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ABSTRACT
MgZn, phase is the prototype of hexagonal C14 Laves phase, acting as an
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Introduction

Laves phases, with the topologically close-packed
(TCP) structure, constitute the largest single class of

important intermetallic compound. Here we first observe the atomic-scale
structure of C36-type MgZn, Laves phase by high-angle annular dark-field
scanning transmission electron microscopy. Solid atomic-scale evidence is pro-
vided for the finding that C14 structural precipitate can totally transform to C36
structure during extremely long-time over-aging at medium temperatures in an
Al-Zn-Mg alloy, rather than C36 stacking faults as previously reported. Inter-
mediate structures between C14 and C36 were observed along [0001] and [1 2 1
0] directions. Two possible transformation paths are illustrated based on the
synchroshear mechanism, and their atomic resolution evidence is provided. Ab
initio molecular dynamics calculations support our inference on the transfor-
mation process. This type of Laves phase transformation provides a new
strategy for designing alloys that contain Laves phases as hardening
precipitates.

From the viewpoint of crystal structure, only three
types of Laves phase have been observed, including
C14 structure (prototype: MgZn,, hexagonal, space
group: P63/mmc, stacking sequence: ...ABAB...),
C15 structure (prototype: MgCus,, cubic, space group:

intermetallics with a chemical formula of AB, [1].
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Fd 3 m, stacking sequence: ...ABCABC...), and C36
structure (prototype: MgNi,, hexagonal, space group:
P63/mmc, stacking sequence: ...ABACABAC...)
[2-4]. The mutual structure transformation between
Laves phases is possible when the material under-
goes certain thermal processes and/or mechanical
deformations [5, 6]. For instance, the partial trans-
formation of C14 structure to other Laves structures
has been widely reported in former investigations
[7-10]. Such structures are commonly defined as
stacking faults because of the shearing nature of the
structural changes among different Laves structures.

The C15 and Cl14 phases are, respectively, the
second and fifth most frequent structural types of
intermetallic compound, whereas the C36-type phase
is far less abundant [11]. Previous studies reported
the C36 structure as characteristic only for some
Laves phase compounds and were assumed as an
intermediate state between C14 and C15 [12]. This is
consistent with our recent findings that part of C36
structures can occur as stacking faults in C14 MgZn,
precipitates in an over-aged Al-Zn-Mg alloy [13]. So
far, it is not clear whether the C36-type MgZn, can
exist as a bulk phase or a bulk precipitate (rather than
defects in precipitates). Moreover, straightforwardly
interpretable atomic-scale observations of the C36
Laves phase have not been provided.

On the other hand, previous investigations
revealed that Laves phase has good strengthening
properties due to the close-packed structure; thus,
their precipitation is desired in high-strength mate-
rials [14-17]. In Al-Zn-Mg alloys, the typical C14-
MgZn, phase, designated as m, is an important
hardening precipitate in an over-aged state and thus
has been widely investigated [18-20]. Moreover, C14-
type MgZn, is also the major strengthening phase in
Mg-Zn alloys, named as f'; phase, which also
receives much attention in Mg-based alloy [21].
However, as for the comparison between effects of
different type Laves phase crystal structures on
mechanical properties, researchers mainly pay
attention to the comparison between C15 and C14
types because hexagonal C14-type and C36-type are
hard to distinguish in previously used methods like
X-ray diffraction (XRD) or high-resolution transmis-
sion electron microscopy (HRTEM). For example,
Rabadia et al. [22] found that the C15-type Laves
phase as reinforcement in titanium alloys deformed
more smoothly than the Cl4-type Laves phase. In
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their work, the former exhibited a better dislocation
pinning ability than the latter, but they did not
compare the C36-type phase with C14. Tan et al. [23]
investigated the mechanical properties of Fe,Zr Laves
reinforcement phase in Fe-Cr-Zr alloys, but they
cannot identify the hexagonal structure as either C36
or C14 due to the difficult differentiation from XRD
patterns. In addition, no previous investigation found
the phase transformation between C14-type and C36-
type precipitates. As a result, the correlation between
mechanical properties and precipitate behaviors in
corresponding alloys cannot be conducted. Atomic-
scale observations of these important intermetallics in
Laves phase precipitates are necessary for finding
how the mechanical properties are affected. Mean-
while, according to the general perception of the
Laves phase prototypes, it would be very interesting
to investigate the less frequently studied C36-MgZn,
Laves phase, for the purpose to update the under-
standing of different strengthening Laves phases in
wide-spread compounds.

