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ABSTRACT

(Mg,Zn)sGd precipitates were observed in the form of parallel arrays within a a-Mg matrix of a Mg-3.5Gd-1Zn-0.6Zr
(GZ41K) alloy following isothermal holding at 450 °C for 20 min or uniaxial hot compression testing at 450 °C and at
strain rates of 103 and 10s™. A microstructural analysis using a combination of scanning and transmission electron
microscopies showed arrays of precipitates nucleated on stacking faults as a result of the LPSO structures
decomposing statically after long isothermal holding times at 450 °C, which is lower than the dissolution temperature
of (Mg,Zn)sGd precipitates (520 °C), and dynamically, as a result of hot compression. The presence of precipitates on
slip bands was also observed in the case of deformed specimens. The characteristics of the precipitates were
investigated using differential thermal analysis, and optical and electron microscopy. The influences of the
solutionizing temperature and deformation conditions on distribution, morphology and volume fraction of precipitates
were quantified. The results are interpreted in terms of the influence of the strain rate in increasing the stacking

fault/dislocation intersections and the decomposition of the L1, structure of stacking faults.
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1. Introduction

Magnesium and its alloys, as lightest engineering alloys, have attracted intense interests in recent
years because of their low density and high specific strength. However, these alloys suffer from
room temperature ductility mainly due to the limited active slip systems inherent to the HCP
structure of Magnesium, the large grain size especially in the as-cast state, and the presence of
abundant precipitates in the matrix. Application of as-cast Mg alloys is also limited in particular
for ternary, quaternary alloy systems due to the formation of multiple eutectics during
solidification which provide inhomogeneous microstructures. Hot deformation processes are
recognized as effective methods that result in a better distribution of second phases, elimination of
eutectic structure, and enhancement in mechanical properties of Mg alloys through precipitation
and grain refinement by dynamic recrystallization [1-3]. Specifically, solutionizing heat treatments
before hot deformation which produce supersaturated solid solutions (SSS), improve the
formability of Mg alloys [4]. Moreover, Formation of deformation-induced precipitates from a
SSS during hot deformation, provides grain refining through pinning or decelerating the movement
of sub grain boundaries and/or dynamically recrystallized (DRXed) grain boundaries and

consequently enhances the strength of the alloy [5].

Among the emerging Mg alloys with enhanced mechanical properties, Mg-TM-RE alloys (TM
and RE are transition and rare-earth elements, respectively) are the most promising ones [6-9].
Specially Mg-Zn-Y and Mg-Zn-Gd alloys containing Long Period Stacking Ordered (LPSO)
structures have been the subject of increased attention as they possess excellent mechanical
properties (e.g. UTS >400MPa, and elongation>5%) [10-13]. Formation of LPSO structures have
already been reported in as-cast, heat treated, or hot deformed conditions and it is now accepted

that their characteristics including their stability are strongly dependent on the type and



concentration of the RE element [14, 15]. Although, the presence of some LPSO structures have
been reported in as-cast Mg-Gd-Zn alloy systems [16, 17], their stability over time is still an issue
and most of the stable LPSO structures, especially at low Gd contents, have been produced through
heat treatment or during hot deformation of these alloys [1, 18]. However, in the above studies the
only phase present in the a-Mg matrix has been the LPSO structure and the influence of other

secondary phases such as W-phase or MgsGd and etc. has not been considered.

