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ABSTRACT

A high-throughput methodology is proposed, based on the combination of diffusion couples and ad-
vanced nanomechanical testing methods, to directly measure alloying effects on the critical resolved shear
stress (CRSS) of individual deformation modes in Mg alloys. The methodology is tested in Mg-Zn alloys by
assessing the alloying effects, up to Zn contents of 2 at.%, on basal slip, extension twining and pyramidal
slip in two metallurgical conditions: as-quenched, for which the Zn solute atoms remain homogenously
dispersed in solid solution; and peak-aged, for which the Zn atoms form rod-shape 8¢’ (MgZn,) pre-
cipitates. A combined approach including micromechanical testing, transmission Kikuchi diffraction, and
high-resolution transmission electron microscopy was performed to reveal the corresponding deformation
mechanisms. It was found that the CRSS enhancement for basal slip and extension twinning by MgZn,
precipitates is considerably larger than the effect of Zn in solid solution, while the strengthening of pyra-
midal slip is similar in both cases. As a result, the anisotropy ratios remain high and similar to pure Mg
in the solid solution strengthened Mg-Zn alloys. However, they are substantially reduced in precipitation
strengthened Mg-Zn alloys.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Magnesium (Mg) has attracted significant attention among
structural metallic alloys, mainly due to its lightening poten-
tial for transport and its biocompatibility for biomedical appli-
cations. However, Mg alloys maintain some drawbacks, including
low strength and ductility and poor formability, as a result of
their hexagonal closed packed (HCP) structure and corresponding
mechanical anisotropy [1-3]. Because of this, various deformation
modes, including basal, prismatic and pyramidal I slip of <a> dis-
locations, pyramidal II slip of <c+a> dislocations and several twin-
ning modes are possible in Mg. However, basal slip and extension
twinning are the most frequently observed because their critical
resolved shear stress (CRSS), 0.5 MPa and 12 MPa, respectively, are
three times lower than those for the hard prismatic and pyramidal
slip systems. Therefore, overcoming the plastic anisotropy of Mg
requires the use of strategies to strengthen the soft modes, such as
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solid solution strengthening, precipitation strengthening or grain
size refinement.

In terms of the solute effects in basal slip, first principle sim-
ulations in Mg-Zn solid solutions with 0.3~0.5 at.% Zn suggested
that Zn alloying increases the CRSS of basal slip more than that
of non-basal slip, eventually reducing the difference in CRSS be-
tween the soft and hard slip systems [4]. For extension twinning,
the solid solution effect on twinning is still the subject of con-
troversy [5]. Stanford and Barnett [6] studied solute strengthening
effects for extension twinning in binary Mg-Zn polycrystals, and
concluded that the CRSS for twinning was independent of the Zn
concentration up to 1 at.% (2.8 wt.%). On the contrary, Ghazisaeidi
et.al [7] predicted a strengthening of around 10 MPa for AZ31 at
room temperature, by computing the interaction energies of Al
and Zn with the twin boundaries and the twin dislocations. More-
over, the twin nucleation may be altered by alloying atoms via the
change either in the twinboundary energy or in the atomic shuf-
fling mechanisms [8]. Altogether, the strengthening due to solid
solution effects remains relatively limited and more effective ap-
proaches for strengthening the soft modes need to be explored.

Precipitation strengthening might constitute an alternative de-
pending on the shape, size, orientation and volume fraction of the
precipitates [9-11]. The mechanisms for precipitation strengthen-
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ing can be classified depending on whether the precipitates are
shear-resistant or are sheared by the dislocations [12,13]. In shear-
resistant particles, the increase in the CRSS for dislocation slip is
attributed to Orowan mechanisms with dislocations bowing by the
precipitates. For shearable precipitates, the degree of interface co-
herency between the particle and the matrix plays a major role
on the likelihood of a dislocation shearing the particle [13,14]. A
variety of dislocation and particle interaction mechanisms might
be responsible for the resistance to shearing, such as interfacial
or chemical strengthening, coherency strengthening, stackingfault
strengthening, modulus strengthening and order strengthening. In
Mg-Zn alloys, rod-shape S’ (MgZn,) precipitates and plate-shape
B>’ (MgZn,) are the commonly studied precipitates [30]. Robson
et al. [9] predicted that precipitates formed on prismatic planes
are more effective on strengthening Mg alloys than those formed
on basal planes. For instance, rod-shape 8’ (MgZn,) precipitates,
formed on the prismatic plane of Mg-Zn alloys, have shown a
more effective strengthening effect than plate-shape §,’ (MgZn,),
which tend to distribute in the basal planes. Moreover, the widely
accepted understanding suggests that precipitates do not prevent
twin nucleation, but that they might strongly interfere with the
process of twin growth [13,15-19]. For instance, Robson et al
[20] observed that a higher density of small twins operate in age-
hardened Mg-Zn alloys, than in precipitate-free samples. There is
not a widely accepted view on the basic nature of the interaction
between twin boundaries and precipitates [12]. Due to the complex
precipitate types, the contribution of different metastable precipi-
tates is difficult to quantify. Moreover, the strengthening provided
for each type of precipitate is not known either, because most of
the studies have been carried out in polycrystalline Mg-Zn alloys
and it is very difficult to isolate the precipitate contribution from
those coming from grain boundaries and texture effects.