In this work, the atomic-scale transformation of
MgZn, Laves phase precipitates from C14 to C36
structures during the process of long-time aging is
firstly reported. High-angle annular dark-field scan-
ning transmission electron microscopy (HAADEF-
STEM) at low damage conditions was used to
observe structures of precipitated Laves phases in an
industrial Al-Zn-Mg alloy. The possible intermediate
paths (step by step) from C14 to C36 structure were
analyzed, based on experimental microscopy results
explained with the aid of Ab initio molecular
dynamics (AIMD) calculations. These new funda-
mental understandings on phase transition of proto-
type Laves phases may provide guidance for future
research on the relation between the Laves phase
precipitates and mechanical performance of
materials.

Material and methods
Materials preparation

In this work, a commercial 7B05 Al alloy with 4.31%
Zn, 1.41% Mg, 0.31% Mn, 0.14% Fe, and 0.12% Cu (in
wt.%) was used. The alloy was at an over-aged state
for 568 h at 120 °C by T5 treatment. Then, the aging
was prolonged for 20 more days to reach a total aging
time of 1048 h at 120 °C (T5 + 20 d state) in order to
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observe the consequential phase transformation.
Square plates of 20 mm x 20 mm x 1 mm were cut
from these overaged alloys. These plates were firstly
ground to slices as thin as 40-80 pm and then several
disks with a diameter of 3 mm were punched from
each slice. The specimens were electropolished into
foils by using a mixture of 70 vol.% methanol and 30
vol.% nitric acid as electrolyte, at the polishing tem-
perature of —30 °C and the voltage of 16 V in a Struers
Tenupol-5 twin-jet electropolisher.

Microstructure characterization

Atomic-resolution high-angle annular dark-field
scanning transmission electron microscopy (HAADF-
STEM) was carried out on a Thermo Fisher Titan
Cubed Themis G2 300 TEM equipped with a probe
Cs-corrector operated at the verified low-damage
voltage of 80 kV. The convergence angle used to
record the HAADF-STEM images was 25.6 mrad, and
the inner and outer collection angles were 63 and 200
mrad, respectively. Each HAADF-STEM image
shown in this work was acquired by superimposing
50-100 fast scan images recorded with the drift-cor-
rected frame integration (DCFI) technology [24]. This
technology can apparently reduce noise and image
deformations due to the integration of more intensity
over a longer time and a more rapid scan for each
frame compared to conventional single scan tech-
nology. This microscope is also equipped with a
Super-X detector to provide atomic resolution in EDX
elemental mapping.

Ab initio molecular dynamics calculation

The total energies of C14 and C36 structure under the
aging temperature (393 K) were calculated by Ab
initio molecular dynamics (AIMD) within the
framework of density functional theory (DFT)
[25, 26]. The AIMD time step was 1.0 fs, and the total
simulation time of each simulation was 4000 fs. A
convergence criterion of 1 meV (per simulation box)
for ionic and 0.1 meV for electronic loops, energy cut
off of 400 eV, and a single point (Gamma) k-mesh
were used. Considering the aging temperatures, the
Nosé-Hoover thermostat were used to set the tem-
perature within a canonical NVT ensemble [27].
Supercells of C14 (2 x 2 x 4) and C36 (2 x 2 x 2)
were created with 192 atoms in order to calculate
accurately (cif structures for calculation are added in
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the Supplementary Material). Therefore, by combin-
ing experimental results with AIMD calculations, the
complete bulk phase transformation from C14 to C36
was found and the possible intermediate paths (step
by step) were analyzed.

