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In low cycle fatigue, Mg—Nd based alloys exhibit initial cyclic hardening and then softening. The
cyclic hardening and softening behaviour of a peak-aged Mg—Nd-based alloy has been studied
using transmission electron microscopy. The initial cyclic hardening is attributed to the increase
of dislocation density and interaction of dislocations with nano-scale precipitates. The shearing
of dislocations through precipitates and the transformation of precipitates in different stages of
fatigue are responsible for the cyclic softening. The competing hardening and softening
mechanisms present throughout the entire fatigue process. Hardening mechanism dominates in
the very beginning of cyclic loading while softening takes over after certain numbers of cycles,

say ~ 350 cycles.
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I. INTRODUCTION

THE development and application of magnesium
alloys, especially Mg-RE (rare earth) alloys with high
strength and high toughness, has drawn a great atten-
tion in automobile lightweighting.!"* Improving fatigue
performance of magnesium alloys is one of the most
important aspects for wide application of magnesium
alloys in automotive structural parts. For magnesium
alloys, the key to improving fatigue performance is to
clearly understand the deformation mechanism and
microstructural evolution during fatigue process. The
past research on cyclic deformation mechanisms for
magnesium alloys was mainly focused on the twinning
and untwinning behavior of wrought magnesium alloys
during the low-cycle fatigue process. For instance, the
initial {10-12} twinning was reported to affect the plastic
deformation mechanism of rolled AZ31 (Mg-3Al-1Zn,
all composition is in weight percentage throughout this
article unless noted) during fatigue, especially in the
stage of compression loading, which can promote the
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occurrence of untwinning.”! Wu et al."™! analyzed the
effect of twinning and slipping on cyclic deformation of
an as-extruded AZ31 alloy. Compared with the samples
dominated by dislocations-slip mechanism, the fatigue
life of those controlled by twin deformation was longer,
which is mainly attributed to influence of crack closure
induced by surface roughness.”! The cyclic stress ampli-
tude for the To6-treated (solution treatment at 8§13 K
(540 °C) x 10 hours + aging at 473 K (200 °C) x 14
hours) Mg-3Nd—-0.2Zn—1Zr alloy was found to increase
at the beginning and then decrease during fatigue for a
given strain amplitude,' as shown in Figure 1, indicat-
ing the cyclic response characteristics of hardening
occurred first and softening occurred later.

The variation of cyclic stress is generally related to the
evolution of microstructure (precipitates, dislocations
and twins). For magnesium alloys, work hardening
(such as increase of dislocation density and hindrance of
precipitates to dislocation movement) leads to the
increase of stress amplitude in the initial cyclic loading
stage. Wu et al. studied the relationship between cyclic
softening and microstructure of the
Mg—10Gd-2.0Zn—0.46Zr alloy during high temperature
fatigue, and found that at elevated temperature, grain
boundary sliding played an important role in the process
of deformation for that alloy. "! At elevated tempera-
ture, grain boundary sliding in magnesium alloys usually
occurs because the binding force at the grain boundary
decreases. For the age-hardening Al-Mg-Sc alloy,
however, cycle softening during low-cycle fatigue is
not caused by the stress release after the formation of
surface cracks, but by the partial dissolution of Al;Sc
particles.®! The precipitates in the peak-aged (T6-trea-
ted) Mg-3Nd—0.2Zn—0.4Zr alloy are mainly composed
of fine and dense shearable p” (D0,9) precipitates that
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Fig. 1—Variation of cyclic stress amplitude with number of cycles
for the Té6-treated Mg-3Nd-0.2Zn—1Zr alloy samples tested at a
total strain amplitude of 0.4 pct. Curves marked as 4, B and C
correspond to 100, 350 and 1000 cycles tested for the samples before
transmission electron microscope (TEM) examination.

are coherent with the Mg matrix.”! Therefore, the cyclic
softening in cast Mg alloys containing Nd might also be
due to microstructural evolution. The present work is
focused on analyzing the microstructure evolution of
To6-treated Mg—3Nd-0.2Zn—1Zr alloy during the low
cycle fatigue process at room temperature. This paper
aims to explore the cyclic deformation mechanisms, the
relationship between stress response and microstructure
evolution, and in particular, to understand the cause of
cyclic softening in cast magnesium alloys containing rare
earth (RE) elements.

