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Abstract: Typical fracture morphology of Mg-3Al-1Zn alloy after cyclic deformation was investigated using optical

microscope (OM), scanning electron microscopy (SEM), transmission Kikuchi diffraction (TKD) and transmission electron

microscopy (TEM). Cross-section samples were extracted from secondary twin regions for TEM/TKD observation. The results

show that a large amount of {1012}-{1012} secondary twins are observed in the region near the fractured edge. Two-beam

bright field (TBBF) technique was applied to study the types of dislocations along secondary twin boundaries. It is found that

pyramidal dislocations are highly active within {1012}-{1012} secondary twins, which is considered to be related to

{1012}- {1012} secondary twins. Localized stress concentration within the secondary twins may lead to the formation of

pyramidal dislocations.
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Fatigue is the cumulative damage of materials caused by
cyclic loading, often resulting in fracture and catastrophic fail-
ure of components!). There have been numerous reports on the
fatigue behavior of magnesium alloys. A major focus is on the
role of tensile twinning in fatigue deformation and failure
mechanisms™® ™. However, Koike et al.!”* reported that besides
twinning, dislocation slip is another important deformation
mechanism during cyclic deformation in Mg alloys.

Combined with plenty of previous research results” '),
there are three different types of dislocations in hcp metals.
Basal <a> is the easiest slip mode due to its lowest CRSS
(critical resolved shear stress) ' ' while pyramidal <c¢ +
a> is the most difficult slip mode, but yet necessary, py-
ramidal slip mode was reported to accommodate the plastic
strains along c-axis "', Xie et al. " observed pyramidal
slip traces on a single Mg crystal surface when compressed

13]

along c-axis at room temperature. Obara et al. !'* performed

TEM on Mg single crystal, and <c+a> dislocations were

observed when the samples were subjected to c-axis com-

1.[14]

pression tests. Syed et a confirms <c+a> were present
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when compressed along the [0001] direction in a sin-
gle-crystal Mg. These results has pointed to the importance
of <c+a> dislocation slip. More recently, we have found
large amount of pyramidal dislocations existed in fatigued
samples at high stress amplitude!"”!. The general consensus
points out that high stress concentration may result in acti-
vation of pyramidal dislocations. There are several reasons
for stress concentration during the deformation process in
hcp metals. For instance, it is possible that the dislocations
pile ups would lead to stressing concentration along grain
or twin boundaries during the loading-unloading deforma-
tion process''®. Agnew et al.”! postulated that <c+a> dis-
locations were generated at the tip of mechanical twins,
producing high stress concentration. And Xin et al.l'”! re-
ported that the interaction of different twin variants may
induce stress concentration. In addition, Lentz et al'"® re-
ported <c+a> dislocations has a relationship with
{10T1}— {1012} double twins. In another recent paper''”,
{1012} - {1012} twinning mode was found to be a secon-
dary twinning mode in magnesium alloys during cyclic de-

Foundation item: National Natural Science Foundation of China (51671040, 50890170, 51421001); National Basic Research Program of China (2010CB631004)
Corresponding author: Zhang Xiyan, Ph. D., Professor, College of Materials Science and Engineering, Chongqing University, Chongqing 400044, P. R. China, E-mail:

kehen888@163.com

Copyright © 2019, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



1436 Tan Li et al. / Rare Metal Materials and Engineering, 2019, 48(5): 1435-1439

formation!"”), but with no direct evidence of the relationship
between pyramidal dislocations and secondary twins.
Therefore, the reason of activation of pyramidal is needed
to clarify in Mg and its alloys under cyclic deformation.

In the current study, we present the result of a transmis-
sion Kikuchi diffraction (TKD) study of hot-rolled AZ31
Mg alloy by cyclic deformation. The aim of this research is
to identify which kind of dislocation patterns are presented
along secondary twins boundaries during cyclic deforma-
tion at room temperature and to clarify the relationship be-
tween pyramidal dislocations and secondary twins.

1 Experiment

The fatigue tests of the present work are described in the
previous report’'?. {1012} {1012} secondary twins were
identified at 90 MPa amplitude during cyclic deforma-
91 Therefore, to identify which kind of dislocation
patterns are presented within double twins during the fa-

tion

tigue process, the same fatigued samples at a stress ampli-
tude of 90 MPa were selected for analysis'"”".