In summary, there is still a limited knowledge about alloying
effects on the individual deformation modes in Mg alloys. Partly,
this is because traditional approaches rely on processing a large
number of alloys and testing them mechanically using conven-
tional methods, which is costly and time-consuming. In addition, it
is often difficult to extract the strengthening effect of alloying el-
ements on individual deformation modes using these conventional
methods, because the mechanical behavior is strongly influenced
by other factors, like texture or grain size. Micromechanical test-
ing is amendable to overcome these limitations, but it might also
present its drawbacks. For instance, Wang and Stanford [21] quan-
tified the precipitation effect in Mg-5.1 wt.% Zn alloys using com-
pression of 2 pm sized pillars but did not consider size effects. Al-
izadeh et al. [22] studied temperature and size effects on precipita-
tion strengthening, but they lacked a good reference because com-
parisons were carried out with different samples and did not have
access to a continuous variation of Zn content within the same
specimen.

In this work, a novel high-throughput methodology is proposed,
based on the combination of diffusion couples and advanced mi-
cromechanical testing methods, to directly measure alloying effects
on the CRSS of individual deformation modes in Mg alloys. This
method does not only provide means of fast screening alloying ef-
fects on the different deformation modes, but also allows for di-
rect comparison between solid-solution and precipitation harden-
ing effects within the same grain, by subjecting the diffusion cou-
ple to different thermal treatments. In particular, in this case, the
effect of Zn content on basal slip, extension twinning, and pyrami-
dal slip was quantified within the same grain against solid solution
and precipitation strengthening effects, by subjecting a Mg/Mg-Zn
diffusion couple to two different thermal treatments: as-quenched
(AQ) treatment, providing a supersaturated solid solution, and a
peak-aged (PA) treatment, for which the formation of rod-shape
B1' (MgZn,) precipitates prevails.
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2. Experimental methods
2.1. Materials and microstructural characterization

The starting material was a Mg/Mg-2.2 at.% Zn diffusion cou-
ple, as described in previous works [23]. After diffusion anneal-
ing (400°C for 336 h in vacuum), the diffusion couple was sub-
jected to different thermal treatments: as-quenched (AQ) condition
(350°C for 240 h) and peak-aged (PA) condition (200 °C for 10 h),
to tailor the atomic distribution of Zn in the diffusion couple. The
composition line profile along the diffusion couple was measured
by electron probe microanalysis (EPMA) using a JEOL Superprobe
JXA 8900 microscope. The microstructure of the diffusion couple
was analyzed in a dual-beam field emission gun scanning elec-
tron microscope (FEGSEM) (Helios Nanolab 600i FEI), using elec-
tron backscatter diffraction (EBSD) to determine the grain orien-
tation and the grain size. The distribution of the Zn solute atoms
in each metallurgical condition was characterized by transmission
electron microscopy (TEM) using a FEI Talos F200X microscope.

2.2. Micropillar compression

Micropillars with square cross-sections were machined by fo-
cused ion beam (FIB, FEI Helios Nano lab 600i) milling using the
methodology reported in previous works [23]. The grain orienta-
tion was characterized by EBSD. Single crystalline square micropil-
lars were prepared with a side-length of 5 wm to 7 pum, in order
to assess potential size effects. All the pillars were prepared in the
selected grain orientation using focused Ga' ion beam milling in
the FIB, FEI Helios Nano lab 600i. Special care was taken to en-
sure that the micropillars were milled at regions located at a suf-
ficient distance away from the grain boundaries. A range of Ga™
ion beam currents were employed at different milling stages, us-
ing a beam current of 40 pA for the finishing step, to minimize
the surface damage due to Ga™ ion implantation. Additionally, the
sample was tilted & 1.5 ° with respect to the ion beam axis during
the final milling to reduce the taper. An aspect ratio between 2:1
and 3:1 (height to side length) was used in all cases with the aim
of avoiding buckling effects during compression. The as-milled mi-
cropillars were carefully characterized byFEGSEM before and after
testing to determine their initial and final shapes after the com-
pression tests. The micropillars oriented for basal slip were com-
pressed at 100 °C to eliminate size effects using a TI950 Triboin-
denter (Hysitron, INC, Minneapolis, MN). For the 100 °C tests, a hot
stage (Hysitron xSol) module and a diamond flat punch fitted to a
special long insulating shaft were employed. The measured com-
pressive load-displacement curves were firstly corrected by apply-
ing the Sneddon correction in order to account for the extra com-
pliance resulting from the elastic deflection of the bulk material
surrounding the micropillars. The corrected curves were then used
to calculate the engineering stress (o )-strain (&) curves, consider-
ing the initial cross section and the height of the micropillars. From
these curves, the yield stress was measured as the 0.5% offset yield
stress. The Young’s modulus was estimated from the upper portion
of the unloading segment of the curves. The CRSS for basal slip,
twin nucleation/growth and pyramidal slip were finally obtained
as a function of Zn content for each metallurgical condition us-
ing the Schmid factors (SFs) computed from the crystallographic
orientation in each case. Fig. 1 compares the resolved shear stress-
strain curves for micropillar dimensions of 5 um x 5 um and 7
um x 7 pum, showing a minimum size effect if the side length
was larger than 5 pum. Therefore, in the following sections, only
the micropillar results for a side length of 7 um are presented. For
identification purposes, the Mg-2at.%Zn in as-quenched and peak-
aged condition was referred to as Mg-2Zn-AQ and Mg-2Zn-PA, re-
spectively.
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Fig. 1. Representative engineering stress- strain curves for (a) Mg-2Zn-AQ and (b) Mg-2Zn-PA condition.

