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Abstract 

Dislocation strengthening, as one of the methods to simultaneously enhance the room temperature strength and ductility of alloys, does 
not achieve the desired strengthening and plasticity effect during elevated-temperature deformation. Here, we report a novel strategy to boost 
the dislocation multiplication and accumulation during deformation at elevated temperatures through dynamic strain aging (DSA). With the 
introduction of the rare-earth element Ho in Mg-Y-Zn alloy, Ho atoms diffuse toward dislocations during deformation at elevated temperatures, 
provoking the DSA effect, which increases the dislocation density significantly via the interactions of mobile dislocations and Ho atoms. 
The resulting alloy achieves a great enhancement of dislocation hardening and obtains the dual benefits of high strength and good ductility 
simultaneously at high homologous temperatures. The present work provides an effective strategy to enhancing the strength and ductility for 
elevated-temperature materials. 
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

Keywords: Mg-Y-Zn alloy; Ho addition; High-density mobile dislocations; Dynamic strain aging (DSA); Elevated-temperature strength. 
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Improving both strength and ductility is a key issue
n structural materials, specifically at elevated temperatures
 1–3 ]. In general, the improvement in strength is usu-
lly accompanied by the loss of ductility, which is the
o-called strength-ductility trade-off dilemma [ 4 ]. To solve
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his problem, numerous strategies have been developed,
uch as grain-boundaries strengthening [ 5 , 6 ], coherent twin-
oundaries strengthening [ 7 ], dislocation hardening [ 2 ], and
anoprecipitation strengthening [ 8 , 9 ]. Amongst them, He
t al. [ 2 ] reported that high-density dislocations in martensite
ontribute to room-temperature strength, while mobile dislo-
ations in martensite promote high ductility. Based upon the
aylor hardening law, once dislocation hardening is activated,

he strength of materials monotonically increases with the in-
rease of the dislocation density [ 10 ]. 

In the past decades, a variety of unique dislocation struc-
ures were introduced, achieving an excellent combination
f strength and ductility [ 2 , 8 , 11 , 12 ], e.g., the novel gradi-
nt nano-scaled dislocation-cell structures [ 13 ], the complex
islocation network with formed Lomer locks [ 14 ], and high-
ensity dislocations originated from severe plastic deforma-
ion or phase transformation [ 2 , 15 ]. However, it is believed
hat the dislocation hardening is not suitable for elevated-
emperature materials due to the decrease in the dislocation
ensity, which is caused by recovery and recrystallization at
levated temperatures [ 16–18 ]. Metallic materials inevitably
xhibit reduced strength at elevated temperatures. Although
recipitation strengthening and solid solution strengthening
an enhance the elevated-temperature mechanical properties
f alloys by unique alloy composition designs to achieve high
hermal stability of precipitates and high solute atom con-
entrations, traditional alloy designs are often not aimed at
ontrolling the high thermal stability of precipitates and high
olute atom concentrations, leading to undesirable elevated-
emperature mechanical properties. Therefore, improving both
trength and ductility prosperities of the traditional metallic
tructural materials during the elevated-temperature process is
ighly desirable, while remaining a great challenge. 

It is reported that dynamic strain aging (DSA) effect can
romote mobile dislocation multiplication [ 19 , 20 ]. The na-
ure of DSA is the interaction between the diffusional solute
toms and dislocations through repeated pinning and unpin-
ing, generating high-density dislocations [ 20–29 ]. The DSA
s commonly found in various alloys, such as steels [ 19 ], alu-
inum alloys [ 22 ], magnesium alloys [ 24 ], and nickel-based

uperalloys [ 25 ]. The rare-earth (RE) elements (Y, Gd, and
d) are beneficial to the activation of DSA effects in magne-

ium (Mg) alloys [ 30–32 ], in this type of Mg alloys, although
t provides large elevated-temperature ductility, the strength
mprovement is weak. The RE element of Ho possesses sim-
lar physical properties to Y, Gd, and Nd. However, the solid
olubility of Ho in the Mg matrix (5.44 at.%, atomic per-
ent) is far higher than that of Y (3.75 at.%). Thus, Ho is
 promising candidate to promote the DSA effect, activating
 remarkable dislocation multiplication and promoting strain
ardening. Additionally, Ho has the ability to reduce stacking
ault energy, activate 〈 c + a 〉 dislocations, and help alleviate
he localized strain variation issues caused by traditional DSA
 33 ]. 

Inspired by the above-mentioned merits, a strategy was
eveloped to achieve the high-density dislocations during
levated-temperature deformation through the mobile dislo-
ation multiplication by DSA. In this strategy, Ho is intro-
uced in Mg-Y-Zn-based alloys containing the long-period
tacking-ordered (LPSO) phase. The DSA effect induced by
o brings about high-density dislocation multiplication in the

ample during tension at elevated temperatures. Large amount
f dislocation accumulation and their interactions with the
PSO phase predominantly contribute excellent strain hard-
ning, resulting in the enhanced elevated temperature strength
nd ductility. The unique features enable the increases of both
trength-ductility of Mg alloys at elevated temperatures, and
re also applicable to other alloy systems. 

. Material and methods 

.1. Sample preparation 

The Mg-Y-Zn and Mg-Y-Zn-Ho as-cast ingots were pre-
ared by pure Mg (99.99 wt percent, wt.%), pure Zn
99.9 wt.%), Mg-Ho (20 wt.%) master alloy, and Mg-Y
20 wt.%) master alloy. The master alloys, pure Mg, and
ure Zn were melted in a mild steel crucible at 750 °C
nder the inert atmosphere of Ar. The resulting melt was
ransferred into the cooling crystallizer at 710 °C. The semi-
ontinuous casting process was conducted at a speed of circa
ca.) 100 mm/min. Three samples with chemical compositions
at.%) of Mg96 Y1 Zn1 Ho2 , Mg97 Y1 Zn1 Ho1 , and Mg98 Y1 Zn1 

ere produced. 

