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a b s t r a c t 

Precession electron diffraction is used to characterize the interaction between { 10 ̄1 2 } tensile twins and basal 
plate-like precipitates in a post-deformed, precipitate-dispersed Mg-9Al micropillar. We observed a heterogeneous 

distribution of precipitates in the micropillar sample, which enabled the study of the different stages involved in 

twin-precipitate interactions. We show that twin nucleation was promoted, taking place on the surface, as well as 

from the interior of the micropillar. Twin tip propagation and twin growth were hindered by the precipitates. Twin 

tips either were arrested by precipitates and new twins formed on the other side of the precipitate, or continued 

to grow around the precipitate without the re-nucleation events. During twin thickening, the precipitates did 

not significantly alter the shear-dominant twin boundary migration mechanism, as evidenced by the relatively 

flat twin boundaries around the partially embedded precipitates. However, the twin boundary migration was 

retarded by the precipitates, especially in regions confined by closely-spaced precipitates. 
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. Introduction 

Introducing precipitates is an effective method for engineering the

echanical properties of alloys. For metal alloys with high symmetry

rystal structures (e.g., face-centered cubic and body-centered cubic),

lasticity is primarily mediated by dislocation slip, and dislocation-

recipitate interactions give rise to strengthening, with the mechanisms

elatively well understood [1] . For metal alloys with the low symmetry

exagonal close-packed (HCP) crystal structure (Mg, Ti, etc.), deforma-

ion twinning can also contribute substantially to plasticity [2] . The in-

eraction of deformation twins and precipitates is, therefore, important

n understanding the deformation behavior of HCP alloys. However, the

nteraction phenomena and underlying mechanisms are poorly under-

tood compared to those of dislocation-precipitate interactions. 

Recently, twin-precipitate interactions have received considerable

ttention, both experimentally [3–9] and computationally [10–13] , with

 specific focus on understanding the interaction between precipitates

nd { 10 ̄1 2 } ⟨1̄ 01 ̄1 ⟩ extension twins in magnesium alloys. Mg-Al alloys, in

articular, have been used as one model material systems. Within super-
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aturated Mg-Al alloys, 𝛽-Mg 17 Al 12 basal plates precipitates form upon

ging [ 14 , 15 ], and the presence of these precipitates can strongly affect

win growth processes and thus, the stress-strain response of the alloy

 14 , 16 ]. At a microstructural level, these precipitates reduce the twin

olume fraction slightly, but substantially increase the twin number den-

ity (and consequently reduce twin size) [ 3 , 6 , 8 , 17–19 ]. Moreover, trans-

ission electron microscopy (TEM) observations reveal that basal plate

recipitates are not twinned or sheared by the extension twins. Instead,

hey slightly reorient and are elastically bent when the precipitates are

artially embedded in the twin. The incompatibility strain between the

lastically deformed precipitates and the twin generates back stresses,

hich limit the twin boundary migration and offers strengthening [ 3 , 5–

 , 9 ]. 

In most experimental studies, the effect of precipitates on twinning

s observed using polycrystalline samples. The presence of grain bound-

ries, as well as grain orientation and grain size variation, can com-

licate the interpretation of twin-precipitates interaction observations.

n addition, different samples have to be prepared at various defor-

ation stages to capture the effect of precipitates on twin nucleation,

win tip propagation, and twin growth, which demands substantial ef-
d. 
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ort. In this work we characterized the post-deformed microstructure of

ingle-crystal micropillar to exclude the complication of grain bound-

ries. In this study, the micropillar was oriented along the ⟨01 ̄1 0 ⟩ di-
ection, from which the tension twinning variants can be easily pre-

icted. Moreover, the selected micropillar has a varying precipitate dis-

ribution [14] , which allows for the capture of the different stages of

win-precipitate interactions. It is also worth noting we employed pre-

ession electron diffraction (PED) to characterize the twin-precipitate

nteraction in a Mg-9Al micropillar. In addition to offering the crystal

rientation information, PED removes dynamical contrast for imaging,

esulting in a “cleaner ” microstructure compared to conventional TEM,

nd elucidates the effects of basal-plate precipitates on twin nucleation,

win tip propagation, and twin boundary migration in Mg alloy more

ffectively. 