The formation mechanism of the LPSO structures is still subject of debate and in recent years
many efforts have been devoted to elucidating the mechanism of LPSO formation both through
experimental or mathematical modeling [19-21]. Specifically, likubo et al. [19] reported that
increasing vibrational entropy and weakening of the Mg-Mg bond strength (i.e. lattice expansion)
promote the formation of LPSO structure. Lattice expansion could occur by thermal volume
expansion or introduction of large solute atoms in substitutional positions. The expansion, results
in increased generation of stacking faults between the stacking sequences of the magnesium lattice.
The higher is the number of stacking faults, the larger is the vibrational entropy [20]. Moreover,
solute elements which decrease the intrinsic stacking fault energy and are necessary for LPSO
formation, diffuse easier by an increase in the vibrational entropy. As the formation of a stacking
sequence in a HCP structure (ABAB..) is of a FCC stacking type (ABCAB...) therefore, reduction
in the SFE of the lattice, encourages the formation of FCC layers [21]. The interface of this FCC
layer and the original HCP region, has a negative energy. Besides, solute elements can segregate
toward the FCC layer of SF to form initially disordered FCC and finally ordered L1, clusters.
However, according to thermodynamic calculations [7, 22], the presence of LPSO structure is
extremely dependent on the Zn/RE ratio and it could coexist with other secondary phases, like W-

phase, over a wide range of chemical compositions. Few studies are available [23-28] on the



interaction between these two phases. Wang et al. [29] reported that the strengthening effect of
W+LPSO phase is greater than only LPSO in Mg—Zn-Y—Zr alloys. These additional phases appear
accompanied by LPSO structures in the Mg matrix and are frequently formed as precipitates in the

as-cast state or as a result of thermal and/or thermomechanical processing of these alloys.

Researches on precipitation phenomena in Mg-TM-RE alloys have been mostly concentrated on
nucleation, growth and distribution in the matrix for static precipitation [30-32] or during hot
deformation process [33-38]. Specifically, dynamic precipitation of £ precipitates has been
reported by Hou et al. [38] during hot compression of Mg—8Gd-2Y—-1Nd-0.3Zn-0.6Zr alloy who
observed similar orientation relationships under static or dynamic precipitation. However, little
data is available on the preferred alignment of precipitates. Analysis of the published literature
indicates that precipitates are randomly distributed in the matrix [30-38]. In contrast, other authors
report preferred alignment during the growth process [39-42]. Celotto et al. [40] observed
continuous precipitates lying in the basal planes of a heat-treated AZ91alloy while Roostaei et al.
[41] reported the formation of arrays of Gd-rich precipitates similar to W-phase, after a long heat
treatment (~240min) at 300 °C of GZ31 alloy. In a very recent publication, Deschamps et al. [42]
have observed parallel bands of precipitates in the deformed Al-Cu-Li-Mg alloys. It is worth noting
that, in the above studies no clear discussion has been made on the role of precipitates nucleation

sites in the arrangement of precipitates.

In the current work, the formation of parallel arrays of precipitates in GZ41K alloy is studied and
possible governing mechanisms are proposed. Using extensive SEM and TEM examinations, the
role played by stacking faults present within the LPSO structures on the formation of preferential
precipitation is demonstrated in the a-Mg matrix. Finally the effect of strain rate on the volume

fraction of precipitates is discussed.



2. Material and methods

The GZ41K alloy with a nominal composition of Mg-3.5Gd-1Zn-0.6Zr (wt%) was melted using
pure Mg, pure Zinc, Mg-10Gd and Mg-5Zr master alloys in an electric resistance furnace at 750°C
under protection of CO, atmosphere and then was poured at 715°C into a preheated steel mould.
The as-cast material was homogenized in two steps, 2hr at 350°C followed by 10hr at 540°C and
then extruded by an extrusion ratio of 8.5:1. The extruded rod, with the final diameter of 12mm,
was used as the starting material in this study. Hot compression specimens 12mm in height and
8mm in diameter were machined from the as-extruded material and then subjected to solutionizing
treatment at 540°C for 3hr followed by water quenching. Four thermal cycles were employed as
shown in Fig. 1. After 5 min soaking at the temperatures of 450°C, uniaxial hot compression cycles
((b) and (c) in Fig. 1) were conducted using a Zwick Rolling 250 testing machine. The test
temperature was 450°C , two strain rates of 10°3s™* and 10's™ were used and the specimens were
immediately quenched after deformation to preserve the as-deformed high temperature
microstructures. It should be mentioned that the compression direction was parallel to the extrusion

direction.
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Fig. 1. The thermal/thermomechanical cycles used for the GZ41K alloy after solutionizing at 540°C for
3hr. Isothermal holding at 450°C for a) 5 min and d) 20 min and hot compressions at the strain rate of b)

10'st and c) 103s.