Slip traces at the surface of the micropillars were carefully ex-
amined by high resolutionFEGSEM in order to determine the ac-
tivated slip systems. In addition, the trenching-lift FIB technique
was adopted to extract lamellae, which were thinned to approx-
imately 100 nm for electron transparency. Transmission Kikuchi
Diffraction (TKD) was used to study twin activation in the same
dual beam system equipped with an Oxford EBSD camera. The
dislocation structures were studied by TEM. Two-beam bright-
field ( BF), two-beam dark-field ( DF) and/or weak-beam dark-field
(WBDF) imaging techniques were used to obtain dislocation con-
trast [24]. In addition, the ‘g-b=0" invisibility criterion was used to
discern the different types of dislocations present in the HCP lat-
tice: <a> dislocations, with b = (112 0),<c> dislocations with
b= [0001], and (c + a) dislocations, with b = }(112 3). In par-
ticular, the g = (0002) diffraction condition was employed to ob-
serve the (c+ a) dislocation, as (a) dislocations are invisible (with
‘gsb=0’), while only dislocations having the < ¢ > component (i.e.,
<C> or <C + a> type) are visible in contrast. Moreover, in order
to investigate the Zn clusters and the precipitate distributions, the
high angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) and Energy Dispersive Spectroscopy (EDS)
mapping were performed.

3. Results and discussion
3.1. Microstructure of the Mg/Mg-Zn diffusion couple

The microstructure of Mg/Mg-Zn diffusion couple in the solid
solution and peak aged conditions is shown in Fig. 2. The diffusion
couple is composed of pure Mg, Mg-2 at.%Zn (Mg-2Zn) and the dif-
fusion zone in the middle with gradients of Zn ranging from 0 to 2
at.%, as shown in Fig. 2a. The grain size in the diffusion couple was
of the order of 500 pm, allowing the fabrication of single-crystal
micropillars in specific grains, based on the EBSD mapping shown
in Fig. 2b. Grains oriented for basal slip, extension twinning, and
pyramidal slip were selected for pillar preparation at both the pure
Mg and Mg-2Zn sides. Table 1 lists the SFs of the different slip and
twinning systems in the grains under study.

In the as-quenched condition, annealing at 350 °C for 240
h followed by quenching ensured a homogenous distribution of
the Zn atoms without the formation of second-phase precipitates,
as shown in Fig. 2c. The peak-aged heat treatment (200 °C for
10 h) favored primarily the formation of rod-shape S8;’ (MgZn,)
precipitates and some secondary plate-shape B," (MgZn,) pre-
cipitates, as shown in Fig. 2d. The schematic illustration over-

7112)-M9
@110 Md Y'ﬂ(
-

| 4
-t (0002)a- M3

L4
LR er

10.0 1/nm

Zone axis [1010 Zone axis [1010
Fig. 2. (a) SEM image of the Mg /Mg-2at. %Zn diffusion couple; (b) Representa-
tive EBSD map in the diffusion couple showing the grains for micropillar compres-
sion; (c-d) HAADF-STEM images of (c) Mg-2Zn AQ and (d) Mg-2Zn PA conditions,
overlaid with an schematic representation of the precipitates; (e-f) Microdiffraction
pattern corresponding to the (e) rod-like 8’ precipitates and (f) plate-like B," pre-
cipitates.
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Table 1
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The SFs of the grain favourably oriented for basal slip,extension twinning and pyramidal slip in the pure Mg /Mg-2at. %Zn

diffusion couple.

Maximum SF

Alloy Euler angles (°) Basal slip Prismatic slip ~ Tension twinning  Pyramidal slip
Pure Mg Grain 1 (87.2,140.5,28.9) 0.43 0.26 0.17 0.32
Grain 2 (143.6, 81.3, 26.8) 0.12 0.06 0.48 0.49 0.44- 0.39 0.47
Grain 3 (167.5, 3.8, 12.6)
Mg-2at.%Zn Grain 4 (30.8, 44.8, 50.3) 0.49 0.23 0.24 0.21
Grain 5 (166.9, 97.0, 21.3) 0.11 0.11 0.48 0.49 0.48- 0.42 0.48