Results and discussion

The observed bulk C36 structure
of the MgZn, precipitate

Figure 1 shows the phase transformation by exhibit-
ing the hexagonal stacking configurations of MgZn,
phases with Cl4-type and C36-type structures at
different aging times. The orientation relationship
(OR) between these two m precipitates and the Al
matrix is as follows: (121 0),, // (1 11)a5; [0001],, //
[110] 4y, classified as m4 [20] (the Fast Fourier Trans-
form patterns of these two images are the same, as
displayed in Supplementary Document Fig. S1). As is
reported before, HAADF-STEM images provide
atomic number (Z) contrast (among atomic columns)
proportional to Z'”~'? [30]. C14 structure is made up
of hexagonal units (measured as a = 5.24 £ 0.26 nm,
marked by red borders) with 6 Mg columns in the
border and 7 Zn columns in the center in Fig. 1b, c.
The central Zn column in the unit has double Zn
atom numbers compared with the other six Zn col-
umns, and thus, it shows the brightest intensity in the
HAADF-STEM image. There is a sharp contrast
between the heavier Zn (Zz, = 30) columns and
lighter Mg (Zyg = 12) columns, and the other 6 Mg
columns show very weak intensity [30]. Similarly, the
C36 structure in Fig. le is also made up of hexagonal
units (measured as a = 5.16 & 0.19 nm). However, its
internal structure is quite different from that of C14-
MgZn,. The pure Mg atomic columns at the six cor-
ners of the red hexagonal unit of the C14 structure are
showing the weakest contrast (see Fig. 1c), but in the
C36 structure, these columns at the corners show the
brightest intensity as they contain 50% Mg and 50%
Zn atoms (refer to the crystal model of C36 in Fig. 1h
and the Supplementary cif files). In the meantime, the
brightest Zn column in the unit center of C14 has
turned into the darkest Mg column in C36. The
comparison between their cell parameters is listed in
Table 1. EDX mappings are also conducted for this
C36 precipitate to further confirm the elements seg-
regation inside are Mg and Zn, but the precipitate is
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Figure 1 Comparison between C14 and C36 atomic-scale
structures of MgZn, precipitates in 7B05 alloy, both viewed
from [0001], // [110]5; zone axis. a HAADF-STEM image of
C14-MgZn, structure (T5 state). b The corresponding crystal
structure model of C14-MgZn, determined by Komura et al. [28].
¢ An enlarged area in (a). d The image of intensity line profiles
among atom columns in (c) in comparison with C14 structure

vulnerable to electron beam as shown in Supple-
mentary Document Fig. S2. Other similar HAADF-
STEM images of precipitate with C36 structure are
displayed in Supplementary Document Fig. S3, to
prove that the phase transformation in bulk precipi-
tates is not an accidental phenomenon. All in all, the
transformation from C14 to C36 will totally change

e HAADF-STEM structure

model.
(T5 + 20 d state). f The corresponding crystal structure model
of C36-MgZn, modified from that of MgNi, [28]. g An enlarged
area in (e). h The image intensity line profiles among atom
columns in (g) in comparison with C36 structure model. The
simulated HAADF-STEM images by QSTEM [29] were inserted

in (c) and (g).

image of C36-MgZn,

the atom arrangement, but the orientation and the
morphology have little variation. Such a difference
can hardly be noticed by conventional HRTEM
characterizations in this zone axis [31, 32].

Table 1 Structure parameters
of C14 and C36 MgZn,

MgZn, a/nm (C14) a/nm(C36) c¢/nm (C14) c¢/nm (C36)
Initial established model 522 5.22 8.57 17.14
Relaxed model in AIMD 5.32 5.29 8.16 16.52
Measured in STEM image 524 £ 0.26 5.16 = 0.19 / /

@ Springer
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The step-by-step transformation of MgZn,
precipitates viewed from [0001]