In order to separate the effect of holding time on precipitation (static precipitation) from that of
deformation on the formation of precipitates, two isothermal holding cycles were employed: 1)
450°C for 5 min (Fig.1a) equal to the soaking (holding) time before deformation; and 2) 20 min
(Fig. 1d) holding time, which is almost equivalent to the sum of the soaking time before
deformation and the compression time at the lowest strain rate (10°s). The as-Extruded and
solutionized specimens were characterized by DTA analysis using heating and cooling rate of
5°C/min to study the formation or dissolution of constituent phases. X-ray diffraction patterns of
solutionized and hot deformed specimens were obtained using PANalytical X-ray diffractometer
setup with Cu K, radiation. For microstructural investigations, specimens were prepared by
standard polishing procedures, initially with SiC abrasive papers and finally with 1um alumina
suspension. Specimens were chemically etched in 4% Nital solution for 30s. LEXT OLS4100 laser

confocal microscope for optical microscopy and Hitachi SU-8230 Field Emission-STEM for
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scanning electron microscopy were employed. Transmission electron microscopy investigation
was performed using FEI Tecnai G2 Spirit BioTwin 120 kV Cryo-TEM equipped with the high-
resolution TEM (HRTEM) and high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). The specimen preparation for this purpose was completed via
mechanical polishing followed by a precision ion polishing system (PIPS). Finally, volume

fractions of precipitates were calculated by employing the ImageJ software.
3. Results
3.1. Starting microstructure and thermal analysis

The starting as-extruded microstructure of the alloy, as shown in Fig. 2a and 2b, consists of
elongated grains in the extrusion direction accompanied by several types of particles: some large
irregular-shape ones (denoted by I in Fig.2b) which are aligned in the extrusion direction as
depicted by the yellow arrows in Fig. 2b; sparse large cubic particles dispersed in the matrix as
enlarged and represented by Il in Fig. 2c; and finally the smallest precipitates (denoted by Il in
Fig. 2b). It is worth noting that the orientations of these small particles depend on the orientation
of a-Mg grains and vary from one grain to another as can be seen in the matrix (Fig. 2.a).
Microstructural features of the alloy after solutionizing at 540°C for 3hr are presented in Figs. 2c
and 2d. A comparison between Figs. 2a and 2b with Figs. 2c and 2d indicates that all the smallest
precipitates (type I11) and irregular-shape particles (type I) have been dissolved in the a-Mg matrix
leaving it with some large cubic particles (type 11) within the grains and at the grain boundaries.
EDS analyses of particles in Fig. 2 listed in table 1, show that the Zn/Gd ratio is almost identical
for type | and type Il particles. This indicates that while these particles have been formed at
different steps during the processing, they have very similar compositions and thus dissolved in

the matrix after homogenization. This dissolution can also be further confirmed by comparing Zn
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and Gd concentrations for both as-extruded and as-solutionized matrices in table 1. It can be seen
that the amount of dissolved Zn and Gd in the matrix is increased as a result of alloy

homogenization at 540°C for 3hr.
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Fig. 2. Microstructure of GZ41K alloy in a, b) as-extruded and c,d) as-solutionized at 540°C for 3hr.

Table 1 EDS analysis of types I, Il and 1l particles and also as-extruded, as-solutionized matrices in Fig.

