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Interfacial segregation has been reported to play a critical role in the thermal-mechanical stability of
nanocrystalline Mg alloys. Here we report Ag-segregation-assisted formation of nanocrystalline Mg-Ag
alloy with high proportion of sub-grain boundaries during conventional rolling. The segregation structure
is determined by dislocation configurations and subsequent strain field and misorientation of the sub-

grain boundary. It indicates that the alloying elements, which induce <c+a> dislocations, would help to
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improve the stability of interfaces.
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Addition of alloy elements can produce considerable solution
strengthening [1, 2]. Oversaturated solid solutions may result in
high density of nano precipitates, which produces precipitation
hardneing [3, 4]. In addition, the interaction between the solute
elements and crystal defects may also produce additional strength-
ening [5, 6]. Raabe et al. reported an interface-stabilized structure
formed by solute element segregation at dislocation cores, which
was thought to promote nanocrystallization in an Fe-Mn alloy [7].
Ordered periodic segregation have also been observed on planar
structural defects, such as stacking faults (SFs) [8, 9], twin bound-
aries [10-12], and grain boundaries [13-15]. Interfacial segregation
plays a critical role in improving the stability of nano-structures [7,
16-18]. For example, an Mg-Gd-Y-Ag-Zr alloy with grain boundary
segregation was stable up to 400°C, which was much higher than
most precipitates in the matrix [19].

It is possible to obtain stable nanostructures by solute segrega-
tion to crystal defects during processing [20-23]. Lu et al. produced
a nanocarystalline Ni-Mo alloy with a grain size of ~10 nm using
segregation of Mo to grain boundaries [24]. The pinning of crys-
talline defects by segregated elements can hinder dynamic recov-
ery during plastic deformation, and consequently promote grain re-
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finement, especially for light weight alloys with low melting points
[25-27]. Ag has been reported as one of the most promising el-
ements for interfacial segregations in Mg alloys [11, 28-30]. Feng
et al. found that Ag segregation in grain boundary retarded grain
growth during extrusion and resulted in further grain refinement
of a Mg-Al-Zn alloy [31]. Xiao et al. reported a solute segrega-
tion assisted nanocrystallization of Mg-Ag alloy during conven-
tional rolling [32]. However, it is still unclear how the Ag atoms
interact with defects during processing.

In this work, atomic-scale high-angle annular dark-field
(HAADF) technique based on scanning transmission electron mi-
croscopy (STEM) was used to investigate the interaction of the seg-
regated Ag with three typical sub-grain boundaries (SGBs) in a bi-
nary Mg-Ag alloy. A detailed analysis of local strain and Ag segre-
gation were performed to clarify the formation mechanism of in-
terfacial segregation, which provides insight on nanocrytallization
of Mg alloys assisted by solute segregation.

A Mg-Ag alloy with 2.57 wt. % Ag was cold rolled to a thickness
reduction of ~55 %, and then annealed at 150°C for 15 mins. Sam-
ples for transmission electron microscopy (TEM) were prepared
in a standard way (see ref. [19]). HAADF-STEM observation was
conducted using aberration-corrected TEM. Transmission Kikuchi
diffraction (TKD) was performed in a field-emission scanning elec-
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Fig. 1. Microstructure of Mg-Ag alloy annealed at 150°C for 15 mins: (a) bright field image, (b) HAADF-STEM image, (c) line scanning EDS analysis, (d) simulated Mg-Ag
phase diagram, (e) TKD image, (f-1) and (f-2) distribution of grain size and misorientation of (e).

tron microscope. Digital Micrograph plug-in was used for geomet-
ric phase analysis (GPA).

Ag provides significant precipitation strengthening in magne-
sium alloys [33, 34]. Fig. 1a shows that uniform nanocrystalliza-
tion occurred in the Mg-Ag alloy subjected to only 55% cold rolling
strain. It is usually difficult to produce nanocrystalline Mg alloys
due to their low melting points [35, 36]. Figs. 1b and c show ex-
tensive Ag segregation to the boundaries of nano grains, while few
second phases are observed in the grain interior after annealing at
150°C for 15 mins.

