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The unveiling of temperature effects on the deformation behaviors of wrought magnesium (Mg) alloys
is beneficial for optimizing the hot forming parameters of these alloys with limited room temperature
(RT) formability. In the present work, we performed nanoindentations on individual grains of textured
wrought AZ31 alloy along the normal direction (ND) from RT to 300 °C to investigate the intrinsic
non-basal dislocation behaviors at various temperatures. Interestingly, we observed abnormally enhanced

Keywords: nanoindentation displacement bursts (pop-ins) at elevated temperatures ranging from 150 to 250 °C,
Nanoindentation which is beyond the general scenario that higher temperatures typically result in smoother plastic flow.
Pop-in The bursts exhibited Gaussian-like statistics, which differ from the well-reported bursts with power-law

Gaussian-like distribution
Dislocation nucleation
Prismatic slip

size distributions resulting from the destruction of jammed dislocation configurations. Through transmis-
sion electron microscopy (TEM) examination of the microstructure beneath the indentation just after the
burst, we found that the abnormal displacement bursts originated from the heterogeneous nucleation of
prismatic screw (a) dislocations due to the exhaustion of dislocation sources within the specified tem-

perature range.

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Magnesium (Mg) alloys are promising candidates for weight-
sensitive applications in digital products, vehicle engineering,
aerospace, and other fields [1,2] due to low density and high spe-
cific strengths [3,4]. Generally, cast Mg alloys have prevalent de-
fects, such as casting porosity, cracks, element segregation, and
grain coarsening. These casting defects can be eliminated by ex-
trusion, rolling, forging, and other forming treatments. As a result,
the microstructure of wrought Mg alloys becomes more compact,
uniform, and refined, leading to higher strength and improved duc-
tility [5].

However, during plastic forming at room temperature (RT), Mg
alloys crack easily due to the von Mises criterion, which requires
five independent slip systems for intergranular strain compatibility
in polycrystalline materials, cannot be fulfilled [6,7]. The most
easily operated basal (a) slip can only offer two independent
modes within the basal plane. In addition to dislocation slip,

* Corresponding authors.
E-mail addresses: zhangjiewang@mail.xjtu.edu.cn (Z.-J. Wang), zwshan@mail.
xjtu.edu.cn (Z.-W. Shan).

https://doi.org/10.1016/j.jmst.2024.05.050

RT deformation by tensile twinning can help to satisfy the von
Mises criterion, but it only contributes limited strain in a specific
direction by complete reorientation of twins [8,9]. Therefore,
the cutting-edge efforts to improve the formability of Mg alloys
are to activate non-basal slips to provide more independent slip
systems for arbitrary shape changes [7]. A likely solution would
be deforming at elevated temperatures. Agnew et al. [10] have
reported that the uniform elongation of AZ31 alloy could increase
to ~45 % at 150 °C from ~13 % at RT. Lu et al. [11] found that plas-
tic deformation of rolled magnesium alloy AZ31 would be more
homogeneous at 150 °C compared with RT during compression
along the normal direction (ND). The improvement of formability
at higher temperatures, as shown above, emphasizes the crucial
of a systematic and quantitative evaluation of the temperature
dependence of the activation conditions of non-basal slip for
optimizing hot working parameters.

The CRSS at various temperatures, as one of the most impor-
tant parameters for the activation of non-basal slips in pure single
crystal Mg, has been determined through tensile/compression test-
ing along specific orientations that promote prismatic (a) slip [12-
14] and pyramid (c + a) slip [15]. For example, Akhtar et al. [14]
measured the temperature dependence of CRSS of prismatic slip in

1005-0302/© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.
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single crystal Mg by conducting tensile testing along <1120> di-
rection to induce prismatic slip. The results showed that the CRSS
of prismatic slip reduced from ~50 MPa at RT to ~25 MPa at 200
°C. Obara et al. [15] performed a compression test along the c-
axis to activate pyramid (c + a) slip in single crystal Mg. The re-
search showed that the CRSS of pyramid (c + a) slip decreased
from ~40 MPa at RT to ~10 MPa at 300 °C. While for the most
widely used commercial AZ31 alloy, the relevant studies are lack-
ing for some reasons, possibly due to the challenge of obtaining
bulk single-crystal samples.