2.
Spectrum Mg (at%) Zn (at%) Gd (at%) Zr(at%) Zn/Gd
Type | 61.03 25.96 13.01 0.00 2.00
Type Il 20.37 0.91 78.52 020  86.29
Type Il 89.64 7.06 3.30 0.00 2.14
As-extruded matrix 99.67 0.18 0.15 0.00
As-solutionized matrix 98.35 0.95 0.69 0.01




DTA thermograms of as-extruded and as-solutionized conditions are depicted in Fig. 3. For the
purpose of the DTA experiments, both specimens were heated to above the melting point followed
by cooling to the room temperature. The main difference between the as-extruded (Fig. 3a) and
as-solutionized (Fig. 3b) specimens is related to the heating cycle. During the heating cycle, a
small endothermic peak appears at 519.2°C for the as extruded specimen (see inset graph in Fig.3a)
which is due to the dissolution of both small and irregular particles in the as-extruded specimen,
while no peak is observed for the solutionized specimen (inset graph in Fig.3b). This indicates that
the precipitates present in the matrix have been dissolved and a supersaturated solid solution has
been formed which is susceptible to form stable or metastable precipitates in the subsequent
treatments. During cooling from the melt, exothermic peaks for both specimens have almost
identical shapes and reveal that the formation temperatures for both type I and type I11 precipitates

are in the 526°C and 506°C interval.
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Fig. 3. Heating and cooling DTA thermograms of GZ41K alloy a) as-extruded and b) as-solutionized
conditions.

3.2. Hot compressed microstructures

Microstructures of hot compressed alloy at 450°C and strain rates of 103s* and 10%s™* are shown

in Fig. 4. Comparison between Figs. 4a and 4c indicates that the volume fraction of precipitates
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increased from 4% to 8% with increasing the strain rate from 102 s to 10"%s . For both strain
rates, the precipitates are present in the grain interiors as well as at the grain boundaries. As can
be seen in Figs. 4b and 4d, most of the interior precipitates are aligned in parallel arrays. These
sets of arrays are not fully straight and are bent in some regions (Figs. 4a and 4c) and appear to
follow the local strain fields. Also, comparing the SEM micrographs in Figs. 4b and 4d indicates
that the orientation of precipitates in each array is more irregular at the higher strain rate, further

supporting the influence of the strain rate on precipitation orientation.

1U Ouru

Fig. 4. Microstructure of hot compressed GZ41K alloy at 450°C at strain rates of a, b) 10s™ and c, d) 10
13-1_

As shown in the TEM micrographs of the specimen deformed at the strain rate of 103s?,

microstructure contains a large amount of stacking faults (black arrows in Figs. 5a and 5b) and
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also coincidence of SFs and slip bands (white arrows in Fig. 5b). In both cases, the precipitates are
laid along these parallel structural defects. Furthermore, there are some dislocations crossing these
SFs and slip bands as indicated circles in Fig. 5b. The HAADF-STEM image of the Fig.5a is
presented in Fig. 6a showing those stacking faults as white lines. Atomic weights of Gd, Zn and
Zr solute elements are all higher than that of Mg and thus wherever the concentration of solute
elements is higher than that of the matrix, the HAADF-STEM image will be brighter. Therefore,
it can be concluded that these elements are more likely to segregate to the SFs rather than having
a uniform distribution in the matrix. HRTEM observation of the SFs in Fig. 5a revealed that these
stacking faults belong to a 14H-LPSO structure, i.e. separated from each other by 14 stacking

layers. Consequently, the precipitates have nucleated on 14H-LPSO structures.

Fig. 5. TEM images of the specimen deformed at the strain rate of 10-3s showing precipitates lying on a)
stacking faults (black arrows) of LPSO structure and b) slip bands (white arrows) in a non-recrystallized

grain. Intersection between dislocations and slip bands are circled in Fig. 5.b.
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Fig. 6. a) HAADF-STEM image of the micrograph in Fig.5.a revealing segregated solute elements on

stacking faults and b) HRTEM image in which arrows denote the 14 atomic layers of the 14H-LPSO

structure.