The driving force for interfacial segregation is illustrated by the
simulated Mg-Ag phase diagram (Fig. 1d). The solubility of Ag in
Mg is almost zero at 150°C, leading to Ag segregation on inter-
faces. Uniformly dispersed nano-scale Ag clusters were formed at
the cold rolling stage, which were proposed as the precursor of in-
terfacial segregation [32]. Fig. 1e and 1f-1 show an average grain
size of ~99 nm. The statistical analysis in Fig. 1f-2 reveals that
the proportion of SGBs (<15 °) in the nanocrystalline reaches 45%,
which is much higher than that in the nanocrystalline Mg alloys
produced by SPD [37, 38]. It is widely accepted that the formation
of SGBs in Mg alloys is related to dislocation accumulation [39, 40].
However, due to its poor thermal stability, the sub-grains are not
stable during hot deformation. In this case, Ag rapidly segregated
to SGBs, leading to effective grain refinement. Fig. 1f-2 shows that
the typical misorientation of SGBs is ~10°.

It is generally accepted that SGBs in Mg alloys are formed by
orderly arrangement of dislocations [40, 41]. Depending on dislo-
cation arrangement, three typical SGBs are found in the nanocrys-
talline Mg-Ag alloy. Fig. 2a shows a HAADF-STEM image of the
Type I sub-grain boundary (SGBI) viewed from [1120] zone axis. It
consists of orderly arranged dislocations along the direction close
to the c-axis of the matrix. The angle between SGB (marked by
pink dash line) and basal plane is ~90°. Atomic-scale HAADF-STEM
and corresponding FFT (Fig. 2a and b) indicate that the SGBI is a
tilt boundary along [1120] zone axis, which has a misorientation of
~8°. Fig. 2c-1 shows an enlarged HAADF-STEM image of segrega-
tion. Dislocation circuit based on the reference (1100) and (0001)

planes revealed a Burgers vector of 1/3<1210>. The interfacial seg-
regation is mostly distributed at dislocation cores, according to the
Z-contrast. Figs. 2c-2 and ¢-3 show the intensity integrations in the
directions along and across the SGBI, respectively. At least three
typical SGBs of the same type were analyzed and measured. The
average width of Ag segregation is ~1.6 nm in diameter, and the
intensity contrast is ~7.

Fig. 2d-1 shows the accurate positions of dislocation cores, as
determined by filtering the image with the reflection of (1100)
plane, and marked by the green "L". The spacing of dislocation
cores is ~2.5 nm, which is close to the spacing of SFs in matrix
(Fig. 2d-1). The SFs are proposed as intrinsic I, faults, because both
the 1/3<1100> Shockley partial and 1/3<1210> perfect disloca-
tions are slipping on the same basal plane [42]. Fig. 2d-2 shows
adjacent extension and compression regions at dislocation cores,
as marked by red and blue circles, respectively.

Previous work reported that local stress state had huge influ-
ences on the atomic occupation of interfacial segregation [12]. To
quantitatively analyze the relationship between local elastic strain
and interfacial segregation, GPA strain mappings were performed
in Fig. 2a, where the normal directions of (1100) and (0001) planes
are defined as x and y axes, respectively. Fig. 2d-3 shows that the
distribution of exx is consistent with that of dislocations and SFs.
The positive and negative strains in GPA mapping are related to the
tension and compression regions of dislocations, respectively. As
shown in Fig. 2d-4, the maximum positive strain is only ~1.5, while
the negative strain is almost three times higher (~4.5). Higher neg-
ative strain promotes the segregation of Ag, which has a smaller
atomic radius than magnesium. In contrast, no additional semi
atomic planes are revealed at dislocation cores by filtering the im-
age with (0001) reflection (Fig. 2e-1). The GPA result also reveals
that eyy is much smaller than &xx, and the local lattice strain at
SGBI in y axis is close to zero (Fig. 2e-2).