Grain 6 (143.6, 81.3, 26.8)

laid in the figure shows the relative orientation of the precip-
itates with respect to the Mg matrix. The B¢’ rod-like precipi-
tates follow the (0001)}3{//(1120)0,_Mg, [1120]ﬁ{||[0001](,_Mg ori-
entation relationship with the Mg lattice, as shown in Fig. 2e,
and the long axis of the rod is aligned with the c-axis of the
Mg lattice. The plate-shape B,’ (MgZn,) precipitates follow the
(0001) 4 [1(0001)q g, [1120] || [1010]y_pg orientation relation-
ship, as shown in Fig. 2f, with the plane of the plate parallel to the
basal plane of the Mg lattice. The 8’ rod-like precipitates are ex-
pected to be more effective strengthening basal slip than the plate-
shape 8, (MgZn,) precipitates. First, because the plate-shape f,’
(MgZn,) plates are distributed on the basal plane of the Mg lat-
tice, and hence do not interact as much with the basal disloca-
tions, as discussed before [25,26]. And second, and more impor-
tantly, because the volume fraction of the scattered plate-like pre-
cipitates is negligible in comparison with the 8’ rod-like precipi-

80 T T T T

tates in the peak-aged condition selected in this work. The average
length and diameter of the rod-shape precipitates were 95 4+ 36
nm and 11 + 3 nm, respectively. The volume fraction of precipi-
tates was around 1.8 % and the average spacing between precip-
itates in the basal plane was 9.9 + 4.5 nm, as estimated by the
Image ] software. Overall, the precipitates have similar aspect ratio
(length over diameter) and dimensionsto other works for Mg-2Zn
alloys with similar aging conditions [10,13].

3.2. Micropillar compression in grains favorably oriented for basal
slip

Micropillar compression tests were conducted at 100 °C for the
grains favorably oriented for basal slip in pure Mg, Mg-2Zn-AQ
and Mg-2Zn-PA alloys. The representative resolved shear stress ()
- strain (&) curves are plotted in Fig. 3a. The micropillars were
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Fig. 3. (a) Representative resolved shear stress - engineering strain curves for pure Mg, Mg-2Zn-AQ and Mg-2Zn-PA along the orientation favorably oriented for basal slip.
The deformed pillars corresponding to (b) pure Mg, (c) Mg-2Zn-AQ and (d) Mg-2Zn-PA, respectively.
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firstly elastically deformed up to the yield point and the CRSS de-
termined for pure Mg was about 7 MPa, comparable to reference
values [9]. The measured CRSS in Mg-2Zn-AQ was around 14 MPa,
higher than that for pure Mg. In comparison, the CRSS for Mg-2Zn-
PA was the highest, ~ 52 MPa, which clearly indicates that precipi-
tation strengthening is more effective than solid-solution strength-
ening for basal slip. The shape of the curves after the initial yield-
ing was also remarkably different. In the strain hardening regime,
the curves for pure Mg and Mg-2Zn-AQ were jerky, which is the
common behavior observed as a result of the sudden activation
of dislocation avalanches in localized slip planes. In contrast, the
Mg-2Zn-PA condition showed a smooth Tgss-& curve, without sud-
den load drops, indicating a more “bulk-like” behavior as a result
of the precipitate-dislocation interactions, because the length scale
that controls the mechanical behavior in this case is the precipi-
tate spacing, which is much smaller than the micropillar dimen-
sion. Moreover, the strain hardening rate after the initial yield was
much higher than that in pure Mg and Mg-2Zn-AQ, indicating a
higher rate of forest dislocation hardening [27].

The shape of the deformed pillars confirmed the activation of
basal slip, as the slip traces were oriented along the basal plane
in all cases, as shown in Fig. 3b. The deformed pillars of pure Mg
and Mg-2Zn-AQ indicate strain localization in a discrete number
of slip traces along the length of the pillar, as shown in Fig. 3b
and Fig. 3c. The results suggest that the strain bursts are associ-
ated with the activation of discrete dislocation sources in adjacent
basal slip planes giving rise to dislocation avalanches. They exit at
the walls of the micropillars, contributing to the progressive forma-
tion of slip steps of different intensity. On the contrary, the pillars
deformed in Mg-2Zn-PA in Fig. 3d display a uniform strain dis-
tribution, with only one apparent basal slip trace. This, together
with the shape of the tgss-€ curves, suggests that the precipitates
present in Mg-2Zn- PA contribute to a higher CRSS for basal slip.
More importantly, the strong interaction with the basal disloca-
tions contributes to stop the dislocation avalanches and to dimin-
ish the localization of strain in a few slip bands. This facilitates to
eliminate the jerky behavior, resulting in an increase in the storage
of forest dislocations that contributes to the observed strain hard-
ening.