Figure 2a shows the atomic-resolution HAADEF-
STEM images of m precipitates with stacking behav-
iors between C14 and C36 structures. The OR of this
precipitate and Al matrix is as same as that in Fig. 1a.
However, the atom columns intensity cannot match
that of C14 structure in Fig. 1a, especially on the
6 Mg columns at the hexagonal corners. It is obvious
that 3 Mg columns have a higher intensity than the
other 3 Mg columns as shown in Fig. 2b after
removing the background. Atomic-scale EDX map-
ping images in Fig. 2c—f show solute enrichment in
all atomic columns. Firstly, there is almost no Al
enrichment inside this precipitate, as it appears dark
in Fig. 2e. Secondly, due to the extremely low Cu
content of this alloy, the distribution of Cu element
shown in Fig. 2f is with a much more noisy back-
ground than of other elements, except for the fact that

Figure 2 HAADF-STEM
image and EDX mapping
images of precipitate with
stacked structure in-between
C14 and C36 structures. a an
T precipitate (T5 state) viewed
along [0001],,. The C14 model
with one 2R stacking fault
inserted as well as the
corresponding simulated
HAADF-STEM image are
inserted. b HAADF-STEM
image of the precipitate with
background removed (see
details in Supplementary Data)
and pseudocolor. The intensity
map inserted is obtained along
the white bar. c—f are atomic-
resolution EDX mappings of
Mg, Zn, Al, Cu elements,
respectively, and the scale bars
are 1 nm.
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only a few Cu atoms segregate at the MgZn, / Al
interface. This is similiar to the EDX mapping in C36
structure as shown in Fig. S2. The segregation of Cu
atoms at precipitate/matrix interface is not a rare
phenomenon in Al alloys [33], and therefore, it will
not be discussed here. As for the enrichment of Mg
and Zn atoms, it is obvious that the darker atomic
columns as indicated in yellow circles in Fig. 2b are
with higher Mg concentration than the other 3 col-
umns as displayed in Fig. 2c, meanwhile, with very
little Zn concentration as revealed in Fig. 2d. There-
fore, these columns can be inferred as nearly pure Mg
columns. In contrast, the brighter columns in
HAADF-STEM images are with less but still notice-
able Mg concentration compared to columns, and
they contain a substantial amount of Zn as shown in
Fig. 2d. They can be explained as columns mixed
with both Mg and Zn atoms. Such mixing can only be
found in a periodic C14 structure containing 2R
stacking layers inserted among R layers (R means

i bl |
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rhombohedral Zn units along [1 2 1 0] by researchers
[9] as shown in the model of Fig. 6). The corre-
spondingly simulated HAADF-STEM image by
QSTEM script [28] in Fig. 2a can well fit the experi-
mental image contrast. More analyses are illustrated
in Fig. 3 to verify the effect of stacking faults on
atoms columns’ contrast viewed along [0001].

The schematic diagrams of the initial transforma-
tion step are displayed in Fig. 3 to explain why the
HAADEF-STEM images contrast of Mg atoms columns
in Fig. 2a are inconsistent with the perfect C14
structure in Fig. 1a. As shown in Fig. 3b, when one
2R stacking fault is inserted into a perfect C14
structure, some Zn atoms will mix into Mg columns
(see the blue circles); on the contrary, some Mg atoms
will enter the middle Zn atom column (see the red
circles) in the unit cell. Then, the hexagonal corners in
the unit cell will show two kinds of intensity due to
the different enrichment of Mg atoms. The precipitate
in Fig. 2a is referred to as a Cl4 structure with
stacking faults (2R structure), as an initial structure in
the transformation process from C14 to C36. How-
ever, the number of stacking faults cannot be
obtained as the view direction is [0001],,. Therefore,
more images from another view direction [1 2 1 0],
are obtained in the following study to verify the
transformation steps.

J Mater Sci (2022) 57:2999-3009

The step-by-step transformation of MgZn,
precipitates viewed from [ 121 0]