The present studies of temperature effect on the activation of
non-basal slip of AZ31 alloy primarily focus on testing in bulk poly-
crystalline materials and the determination of activation parame-
ters of non-basal slip depends on experimental speculation [16-
19]. The inevitable issue is that a discrepancy among these sim-
ulation results easily arises. One example is that Chapuis et al.
[18] and Vaughan et al. [16] both indirectly fitted the activation
of non-basal slip based on the stress-strain curves of AZ31 alloy
with a similar grain size ~25 pm by visco-plastic self-consistent
(VPSC) polycrystal modeling. By conducting simulations, their re-
sults showed that the CRSS of prismatic slip had a similar value,
while pyramid (c + a) slip was quite different: ~250 MPa at RT
decreased to ~60 MPa at 200 °C in Ref. [16] and ~210 MPa at
RT decreased to ~150 MPa at 200 °C in Ref. [18]. Experimentally,
Boehlert et al. [20] and Dessolier et al. [21] observed non-basal slip
traces during in-situ tensile testing of AZ31 using a scanning elec-
tron microscope (SEM). They evaluated the contributions of non-
basal slip to plastic deformation through a semi-quantitative anal-
ysis of counting slip traces. The slip trace analysis showed that
the frequency of activated non-basal slips increased significantly
from 50 to 300 °C. In any case, the temperature effects on the
activation behavior of the non-basal slip of AZ31 alloy are still
unknown.

In this study, we systematically investigated the plastic behav-
iors of AZ31 alloy from RT to 300 °C along ND using mechanical-
thermal coupling depth-sensing nanoindentation. We quantita-
tively evaluated the activation shear stress of screw prismatic (a)
slip. Furthermore, the activation of prismatic (a) dislocations ex-
hibited abnormally enhanced displacement bursts, which could be
characterized by Gaussian-like distribution rather than power-law
statistics which have been extensively reported due to the destruc-
tion of jammed dislocation configurations.

2. Experiments and methods
2.1. Material preparation

The material used in the present study was hot-rolled AZ31
magnesium alloy that was annealed at 300 °C for 12 h under
an Argon flow atmosphere to homogenize the microstructure. A
specimen measuring 1.5 mm in thickness and having a horizon-
tal plane of 4 mm x 5 mm was cut using electro-discharge ma-
chining, with the top surface oriented vertically to ND. The spec-
imen surface was manually ground using abrasive SiC papers of
1200, 2400, 4000, and 7000 grit sizes, and then polished to a
mirror finish with 0.5 pm alcohol-based diamond suspensions for
1 min. Afterward, the specimen was electropolished in an AC2 so-
lution (800 mL ethanol + 100 mL propanol + 18.5 mL distilled wa-
ter + 10 g hydroxyquinoline +75 g citric acid + 41.5 g sodium thio-
cyanate + 15 mL perchloric acid) at 20 V and -25 °C for 30 s to re-
move the entire remaining mechanical damage layer and for elec-
tron backscatter diffraction (EBSD) characterization. Final chemical
etching was carried out in an ethanol-based solution (5 g trinitro-
phenol + 5 mL acetic acid + 10 mL deionized water + 100 mL
ethanol) to reveal grain boundaries (GBs).
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2.2. Mechanical testing at various temperatures

Instrumented nanoindentation tests were performed using a
Hysitron Tribo-indenter TI950 with a Berkovich diamond inden-
ter (tip radius R = 360 nm, calibrated by fitting the pure elas-
tic loading segments on a standard fused quartz sample based on
Hertzian contact theory). A binary device with top and bottom
heating stages was used to heat the sample to the desired testing
temperatures. Nitrogen gas was introduced around the sample as a
protective measure to prevent oxidation of the sample surface. In-
dentations were made along ND with a maximum indentation load
of 1000 uN and a holding time of 2 s. The loading and unload-
ing rates were kept constant at 200 wN/s. The test temperatures
were set to RT, 100, 150, 200, 250, and 300 °C at a heating rate
of 50 °C/min. Before conducting the indentation test, the diamond
tip was in contact with the sample surface for 20 s to ensure there
was no temperature gradient between the tip and the sample and
to control thermal drift to be less than 0.1 nm/s. For each of the
testing temperatures, more than 100 indentations spaced at least
8 pum apart were made.