II. EXPERIMENTAL PROCEDURE

The material wused in this work is the
Mg-3Nd-0.Zn—-1Zr alloy prepared by gravity perma-
nent mold casting process, which has the same chemical
composition (Mg—2.99Nd—0.2Zn—0.5Zr) and T6-treated
condition (solution treatment at 813 K (540 °C) x 10
hours + aging at 473 K (200 °C) x 14 hours) as
reported in Reference 10. Strain-controlled fatigue
testing was performed on Instron-8805 fatigue testing
machine using a triangle waveform (R = — 1, frequency
of 1 Hz) and total strain amplitude of 0.4 pct. In the
present study, the fatigue samples are the same as those
reported in Reference 10. The fatigue tests were inter-
rupted after 100 cycles (hardening stage), 350 cycles
(corresponding to peak stress) and 1000 cycles (soften-
ing stage), respectively. Transmission electron micro-
scope (TEM) samples were cut from the gage length
center of the fatigued specimens by electrical discharge
machining, ground to 0.2 mm thickness, and electropol-
ished by double spraying (electrolyte of 4 pct perchlo-
rate alcohol, at temperature of 248 K (— 25 °C),
working voltage of 45 V, and electrical current of
0.2 A). The microstructural evolution during the fatigue
process was characterized by a JEM-2100 TEM and an
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FEI TECNAI G2 20 high resolution projection electron
microscope.

III. RESULTS AND DISCUSSION

A. Evolution of Precipitates During Fatigue

Figure 2 shows the typical morphologies and corre-
sponding diffraction spots of the precipitates in the
To6-treated Mg—3Nd—-0.2Zn—1Zr alloy at the initial cyclic
hardening stage (100 cycles), peak stress point (350
cycles) and cyclic softening stage (1000 cycles), respec-
tively. The morphology and corresponding diffraction
spots of the precipitates in the pre-fatigued sample are
included in Figure 2(a) for comparison. The morphol-
ogy, size and density of the precipitates within samples
at different fatigue stages are different. The evolution of
the microstructure (especially for the precipitates) cor-
responds to the change trend of stress response with the
increase of numbers of cycles.

Precipitates have been found to form in supersatu-
rated Mg alloys containing Nd during aging.” ' The
specific aging sequence in Mg—Nd alloys was identified
to be: SSSS — ordered G.P.zones (zig—zag shape, d =
0.37 nm) — ”(MgzNd, hep, DO, @ = 0.64 nm and ¢
= 0.52 nm, hexagonal prism)— [’ (Mg;Nd,
orthorhombic, ¢« = 0.64 nm, b = 1.14 nm and ¢ =
0.52 nm, lenticular shape) — f;(MgszNd, fcc, a = 0.74
nm, {10-10}, plate) — f(Mg;,Nd, tetragonal, « = 1.03
nm and ¢ = 0.59 nm) — ﬁe(M%MNdS, tetragonal, a =
147 nm and ¢ = 1.04 nm)."? For the Té-treated
Mg-3Nd-0.2Zn-1Zr alloy, the precipitates are mainly
fine and dispersed f” on {1-100}, and {11-20}, prism
planes (marked by yellow arrow in Figure 2(a)).!”! The
p” precipitates (MgzNd) are metastable phases and
completely coherent with Mg matrix. Other than the fine
and dispersed f” precipitates, some band precipitates
(length of 600 to 2000 nm, width of 10 to 50 nm) can
also be seen in {1-100}, prism plane (marked by blue
arrows in Figures 2(a) to (b)). Figure 2(c) shows that
some of the band precipitates in the T6-treated alloy are
cut by the dislocations after 100 cycles (marked by red
arrows). Based on relevant References [12-14] and TEM
analysis results shown in Figure 2(b), the band precip-
itates are f§; precipitates (Mg;Nd) located at {1-100},
prism plane. However, Nie pointed out that the f
precipitates tend to form heterogeneously on preexisting
dislocations, resulting in nonuniform distribution of the
precipitates.'? There is no extra reflections for p’
precipitates in the diffraction patterns (along [11-20],
zone axis), so the band precipitates are not considered to
be f’ precipitates.l'¥ When the stress amplitude reaches
the peak value after 350 cycles, many precipitates
(length of 20 to 150 nm, width of 10 to 70 nm) are
sheared by dislocations (as shown in Figures 2(d) to (e)),
and the number and length of band precipitates
decreased remarkably.