.2. Material characterization 

The structures of the alloys were characterized by scan-
ing electron microscopy (SEM, Thermo scientific Apreo S
oVac) and transmission electron microscopy (TEM, FEI,
alos F200X G2), as well as high-angle annular dark-field
canning transmission electron microscopy (The atomic reso-
ution HAADF-STEM) mode (JEOL-ARM200F with spheri-
al aberration correctors). The surfaces of the SEM samples
ere mechanically polished and etched in a 4-volume per-

ent (vol.%) nital solution. The TEM samples were prepared
y mechanical grinding, followed by low-angle (3 °–9 °) ion
illing, using the Gatan 691 precision argon ion-polishing

ystem. Based electron back scatter dffraction (EBSD) data
 34 ], The AZtec software was used to quantify the orien-
ation differences between two points near the LPSO phase
o characterize dislocation accumulation. Phase identification
nd dislocation densities were performed by X-ray diffrac-
ion (XRD) on an X’Pert Pro X diffractometer employing Cu

a ( λ = 0.15406 nm). The diffraction lines were recorded at
0 kV and 150 mA from 30 to 80 ° with a step of 0.0065 °
2 θ ). The quantitative analyses of dislocation densities were
erformed, based on the XRD data of the tested tensile sam-
les, using the variance method [ 35 ]. The diffraction lines
ere recorded from 30 to 80 ° with a step of 0.0065 °(2 θ ).
or this method, the following mathematical relation is used

o relate the kth-order restricted moment and dislocation den-
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ity ( ρ), and is given by: 

2 ( q) = 1 

π2 εF 
q − L 

4π2 K2 ε2 
F 

+ χρ

2π2 
ln ( q/q0 ) (1)

 = 2/ λ[Sin θ1 -Sin θ0 ], θ1 is the diffraction angle, and θ0 is
he Bragg angle. εF is the average coherent domain size.
= ( π /2)b2 g2 C , C is 0.2075 for Mg alloy. Regression analy-

is of the plot for M2 ( q ) vs. ln (q/q0 ) gives the values of ρ
rom the slope. The kth-order restricted moment, is calculated
hrough the following equation [ 36 ]: 

k ( q) = ∫ 

q 
−q q

k I( q) dq 

∫ 

∞ 

−∞ 

I( q) dq 

(2) 

g represents the magnitude of the diffraction vector for
he X-ray reflection, and C is average contrast factor [ 37 ]),
nd b is the magnitude of the Burger’s vector (considered as
.32 nm for magnesium alloys [ 38 ]). To reduce dislocation
alculation errors, the reference sample was prepared through
ecrystallizing the Mg97 Y1 Zn1 Ho1 and Mg96 Y1 Zn1 Ho2 alloys
t 350 °C for 10 h. 

To elucidate the interaction between Cottrell atmosphere
f Ho atoms and dislocation phases, the molecular dynamics
MD) simulations were conducted to analyze the deformation
echanisms of Mg96 Y1 Zn1 Ho2 alloys under a strain rate of

09 s−1 at 200 °C. It has been reported that a strain rate
f 109 s−1 can be considered a quasi-static loading rate. The
train rates used in this work (5 × 10−4 s−1 to 5 × 10−³ s−1 )
all within the quasi-static stretching rate range. Therefore, a
train rate of 109 s−1 was selected for the molecular dynamics
imulations [ 39 ]. These MD simulations were conducted with
he assistance of open-source codes OVITO and the parallel
olecular dynamics code LAMMPS [ 40 ]. The atomic poten-

ial chosen is the modified embedded atom method (MEAM)
nteratomic potential for Mg-Y [ 41 ]. 

Tensile tests were conducted on an Instron 5869 tester
t room temperature (RT) and various elevated temper-
tures (100–300 °C). Samples, with a gauge size of
0 mm × 4 mm × 1 mm, were cut by an electro-
ischarging machine, followed by mechanical polishing with
 surface roughness of 6.5 μm. For the elevated-temperature
esting, the samples were placed in an elevated-temperature
urnace that has been heated to the target temperatures (100–
00 °C) and held for 5 min before testing. The nominal strain
ates were selected in the range of 5 × 10–4 s−1 - 5 × 10–3 

−1 . Hardness measurements of matrix were conducted on an
XS-1000Z tester under an applied load of 10 g and dwell

ime of 15 s. Each data point reported represents an average
f at least 10 measurements. The hardness of the LPSO phase
as measured via nano-indentation (Agilent G200) at room

emperature using a Berkovich diamond indenter of a maxi-
um depth of 500 nm. The strain mapping of each sample
as analyzed through Digital Image Correlation (DIC) during

n-situ loading. 
. Results 

.1. Mechanical properties 

The engineering tensile stress-strain curves of the as-cast
g-Y-Zn and Mg-Y-Zn-Ho alloys obtained at room tempera-

ure (RT) and 200 °C are shown in Fig. 1 a. At RT, the tensile
trength was enhanced slightly along with a reduction in the
longation with the addition of Ho. When the temperature
ncreased to 200 °C, the strength of the Mg-Y-Zn alloy de-
reased along with the increase of elongation compared with
hose at RT, agree with the usual trend of elevated tempera-
ure deformation. Surprisingly, both the strength and elonga-
ion of the Ho-containing Mg alloys increased significantly at
00 °C when compared with their counterparts at RT, differ-
ng from the pristine Mg alloy. The tensile strength and elon-
ation of the as-cast Mg96 Y1 Zn1 Ho2 (at.%) alloy at 200 °C
re 230 MPa and 21%, respectively, both of which are much
igher than those at RT (179 MPa and 9%, respectively). It
s found that with the increase in experimental temperature,
he strength of the Mg-Y-Zn alloy decreases while its ductil-
ty improves, whereas both the strength and ductility of the

g-Y-Zn-Ho alloy increase simultaneously. These results in-
icate that the addition of Ho can enhance both strength and
longation simultaneously at elevated temperatures. Moreover,
he tensile curves of Ho-containing Mg alloys, especially the

g96 Y1 Zn1 Ho2 alloy showing serration phenomena during
levated-temperature deformation, while Mg alloys without
o show a smooth tensile curve in the whole range of strain.
he serration induced by the addition of Ho atoms in Mg-Y-
n alloys may be the key to the improvement of mechanical
roperties at elevated temperatures. The serration phenomena
ay be mainly related to the pinning and unpinning processes

f Ho atoms and dislocations during the deformation of the
lloy, i.e., DSA. 