2.3. TEM characterization

For microstructural examination with transmission electron mi-
croscopy (TEM, JEM-2100), thin electron-transparent vertical cross-
section samples containing pop-in indents were prepared using a
focused ion beam (FIB, FEI Helios NanoLab 600 dual-beam) sys-
tem. An ~1 um thick protective layer of Pt was deposited on the
indentation and then a slice of 20 ym x 5 pym x 2 um was lifted
out with FIB. The slice was FIB-thinned with a compensation an-
gle of + 2°. The FIB milling process was carried out symmetrically
from both sides, with the ion beam current progressively decreased
from 2.8 nA to 28 pA to minimize ion beam damage.

3. Results and discussion
3.1. Microstructure and texture of rolled AZ31 samples

Fig. 1 shows the microstructure of the starting materials. The
inverse pole figure (IPF) (Fig. 1(a)) and the corresponding (0002)
pole figure (Fig. 1(b)) maps show a typical strong basal texture
with the c-axis in most grains closely aligned with ND. The grain
size distribution (Fig. 1(c)) shows that the mean grain size is
~15 pum. The nanoindentation tests were performed on the large
grains. The distinct GBs grooving can be clearly observed after the
sample surface was chemically etched in an ethanol-based solution
to precisely position the indentation within one grain (Fig. 1(d)).

The nanoindentation results at various temperatures are shown
in Fig. 2. From RT to 250 °C, conspicuous displacement bursts are
widely observed in the loading stage of P-h curves in Fig. 2(a) to
Fig. 2(c). When the temperature rises to 300 °C, the P-h curve
becomes rather smooth. Meanwhile, the creeping depth, specifi-
cally the increased depth during the holding stage (indicated by
the blue arrowhead in Fig. 2(a-c)) steadily increases with rising
temperature (as depicted in Fig. 2(d) of the blue curve). It coin-
cides well with our general scenario that the higher the tempera-
ture, the better formability. For example, Xie et al. [22] conducted
in situ compression tests on submicron aluminum pillars in TEM
at various temperatures. The results showed that the sample ex-
hibited a smoother stress-strain curve and improved formability at
higher temperatures. However, surprisingly, when the temperature
rises within the range of 150 to 250 °C, abnormally enhanced dis-
placement bursts occur (indicated by the red arrows in Fig. 2(b,
c)). These larger bursts, which deviate from the norm, lead to a
non-monotonic change in the maximum burst size as temperature
increases as shown in Fig. 2(d) of the red curve. The deformation
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Fig. 1. The rolled AZ31 magnesium alloy exhibiting basal textures. (a) EBSD inverse pole figure (IPF) and (b) corresponding (0002) pole figure maps. (c) Grain size distribution
shows that the mean grain size is ~15 pum. (d) GBs can be clearly observed after the final chemical etching in an ethanol-based solution.
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Fig. 2. Abnormally enhanced displacement bursts occurring at elevated temperatures ranging from 150 to 250 °C. (a-c) P-h curves at various temperatures. (d) The creeping
depth increases monotonically with increasing temperature while the maximum displacement burst size Ahpyax varies non-monotonically.

mechanism of such abnormal displacement bursts will be unveiled
below.