Chemical composition of the precipitates formed during deformation was determined by
comparing X-ray diffraction patterns of as-solutionized and as-deformed (hot compressed at the
strain rate of 103s?) specimens. The presence of some extra characteristic peaks can be observed
in the diffraction patterns of the as-deformed specimen which assigned by rhombic in Fig. 7. Phase
peaks can be related to type | and Ill precipitates based on microstructural observations
(comparison of Figs. 2c and 2d with Figs. 4a and 4c). Determining the exact composition of this
phase with a similar composition to W-phase in Mg-Zn-Y alloys have been a controversial subject
and several compositions such as W-phase (MgsZnz3Gd>) [43], MgsGd phase [11, 41, 44] or a
combination of those have been assigned to this set of peaks. However, TEM investigations [12,
16, 45-48] revealed that this phase is a (Mg,Zn)sGd phase with FCC structure similar to MgszGd

phase.
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Fig. 7. X-ray diffraction patterns of GZ41K alloy in the as-solutionized state and as-deformation at 450°C

and strain rate of 10-3s™.

3.3. Isothermal holding microstructure

After isothermal holding of the as-solutionized alloys for 5 min at 450°C followed by water
quenching (Figs. 8a and 8b), no new precipitates were detected neither in the matrix nor at the
grain boundaries or twin boundaries. However, in the case of specimens hold for 20 min, as
illustrated in Figs. 8c and 8d, precipitates are present at the grain and twin boundaries as well as
inside the grains. In some grains, the intragranular precipitates are arranged in parallel arrays, as
evidenced in Fig 8c. Also, precipitation orientation in each array has changed when twins are
present in the matrix (Fig. 8d). The volume fraction of precipitates at this condition (i.e. 20 min
isotheral holding) was measured to about 2% which is well below those measured for hot deformed
specimens (4% to 8%). The above results indicate that the strain-induced precipitation is

responsible for the higher volume fractions of precipitates after hot compression at 450°C.
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Fig. 8. SEM images of the microstructure after isothermal holding at 450°C a,b) 5 min holding, showing
the precipitate-free grain interior and grain boundaries; ¢,d) 20 min holding, contains precipitates inside
the grains and twins as well as at grain boundaries and twin boundaries. (b and d are higher magnification

images of a and c, respectively).
3.4. Solute element distribution

Figs. 9 and 10 present SEM and EDS analyses after deformation at 450°C and strain rates of 102
s and 10°%s?, respectively. Mapping and line scan analyses showed that, for both deformation
conditions, precipitate arrays are enriched in Zn, Gd and Zr. However, comparison between
elemental maps in Figs. 9 and 10 indicates that the concentration of solute atoms in the matrix at

the strain rate of 10°s, is less than those for the specimen tested at the strain rate of 102s™%. This
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can be attributed to the longer time for the formation of precipitates at lower strain rates via
diffusion of solute elements. In contrast, a uniform distribution of solute elements was observed
between arrays of precipitates as reported in Figs. 9 and 10. Finally, it was also found that

precipitates are more aligned after deformation at the strain rate of 10°3s™ (Fig. 9) than those for

the strain rate of 107s™ (Fig. 10).

Fig. 9. SEM image and EDS analyses of precipitates in GZ41K alloy deformed at 450 °C and strain rate
of 103sL.

Fig. 10. SEM image and EDS analyses of precipitates in GZ41K alloy deformed at 450 °C and strain rate

of 101s1,
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4. Discussion

Mechanisms of precipitate formation in parallel arrays

The formation of parallel arrays of precipitates after isothermal holding has been reported
previously [39-41] and also revealed in the present investigation. However, to the knowledge of
the authors, no or very little work has been reported on the governing mechanisms. In the present
investigation, on the basis of some simplifying assumptions, a combination of three possible
mechanisms is proposed to account for the occurrence of the observed precipitation phenomenon.
Specifically, these are precipitation on certain sets of planes, precipitation on slip bands and
precipitation on the stacking faults of LPSO structures.