To verify the DSA effect of the Ho addition in the Mg-
-Zn-based alloys at elevated temperatures, the tensile stress-
train curves of the Mg96 Y1 Zn1 Ho2 alloy were obtained at
arious strain rates at 200 °C and various temperatures at rate
f 1 × 10–3 s−1 , as exhibited in Fig. 1 c-f. For various given
train rates, observable serrations appear after critical strains,
s indicated by stars in Fig. 1 d. The critical strain increases
ith the increase of the strain rate. At various elevated tem-
eratures, both the tensile strength and elongation increase
ignificantly, as compared to that at RT. The flow curve is
mooth when tested below 100 °C. However, serration be-
avior occurs beyond a critical strain, εc , when experimented
t elevated temperatures above 150 °C. The critical strain, εc ,
ecreases with the increase in the test temperatures, as shown
n Fig. 1 (f). During the occurrence of DSA, the critical strain
s negatively correlated with temperature, as the critical strain
ecreases with increasing temperature. This process is mainly
elated to the interaction between solid solution atoms and
islocations [ 21 ]. With the increase in temperature, the dif-
usion rate of Ho atoms increases, causing the Ho atoms to
in dislocations in advance, thereby leading to a decrease in
ritical strain. These results confirm that the addition of Ho
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Fig. 1. Mechanical properties of the as-cast Mg-Y-Zn and Mg-Y-Zn-Ho alloys. (a) Engineering tensile stress-strain curves of the Mg-Y-Zn and Mg-Y-Zn- 
Ho alloys at RT and 200 °C; (b) Some other as-cast Mg alloys [ 40 ] (at 175 °C), (c) Tensile stress-stain curves of Mg96 Y1 Zn1 Ho2 tested at 200 °C with 
various strain rates; (d) Critical strains for the occurrence of the DSA effect in (c); (e) Tensile stress-stain curves of Mg96 Y1 Zn1 Ho2 experimented at various 
temperatures with a strain rate of 1 × 10–3 s−1 ; (f) Critical strains for the occurrence of the DSA effect in (e). The critical strains are indicated by star marks. 
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ctivates the DSA effect at elevated temperatures. Decreasing
train rate or elevating deformation temperature promotes the
iffusion of Ho atoms to dislocations, leading to a decrease
f the critical strain for activating the DSA effect. Based on
ur tensile tests at various temperatures, we summarized the
echanical properties of the Mg96 Y1 Zn1 Ho2 tested at 175 °C,

00 °C and 300 °C along with some other as-cast Mg alloys
n literature [ 42 ] tested at 175 °C are summarized in Fig. 1 b.
ne can see the as-cast Ho-containing Mg-Y-Zn alloys ex-
ibit excellent mechanical properties with activation of the
SA effect, even as the environmental temperature rise to
00 °C (as high as ∼0.62Tm 

). 

.2. Microstructural characteristics before and after tension 

In general, primary phases, dynamic precipitation, and
rain size may affect the mechanical properties of the al-
oy. The SEM micrographs of the Mg-Y-Zn and Mg-Y-Zn-Ho
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Fig. 2. Microstructures of the as-cast Mg-Y-Zn and Mg-Y-Zn-Ho alloys. (a) EBSD map of Mg-Y-Zn, (b) EBSD map of Mg96 Y1 Zn1 Ho2 , (c) SEM microstructure 
images of Mg-Y-Zn, (d) SEM microstructure images of Mg97 Y1 Zn1 Ho1 , and (e) SEM microstructure images of Mg96 Y1 Zn1 Ho2 and bright-field TEM images 
of as-cast (f) Mg97 Y1 Zn1 and (g) Mg96 Y1 Zn1 Ho2 alloys, (h) XRD patterns of the as-cast Mg-Y-Zn and Mg-Y-Zn-Ho alloys. 
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lloys are presented in Fig.2 c and d. Both Mg-Y-Zn and Mg-
-Zn-Ho alloys are composed of the black Mg matrix and

he second phase in grey. The XRD patterns are displayed in
ig. 2 f. The Second phase in both alloys with and without Ho

s the LPSO phase (peaks at 35.4 ° and 37.3 °), which match
he peak positions of the LPSO phase reported in the literature
 12 ]. The XRD patterns of the as-cast Mg96 Y1 Zn1 Ho2 alloys
efore and after deformation are shown in Fig. 3 . No new
hases are formed during elevated-temperature deformation. 

The EBSD map of the Mg98 Y1 Zn1 and Mg96 Y1 Zn1 Ho2 

lloys are presented in Fig.2 a and b. It is found that both cast
lloys (Mg98 Y1 Zn1 and Mg96 Y1 Zn1 Ho2 alloys) have large
rains, which are mainly composed of many fine effective
rains with a similar crystal orientation. The fine effective
rains in one large grain are separated by the second phases
n a net-like structure. The statistical analysis shows that fine
ffective grains size of the Mg98 Y1 Zn1 , Mg97 Y1 Zn1 Ho1 and
g96 Y1 Zn1 Ho2 alloys are 50 μm, 30 μm, and 27 μm, respec-

ively. For the Mg97 Y1 Zn1 Ho1 and Mg96 Y1 Zn1 Ho2 alloys, the
rain size is close to each other, but elevated-temperatures
echanical properties are significantly different, which means
hat the abnormally enhanced elevated temperature mechani-
al properties of Ho-containing alloys do not come from the
ffect of grain size. 

To further verify whether twinning contributes additional
ork hardening, EBSD was used to analyze the microstruc-

ure of Mg98 Y1 Zn1 and Mg96 Y1 Zn1 Ho2 alloys after 8% defor-
ation, as shown in Fig. 4 . Since The {10 ̄1 2 } extension twin

nd {10 ̄1 1 } contraction twin are common twinning modes
 45 ], these two modes of twinning were analyzed. It is ev-
dent that the boundary with a misorientation of < 1 ̄2 1 0>

6.3 ° is associated with {10 ̄1 2 } extension twin, whereas the
oundary with a misorientation of < 1 ̄2 10 > 56 ° is linked to
10 ̄1 1 } contraction twin. It was found that both Mg98 Y1 Zn1 

nd Mg96 Y1 Zn1 Ho2 alloys exhibit tensile twin, with the vol-
me fraction of twins being similar (16% and 18%, respec-
ively). Therefore, the EBSD analysis indicates that twinning
s not the main reason for the additional work hardening. 