3.2. The probability distribution of burst sizes

A quantitative statistical analysis of the burst sizes is beneficial
in revealing their underlying physics. Fig. 3 shows the probability
distribution of displacement burst sizes Ah at various tempera-
tures (details on the specific data analysis process can be found
in Fig. A.2 in Supplementary materials). At temperatures of RT and
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100 °C (Fig. 3(a)), the displacement bursts can be solely charac-
terized by power-law statistics with an exponent of ~1.5. These
bursts, which satisfy a power law relationship, are considered to
be associated with the collective, avalanche-like motion and recon-
struction of dislocations [23]. However, in the temperature range
of 150-250 °C (Fig. 3(b)), besides the power-law distribution, these
abnormally enhanced displacement bursts (Fig. 2(b, c)) exhibit a
Gaussian-like distribution (Fig. 3(b)), which implies an uncorre-
lated behavior of dislocations [24,25]. To uncover the specific phys-
ical mechanism behind these abnormally enhanced displacement
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Fig. 3. The probability distribution of displacement burst magnitude Ah: (a) The
bursts generated during RT to 100 °C can be characterized by power-law distribu-
tion and (b) while between 150 and 250 °C, besides the power-law distribution, the
abnormally enhanced displacement bursts exhibit Gaussian-like distribution.

bursts, a thorough microstructure characterization beneath the in-
dentations tested at RT and 250 °C is conducted using TEM below.

3.3. Transmission electron microscopy characterization

Fig. 4 shows the microstructure observed via TEM characteri-
zation beneath the indentation tested at RT. In the TEM bright-
field image (Fig. 4(a)) with zone-axis of [2110] and dark-field im-
age with g = 0110 (Fig. 4(b)), a deformed volume (outlined by
a yellow dotted line) with a high density of tangled dislocations
was developed just below the indentation. In contrast, after the
indentation test at 250 °C, the region with densely tangled dislo-
cations does not exist. Meanwhile, a dislocation array (indicated by
the yellow arrow in Fig. 5(a)) parallel to the c-axis can be clearly
observed beneath a newly formed, relatively clean grain (outlined
by the yellow dotted line in Fig. 5(a)) which probably originates
from dynamic recrystallization (DRX). The newly formed angle is
~0.26° calculated by tan 6 = b/d, where d is the average spac-
ing of dislocations in a dislocation array, b is the Burgers vector.
The misorientation angle is too small to be distinguished in the
diffraction pattern. Such a dislocation array has been extensively
observed in the polycrystalline AZ31 alloy during hot deformation
[26-29]. However, the mechanism behind it is still puzzling. As a
comparison, another sample that has not yet exhibited the abnor-
mally enhanced pop-in during testing at 250 °C was also charac-

[0001] +~—

Journal of Materials Science & Technology 211 (2025) 171-178

[0001] «——
o

149 AL,
AU

N
. i

£ SR
}L;& o

.f}
i

.

ZA:[2110]

Fig. 5. TEM examination of the microstructure beneath the indentation conducted
at 250 °C showing a dislocation array parallel to the c-axis emitted from GB. (a)
Bright-field image. (b) Dislocation array is invisible under g = 0002 condition and
(c) visible under g = 0110 condition.

terized by TEM as shown in Fig. 6. It is obvious that the dislo-
cation array does not exist beneath a similar shape of deformed
volume (outlined by red dotted line in Fig. 6(b)). It should be
noted that the deformed volume in Fig. 6(b) is not a grain. Within
the deformed volume, it contains some tangled dislocations and
a small newly formed grain outlined by the yellow dotted line in
Fig. 6(b).

To reveal the formation mechanism of the dislocation array, we
analyze the specific Burgers vector of the dislocations in the array
using the 2-beam weak beam dark-field (g/3g) technique. Based
on the g-b = 0 invisibility criterion as shown in Table 1, under
the g = 0002 condition, (a) dislocation is invisible, while (¢ + a)
dislocation is visible. Here, the dislocation array is invisible under
g = 0002 condition (Fig. 5(b)) and thus, the dislocations in the ar-
ray are (a) dislocations. In addition, the dislocation array is visible
under g = 0110 condition (Fig. 5(c)). Therefore, the Burgers vector
of the dislocations is by = §[1210] or b, = $[1120]. To distinguish
the specific Burgers vector (by or by) through TEM imaging with
a double-tilt holder is difficult because it needs to be tilted at a
higher angle greater than 15°. The specific Burgers vector (b; or
b,) and type (screw or edge) of the dislocations will be determined

(b)

Fig. 4. TEM examination of the microstructure beneath the indentation conducted at RT showing a deformed region with high-density tangled dislocations. (a) Bright-field

image and (b) dark-field image.
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Fig. 6. TEM examination of the microstructure beneath the indentation that abnormally enhanced pop-in has not yet occurred during the indentation test at 250 °C. (a) P-h

curve. (b) TEM image under g = 0002 condition and (c) under g = 0110 condition.