Fig. 3a shows a HAADF-STEM image of Type Il sub-grain bound-
ary (SGBII). The interface of SGBII is almost perpendicular to the
c-axis of the hcp Mg matrix. The angle between SGB (marked by
the pink dash line) and basal plane is nearly 0°. The FFT patterns
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Fig. 2. Microstructure of SGBI in [1120] zone axis: (a) HAADF-STEM image, (b) FFT pattern, (c-1) enlarged HAADF-STEM image, (c-2) and (c-3) integration of the STEM

intensity of the atomic columns, (d-1) and (d-2) inverse FFT image obtained from {1100} reflection, in which dislocation cores were marked by symbol

1, (d-3) GPA strain

distribution of {1100} planes, (d-4) linear analysis of local strain in (d-3), (e-1) inverse FFT image obtained from {0001} reflection, (e-2) GPA strain mapping of {0001} planes.

of SGBI and SGBII look the same, in which the lattice is tilted by
~8° along [1120] zone axis (Fig. 2b and Fig. 3b). The structures of
SGBI and SGBII are very different because of the different dislo-
cation types. Fig. 3c-1 shows the Burgers vector of dislocations in
SGBII as 1/6<2203>, which corresponds to the bounding partial of
I, faults [8, 43]. According to Z-contrast, Ag segregation is concen-
trated in two atomic columns at dislocation cores. Fig. 3¢c-2 and c-3
show that the area of Ag segregation has a width of ~0.6 nm in the
directions along and across SGBII, which is smaller than that in the
SGBL. This is probably resulted from different directions of Burg-
ers vectors of 1/3<1210> perfect dislocations and 1/6<2203> par-
tial dislocations. The maximum intensity contrast in SGBII is ~9.5,
which is higher than that in SGBI (Fig. 2¢-3). According to the inco-
herent elastic scattering theory on high-angle electron-nucleus, the
intensity of atomic columns in a HAADF image is approximately
proportional to the square of the atomic number Z [19]. In this
case, the atomic numbers of Mg and Ag are 12 and 47, respectively.
A higher intensity of contrast indicates a higher volume fraction of
Ag in the atomic column.

Fig. 3d-1 shows dislocation cores determined by filtering the
image with (0001) reflection, where there are additional semi
atomic planes, as marked by yellow "L". The spacing of dislocation
cores is ~2 nm, which is slightly smaller than in the SGBI. Fig. 3d-
2 shows a pair of tension and compression regions at dislocation

cores marked by red and blue circles. The difference is revealed by
GPA analysis in Fig. 3d-3 and d-4. The positive strain of gyy is less
than 1, while the negative strain of eyy reaches ~7. High negative
strain promotes Ag segregation, because Ag has a smaller atomic
radius (~0.144 nm) than Mg (0.160 nm) [18, 28]. Moreover, com-
pared with the SGBI (Fig. 2d-4), the width of strain field is reduced
to ~0.6 nm (Fig. 3d-4), leading to a more concentrated Ag segre-
gation in the SGBIL Fig. 3e-1 shows additional semi-atomic planes.
However, they are inserted in pairs of "positive-to-negative", rather
than in the same direction as in SGBI. GPA strain mappings indi-
cate that the strain in the SGBII has components in both x and y
axes, but dominated by eyy (Fig. 3e-2).

A third type sub-grain boundary (SGBIII) was observed, which
consists of mixed types of dislocations. Fig. 4a shows a HAADF-
STEM image of SGBIIl. Fig. 4b shows FFT pattern of the SGBIII,
which is also a tilt boundary with a misorientation of ~11°. Burgers
vector determined by dislocation circuit shows that partial disloca-
tion (b =1/6<2203>) and perfect dislocation (b =1/3<1210>) co-
exist at the position of interfacial segregation (Fig. 4c-1). Fig. 4c-2
and c-3 show that the area of Ag segregation in SGBIII has a diam-
eter of ~1.4 nm. Note that there could be a slight overlap of segre-
gation area owing to the narrow spacing of dislocations, leading to
a smaller measured segregation width in Fig. 4c-2. Meanwhile, the
maximum intensity contrast in SGBIII is >9. Clearly, the interfacial
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Fig. 3. Microstructure of SGBII obtained from [1120] zone axis: (a) HAADF-STEM image, (b) FFT pattern, (c-1) enlarged HAADF-STEM image, (c-2) and (c-3) integration of
the STEM intensity of the atomic columns, (d-1) and (d-2) inverse FFT image obtained from {0001} reflection, in which disloca_tion cores were marked by symbol L, (d-3)
GPA strain distribution of {0001} planes, (d-4) linear analysis of local strain in (d-3), (e-1) inverse FFT image obtained from {1100} reflection, (e-2) GPA strain mapping of

{1100} planes.