The hardness of the Mg matrix and the LPSO phase in
g-Y-Zn and Mg-Y-Zn-Ho alloys is presented in Fig. 5 . The

ardness of the Mg matrix increases with the addition of
o, indicating that the addition of Ho can strengthen the
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Fig. 3. XRD patterns before and after deformation in the as-cast 
Mg96 Y1 Zn1 Ho2 alloys. 
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lloy through solid-solution strengthening. Compared with
he Mg-Y-Zn alloy, the addition of Ho also can strengthen
he alloy through solid solutions, and the increase of the
T strength of Mg97 Y1 Zn1 Ho1 and Mg96 Y1 Zn1 Ho2 alloys is
ue to Ho-atoms solid-solution strengthening, However, the
ncrease of the RT strength [4 MPa from Fig. 1 a] of the
wo alloys is much lower than the increase of the elevated-
emperature strength [44 MPa from Fig. 1 a]. Therefore, Ho-
toms-solution strengthening is not the main reason for the
levated-temperature strength. 

The measured volume fractions of the LPSO phase in Mg-
-Zn, Mg97 Y1 Zn1 Ho1 , and Mg96 Y1 Zn1 Ho2 alloys are ∼ 11%,

29%, and ∼ 29%, respectively, indicating that the ad-
ition of Ho increased the LPSO content significantly. But
he distribution of the LPSO phase in Mg97 Y1 Zn1 Ho1 and
Fig. 4. The EBSD analysis of (a) 8%-strained Mg98 Y1 Zn1 allo
g96 Y1 Zn1 Ho2 alloys is similar. On the other hand, the
hange of hardness of the LPSO phase can be negligible with
he addition of Ho ( Fig. 5 b). The transmission electron mi-
roscopy bright-field (TEM-BF) images of Mg97 Y1 Zn1 and
g96 Y1 Zn1 Ho2 alloys are displayed in Fig. 2 f and g, respec-

ively. The corresponding selected area electron diffraction
SAED) patterns of the LPSO phases are presented as insets.
ive extra diffraction spots are appearing at positions, n/6, of

he diffraction pattern in Mg-Y-Zn and Mg-Y-Zn-Ho alloys,
onfirming that the LPSO phase in both Mg-Y-Zn and Mg-Y-
n-Ho alloys is a 18R LPSO phase [ 43 , 44 ]. To investigate the
ffect of the LPSO phase on elevated-temperature strength, a
omparison was made between the LPSO phase volume frac-
ion and the hardness of Mg97 Y1 Zn1 Ho1 and Mg96 Y1 Zn1 Ho2 

lloys. It was found that the volume fraction (29% and 29%,
espectively), hardness (1.36 ±0.29 GPa and 1.38 ±0,20 GPa,
espectively), and composition ( Table 1 ) of the LPSO phase
re identical in both alloys. However, the elevated-temperature
trength of Mg96 Y1 Zn1 Ho2 alloy is significantly higher than
hat of Mg97 Y1 Zn1 Ho1 alloy. These results indicate that the
ddition of Ho does not affect the structure and hardness of
he LPSO phase, which implicates LPSO is not the direct
eason for the abnormally enhanced elevated-temperature me-
hanical properties of Ho-containing alloys. 

The distribution of elements in Mg97 Y1 Zn1 Ho1 and
g96 Y1 Zn1 Ho2 alloys are determined by the TEM/EDS, as

resented in Fig. 6 . The contents of Ho, Y, and Zn in LPSO
re much higher than that in the Mg matrix. The Ho con-
ents of LPSO in Mg97 Y1 Zn1 Ho1 and Mg96 Y1 Zn1 Ho2 are
.5 at.%, and 4.5 at.%, respectively. At the same time, the
Ho,Y)/Zn atomic ratio in the Mg98 Y1 Zn1 , Mg97 Y1 Zn1Ho1 ,
nd Mg96 Y1 Zn1 Ho2 alloys is close to 1:1, corresponding to
he chemical composition of the LPSO phase. The content of
o in the Mg96 Y1 Zn1 Ho2 matrix (1.4 at.%) is ca. 3 times in
g97 Y1 Zn1 Ho1 (0.5 at.%). The detailed elemental contents

re exhibited in Table 1 . This result is consistent with the
y and (b) 8%-strained Mg96 Y1 Zn1 Ho2 alloy at 200 °C. 
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Fig. 5. The hardness of the (a) matrix and (b) LPSO phase in the as-cast Mg-Y-Zn and Mg-Y-Zn-Ho alloys. 

Fig. 6. HAADF-TEM/EDS images and the distribution of elements of (a)–(d) the as-cast Mg97 Y1 Zn1 Ho1 and (e)–(h) Mg96 Y1 Zn1 Ho2 . 

Table 1 
Chemical compositions of the primary phases in Mg97 Y1 Zn1 Ho1 and Mg96 Y1 Zn1 Ho2 alloys. 

Element at.% wt.% 

Mg Y Zn Ho Mg Y Zn Ho 

Mg98 Y1 Zn1 LPSO 88.3 
98.6 

5.5 
0.4 

6.2 
0.5 

- 
0.5 

70.6 
94.7 

16.1 
1.3 

13.3 
1.3 

- 
2.7 Mg97 Y1 Zn1 Ho1 Mg matrix 

LPSO 88.7 2.7 6.1 2.5 68.7 7.1 12.2 12.0 
Mg96 Y1 Zn1 Ho2 Mg matrix 97.6 0.7 0.3 1.4 89.1 2.0 0.7 8.2 

LPSO 87.0 2.6 5.9 4.5 62.5 6.4 10.9 20.2 
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ardness data, i.e., the solution of Ho in the Mg matrix en-
ances the hardness, as shown in Fig. 5 a. 