Figure 4 shows an atomic-resolution Z-contrast
image of a nano-sized n precipitate viewed along [1 2
1 0], with a typical lath morphology on grain
boundary. The OR in Fig. 4ais [T 2101, // [1 1245
(0001),, // (110) oy, corresponding to 11 [34]. It can be
clearly seen that the arrangement of atoms in this
precipitate is not periodic, and a large number of
stacking fault structures and two irregular bands of
planar defects (see the orange frames) throughout the
precipitates can be observed. According to our pre-
vious study [13], the planar defects in precipitates are
mainly caused by the large strain surrounding the
precipitates. In this precipitate, although there is no
perfect periodic C14 or C36 stacking structure, one
periodic stacking with the structural units (named as
2R + R enlarged in Fig. 4b) has repeated 9 times as
shown in the middle of Fig. 4a marked by red bor-
ders. This is the side-view evidence of the existence of
2R + R stacking behaviors in the lath-like precipitate,
complementary to the end-on view image (along
[0001],)) as shown in Fig. 2a. Meanwhile, another
kind of stacking (named as 3R + R) also appears at
both ends of this precipitate, as marked in yellow
dashed frames and enlarged in Fig. 4c.

It is confirmed perfect C14-MgZn, structure has a
stacking sequence displayed as R + R (zig-zag
structures). In Fig. 5, two particles with a pair of

(a) Perfect C14

top view

(b) Imperfect C14

top view

side view

Figure 3 Schematic diagram of the initial step of the transformation of MgZn, phase from C14 to C36 structure. a Crystal model of
perfect C14 structure. b Crystal model of an initial transformed structure inserted one 2R stacking fault.

@ Springer
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Figure 4 HAADF-STEM
images of another precipitate
with stacked structure in-
between C14 and C36
structures. a an m precipitate
viewed along [12 1 0], with
complex stacked structure in-
between C14 and C36
structures (TS + 20 d state).
b, c are enlarged areas of
different stacking behaviors
existing in (a).

reversed stacking faults, namely 2R + 2 R, are also
observed, which correspond well with the C36
stacking sequences. These verify our inference on
transformation steps. After emitting one stacking
fault on a layer plane, 3R + R or 2R + R structures
can be formed as detailed illustrated in Fig. 4. The
atomic stacking structures are highlighted in white
lines in Fig. 5, with reversed but separate 2R and 2 R
stacking faults, believed as one precursor of the bulk
structure with complete 2R + 2 R periodicity (C36
structure). Ultimately, a total C36 structure with
periodic 2R + 2 R stacking behaviors will be formed
since our theoretical calculations support these
inferences (see “Predicted energies of C14 and C36
structures” section). Therefore, the summary of the
transformation path from C14 to C36 Laves struc-
tures of the MgZn, precipitate during over-aging is as
follows: R+ R(C14) > 2R+ R /3R + R - 2R + 2
R (C36). More detailed schematic illustration is
below.

Figure 5 HAADF-STEM
images of precipitates with
2R + 2 R (C36 stacking
sequence) structures, viewed
along [1 2 T 0],, in the over-
aged (TS + 20 d state) alloy.

3005

[111]A.
[110],

[112],

Schematic illustration of transformation
mechanism

By analyzing all the observations above, the step-by-
step phase transformation can be explained as illus-
trated in Fig. 6. Due to the difference of stacking
periodicities along the ¢ axis, the ¢ parameter of the
C36 structure is twice that of the Cl14 structure.
According to the description of Chisholm et. al. [35],
the structure of all binary Laves phases consists of
alternating layers of a single s layer (Zn layer in
MgZn,) and a triple-layer stack (Mg-Zn-Mg) in two
forms, designated as t and #/, which are mirror-sym-
metric to each other about the layer plane (0001),, as
shown in Fig. 6a, b. In C14 structure, the stacking
sequence is illustrated as ...s t s ... while the stack-
ing sequence of C36 is ...s t s t s ' s ..., which is
period-doubled compared to C14 as shown in Fig. 6a,
b. A most likely mechanism of phase transformation
from bulk C14 to C36 is depicted in Fig. 6¢c. The
dashed rectangles in Fig. 6c present partial

