained alloy. For the

T7-treated alloy, there is a balance between

work hardening and stress release due to the

formation of slip bands. In the microstructure

with coarse grains, only dislocation-slip mech-

anism is involved in the fatigue deformation.

(3) Dislocation shearing is the key factor in the

precipitate phase transition of the fine-grained

alloy. The short slip distance in the studied

alloy with fine grains increases the probability

of dislocation cutting through precipitates and

twins.
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