The TEM bright-field images of the as-cast Mg98 Y1 Zn1 

nd Mg96 Y1 Zn1 Ho2 after tensile-deforming with a strain of
% at RT and 200 °C are shown in Fig. 7 . Many disloca-
ion tangles exist whether the deformation of Mg96 Y1 Zn1 Ho2 

s 8% at RT or the deformation of Mg98 Y1 Zn1 is 8% at
00 °C, while a large amount of uniform mobile disloca-
ions of Mg96 Y1 Zn1 Ho2 form at 200 °C, as indicated by the
hite arrows in Fig. 7 a, b and c, respectively. During the
ccurrence of DSA, when mobile dislocations are pinned by
olute atoms, these dislocations become temporarily locked.
s subsequent dislocations continue to move, the repulsive

orce between the dislocations increases, which in turn acts
n the pinned dislocations, causing them to break free from
he solute atoms’ pinning. This results in the formation of mo-
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Fig. 7. TEM bright-field image of dislocation configuration in the as-cast alloys for a tensile strain of 8%: (a) Mg98 Y1 Zn1 at 200 °C, (b) Mg96 Y1 Zn1 Ho2 at 
RT, and (c) Mg96 Y1 Zn1 Ho2 at 200 °C. The beam direction in (a), (b), and (c) is [2 ̄1 ̄1 0]. (d) The dislocation densities of the 8%-strained Mg-Y-Zn-Ho alloys, 
calculated from the full width at half maxima (FWHM) of {102} and {103} X-ray diffraction peaks. 
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ile dislocations at the microstructural level. When DSA has
ot occurred, mobile dislocations are pinned by immobile dis-
ocations. Unlike solute atoms, immobile dislocations cannot
e easily detached from the pinned dislocations. Therefore,
hen subsequent dislocations continue to move, the pinned
islocations remain locked, resulting in the formation of a
islocation entanglements structure. In order to further an-
lyze the dislocation types, two-beam bright conditions for
EM were used for dislocation observation. Based on the in-
isibility criterion of g ·b = 0 [ 45 ], where g and b represent
he reflection and Burgers vector, respectively. When a par-
icular reflection vector is set as g = 0002, 〈 c 〉 dislocations
nd 〈 c + a 〉 dislocations are visible, while 〈 a 〉 dislocations
re invisible. In contrast, when the reflection vector is set as
 = 011̄ 0 , the 〈 a 〉 and < c + a > dislocations become visible,
hile 〈 c 〉 dislocations are invisible. The dislocation config-
ration of the cast Mg96 Y1 Zn1 Ho2 alloy deformed by 8%
t 200 °C is shown in Fig. 8 . The bright field images with
one axis of [2 ̄1 ̄1 0 ] is shown in Fig. 8 a and b, it is found that
here are some dislocations. However, dislocations are visible
ith the reflection vector of g = 0002, as shown in Fig. 8 c

nd d, indicating that there are 〈 c + a 〉 dislocations. Dislo-
ations are visible with the reflection vector of g = 011̄ 0 , as
hown in Fig. 8 e and Fig. 8 f, indicating that basal 〈 a 〉 disloca-
ions, marked by the white arrows. The Burgers vector of the
asal 〈 a 〉 dislocations in Mg alloy is 1/2 < 2 ̄1 ̄1 0 > . Moreover,
he basal < a > dislocations direction are parallel to the < 011̄ 0
 direction and are mixed dislocations, which has been re-

orted in the literature to interact with solute atoms and pro-
ote DSA [ 24 ]. The dislocation densities in Mg97 Y1 Zn1 Ho1 

nd Mg96 Y1 Zn1 Ho2 after an 8% strain at RT and 200 °C
re shown in Fig. 7 d, which are calculated based on XRD
atterns shown in Fig. 9 . Mg97 Y1 Zn1 Ho1 possesses a dislo-
ation density of 5.1 × 1015 m–2 and 1.8 × 1015 m–2 after
ensile straining at RT and 200 °C, respectively. While for
he Mg97 Y1 Zn1 Ho2 alloy, the dislocation densities are 7.2 ×
015 m−2 and 1.4 × 1016 m−2 , respectively. As observed in
he tensile curves, Mg97 Y1 Zn1 Ho1 and Mg96 Y1 Zn1 Ho2 alloys
ave no DSA effect at RT. At 200 °C, Mg97 Y1 Zn1 Ho1 does
ot exhibit a DSA effect when deformed at a plastic strain
f 8%. While the Mg96 Y1 Zn1 Ho2 alloy exhibits an obvious
SA effect when deformed at the plastic strain of 8%. It is
bvious that the Mg96 Y1 Zn1 Ho2 alloy significantly increases
he dislocation density by the DSA. 

In Mg97 Y1 Zn1 Ho1 alloy during elevated-temperature de-
ormation, the DSA effect also occurs, but the content of Ho
toms in the matrix is low, leading to fewer Ho atoms diffus-
ng to the vicinity of dislocations for pinning and unpinning,
ewer dislocation multiplication, and a dislocation density
ower than that at elevated temperatures, compared to room
emperature. In Mg96 Y1 Zn1 Ho2 alloy, the matrix contains a
ufficient amount of Ho atoms, greatly activating DSA, pro-
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Fig. 8. Dislocation configurations in the tensile-deformed-8% 

Mg96 Y1 Zn1 Ho2 alloy at 200 °C. (a) TEM bright-field images with 
zone axis of [2 ̄1 ̄1 0 ] and corresponding to electron diffraction pattern (b); (c) 
and (d) TEM bright-field images viewed with g = 0002; (e) and (f) TEM 

dark-field images viewed with g = 01 ̄1 0 . 
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Fig. 9. XRD patterns of the 8%-s
oting significant dislocation multiplication, with the quantity
f dislocation multiplication exceeding that of dislocation re-
overy. As a result, the elevated-temperature dislocation den-
ity is higher than the room temperature dislocation density. 

Based on above observations, the abnormally enhanced
levated-temperature mechanical properties of the Ho-
ontaining Mg-Y-Zn based alloys compared to their coun-
erparts at RT are hardly attributed to the solute solution ef-
ect, LPSO phase, dynamic precipitation and grain size, but
SA induced by Ho at elevated temperatures, which pro-
otes dislocation multiplication and indirectly strengthens the

nteractions of dislocations and LPSO phases/grain bound-
ries/solutes. 

. Discussions 

.1. Ho promotes DSA effect 

To gain insight into the effect of Ho on the DSA
echanisms, the activation energy for the serrated flow of
g96 Y1 Zn1 Ho2 is evaluated based on the measured critical

train values in Fig. 1 c-f. The critical strain is a remarkable
eature of the serrated flow, strongly depending on the strain
ate and testing temperature. The critical strain for DSA ef-
ect, εc , is generally expressed as Eq. (3) [ 46 ]: 

m+ β
c = K T ε exp 

(
Q 

RT 

)
(3)

here Q is the activation energy at the onset of serra-
ions, which is mainly related to the diffusion of a pinning
tom, ε is the strain rate, R is the universal gas constant
8.3144 J/mol), T is the absolute temperature, m and β are
xponents related to the vacancy concentration and mobile
islocation density, respectively, and K is a constant. The
esults of the correlation analysis for the critical strain and
he strain rate of the Mg96 Y1 Zn1 Ho2 alloy are presented in
ig. 10 a and b, from which ( m + β) can be determined as
.2. The apparent activation energy for the serrated flow is
etermined to be 64 kJ/mol, which is lower than that of the
E54 alloy (75 kJ/mol) [ 47 ]. The apparent activation energy
trained Mg-Y-Zn-Ho alloys. 