The effect of Zn on basal slip in the Mg-2Zn-AQ condition is
explored in more detail by TEM in Fig. 4. The individual basal slip
traces in the deformed micropillar, observed along the [2110] zone
axis (g = (0002)), are shown in Fig. 4a. Detailed HAADF-STEM im-
ages of the slip trace (Fig. 4b) and the EDS compositional maps in
Fig. 4c and Fig. 4d show that the Zn atoms tend to segregate and
cluster upon interaction with the basal dislocations during defor-
mation, which is in agreement with the solute clustering [25] and
short range order [28] effects reported in Mg-Zn alloys. Solute seg-
regation in the basal slip traces is expected to exert additional drag
effects on the movement of basal dislocations. Interestingly, the
BF-TEM images of Fig. 4e and Fig. 4f show the presence of an array
of dislocations at different zone axis and g vectors, as pointed by
the arrow. The imaging conditions in Fig. 4e and Fig. 4f clearly re-
veal that the array of dislocations correspond to <a> dislocations
gliding on basal planes in response to the applied stress, since they
are visible in all conditions. The analysis of the Burgers vector gives
b = (1210). The fact that the spacing between the dislocations in
the array is uniformmight indicate a low energy configuration due
to their interaction with the Zn atomic clusters. It is worthy point-
ing out that this observation is the first experimental evidence in
Mg-Zn alloys proving the drag effects of Zn segregation on the
movement of basal dislocations.

The precipitation effects for basal slip in the Mg-2Zn-PA con-
dition were further studied by TEM, as shown in Fig. 5. The basal
slip traces are indicated by the yellow dash lines in Fig. 5 (a-b). The
rod-like B¢’ precipitates were sheared by the gliding basal disloca-
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Fig. 4. TEM analysis of basal slip in the Mg-2Zn-AQ alloy: (a) BF-TEM images along
[2110] axis (g = (0002)) condition; (b) HAADF-STEM image of the selected region
in (a) (¢, d) EDS compositional maps of Mg and Zn in the selected region; (e, f)
BF-TEM images of an array of dislocations observed at [2110] axis (g, = (0002))
and [1213] axis (g, = (1101)).

tions. Moreover, the precipitates were transformed in globular par-
ticles around the most intense slip bands (Fig. 5b). The BF-TEM im-
ages in Fig. 5e and Fig. 5f provide further evidence for the shearing
of precipitates: a high density of gliding basal dislocations is ob-
served in the deformed micropillars, as indicated by the arrows in
Fig. 5e and Fig. 5f, which in agreement with the high strain hard-
ening rate observed in the micropillar compression tests.

Assuming that the strengthening effects are additive, the block-
ing effect of the rod-like 8’ precipitates on basal slip 7p, in the
Mg-2Zn-PA condition can be estimated from:

Tp = Terss — Tss — Tug (1)

where T is the CRSS measured by micropillar compression,
Ty corresponds to the CRSS for pure Mg and tss corresponds to
the solid solution strengthening due to the Zn atoms that remain
in solid solution after the precipitation process. The Zn elemental
mapping in Fig. 5 (c-d) indicates that, after the precipitation pro-
cess, the Zn content of the matrix was still around 1.7 at.%. There-
fore, considering 7ss + Tjg to be similar to the CRSS measured for
the Mg-2Zn-AQ condition (14 MPa), T, was estimated to be around
38 MPa.

A number of possible mechanisms might be responsible for the
blocking effect of shearable precipitates including stacking fault
energy mismatch (most relevant to the case of disordered precipi-
tates with the same crystal structure as the matrix), interface cre-
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Fig. 5. TEM analysis of slip traces in Mg-2Zn-PA. (a) TEM DF image; (b) HAADF
STEM image and (c-d) its corresponding EDS compositional maps: (c) Mg and (d)
Zn. (e-f) TEM BF images, in the [2110] zone axis, corresponding to different diffrac-
tion conditions: (e) g=(0110) and (f) g=(0111).

ation, modulus mismatch, coherency strain, and anti-phase domain
boundary (APB) order strengthening [29]. Due to their coherence
with the matrix, order strengthening is expected to be the domi-
nant mechanism for 8’ (MgZn,) precipitates. Anti-phase bound-
aries (APB) are generated if the particles are sheared by gliding
dislocations and the precipitation strengthening effect can be es-
timated from [12,17,25-27]:

tp:@ L_f 2)

2b m,)
(%2 -1)d

where the APB energy per unit area on the slip plane, yspg, rep-
resents the force per unit length opposing the dislocation cutting
through the particle [29,31], d is the diameter of the precipitates in
the basal plane and f is the volume fraction of precipitates. From
the diameter of the precipitates, 11+ 3 nm, and the measured vol-
ume fraction 1.8%, the APB energy yspp was estimated to be 183
m]J/m?,

3.3. Micropillar compression in grains favorably oriented for
extension twinning

In order to study extension twinning in Mg-Zn alloys in the
solid-solution and precipitation states, micropillar compression
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was further conducted in pure Mg, Mg-2Zn-AQ and Mg-2Zn-PA
along the [1010] compression axis. Fig. 6a plots the resolved
shear stress-strain curves. The mechanical response can be di-
vided into three stages: first, elastic loading up to the initial
yield; second, a plateau of constant stress immediately after yield-
ing; and third, a pronounced strain hardening regime at large
strains.