Table. 1
g-b analyses to determine the Burgers vector of dislocations.
b(x%)
& +[1210] +[1120] +[2110] [1213] [1213] [1123] [1123] [2113] [2113]
0002 0 0 0 +2 ¥2 +2 ¥2 +2 F2
0110 ¥1 +1 0 ¥1 ¥l +1 +1 0 0

by analyzing the geometric projective relationship of the sample in
TEM.

Fig. 7(a-d) shows schematic diagrams illustrating the geomet-
ric projective diagram of four cases of dislocations in TEM with a
zone-axis of [2110]. If the dislocation is edge cases and the blue
solid lines L1’ (BG, Fig. 7(a)) and L2’ (FG, Fig. 7(b)) represent the
projected image of dislocations with b; and by, then the corre-
sponding actual dislocation lines would be L; (BD, Fig. 7(a)) and
L, (FD, Fig. 7(b)) respectively. If the dislocation is screw case, the
blue solid lines L3’ (FG, Fig. 7(c)) and L4  (BG, Fig. 7(d)) are the
projected images of the dislocation with by and b,, then L; (OF)
and L4 (OB) represent the corresponding actual dislocation lines
respectively. Therefore, the actual length of the dislocation Ly can
be calculated using the following formula

(1)

where « is 2 for the edge case and 2/+/3 for the screw case,
Lyroj 1Is the observed projective length in TEM of the dislocation.
Fig. 7(e) shows the diagram of the sample in a 3-dimensional coor-
dinate system after a tilt operation to the zone-axis of [2110] along
the X-axis with the angle of o and the Y-axis with the angle of
B in the double-tilt holder coordinate system. When the sample
tilts o degrees along the X-axis of the holder coordinate system,
the initial direction of indentation, which is parallel to the nor-
mal direction of the sample’s upper surface O—PB, tilts to OP with
the angle of « along the x-z plane in the 3-dimensional coordi-
nate system. When the sample tilts 8 degrees along the Y-axis of
the holder coordinates, the indentation direction does not change.
Meanwhile, during the tilting operation, the normal direction of
the side face of the sample 5(23 which is parallel to the direc-

Ldis = KLproj
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tion of the sample thickness, tilts to OQ with the angle of y in
the 3-dimensional coordinate system. After performing the tilt op-

eration, the angle ¢, between the c-axis (parallel to (7&) and the
projective direction of the indentation direction in y-z plane (par-

allel to O_PZ)), can be directly measured in TEM. To simplify the
calculation, the magnitude of the vector 6& ON (parallel to by),
oM (parallel to by), OP and CYQ is set to 1. Then the coordinates of
these vectors in the 3-dimensional coordinate system are: oC = (0,
sin(e), -cos(g)), ON = (sin30°, -cos30°cos(e), -cos30°sin(¢)),
oM = (sin30°, cos30°cos(e), cos30°sin(e)), op (sin(ax), O,
-cos(a)), (ﬁ = (cos(a)cos(B), sin(B), sin(a)cos(B)). Similarly,
as shown in Fig. 7(a-d), the vector coordinates in the di-
rection of the four kinds of dislocation line length are:
BD = (sin60°, cos60°cos(e), cos60°sin(e)), D (sin60°, -
cos60°cos(e), -cos60°sin(e)), O = (sin30°, -cos30°cos(e), -
cos30°sin(¢g)), BO = (sin30°, cos30°cos(e), cos30°sin(e)). The rela-
tionship between the length of the dislocation line and the thick-
ness of the sample can be expressed by the following formula

T = Lgjscos(8) (2)

where T is the thickness of the sample, § is the angle between
the direction of the normal direction of the side face of the sam-
— — =
ple (OQ) and the direction of the dislocation line (BD, FD, FO, or
ﬁ))) and can be calculated using vector calculation. For the sample
in Fig. 5, o is ~—4.6°, B is ~4.4°, and ¢ is ~20.6°, the projected
length of the dislocation line Ly, in Fig. 5(a) is approximately
270-440 nm, then for the four cases of the dislocations in Fig. 7(a-
d), the calculated thickness of the sample T is approximately 444-
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Fig. 7. Schematic diagrams illustrating the geometric projective diagram in TEM of four cases of dislocations in the projective plane. (a, b) Edge dislocation. (c, d) Screw
dislocation. (e) The projective diagram in three-dimensional coordinates after the tilt operation of the sample in TEM with a double-tilt holder.