Static or dynamic precipitation in the GZ41K alloy, as illustrated in Figs. 8b and 4b, respectively
results in the formation of (Mg, Zn)3Gd rod-like particles which are oriented mostly parallel to
each other. This was also described before for the as-extruded microstructure, Fig. 2a, in which
the orientation of these parallel arrays of precipitates changed from one grain to another. Published
literature on RE-containing magnesium alloys [38, 46, 49] have shown that, precipitates nucleate
and grow on definite crystallographic planes of the a-Mg matrix. However, Analysis of the
published data revealed that although these precipitates imitate a certain a-Mg matrix
crystallographic orientation, their nucleation had taken place on random sites rather than in the
form of continuous arrays. Therefore, the orientation relationship is not the only parameter which
could solely explain the formation of these parallel arrays.

Fig. 5b shows the nucleation and growth of the precipitates on parallel bands inside the grains. The
latter are slip bands most probably from the movement of the basal planes in the Mg HCP structure.
Precipitation on slip bands has also been reported by Choudhuri et al. [39] for a Ti-Mo-Nb-Al

alloy and have been related to a dynamic precipitation process during hot tensile test. It is worth
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noting that no data is available on precipitation on slip bands in Mg-RE or actually any other Mg
based alloys. Detailed analysis of the hot deformed microstructures of the hot deformed samples
revealed that the precipitate arrays were either bent in some regions especially near initial grain
boundaries or arranged in zigzag shape in the interiors of grains as illustrated in Figs. 4a and 4c.
However, it is well-known that slip bands are mostly parallel straight lines and cannot bend or
become zigzag in the same grain, similar to what could be observed in Fig. 4. The formation of
bent or zigzag kinking of precipitate bands has been reported by Ofiorbe et al. [50] and Yamasaki
et al. [51] for long period stacking ordered (LPSO) structures in Mg-TM-RE alloys. On the basis
of obtained results in the present investigation, it can be said that, LPSO structures are present in
the matrix and the arrays of precipitates nucleated on stacking faults of the LPSO structure as it is
observed in Figs. 5a and 6a for the hot deformed microstructure. Furthermore, as illustrated in Fig
8d, precipitates also formed in parallel arrays during 20 min isothermal holding at 450°C on non-
deformed samples, i.e. in the absence of slip bands. Therefore, it can be concluded that this
precipitates were also formed on LPSO structures. Nevertheless, it is necessary to discuss why and
how (Mg,Zn)3Gd precipitates could form on the LPSO structures?

During solutionizing treatment, (Mg,Zn)3Gd precipitates dissolve in the a-Mg matrix (Fig. 2c), but
as shown in Fig. 6a, the distribution of solute elements is not uniform and as reported by Wu et al.
[52] dissolution of (Mg,Zn)3Gd particles during solutionizing resulted in the growth of lamellar
14H-LPSO structure. Also, according to the observations of Zheng et al. [53] and Yamasaki et al.
[54] the solute elements prefer to segregate into SFs of LPSO structure and lead to the growth of
the LPSO structure in both longitudinal and transverse directions. DTA analysis in Fig. 3 revealed
that 519.2°C is very close to the critical temperature below which the (Mg,Zn)sGd phase would be

stable. Therefore, from a thermodynamic point of view, holding a supersaturated solid solution
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alloy below 519.2°C (450°C in this study) could result in the precipitation of (Mg,Zn)sGd phase.
The presence of precipitates in parallel arrays after 20 min holding at 450°C in the undeformed
sample (Figs. 8c and 8d) reveals that, from a kinetic point of view, such holding time is sufficient
for the nucleation of these precipitates.

According to the above discussions, the LPSO structures that are formed during the solutionizing
treatment are likely to decompose to (Mg,Zn)sGd precipitates and individual SFs at 450°C because
of lattice contractions and thermodynamic stability at 450°C. However, this decomposition is only
partial as the LPSO structures, SFs and (Mg,Zn)sGd phase are all present at a given temperature
[54]. Consequently, the formation of the precipitate arrays during 20 min isothermal holding (Fig.
8d) could be attributed to the nucleation of (Mg,Zn)z:Gd particles on pre-existing SFs and also the
SFs remained from LPSO decomposition.