For pure Mg, a strain burst at peak loading was observed at a
strain of ~1%, which indicates the first twin nucleation event, as
has been discussed in previous works [21,32]. The same behavior
was also observed at larger strains, ~ 2.0% in Mg-2Zn-AQ and at
~1.2% in Mg-2Zn-PA respectively. Therefore, the CRSS for twin nu-
cleation could be estimated from the point of the first strain burst,
leading to values of 20.6 + 0.2 MPa, 37.5 + 1.8 MPa and 30 MPa
for pure Mg, Mg-2Zn-AQ and Mg-2Zn-PA, respectively. Following
twin nucleation, the stress dropped to a plateau that is controlled
by the twin growth stage until the entire micropillar was twinned,
as has been reported before [15,33]. The flow stress at the plateau
remained relatively constant up to an applied strain of 4~6%, fol-
lowed by the strain hardening regime. Therefore, the CRSS for twin
growth could be estimated from the stress plateau, leading to val-
ues of 13.5 + 0.15 MPa, 38.5 + 2 MPa and 50 MPa for pure Mg,
Mg-2Zn-AQ and Mg-2Zn-PA, respectively. It is interesting to no-
tice that the behavior of Mg-2Zn-AQ at the stress plateau showed
a much jerkier character, which might be related to the interaction
of the twin boundary with the Zn solute atoms. Another worthy
to mention observation is that the CRSS for twin nucleation was
smaller than that for twin growth in the case of Mg-2Zn-PA, which
might indicate that the precipitates offer a much higher resistance
to twin growth than to twin nucleation.

Fig. 6 (b-d) shows SEM images of the deformed pillars. Since
the twinning process induces the rotation of the parent orienta-
tion by approximately 90°, the orientation of the twinned regions
brings the c-axis of the HCP lattice close to the loading direction.
In this orientation, the twinned region is favorably oriented for
pyramidal slip, but basal slip traces were also observed in pure
Mg and Mg-2Zn-AQ, as indicated by the dashed lines. It is worth
noticing that, in the case of Mg-2Zn-AQ, the basal slip traces in
the twinned region were more diffuse than in pure Mg, as shown
in Fig. 6d. Moreover, no slip traces were observed in the case of
Mg-2Zn-PA. On the contrary, several twins were observed on the
pillar surface in the case of Mg-2Zn-PA, as indicated by the blue
arrows.

To discern the twinning deformation process in each case, TEM
lamellae were extracted from the deformed pillar in the Mg-2Zn-
AQ condition as shown in Fig. 7. The entire pillar has re-oriented
to the twin orientation (in green), as labelled in Fig. 7a, where
the dashed line indicates the position of the twin boundary be-
tween the twin and the parent orientation at the bottom. Their
orientation relationship analyzed by TKD is shown in Fig. 7b, con-
firming a rotation of 87.6° between the parent and the deforma-
tion twin, as expected for extension twinning. The basal slip traces
(marked by the orange dashed lines in Fig. 7c) indicate the acti-
vation of basal slip in the twinned orientation. Further TEM analy-
sis of the dislocation structures confirmed profuse activity of basal
<a> dislocations and pyramidal <c+a> dislocations. This occurs
due to the low CRSS for basal slip compared to that for pyramidal
slip, despite the low SF of the former, of only 0.12 in the twinned
region. Therefore, in the case of Mg-2Zn-AQ, strain is accommo-
dated both by basal and pyramidal slip in the twinned orienta-
tion, explaining the high strain hardening regime observed after
twinning.

The effect of the precipitates on twin nucleation and growth
was different for Mg-2Zn-PA, as shown in Fig. 8. Contrary to the
previous cases, several twins were nucleated upon compression
(Fig. 8a), of which one grew preferentially with strain, but the rest
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Fig. 6. (a) Representative resolved shear stress- engineering strain curves for pure Mg, Mg-2Zn-AQ and Mg-2Zn-PA.The loading axis is along the twinning favourable orien-
tation. (b-d) Images of the deformed pillars in each condition, (b) pure Mg, (c) Mg-2Zn-AQ and (d) Mg-2Zn-PA, respectively.

Fig. 7. (a) Longitudinal TEM image of the deformed pillar in the Mg-2Zn-AQ condition along the [1010] direction; (b) The TKD map showing the twin and the parent
orientation; (c¢) TEM BF image showing the dislocation structure after deformation in the diffraction condition g=(0002), showing (c + a) dislocations in the twin. The basal

slip traces in the twin can also be observed, as indicated by the yellow dashed line.

could be still observed at the bottom of the pillar, as shown in
Fig. 8d and the corresponding diffraction patterns (DPs) in Fig. 8(e-
g). This might explain why the load peak is not followed by a strain
burst (Fig. 6a), as opposed to the previous cases. The misorienta-
tion between the parent and dominant twin variant (marked with
a blue arrow in Fig. 8a), 86.3°, is plotted in Fig. 8b, from the TKD

orientation map of Fig. 8c. It indicates that the twin has been ro-
tated 86.3° with respect to the parent orientation.