M. Fan, Y. Cui, X. Zhou et al. / Journal of Magnesium and Alloys 13 (2025) 3768–3783 3777 

Fig. 10. (a) Variations of critical strains of Mg96 Y1 Zn1 Ho2 for the onset of the serrated flow as a function of strain rate, (b) Variations of critical strains of 
Mg96 Y1 Zn1 Ho2 for the onset of the serrated flow as a function of temperature, (c) Results of a representative strain rate jump experiment for Mg96 Y1 Zn1 Ho2 

alloys. 
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f the WE54 alloy depends on the migration energy, which is
ttributed to the diffusivities of Y and Nd in the magnesium
atrix. The solubility of Nd in the Mg matrix is low (0.63

t.%), hence its influence on dynamic strain can be neglected.
he equation for the diffusion coefficient of Ho and Y in a
agnesium matrix calculated via first-principles is as follows

 48 ]: 

Y in Mg = 8 . 4 × 10 

−6 e−126987 /RT (4)

Ho in Mg = 1 . 2 × 10 

−6 e−119106 /RT (5)

here the diffusion coefficients of Y and Ho elements in Mg
t 200 °C are 7.56 × 10–20 m2 /s and 8.42 × 10–20 m2 /s, re-
pectively. Hence, Ho has a higher diffusivity and lower mi-
ration energy than Y in the Mg matrix. The high diffusivity
nd low migration energy of Ho in the Mg matrix contributed
o the activation of the DSA effect. 

In Fig.1 , the tensile curves at different strain rates include
egions with and without DSA. The different strain rates re-
ult in varying degrees of DSA, so the exponent of the strain
ate sensitivity obtained based on Fig. 1 may not be accu-
ate. When the value of ε suddenly decreases, it causes an
mmediate shift in flow stress, 
σ i ,which is always negative.
his shift in the deformation response is indicated by the in-
tantaneous strain rate sensitivity, represented by mi = dσi 

dln ε 
.

owever, whether the SRS is negative or positive depends on
he steady-state strain rate sensitivity. This involves assessing
he variation in the stable flow stress, denoted by ms = dσss 

dln ε 
,

fter the strain rate jump [ 49 ]. In the DSA regime, when the
train rate jumps from 1 × 10–3 s−1 to 1 × 10–4 s−1 under
he condition of true strain being 11%, the stress generated
 
σ SS = 2 MPa) implies a negative strain rate sensitivity co-
fficient, as shown in Fig. 10 c. This result conforms to the
ypical DSA effect. 

.2. Dislocation multiplication induced by DSA 

For Mg97 Y1 Zn1 Ho1 and Mg96 Y1 Zn1 Ho2 alloys, the grain
ize, the volume fraction of the LPSO phase, phase structure
s not significantly different, but the content of Ho in the ma-
rix varies enormously, as exhibited in Fig. 6 and Table 1 . The
ensile curves of the high content of Ho-containing Mg alloys
how significant DSA effect during elevated-temperature de-
ormation, while Mg alloys with a low content of Ho just pos-
ess weak DSA effect in the late stage of tension, as shown
n Fig. 1 a. The remarkable DSA effect in the Mg96 Y1 Zn1 Ho2 

lloy, indicates that the high solid solution of Ho atoms in
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Fig. 11. (a) The atomic-resolution HAADF-STEM images of dislocations in the 8%-strained Mg96 Y1 Zn1 Ho2 alloy at 200 °C, imaged under [2 ̄1 ̄1 0]. diffraction 
conditions. The segregation of Ho atoms at the dislocation core suppresses dislocation motion. (b) The TEM bright-field image of dislocation multiplication 
through the Frank-Read (FR) source. The Band contrast map and corresponding kernel average misorientation (KAM) map of all alloys deformed by 8% at 
200 °C. (c)–(d) Mg98 Y1 Zn1 , (e)–(f) Mg97 Y1 Zn1 Ho1 and (g)-(h) Mg96 Y1 Zn1 Ho2 alloy; (i) The statistical misorientation near the LPSO phase indicates that 
the LPSO phase hinders dislocation movement. 
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he matrix results in DSA. To examine the interaction be-
ween Ho atoms and dislocations, the atomic-scale structure
haracterization of the 8% pre-tensioned Mg96 Y1 Zn1 Ho2 al-
oy was conducted by the atomic-resolution HAADF-STEM.
he contrast of the region containing a pinned dislocation is
lightly higher than that of the matrix away from the dis-
ocation, as shown in Fig. 11 a, indicating Ho segregation at
he dislocation line. Because columnar intensities are propor-
ional to the square of Z (average atomic number) under this
maging mode. 

During a dislocation slip, the dislocation segment can be
emporarily blocked by obstacles, such as forest dislocations.
efore jumping to the next obstacle after overcoming forest
islocations, the blocked dislocation segment may wait for a
ertain time. During the waiting time, solute atoms tend to
iffuse to the core region of the blocked dislocation segment
hrough a short distance [ 22 ]. In this experiment, the disloca-
ion morphology is similar to an L or U shape, which matches
he shape of a FR source [ 50 ], therefore the FR source is acti-
ated, as shown in Fig. 11 b, the frequent pinning of Ho atoms
ignificantly shortens the length of the statistically average ef-
ective FR source. It is reported that the dislocation-generation
ate depends on the average effective FR source [ 51 ], i.e.,
 ρ/d γ = 1/bl, where d ρ/d γ is the dislocation-generation rate,
 is the average effective FR source. Therefore, the Ho ele-
ent shortens the average effective FR source through fre-

uent pinning of dislocations, and as a result, promotes the
islocation multiplication. 