The microstructures of the fatigued specimens were char-
acterized by optical microscopy (OM), scanning electron mi-
croscopy (SEM, Tescan Vega 3 LMH), transmission Kikuchi
diffraction (TKD) in the SEM, and transmission electron mi-
croscopy (TEM; FEI Tecnai G2 F20). TKD is a novel tech-
nique and EBSD (electron backscatter diffraction) was per-
formed on thin foils in transmission mode, which improves
the spatial resolution down to 2~5 nm"””*'. A FEI Helios
dual-beam focused ion beam (FIB) was used to prepare the
TEM/TKD samples from the fatigued sample. When secon-
dary twins in a primary twin were identified, cross-section
samples from the secondary twins regions were extracted for
TEM/TKD observation.

2 Results and Discussion

2.1 Microstructural features on the sample surface

100 pm

Fig.1 shows the sample surface near the fracture surface of a
fatigued sample observed by OM images. As the selected re-
gion is slightly away from the fracture surface, it is difficult to
observe a large number of twins on the sample surfaces.
However, the fatigue process is not just restricted to the final
fracture layer, and the observation of the microstructures near
the fatigue fracture surface could also provide us with a good
understanding of the fatigue mechanism. It is found that some
twins are formed near the fracture surface (Fig.1a). High mag-
nification of Fig.1a is present in Fig.1b, showing double twins
and some secondary laminas (indicated by red and blue rec-
tangle). This finding is consistent with our previous studies!'”.
Because the size of TEM sample was rather small, we choose
the relatively thinner laminae for TEM observation. The twin
lamina indicated by a blue rectangle in Fig.1b was extracted by
FIB for TEM/TKD examination.

Fig.2 presents the EBSD inverse pole figure (IPF) map of
the TKD sample. Schematic unit cells are inserted to reveal
the orientation of the matrix and the tagged twins. As seen
in Fig. 2a, primary {1012} twins were observed to be
subdivided by secondary {1012} twin boundaries. In ad-
dition, the primary {1012} twin boundary consisted of a
{1012} twin boundary and {l1012}-{1012} secondary
twin boundaries. Therefore, it can be inferred that these
twin laminas were {1012}-{1012} secondary twins. Fig.
2b shows the distribution of misorientation angle corre-
sponding to Fig. 2a. The distribution peak around 60° and
86° is related to {1012}-{1012} secondary twin boundary
and {1012} twin boundary, respectively. These results
have confirmed that the
{1072} -{1012}.

2.2 TEM observation

Fig.3 shows a bright-field TEM image of the TKD sam-
ple. The electron beam was aligned to [1120] in Fig.3a.

secondary twins were

There was a fine twin structure with a thickness of ap-

Double twins

50 um

Fig.1 Optical image of the sample surface near the fracture zone (a) and a high-magnification image of double twins (as indicated by red

and blue rectangles) (b)
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Fig.2 TKD IPF map of the TEM sample extracted by FIB method from Fig.1b (as indicated by blue rectangle) (a) and the distribution of

misorientation angles corresponding to Fig.2a (b)

100 nm

Fig.3 (a) Dislocation structure in the same TKD sample whose stress levels were 90 MPa after high cycle deformation: the electron beam
being close to <1120>, the inset is the diffraction pattern at the zone axis; (b) TBBF image of region b in Fig.3a, taken using a
(0002) reflection close to the <1010> zone axis; (c) TBBF image of region ¢ in Fig.3a, taken using a (0002) reflection close to

the <1010> zone axis

proximately 200 nm, and these twins were parallel to each
other. This demonstrates that the twins were the same twin
variant'*”!. The diffraction pattern in the circled area is pro-
vided as insets in the micrographs (Fig.3a), which includes
a primary twinned region and a secondary twinned region.
The pattern indicates that these secondary twins were a
{1012} twin type. Other laminae were also identified using

the same method, and all the results indicate that such
{1012}-{1012} secondary twins widely exists in the fa-
tigued samples.