In the stage of cyclic softening (e.g., 1000 cycles), the
precipitates cut by dislocations at the peak stress point
are no longer observed. On the contrary, some other
particles, including massive precipitates (marked by
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Fig. 2—(a) Bright field image and corresponding diffraction pattern showing the morphology of the precipitates in the pre-fatigued samples (B
= [11-20],). (b) Bright field image and corresponding diffraction pattern showing the morphology of the precipitates in the fatigued samples
after 100 cycles (B = [11-20],). (¢) Some ribbon-shaped precipitates (Nd-rich phases) cut by dislocations after 100 cycles. () Bright field image
showing the morphology of the precipitates in the fatigued samples after 350 cycles (B = [11-20],). (¢) High-magnification image of location A
in (d) showing some precipitates cut by dislocations. (f) Bright field image and corresponding diffraction patterns showing the morphology of the

precipitates in the fatigued samples after 1000 cycles (B = [11-20],).

arrow A, length of 150 to 1000 nm, width of 100 to 300
nm), rod-like precipitates (marked by arrow B, length of
150 to 1000 nm, width of 40 to 60 nm), and ellipsoid
precipitates (marked by arrow C, length of 200 to 1300
nm, width of 200 to 900 nm) with larger size and less
quantity have been found (as shown in Figure 2(f)).
These precipitates are also located on {1-100}, and
{1120}, planes. Compared with the band precipitates,
the inertia surface and diffraction spots of massive
precipitates and ellipsoid precipitates are the same, thus
the precipitates with three different shapes are identified
to be f; precipitates, which have different sizes and
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distribution. Furthermore, the rod-like precipitates are
considered to be § (Mg;,Nd) equilibrium precipitation
phase. The f phase with a hexagonal shape tend to form
as rods and its prism facets are parallel to {10-10},.'”
Before the maximum stress amplitude is reached, the
number density of the " precipitates is decreased while
the number density of the f; (Mgs;Nd) precipitates
gradually increases during cyclic loading. In the cyclic
softening stage, the f§; precipitates gradually decrease,
while the f§ precipitates start to precipitate and coarsen.

Fu et al. pointed out that for the T4-treated alloy in
the pre-fatigued state, Zr-containing precipitates (ZrH,
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and Zn-Zr) were formed within grains with different
shapes including block-like, globular and rod-like. '
Figure 3 shows the bright field images for the T4-(so-
lution treatment at 813 K (540 °C) x 10 hours) and
To6-treated Mg—3Nd-0.2Zn-1Zr alloy samples after
1000 cycles. For the T4-treated alloy, neither ff; nor f8
precipitates were observed after 1000 cycles (as shown in
Figure 3(a)), suggesting that in the cyclic softening stage,
the f§ precipitates in the To6-treated alloy (Figure 3(b))
originate mainly from the f; precipitates.

B. Morphology of Typical Dislocations and Twins

Figure 4 shows the morphology of typical dislocations
observed in the T6-treated alloy after 100 cycles. TEM
beam is almost parallel to [11-20],. Under the condi-
tions of g = 1-100 (Figure 4(a)), g = 1-102
(Figure 4(b)) and g = 0001 (Figure 4(c)), a large
number of dislocation bands and dislocation entangle-
ment are observed within grains and near grain bound-
aries. Figure 4(d) shows the typical dislocation
distribution at same location and under the condition
of g = 0002. Figures 4(e) and (f) indicate the high-mag-
nification images of location A in Figure 4(a) and
location B in Figure 4(d), respectively. Dislocations at
both the base plane (0001), and the non-basal plane are
formed.