The traditional DSA effect, caused by atomic pinning and
npinning of dislocations, leads to strain localization, which
an reduce the plasticity of the alloy. To uncover new in-
eraction mechanisms between Ho atoms and dislocations to
void strain localization. Dislocation configurations and dy-
amic simulations were conducted for analysis. The disloca-
ion configurations under double-beam conditions in the 8%-
trained Mg96 Y1 Zn1 Ho2 alloy at 200 °C are shown in Fig.12 a
nd b. It is proved that there are 〈 a 〉 and 〈 c + a 〉 dislocations
enerated in the Mg96 Y1 Zn1 Ho2 alloy during DSA. Based on
ctual experiment, we simulated the interaction between the
ottrell atmosphere of Ho atoms and dislocations by molec-
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Fig. 12. Dislocation configurations in the 8%-strained Mg96 Y1 Zn1 Ho2 alloy at 200 °C. (a) TEM bright-field images viewed with g = 0002, (b) TEM bright- 
field images viewed with g = 01 ̄1 0 , (a) and (b) are taken from the same region. The zone axis is [2 ̄1 ̄1 0 ]. (c) The interaction between dislocations and Cottrell 
atmosphere of Ho atoms during DSA in Mg96 Y1 Zn1 Ho2 alloy based on molecular dynamics simulations. The red atoms represent Cottrell atmosphere of Ho 
atoms. 
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lar dynamics to further explain the activation mechanism of
islocations, as shown in Fig. 12 c. When the movement of 〈 a 〉
islocations is hindered by Cottrell atmosphere, 〈 c + a 〉 dis-
ocations are activated, alleviating strain localization, which
s consistent with the observations from TEM. Meanwhile,
islocation multiplication phenomenon is also observed. The
ottrell atmosphere of Ho atoms reduce the c/a ratio of the
CP structure, which facilitates the activation of 〈 c + a 〉 dis-

ocations [ 33 ]. Moreover, the critical shear stress of the slip
ystem decreases with the increase of temperature [ 52 ], which
s more conducive to activating a greater dislocation density.
s a result, the DSA effect in this study mitigates strain local-

zation due to a unique dislocation multiplication mechanism,
romoting high strain hardening. 
This experiment demonstrates that the activation of 〈 c + a 〉
islocations primarily serve to alleviate the uneven local
trains caused by DSA, thereby enhancing significant work
ardening capabilities. Numerous studies have shown that
g-Y-Zn alloy generates 〈 c + a 〉 dislocations during elevated-

emperature deformation [ 53 ]. This is mainly attributed to the
 solute in the matrix promoting the activation of 〈 c + a 〉 dis-

ocations. However, in this experiment, the Y content in the
atrix is minimal, only 0.2% [ 45 ], which is insufficient to

ctivate a significant number of 〈 c + a 〉 dislocations. Similar
o the results of our team’s previous work, only 〈 a 〉 dislo-
ations are present [ 45 ]. In this experiment, a large amount
f Ho elements is solid-soluted in the matrix, forming nu-
erous cottrell atmosphere of Ho atoms that can effectively



3780 M. Fan, Y. Cui, X. Zhou et al. / Journal of Magnesium and Alloys 13 (2025) 3768–3783 

Fig. 13. Series of DIC images of the Mg96 Y1 Zn1 Ho2 alloy surface at different temperature. (a) RT and (b) 200 °C. 
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ctivate 〈 c + a 〉 dislocations and regulate local strains, as
hown in Fig. 12 . Therefore, based on the current experimen-
al evidence, and the previous work, it is demonstrated that
he Cottrell atmosphere of Ho atoms activate 〈 c + a 〉 dislo-
ations. Moreover, it is reported that in hexagonal structured
lloys, only 〈 a 〉 dislocations are activated during DSA, while
 c + a 〉 dislocations are not activated [ 54 ]. In this study, after
he addition of Ho element, both 〈 a 〉 and 〈 c + a 〉 disloca-
ions were observed through TEM and molecular dynamics,
s shown in Fig. 8 and Fig. 12 . This result also indicates that
o activates 〈 c + a 〉 dislocations. 
To further determine the strain uniformity of the DSA ef-

ect, DIC analysis was used to in-situ characterize the strain
istribution of Mg96 Y1 Zn1 Ho2 alloy samples at room tem-
erature and 200 °C, as shown in Fig. 13 . The results re-
ealed that at room temperature, stress concentration formed
nd led directly to fracture ( Fig. 13 a). However, at 200 °C
uring deformation, the Ho atoms initially pinned disloca-
ions, forming deformation bands. As the process progressed,
he unpinning of Ho atoms and the activation of 〈 c + a 〉
islocations together alleviated strain concentration, promot-
ng the disappearance of deformation bands ( Fig.13 b). This
yclic motion pattern resulted in relatively uniform deforma-
ion during DSA. 

The significantly promoted dislocation density of
g96 Y1 Zn1 Ho2 at 200 °C compared with that at RT

 Fig. 7 d) evidenced that the activation of the DSA at elevated
emperatures generated high-density mobile dislocations,
nd Ho content played a key role in increasing the dis-
ocation density in the Mg-Y-Zn-Ho alloys. Moreover, the
 m + β) mentioned in Eq. (1) is proportional to the vacancy
oncentration and mobile dislocation density. Such value
 m + β= 3.2 ) for the studied Mg96 Y1 Zn1 Ho2 is much higher
han that in Mg-10 wt.%Ag (1.4) [ 55 ] and WE54 alloys (2.2)
 47 ], indicating that there are a large number of dislocations
ultiplication through DSA in our experiment. 
Luo et al. [ 56 , 57 ] reported that the solutes-dislocation in-

eractions can hinder the cross slip of dislocations, resulting
n a lower rate of recovery and therefore, a higher rate of
islocation accumulation. In the present work, the disloca-
ion multiplication is enhanced by shortening the average ef-
ective FR source, a lower rate of dynamic recovery results
rom the Ho atoms-dislocation interaction, and the promotion
f 〈 c + a 〉 dislocation nucleation. As a consequence, high-
ensity dislocations are achieved. 