724, 456-742, 143-236, and 167-271 nm respectively. Considering
the measured thickness of our sample by FIB is ~262 nm (outlined
by a red solid line as shown in Fig. A.1(a)), the dislocation should
be of the screw type with b,.

If the abnormally enhanced bursts originate from the observed
screw (a) dislocation array, the number of dislocations in the ar-
ray can be determined by displacement burst magnitude using the
formula

o _Ah
~ bcosf

where n is the calculated number of dislocations in the array, Ah
is the magnitude of the displacement burst which can be esti-
mated by observing the sudden change in the displacement rate,
as shown in Fig. A.3, b is the magnitude of b, 6 is the angle be-
tween the indentation direction (parallel to CTI)’) and b (by or by)
and can be calculated using vector calculation.

For quantitative analysis of the relationship between the dislo-
cation array and the abnormally enhanced displacement burst, we
conducted an indentation test at 250 °C near a GB to expect that
the movement of the dislocation array can be hindered by a pre-
existing GB. The indentation is ~4.6 pwm away from GB which is

(3)

176

large enough to exclude the effect of GB on pop-in behavior. In
this test, the loading process terminated almost immediately after
the burst. As shown in Fig. 8(a), a dislocation array can also be
observed, and a GB exists in front of the dislocation array (indi-
cated by a white arrow in the bottom left corner in Fig. 8(a)). It
is worth noting that, unlike the sample in Fig. 5, this dislocation
array appears to be emitted from the contact interface between
the sample and the indenter. The dislocation array is also invisible
under g = 0002 condition (Fig. 8(b)) and visible under g = 0110
condition (Fig. 8(c)). Using Eqs. (1) and (2), the calculated thick-
ness of the sample T for the four cases of the dislocations is ~115,
~151, ~26, and ~62 nm respectively (L,.; ~ 20.8 nm, the sam-
ple thickness T is ~67 nm as shown in Fig. A.1(b) outlined by a
red solid line), therefore, the dislocation is also determined to be
of the screw type with b,. Using Eq. (3), the calculated disloca-
tions are ~105 (o = -6.2°, B = 15.7°, ¢ = 40.8°, 6 ~ 51.9°, Ah
~ 20.8 nm), which is slightly larger than that observed in TEM
(~100). Considering that dislocations near the surface can escape
out of the sample due to the surface image forces, the calculated
result still fits perfectly. The activated dislocations with Burgers
vector b, not b; may be rationalized by the fact that the Schmidt
factor m of by is larger than by for both of the two samples (for
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Fig. 8. TEM examination of microstructure beneath another indentation conducted
near GB at 250 °C showing dislocation array parallel to the c-axis emitted from the
contact interface between the sample and the indenter: (a) The bright-field image.
(b) Dislocation array is invisible under g = 0002 condition and (c) visible under
g = 0110 condition.

sample in Fig. 5: m; = 0.248, my, = 0.321; for sample in Fig. 8:
my; = 0.391, my, = 0.46). Therefore, the abnormally enhanced dis-
placement bursts originate exactly from the formation of prismatic
screw (a) dislocation array.

3.4. Heterogeneous dislocation nucleation

Next, we will explore the formation mechanism of the disloca-
tion array by evaluating the activation stress and activation volume
due to that the specific mechanism often exhibits significant differ-
ences in activation parameters [30-33].