For the Té6-treated alloy, the fine and dispersed f”
precipitates are distributed along {1-100}, and {11-20},
which are perpendicular to (0001), slip plan acting as a
strong barrier to the basal slip. Cyclic hardening is
mainly attributed to the increase of dislocations density
caused by dislocation entanglement, shutting down
(disappearance) and generation of new dislocation
sources. The dislocations can be divided into two types:
straight dislocations and curved dislocations (as shown
in Figures 4(c to f)). Both types of dislocations at basal
and non-basal planes are suggested to be (a) disloca-
tions (as shown in Figure 4(e), under the conditions of g
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= 1-100). Non-basal (@) dislocations are likely to be
non-basal slip between two basal planes. In addition,
under the condition of g = 0002, the dislocations which
are generally considered as (a + ¢) or (c¢) dislocations
can be also seen at both basal and non-basal planes (as
shown in Figure 4(f)).

Fu et al. pointed out that for the T4-treated NZ30K
alloy,'® apart from the basal and non-basal (a) dislo-
cations, (¢ + ¢) or {c) dislocations also participated in
the tensile deformation at room temperature. Agnew
et al. "7 suggested that for a wrought AZ31 alloy, the
plastic forming performance is greatly improved by (a
+ ¢) non-basal sliding. Moreover, the dislocations with
(¢) vector and dislocations ({(¢ + ¢) or (c)) are also
activated in the solutionized Mg—Li alloy during tensile
deformation."® The addition of a small amount of Zn
to Mg-Nd-Zr alloy can promote the movement of
dislocations on non-basal plane and improve the alloy
formability.!"®’ Consequently, the (¢ + ¢) or (c)
dislocations are also believed to be able to be activated
in the Té6-treated Mg-3Nd-0.2Zn-1Zr alloy during
fatigue deformation.

It is well known that twinning is also one of the
important deformation modes in magnesium alloys. The
interaction between twins, precipitates and dislocations
is of great significance to the plastic deformation of
magnesium alloys, which may change the slip mode and
activate the non-basal slip to improve the plastic
deformation. In this study, some {10-12}, twins near
the grain boundaries (as shown in Figures 5(a) to (b))
and within grains (as shown in Figures 5(c) to (d)) are
observed in the T6-treated alloy after 350 cycles of cyclic
loading. However, no twins are observed in the samples
after 100 or 1000 cycles. In the early stage of cyclic
loading (e.g., 100 cycles), the activation of the disloca-
tions at basal and non-basal planes leads to the
deformation, and the twinning is not required. When
the strain hardening reaches to peak (e.g., 350 cycles), it
is  difficult to  coordinate  deformation by

(b)

Fig. 3—Bright field images showing typical microstructure and f§ precipitate morphology in (a) T4- and (b) T6-treated alloys after 1000 cycles.

VOLUME 53A, MARCH 2022—757



Fig. 4—(a) Bright field images of the T6-treated Mg—-3Nd-0.2Zn—1Zr alloy samples tested at a strain amplitude of 0.4 pct after 100 cycles (B
[11-20],, g = 1-100). Typical dislocation distribution at the same location and different base vectors ((b) g = 1-102, (¢) g = 0001 and (d) g

0002). High-magnification images of (e) location A and (f) location B showing the configuration of the typical dislocations.

dislocations-slip alone. Twinning can change the orien-
tation of the crystal and make the dislocation easy to
slip.

Furthermore, as shown in Figure 5(a), a large number
of dislocations are formed between twins and grain
boundaries. Both twin and grain boundaries would
hinder dislocation movement. Twinning can cut off the
originally continuous slip system, which increases the
difficulty of dislocation movement. Figure 5(b) shows
the interaction mechanism between twins, precipitates
and dislocations. A large number of the dislocations are
activated in {1012}, twins. The local stress concentra-
tion in the twins leads to the formation of the disloca-
tions when the dislocations cross the twin boundary.
The precipitates also hinder the movement of
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dislocations at the twin interface and inside twins. In
addition, it can be seen from Figure 5(d) that some twins
(marked by yellow arrows) and precipitates (marked by
red arrows) were cut by the dislocations. The precipi-
tates affect the nucleation and growth of twinning,
because they would pin a twin interface and restrict the
movement of a twin boundary, thus constraining the
twin growth. When the cycle time is continuously
increased (i.e., 1000 cycles), the matrix strength of the
alloy is obviously reduced while the plasticity is
improved due to the transformation of the precipitates.
The dislocations-slip can satisfy the requirement of
cyclic plastic deformation and the need for twinning to
contribute to the required plasticity is significantly
decreased.
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Fig. 5—(a) Bright field image and corresponding diffraction pattern showing twin (marked by yellow arrow) near the grain boundaries,
precipitates (marked by red arrow) and dislocations (marked by blue arrow) in the fatigued samples after 350 cycles (B = [11-20],). (b)
High-magnification image for (a) showing the relationships between twin, precipitates and dislocations in the samples. (¢) Bright field image
showing the precipitates and twin within grains of the samples after 350 cycles. (d) High-magnification image for (c) showing that the twin
(marked by yellow arrows) and precipitates (marked by red arrows) cut by dislocations (Color figure online).