The TEM images also reveal interesting observations about the
interaction of the rod-shape B’ (MgZn,) precipitates with the
twin. Fig. 9a shows a close-up around the twin boundary, showing
part of the parent and twin orientations, imaged along the [1010]
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Fig. 8. (a) Longitudinal TEM image of the 7 pm deformed pillar in the Mg-2Zn-PA condition compressed along the [10-10] direction; (b) Misorientation profile across the
twin boundary and (c) corresponding TKD orientation map; (d) Close-up BF-TEM image of the bottom part of the pillar where several twin variants survive; (e-g) The

corresponding DPs of the parent and the twin at the top and bottom part of the pillar.

zone axis of the parent. In the parent orientation region, the 8’
(MgZn,) precipitates are aligned with their long axis oriented par-
allel to the (c) axis of the Mg HCP lattice, as expected. Interest-
ingly, the rod like 8’ (MgZn,) precipitates in the twin showed a
4° rigid body rotation with respect to those in the parent orienta-
tion. This results in the long axis of the rod precipitates being al-
most parallel to the basal planes in the twinned region, and there-
fore, the basal dislocations are not expected to shear the precipi-
tates in the twinned region anymore. As a matter of fact, no basal
slip activity was observed in the twinned regions. On the contrary,
profuse pyramidal slip activity was observed in these regions, with
the dislocation segments showing Orowan type bowing around the
precipitates, as shown in Fig. 9b.

Fig. 9. (a) BF-TEM images of twin boundary region viewed along the(1010)zone
axis of the parent orientation with g= (1010) condition; (b) BF-TEM image within
the twinned region image along zone axis[1010] with g= (0002) condition. The yel-
low arrows indicate the activation of <c+a> dislocations.

3.4. Micropillar compression in grains favorably oriented for
pyramidal slip

In the case of the grains favorably oriented for pyramidal slip
(grain 3 in pure Mg and grain 6 in Mg-2Zn), compressed along the
<0001> direction, both pyramidal and basal slip are typically ac-
tivated, as has been observed before [34,35]. This occurs because,

400 T T T
(a) (b)
@ 300 -
£
?
<
7
5 200
]
£
7]
°
]
>
% 100 - Yield point for
o pyramidal slip
o - 1 L
0 5 10 15 20

Engineering Strain (%)

Fig. 10. (a) The resolved shear stress ~ engineering strain curves in Mg micropillars
favorably oriented for pyramidal slip compressed to different levels of strain; (b)
The morphology of the deformed pillar corresponding to the black curve in Fig. 10a,
showing no signs of basal slip activation; (c) The morphology of the deformed pil-
lar corresponding to the red curve in Fig. 10a, where a basal slip trace is clearly
observed.



N. Li, C. Wang, M.A. Monclils et al.

500 L LI e M B T ] R T R e L |
i Pure Mg
[ — Mg-2at.% Zn-AQ
- — Mg-2at.% Zn-PA

E

-§v-

Resolved Shear Stress (MPa)
g

g

o ’ 1 1

0 2 4 6 8 10

Engineering Strain (%)
—

Acta Materialia 221 (2021) 117374

Fig. 11. (a) Representative resolved shear stress-engineering strain curves for pure Mg, Mg-2Zn AQ and Mg-2Zn PA favorably oriented for pyramidal slip. SEM images of the
deformed pillars in (b) Mg, (c) Mg-2Zn AQ and (d) Mg-2Zn PA. The scale bar is 2 um in all cases.

even though the SF for pyramidal slip is significantly larger than
for basal slip (Table 1), the latter possesses a much lower CRSS
than the former. In order to determine the CRSS for pyramidal slip
unambiguously, several Mg micropillars were compressed to dif-
ferent levels of total strain and the sequence of activation of the
different slip systems was assessed, as shown in Fig.10. The black
curve shows a pillar compressed to a total strain of 10% strain,
for which the activation of pyramidal <c+a> dislocations was con-
firmed by TEM. No large slip traces are typically formed in the case
of pyramidal slip, as shown in Fig. 10b, because its activation is not
followed by a large avalanche of dislocations that scape the pillar
surface, as has been observed before in previous studies [34,36].
The activation of pyramidal slip is followed by a large strain hard-
ening regime, that leads to the eventual activation of basal slip,
despite its low SE. This can be clearly seen in the case of the red
curve, that corresponds to a pillar compressed to a total strain of
20%. At a strain of 15%, a large stress relaxation event is observed,

which corresponds to the activation of basal slip and the forma-
tion of a large basal slip trace, as shown in Fig. 10c. Therefore, the
initial yield point indicated by a blue star in Fig 10a can be taken
as the CRSS for pyramidal slip. A similar behavior was observed in
the case of Mg-2Zn in this work.