Deformation at high temperatures activates some of the non-basal slip systems and therefore
dislocation intersections with LPSO structures will be increased as for example circled in Fig. 5b.
Similar findings have also been reported by Hu et al. [55] who observed a Cottrell atmosphere of
solute elements at the intersection of dislocations and SFs of LPSO structure [55] and related it to
the role played by lattice defects as favorable sites for accommodation of the elastic strains around
large solute atoms. Consequently, the combination of solute enriched regions inside LPSO
structures and the segregation of solute elements to the LPSO structure plus the presence of parallel
arrays formed by SFs on the LPSO structure create favorable conditions for dynamic precipitation

of (Mg,Zn)sGd.

Furthermore, compressive deformation will result in lattice contraction in both a and c directions
of HCP structure [56] and thus SFs, which are highly sensitive to lattice expansion and contraction

[19], become unstable[57]. As a result, the L1, structure arrangement of solute elements on the
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unstable SFs should be decomposed and the elements will diffuse out of the SFs and dissolve into
the a-Mg matrix. Dissolution of precipitates increases the excess energy of the system and makes
the system unstable since the matrix become supersaturated [58]. Under these conditions,

formation of precipitates would be a suitable choice for the system to reduce its internal energy.

It’s well established that under the static precipitation from a uniform supersaturated solid
solution, solute elements diffuse toward the newly formed precipitates and form a solute depleted
region around precipitates as well as a solute-rich zone in the interparticle regions [59]. Uniform
distribution of solute in the matrix and adjacent to the particle/matrix interface (Figs. 9 and 10)
suggests that before the precipitation process, solute elements had been segregated to some
preferable sites which are the SFs of the LPSO structures and specially SF/dislocation
intersections. Therefore, diffusion of solute elements across the stacking faults of the LPSO
structure is probably responsible for the formation of (Mg,Zn)sGd precipitates on SF-dislocation

intersections.

Comparison of Figs. 4a and 4c, indicates that the precipitation is influenced by deformation rate
and the volume fraction of deformation-induced precipitation (DIP) at the strain rate of 10s? is
higher than 10-3s at 450°C. Fundamentally, DIP takes place under the conditions that deformation
promotes the movement of atoms in order to form precipitates and also provides additional sites
for precipitation, similar to dislocation intersections [49] or deformation-induced vacancies [60].
Dislocation density is lower at low strain rates and elevated temperatures owing to the high
dislocation annihilation and ease of dynamic recovery. The dislocation density increases strain rate

according to the following equation, adapted from McCormick [61]:

¢ = p[*522 exp(—Qum/KT)] (1)
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where p, C,, Dy, b, Q, and | are dislocation density, vacancy concentration, diffusion frequency
factor, burger’s vector, solute migration activation energy and effective radius of solute
atmosphere around a dislocation, respectively. The interactions and junctions between
dislocations, especially at enhanced strain rates, promotes precipitation nucleation and growth
[62]. Therefore, intersections between SFs and dislocations increases with dislocation density

resulting in increased potential for precipitation under higher strain rate conditions.
5. Conclusions

Formation of precipitate arrays during hot compression of GZ41K magnesium alloy and the effect
of strain rate on the deformation-induced precipitation were investigated in the current work. The

main findings of this study are as follows:

1- Some large and small (Mg,Zn)3Gd particles were identified in as-extruded GZ41K alloy.
The formation temperature of these particles is in the 506°C to 526°C range.

2- Static precipitation of (Mg,Zn)sGd particles was observed on the individual SFs as well as
on LPSO structures and only in sample held for 20 min at 450°C.

3- Applying hot compression, leads to dynamic decomposition of LPSO structures and
formation of precipitates in parallel continuous arrays. The precipitate volume fraction
doubled with increasing the strain rate from 10°3s™ to 10%s™.

4- A combination of precipitation on specific planes, precipitation on the stacking faults of
the LPSO structures, and precipitation on slip bands were observed and possible governing

mechanism based on dislocation intersections is proposed.
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