.3. Deformation mechanisms at elevated temperatures 

On the basis of the microstructural analysis, the activation
f the DSA and the resultant high-density dislocations are
he main mechanism of the strength and ductility increment
n Mg-Y-Zn-Ho alloys at elevated temperatures. It is known
hat LPSO can enhance the tensile strength by hindering the
islocation movement. Meanwhile, the LPSO demonstrated
xcellent thermal stability even at 500 °C. Therefore, the ten-
ile strength in LPSO-containing Mg alloys can be greatly
nhanced at elevated temperatures [ 58–60 ]. In current work,
he high-density dislocations accumulation and their interac-
ions with the 18R LPSO phase contributed to the enhanced
trength. As shown in Fig. 11 c-i, with the increase of Ho con-
ent, the statistical misorientation near the LPSO phase and
nterior grains gradually increases, indicating that the Ho pro-
otes the dislocation multiplication and accumulation through
SA and solute-pinning effects during elevated-temperature
eformation. It is also found that there are 〈 a 〉 and 〈 c + a 〉 dis-
ocations generated in the Mg96 Y1 Zn1 Ho2 alloy during DSA
 Fig. 12 ), which further enhanced dislocation multiplication.
 large number of mobile dislocations motion mainly realizes

he high-density dislocation multiplication and accommodates
he plastic deformation. 

The Kocks-Mecking (KM) model has been widely applied
o explain the tensile work hardening characteristics of al-
oys [ 61–63 ]. In this model, the increase in strength due to
eformation is determined by the balance between the ac-
umulation and annihilation (rearrangement) of dislocations,
hich are assumed to combine in an additive manner. The

ate of strain hardening can be calculated as: 

= θ0 − K
(
σ − σy 

)
(6) 
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Fig. 14. The strain hardening rate ( θ )- effective stress ( σ - σ y ) curves for the (a) Mg98 Y1 Zn1 alloy, (b) Mg96 Y1 Zn1 Ho2 alloy, (c) Haasen plots of the 
Mg96 Y1 Zn1 Ho2 alloy alloys derived from the strain rate change tests at 200 and 300 °C . 

Table 2 
The intercept and slope of the KM model. The intercept represents dislocation 
accumulation, and the slope represents dislocation recovery rate. 

Alloys θ0 (MPa) K 

Mg98 Y1 Zn1 RT 750 −3.22 
200 °C 761 −6.95 

Mg96 Y1 Zn1 Ho2 RT 802 −6.67 
200 °C 1089 −3.63 
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here θ0 represents the initial rate of strain hardening, which
ndicates the rate at which dislocations are stored, while K
epresents the rate of dynamic recovery. The values of θ0 

nd K are shown in Table 2 extracted from Fig. 14 a and
. It is found that the strain hardening of Mg98 Y1 Zn1 al-
oy at room temperature exceeds that at 200 °C, while for

g96 Y1 Zn1 Ho2 alloy, the room temperature strain hardening
s lower than that at 200 °C. According to the changes in in-
ercept and slope of the KM type plot, it was found that the
lloy deformed at 200 °C has high intercept and low slope,
hich suggests that Mg alloy has high dislocation accumula-

ion and low dislocation recovery rate during dynamic strain,
esulting in enhanced strain hardening rate. 
Furthermore, to investigate the thermal activation behav-
or of elevated-temperature deformation, Fig. 14 c applies the
aasen plots to describe dislocation strengthening. It is found

hat the alloys deformed at 200 and 300 °C both exhibit linear
ehavior, suggesting standard dislocation strengthening under
oth conditions. The slope of both deformation conditions is
egative, which is related to the sensitivity coefficient of neg-
tive strain rate [ 63 ]. However, it is also observed that during
eformation at 300 °C, the slope gradually increases. This
s because with the increase in deformation temperature, the
ctivation of dislocations due to DSA becomes easier, further
roved the critical effect of DSA on dislocation activity. 

The traditional DSA effect can lead to localized softening
f the material, causing instability during deformation and ul-
imately resulting in a decrease in ductility. However, in this
ork, the Mg-Y-Zn-Ho alloys generating DSA exhibits high
uctility. The high-density dislocations induced by DSA ef-
ect result in the high strain hardening, which delay necking
nd improves elongation. In addition, the reduction of stack-
ng fault energy by Ho has been widely reported through
imulation calculations and experimental tests [ 33 , 62 ]. The
resence of a large amount of Ho elements in the matrix
educes the activation energy of the magnesium alloy. S.
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andlobes et al. [ 33 ] found that the reduction in activation
nergy is beneficial for the activation of 〈 c + a 〉 disloca-
ions. Therefore, the activation of 〈 c + a 〉 dislocations also
elp in alleviating local strains and improve strain harden-
ng. Therefore, both Mg97 Y1 Zn1 Ho1 and Mg96 Y1 Zn1 Ho2 al-
oys, the elevated-temperature strength and ductility increase
imultaneously compared with their counterparts at RT. 

. Conclusions 

In summary, we develop an Mg alloy with excellent
levated-temperature properties by promoting the DSA ef-
ects through RE Ho alloying. (1) The influence of Ho on the
tructures of the Mg alloy and the activation of DSA effects
nd (2) the effects of the DSA on the enhancement of the
levated-temperature strength and ductility were investigated
ystematically. The main findings were found, as described
elow: 

(1) A new strategy to break the consensus that dislocation
hardening is not suitable for elevated-temperature mate-
rials is achieved by DSA effect at elevated-temperature.
The addition of Ho promotes the DSA effects dur-
ing elevated-temperature deformation since Ho is apt
to diffuse towards dislocations and pinning their move-
ments. The DSA effects effectively promote the disloca-
tion multiplication, providing a large number of mobile
dislocations and suppression of dislocation annihilation.
As a result, an excellent combination of strength and
ductility is obtained in Mg alloys. 

(2) The high tensile strength (230 MPa) and elongation
(21%) in the as-cast Mg-Y-Zn-Ho alloys undergoing
DSA are obtained at 200 °C. The strengths and duc-
tility of the alloys at elevated temperatures were much
higher than that at RT (179 MPa and 9%, respectively),
confirming the DSA strengthening strategy is suitable
for improvement of elevated-temperature strength and
ductility. 

(3) The addition of Ho did not affect the structures and
properties of the LPSO phase but increased the vol-
ume fraction of the LPSO phase and the hardness of
the alloy matrix, contributing to the enhancement of the
strength through LPSO-second-phase strengthening and
solid-solution strengthening. 

(4) The high-density dislocations accumulation and their
interactions with the 18R LPSO phase contributed to
the enhanced strength. The high-density dislocations re-
sult in high strain hardening, which delay necking and
improves elongation. 
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