C. Shearing Mechanism of Precipitates by Dislocations

Figure 6(a) indicates that the precipitates in the
To6-treated samples after 350 cycles are mainly composed
of B” precipitates (marked by the yellow arrow) and f3;
precipitates (marked by the blue arrow). It can be seen
that these precipitates are mainly distributed along
{1-100}, plane. For the T6-treated alloy, the increase of
cycle time leads to the increase of number density and
segregation of dislocations. The accumulation of dislo-
cations around the " precipitates and the entanglement
of dislocations (as shown in Figure 6(b)) leads to great
stress—strain field, which promotes the phase transfor-
mation from metastable " precipitates to ff; precipi-
tates and the aggregation growth of the
precipitates.!'” 2% In addition, the increased stress—strain
field also provides a basis for dislocations to cut through
the shearable precipitates.

The dark field image as shown in Figure 6(c) further
confirms that the parallel straight lines perpendicular to
the growth direction of the precipitates are the disloca-
tions rather than the precipitates. The bright field image
shown in Figure 6(d) indicates that the precipitates can
block the movement of the dislocations. In the present
work, the lattice structure of dislocations and the
mechanisms of the precipitates sheared by dislocations
during fatigue are described using high-resolution bright
field image (Figure 6(¢)) and dark field image
(Figure 6(f)). The lattice distortion caused by the
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dislocations blocked by the precipitates can be observed.
Furthermore, it is seen from Figure 7 that shear occurs
on the surface of local position of fS” precipitates,
resulting in the change of the surface structure.

In addition to slip on basal plane, the dislocations
mainly slip on {11-20}, and {1-100}, prism planes, and
the directions of slip are considered as (11-20), and
(1-100),, respectively. The metastable precipitates (f”
and f;) are affected by two aspects during fatigue. On
the one hand, the precipitates can be sheared repeatedly
by dislocations. After the precipitates are initially
sheared, the effective area of the precipitates decreases,
which would make the subsequent shear of the precip-
itates easier. With the combined effect of cyclic straining
and stress concentration at the interface between pre-
cipitates and matrix, the metastable f5; precipitates
gradually transform to the final equilibrium p
precipitates.

IV. CONCLUSIONS

For the To-treated Mg-3Nd—-0.2Zn—1Zr alloy, the
cyclic stress initially increases followed by a decrease
during the fatigue process, which is attributed to the
competitive mechanisms between cyclic hardening and
cyclic softening. In the early stage of fatigue deforma-
tion, the density of dislocations increases and " and f,
precipitates interact with dislocations, which would lead
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Fig. 6—(a) STEM image showing the morphology of the precipitates in the To6-treated samples after 350 cycles. (b) Bright field image showing
the precipitates and dislocations in the alloy after 350 cycles. High-magnification images under (c¢) dark field and (d) bright field for location A in
(b). High-resolution images under (e) bright field and (f) dark field showing the precipitates and the dislocations (D;_3) near the precipitates.
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(b)

Fig. 7—(a) Bright field image and (b) dark field image showing the relationship between precipitates and dislocations in the T6-treated samples

after 350 cycles.

to cyclic hardening. Meanwhile, ” precipitates start to
transform to f; precipitates, resulting in cyclic softening.
It appears that the cyclic hardening is much stronger
than the cyclic softening during this stage. With the
increase of cycle time from 350 to 1000 cycles, the
metastable f; precipitates start to transform to f
precipitates, which leads to the cyclic softening.
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