During the plastic deformation stage, the indentation hardness
when a burst occurs can be calculated using the formula

P

— 4
T )
where P is the loading force, and A. is the contact area which

can be estimated by functions of the contact area and indenta-
tion depth established using an atomic force microscope (AFM) (as

H =
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shown in Fig. A.4). Then the equivalent flow stress can be esti-
mated using the following empirical formula

a:lH

5
3 (5)
where ¢ is the equivalent flow stress. With o, the maximum shear
stress can be calculated based on the von Mises yield criterion us-
ing the formula

(6)

where 7 is the maximum shear stress beneath the indentation. The
method has been referenced in Ref. [37]. Fig. 9(a) shows the cu-
mulative probability, f, of the calculated activation stress at various
temperatures. The calculated activation stress (about G/26-G/14 at
150 °C, G[24-G/13 at 200 °C, and G/31/-G/15 at 250 °C, G is the
shear modulus at the corresponding temperatures [34]) is at the
lower limited of theoretical shear strength for metals (G/30-G/5)
[32]. The cumulative probability can also be correlated with the
maximum shear stress using the following expression [35]

f=1—exp|:_tnfexp( >i|

where 7 is the attempt frequency for the yield stress which can
be interpreted as the maximum shear stress t, and v* is the ac-
tivation volume. By plotting In[-In(1-f)] vs. the shear stress 7 as
shown in Fig. 9(b), the experimental data is found to fall onto ap-
proximately linear lines. With the slope of the fitted curves, the
activation volume of these abnormally enhanced bursts, calculated
using Eq. (5), is deduced to be ~3b3. Therefore, considering the
high activation stress and the small activation volume, the forma-
tion mechanism of the dislocation array is dominated by the het-
erogeneous nucleation of prismatic screw (a) dislocations from the
GB (Fig. 5) or the contact interface (Fig. 8).

Recently, Sato et al. [36] also reported Gaussian-like statistics
from dislocation nucleation during nanoindentation on single crys-
tal Fe and Cu. The difference is that, in their research, disloca-
tion nucleation correlates with the onset of plasticity, namely the
first displacement burst. It is worth noting that in addition to the
Gaussian-like statistics from prismatic (a) dislocations nucleation,
there still is power-law distribution at temperatures between 150
and 250 °C in Fig. 3(b). For these data points, we propose that
it also arises from the destruction of jammed dislocation config-
urations within the deformed volume (as shown in Fig. 6(b)), al-
beit fewer than at RT (as shown in Fig. 4). The tangled disloca-
tion structure is easily depinned and vanishes due to dynamic re-
covery and dynamic recrystallization (as shown in Figs. 5(a) and
6(b) outlined by yellow dotted line) at higher temperatures (0.46
Tm to 0.57 Ty) during the subsequent deformation. When dislo-
cation starvation occurs and diffusive plasticity cannot satisfy the
imposed plastic strain, dislocation nucleation characterized by ab-
normally enhanced pop-ins occurs to accommodate further plas-
tic deformation. In addition, the activation stress for prismatic and
basal slip of Mg exhibits a significant decrease in anisotropy with
increasing temperature [12,19]. Therefore, we observed the activa-
tion of prismatic (a) slip. Additional simulations on an atomic scale
and experiments will be needed to uncover the activation process
and the contribution to subsequent plastic deformation of the pris-
matic screw (a) dislocation array.

TV*

KT @

4. Summary

In summary, the effects of temperature on the plastic defor-
mation behaviors of AZ31 magnesium were systematically inves-
tigated from RT to 300 °C by nanoindentation. Besides the well-
reported displacement bursts with power-law scaling between the
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Fig. 9. The statistics of the maximum indentation shear stress. (a) The cumulative frequency of the maximum indentation shear stress. (b) Extracting the activation volume

by a linear fitting procedure of In[-In(1-f)] vs. T.

numbers of events and their magnitude, abnormally enhanced dis-
placement bursts characterized by Gaussian-like statistics existed
at elevated temperatures ranging from 150 to 250 °C. By conduct-
ing a detailed examination of the microstructure beneath the in-
dentation using TEM, we demonstrated that the abnormal bursts
originated from the heterogeneous nucleation of a prismatic screw
(a) dislocation array from GB or contact interface. The abnormally
enhanced burst can degrade the inherent structural properties and
make precision shaping challenging.
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