segregation in SGBIII is optimized, which have both a large region
and a high intensity. Fig. 4d-1 and e-1 clearly show the positions
of dislocation cores. The perfect dislocations (b =1/3<1210>) are
marked by the green "L", while the partial dislocations are marked
by the yellow "L". The average spacing between dislocations is re-
duced to ~1.5 nm, leading to a higher density of segregation in
the SGBIIl. GPA strain mappings in Fig. 4d-2 and e-2 show that
the alternatively arranged perfect and partial dislocations induced
large regions of negative strain on both sides of grain boundary.
The negative strain at dislocation cores are 5~6 (Fig. 4d-3 and e-3).
Therefore, a lamellar segregation with a thickness of ~1.4 nm was
formed along the SGBIIL

The interfacial segregation on twin boundary is influenced by
atomic radius and interfacial energy [12, 18, 28]. Here Ag is the
sole solute element in Mg-Ag alloy. However, the Burgers vectors
and misorientation angles of the SGBI, SGBII and SGBIII are differ-
ent. According to the Read-Shockley equation [44]:

Gb ae

= 4n(1—v)91n(27r9) M
where G, b, v, 6 are the shear modulus, Burgers vector of the edge
dislocation, the Poisson’s ratio and misorientation angle, respec-
tively. o is a numerical constant and e is the index.

Vb

If the sub-grains are composed of the dislocations with the
same Burgers vector, the interfacial energy is increased with in-
creasing of misorientation (@) [45]. When the misorientation of in-
terface is the same, a larger Burgers vector will lead to a higher
interfacial energy. The|b| of 1/3<1210> (SGBI), 1/6<2203> (SGBII)
and 1/6<4623> (SGBIII) are a, 0.996a and 1.656a, respectively [46].
The SGBIII has the highest interfacial energy, because both the 0
and b of SGBIII are highest.

Fig. 4c-1 shows both perfect dislocation and partial dislocation
in the SGBIIL The generation of partial dislocations in Mg alloy is
related to the activation of <c+a> slip system [47]. Therefore, it
is proposed to introduce more elements to reduce the activation
barrier of <c+a> slip to form more SGBIIIs [48]. It is worthy to
explore other elements that may help to induce <c+a> slip in Mg-
Ag system [49-51].

In summary, a uniform nanograin structure is produced in a
Mg-Ag alloy by rolling. The thermal-mechanical stability of defects,
such as dislocations and grain boundaries, is improved by Ag seg-
regation. The interaction of Ag with SGBs is studied and the key
findings are summarized below:

1. The SGBI (~8°) consists of perfect dislocations with a Burg-
ers vector of b=1/3<1210>. The average dislocation spacing is
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Fig. 4. Microstructure of SGB IIl viewed from [1120] zone axis: (a) HAADF-STEM image, (b) FFT pattern, (c-1) enlarged HAADF-STEM image, (c-2) and (c-3) integration of
the STEM intensity of the atomic columns, (d-1) inverse FFT image obtained from {0001} reflection, in which dislocation cores were marked by symbol L, (d-2) GPA strain
distribution of {0001} planes, (d-3) linear analysis of local strain in (d-2), (e-1) inverse FFT image obtained from {1100} reflection, (e-2) GPA strain mapping of {1100} planes,

(e-3) linear analysis of local strain in (e-2).

~2.5nm. The strain in the SGBI is mainly &xx. Interfacial segre-
gation of Ag is concentrated at dislocation cores. The area of
segregation is 1.6 nm in diameter, and the maximum intensity
is ~7.

2. The SGBII (also ~8°) consists of partial dislocations with a Burg-
ers vector of b=1/6<2203>. The average spacing of dislocation
cores is ~2 nm, which is slightly smaller than that in the SGBIL
The strain has components in both x and y axes, but dominated
by eyy. The area of interfacial segregation is 0.6 nm in diameter,
and the maximum intensity is ~9.5.

3. The SGBIII (~11°) consists of a mixed perfect and partial disloca-
tions. The average spacing of dislocation cores is ~1.5 nm, which
is smaller than those in the SGBI and SGBII. Strain components
in x and y axes are induced by perfect and partial dislocations,
respectively, leading to a higher intensity and a larger area of
interfacial segregation.

4. The interfacial energy of the SGBIII is much higher than those
in the SGBI and SGBI], resulting in the formation of optimized
segregation structure. It is suggested to explore additional al-
loying of Mg-Ag alloy by adding other elements to induce more
<c+a> dislocations.
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