Dislocations in magnesium and its alloy have been in-
vestigated by a number of researchers!”” > '>*1. Magnesium
has a hexagonal close-packed (hcp) crystal structure, where
the dominant slip mode has a Burgers vector of
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1/3<1120> on the basal plane’™ >

cannot accommodate strains along the c-axis. A number of

. Such slip mode

investigators have performed c-axis compression experi-
ments on single crystals to activate and study non-basal
slip” "> '*l. The results show that pyramidal slip was acti-
vated to accommodate the plastic strain along c-axis''> .
To identify different types of dislocations in a hcp materials,
i.e. <a>, <c>, and <c+a>, two-beam bright field (TBBF)
TEM techniques were used. The “g-b = 0” visibility criteria
were used well for identification of dislocations. For exam-
ple, the Burges vector of type <a> dislocations is perpen-
dicular to that of <¢> dislocations; thus, we can use (0002)
and (2110) reflections to image and differentiate these
dislocations. If there are <c+a> dislocations present, they
should appear in images of both reflections.

Fig.3b and Fig.3c show the TBBF images under g = 0002
with zone axis <0110> of {1012} primary twin region
and {1012}-{1012} twin region (labeled as ‘b’ and ‘c’,
respectively in Fig.3a). In Fig.3b, no dislocations can be
seen, according to g'b = 0 criterion, indication that no
<c+a> dislocations were present within {1012} primary
twin region. While two types <c+a> dislocations were ob-
served in Fig.3b. One type of dislocations was composed of
straight line. The straight dislocations were parallel to the
basal plane trace, which were confined on the basal plane.
The other type of dislocations was tangled and curved. This
type of dislocation array has been previously reported as
<c+a> dislocations. These observations are in agreement
with those previously reported by Geng et al.””) and Obara
et al'"*!. This configuration was the edge dislocation debris,
which was caused by the double cross-slip of <c+a> screw
dislocations from the second {1122} pyramidal planes to
the first order {1011} pyramidal planes®”’. Pyramidal dis-
locations were found within {1012}-{1012} secondary
twin laminas.

The formation mechanism of {1012}-{1012} secondary
discussed in our recent paper!'*.
{10712}-{1012} secondary twins largely contributed to the
local strain accommodation caused by different twin vari-

twinning  was

ants. In summary, tension-compression reversed loading led
to a complex twinning multiplicity. As reported, {1012}
twinning behavior was activated as the first primary twin-
{1012}- {1012} and {1012}-{1012}
secondary twinning occurred within the primary twins.
With the {1012} primary twins activating, the {1012}
twins were followed by the secondary {1012} twinning

ning mode, and

evolving within the primary {1012} twins due to its high
Schmid factor!'*!
were rather thinner within primary twins. We rationalize
that plastic relaxation of the stress concentration that occurs

. {1012}-{1012} secondary twin laminae

within secondary twin zones is limited. Consequently,
cracks and voids form in this zone. However, if more plas-
tic deformation modes were available to relieve stress con-

centration, then crack could be hindered. In the current
study, pyramidal slip mode was found here to improve the
formability facilitating the deformation along c-axis. Lentz
et al." reported that pyramidal slip can play a vital role in
plastic strain relaxation within secondary twin laminae. The

authors'?53%

also performed examination on polycrystalline
pure Mg and its alloy, and the possible existence of py-
ramidal dislocations was indeed presented in hcp Mg and
its alloy. The present work showed that pyramidal slip was
activated inside {1012}-{1012} secondary twins region.
The interactions between secondary twinning dislocations
and primary twinning dislocations tended to reduce the ex-
cess energy around the secondary twin boundaries. There-
fore, it is suggested that the interactions are driven for ac-
commodation of the stress concentration around secondary
twin boundaries. Thus, these interactions of the secondary
twinning dislocations with secondary twin boundaries may
induce specific stress concentration inside the secondary
twin region. In cyclic deformation, many dislocations will
be absorbed by tension-compression reversed loading, and
piled up around secondary twin boundaries. In such cases,
the stress concentration around secondary twin boundaries
cannot be sufficiently accommodated by the interaction of
primary twin dislocations and secondary twin dislocations.
Therefore, pyramidal slips will be activated by large stress
concentration caused by increasing loading cycles.

3 Conclusions

1) Pyramidal dislocations are observed within
{1012}-{1012} secondary twins during the cyclic defor-
mation. These findings serve as a guide for further studies
in which introduction of <c+a> dislocations is needed, and
also provide a quantitative evaluation of pyramidal behav-
ior in hcp metals.

2) The revealed pyramidal slips behavior is expected to
play an important role in understanding the complicated
slip behavior in hcp Mg.
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