Fig. 11a plots the corresponding t - ¢ curves of Mg-2Zn-AQ,
Mg-2Zn-PA and pure Mg. Based on the above, pure Mg shows a
CRSS for pyramidal slip of 120 + 5 MPa, followed by a strong
strain hardening regime. The CRSS for pyramidal slip in the case
of Mg-2Zn-AQ raised to 200 MPa, while in the case of Mg-2Zn-
PA was of the order of 240 MPa, suggesting that Zn alloying of-
fers a similar solid solution and precipitation strengthening effect
in the case of pyramidal slip. Interestingly, the deformed pillar in
Mg-2Zn-AQ in Fig. 11c shows both pyramidal (red lines) and basal
(yellow lines) slip traces, while the deformed pillar in Mg-2Zn-PA
shown in Fig. 11d, only shows pyramidal slip traces (in red). The
fact that no basal slip activity was found in the latter case agrees
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Fig. 12. (a) The resolved shear stress of basal slip, twin nucleation, twin growth, and pyramidal slip for pure Mg, Mg-2Zn-AQ and Mg-2Zn-PA respectively. (b) The CRSS
ratios of the non-basal slip mode (pyramidal slip, twin nucleation, twin growth) to the basal slip. Reference data are also included [13,33,37-39].

with the strong precipitation hardening observed for basal slip in
this case, which prevents its activation.

3.5. Solid solution and precipitation effects in the anisotropy of
Mg-Zn alloys

Finally, Fig. 12a summarizes the CRSS for each individual defor-
mation mode (basal slip, twin nucleation, twin growth and pyrami-
dal slip) for pure Mg and solid-solution and precipitation strength-
ened Mg-Zn alloys. It is clear that the 8’ (MgZn;) precipitates ex-
ert a higher strengthening than Zn in solid solution, especially with
respect to the soft slip systems, i.e., basal slip and twin growth.
This has important consequences on the plastic anisotropy in each
case. To assess this, Fig. 12b plots the CRSS ratios of pyramidal slip,
twin nucleation and twin growth with respect to the softest slip
system, basal slip. Results from literature for Mg-Zn [37] and other
alloys, like Mg-Al [33,38], are also included for comparison. The
blue and green shadowed areas act as a guide to the eye, repre-
senting the precipitation and solid solution strengthened alloys, re-
spectively. It is clear that, even though solid solution strengthening
contributes to the hardening of all deformation modes, it does not
contribute to reduce the anisotropy ratios noticeably with respect
to pure Mg, because the pyramidal to basal CRSS ratios remain al-
ways above 10. However, the CRSS ratios are reduced below 5 for
the precipitation strengthened alloys, mostly because the harden-
ing of basal slip is considerably higher than that found for pyrami-
dal slip. Similar results with respect to a more efficient reduction
of the anisotropy ratios in precipitation strengthened alloys with
respect to solid solution strengthened ones have also been found
in the case of Mg-Al, as shown in Fig. 12b.

4. Conclusions

Solid solution and precipitation strengthening effects on the
CRSS for basal slip, extension twinning, and pyramidal slip have
been evaluated in Mg-2at.% Zn alloys in the as-quenched (AQ) and
peaked-aged (PA) conditions using diffusion couples and micropil-
lar compression. The key findings can be summarized as follows:

> The Zn solute atoms are homogenously dispersed in solid solu-
tion in the AQ state. Peak aging at 200°C for 10 h results in the
formation of rod-shape precipitates of 81’ (MgZn,) and plate-
shape B,’ (MgZn,). The fraction volume of the scattered plate-
like precipitates is negligible in comparison with 81’ rod-like
precipitates. The rod-shape precipitates have a mean diameter

10

and length of 11+ 3 nm and 95 & 36 nm, respectively, and with
their long axis aligned along the <c> axis of the «-Mg matrix.
Zn clustering seems to play an important role on the solid so-
lution strengthening of basal slip for supersaturated Mg-Zn al-
loys, providing a strengthening of around 7 MPa for Mg-2 at.%
Zn, with respect to pure Mg. Solid solution is more effective
strengthening the CRSS for twin growth than for basal slip,
presumably due to Zn segregation at the twin boundaries. The
strengthening effect is of the order of ~ 25 MPa with respect
to pure Mg, for a Zn content of 2 at.%.

> The precipitation of rod-like 8¢’ (MgZn,) precipitates, with a
diameter of 114+3 nm and a volume fraction of 1.8%, is very ef-
fective strengthening basal slip in Mg-Zn alloys, providing an
increase of 38 MPa in the CRSS for basal slip with respect to
Mg-2 at.% Zn in solid solution. The 8’ (MgZn,) precipitates are
sheared by the basal dislocations and order strengthening is ex-
pected to be the dominant mechanism responsible for the pre-
cipitation hardening. The 8;’ (MgZn,) precipitates favor twin
nucleation with respect to the solid-solution condition, but they
induce a strong pinning effect on twin boundary migration,
presumably because the precipitates loss the coherency with
the HCP lattice upon twinning as they do not rotate with the
lattice. The strengthening effect of 8/ (MgZn,) precipitates on
twin growth was estimated to be around 12 MPa with respect
to the CRSS for twin growth for Mg-2 at.% Zn in solid solution.
Solid solution and precipitation strengthening in pyramidal slip
increase the CRSS to 200 MPa and 240 MPa, respectively, in Mg-
2 at.% Zn with respect to the 120 MPa found for pure Mg. As a
result, the anisotropy ratios remain high and similar to pure Mg
in the solid solution strengthened Mg-Zn alloys. However, they
are substantially reduced in precipitation strengthened Mg-Zn
alloys.
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