5 nm

@ Springer
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Figure 6 Summary of the
step-by-step transformations
from C14 to C36 Laves
structures of the MgZn,
precipitate during over-aging.
a, b Crystal models of C14-
MgZn, and C36-MgZn,
structures, viewed along [1 2 T
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dislocations gliding on the (0001),, plane. Shockley
partials can be emitted on either atomic layers ¢ or '
and then reverse them to each other [35]. Therefore,
there are two possible slip paths from C14 to C36:
when the slip of the partial begins from the ¢ stacking
plane (¢ turns to #), it will result in a new stacking
sequence of ...s ' s t' s t s t'...and then 2R stacking
faults will form (Fig. 4b), while the slip of the partial
is on t stacking plane (#' turns to ), the stacking
sequence turns to...s t s t s t s ... and a 3R stacking
fault will occur (Fig. 4c). Both transition paths are
evidenced by the HAADF-STEM image in Fig. 4a,
where the 3R + R and 2R + R structures can appear
at the same time in one single precipitate. Further, as
the aging time increases, more Shockley partials can
be emitted on some specific ¢ or #' layers; then, the

@ Springer

final stacking sequence of...s t st s t' s t'... will ulti-
mately form and a bulk C36-type Lave phase will be
generated.

Predicted energies of C14 and C36 structures

The total free energy (taking the kinetic energy of the
ions and the energy of the Nosé thermostat into
account) of C14 and C36 structures at 393 K was
calculated by AIMD, shown in blue and green curves.
The linear fits of each total free energy curve by the
Least Square Method are also displayed, marked by
red and black lines, and the slopes of each line are —
430 x 10° eV/fs and -3.28 x 107 eV/fs, respec-
tively. These two fitted lines are extended to 60,000 fs
in Fig. 7, and there is an intersection point at the
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Figure 7 Total free energies A
of C14 and C36 structures at ]
393 K predicted by AIMD c36
calculations.

-268.0 o

-268.5 1.

3007

-266.941 Total Energy of C36
-266.96 Total Energy of C14

266,98 J’\\\‘? Linear fit of C36 energy

Linear fit of C14 energy

Total free energy (eV)

269.04

1000 2000 3000 4000

(58929,-268.84)
-269.5
-270.0 T T T T T T T T T T T T T
0 10000 20000 30000 40000 50000 60000
Time (fs)

58929th step. Therefore, the total free energy of C36 is
referred to be lower than that of C14 after a long time
calculation, which can explain that why C36 precip-
itates only appear in the samples after an extremely
long-time aging. This is consistent with our previous
MD calculations [13] that the bulk free energy can be
decreased when 2R and 2 R staking faults (producing
C36 structures) occurred in pairs inside the C14-
MgZn, precipitate. Meanwhile, the average total
energies of each structure are also displayed in Sup-
plementary Document Fig. S4.

Our findings are of significance for understanding
the Laves phase transformation conditions and
designing materials with different types of Laves
phase intermetallics. The C14 to C36 transformation
is bound to influence the mechanical properties of
materials, although both phases have hexagonal
structures and very similar basal slip behaviors. The
non-basal slip behaviors of C14 and C36 phases are
different; Luo et al. [36] concluded non-basal plane
slip systems in Laves phase by micro-pillar com-
pression  tests, including  pyramidal = slip
{1011} < 1012 > for C14 and {1012} < 1011 > for C36.
The slip behaviors have a significant impact on the
properties of the alloy because the change of dislo-
cation behavior plays a decisive role in the brittle-to-
ductile transition [37]. In the current work, the effect
of crystal structures on mechanical properties for
Laves phases can be only studied in an indirect way,

designing an alloy with more C36-type precipitates
than C14 type is scheduled.

Conclusion

In summary, we investigated the atomic-scale trans-
formation of MgZn, Laves phase precipitates from
C14 to C36 structures by low-voltage HAADF-STEM
in an Al-Zn-Mg alloy. For the first time, we report the
existence of bulk C36-type MgZn, precipitates rather
than C36 stacking faults, and we found the energy of
C36 structure is inferred to be lower than C14 struc-
ture by AIMD calculations, in an extremely over aged
state at 120 °C. Two C14-C36 transformation paths
through the emission of Shockley partials on gliding
planes (0001) were proposed, and atomic-scale evi-
dence was found for the intermediate states. Our
findings imply that the prototype Laves compounds
will change their characteristic structures, depending
on their thermal history. This important phase
transformation can serve as a new strategy to control
the structures of Laves phase strengthening materials
and to obtain new combinations of properties.
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