. Materials and methods 

Mg-9 wt.%Al is used as a model material in this study. The sam-

le was first hot-rolled to develop a strong basal texture, and solution-

reated at 450 °C to dissolve any Al-rich precipitates. To grow precip-

tates in a controlled way, the solution-treated sample was aged in sil-

cone oil at 200 °C for 12 h. Discs from the aged sample were pre-

ared with their surface normal parallel to the transverse direction of

he hot-rolled plate. The disc surfaces were then mechanically and elec-

rochemically polished to remove the strained surface layer. An EDAX

lectron backscattered diffraction (EBSD) system equipped in a Tescan

ira 3 scanning electron microscope was used to map the grain ori-

ntations in the discs. Grains with the near- ⟨01 ̄1 0 ⟩ zone axis were se-
ected to fabricate micropillars approximately 5 𝜇m in diameter and

2 𝜇m in height using an FEI Quanta focused ion beam (FIB). Single

rystal micropillar samples allow one to capture twin-precipitate in-

eractions without having any effect from inter-grain interactions and

rain boundaries [ 16 , 20 ]. The micro-compression experiment studied

ere was conducted using a Nanomechanics InSEM nanoindenter with

 flat punch at a strain rate of 10 − 3 s − 1 as reported in an earlier study

16] . Compression close to the ⟨01 ̄1 0 ⟩ zone axis induces extension twins
 16 , 21 ]. The test was stopped at ~4% engineering strain. The deformed

icropillar was prepared into a TEM foil using the FIB lift-out method,

nd the post-deformed pillar microstructure was revealed by regular

ransmission electron microscopy (TEM, FEI Tecnai G2 F20) and PED

NanoMEGAS). PED maps were acquired with a 0.3° precession angle

nd a 3 nm step size. 

. Results and discussion 

Fig. 1 shows the overall microstructure of the deformed micropillar

evealed by conventional bright-field TEM and PED. The micropillar was

ompressed close to the [ 01 ̄1 0 ] zone axis and profuse { 10 ̄1 2 } ⟨1̄ 01 ̄1 ⟩ ex-
ension twins were activated. The TEM specimen was tilted to the [2 ̄1 ̄1 0]
one axis, where ( 01 ̄1 2 ) and ( 0 ̄1 12 ) twin planes are parallel to the elec-
ron beam direction. Fig. 1 a shows the contrasts from the conventional

right-field TEM is difficult to interpret. In contrast, PED micrographs

 Fig. 1 b–d) reveal the microstructure with higher clarity. Fig. 1 b shows

he index map (analogous to band-contrast maps in the EBSD scans)

f the deformed pillar. The contrast is determined by how well the ac-

uired diffraction patterns match the calculated ones. The pixels from

he interior of the grains usually match well and appear bright, whereas

he pixels from the boundaries and precipitates are dark due to over-

apping diffraction patterns. Fig. 1 c shows the cross-correlation map,

n which the diffraction pattern of each pixel is compared to its first-

eighbor pixels. No difference will lead to bright pixels, whereas large

ifferences result in dark pixels. Thus, the cross-correlation map high-

ights interfaces. Fig. 1 d shows the in-plane, y -axis inverse pole figure

IPF) superimposed with the index map. In the IPF, the matrix is blue,

hile twins are red (colors refer to the inverse pole figure key), with

heir corresponding crystal orientations illustrated. 
2 
Based on the PED results, three salient observations can be made.

irst, multiple twins of two different variants were activated in the

icropillar, which are labeled as T var1 and T var2 and are illustrated

n Fig. 1 d. The activation of multiple twins and variants lies in stark

ontrast to the largely single-twin variant observed in the precipitate-

ree micropillars with the same crystal orientation and loading condi-

ion [ 16 , 22 ]. Such differences will be elucidated shortly in the discus-

ion on the effect of basal-plate precipitates on twin nucleation. Sec-

nd, a number of twin tips can be seen in the upper part of the pil-

ar, but not in the lower part of the pillar. Third, the twins are thinner

n the upper part of the pillar compared to the lower part. Together,

he second and third observations suggest that the twin tip propaga-

ion and growth is less favorable in the upper part of the pillar com-

ared to the lower part, which is counter-intuitive. Since all the FIB-

abricated micropillars through annual milling exhibit small tapering

ngles (~1–3°), such geometries generally cause non-uniform deforma-

ion, in which the upper part of the micropillar deforms more than the

ower part [23] . Based on this, more twinning (easy propagation and

rowth) in the upper part of the pillar than in the lower part would

e expected. Interestingly, we observed the opposite trend. We suspect

hat the disparity can be correlated with the non-uniform distribution

f precipitates. The area fraction of precipitates in the top boxed region

n Fig. 1 b is 8.4%, while the area fraction in the bottom boxed region is

nly 4.8%. We argue that the much higher density of precipitates in the

pper part of the pillar hinders the twin propagation and growth com-

ared to the lower part, resulting in the heterogeneous twin network

tructure. 

The presence of more basal-plate precipitates allows for more twin

ucleation, which is inferred by the observation of a large number of

win lamellae seen in Fig. 1 . In precipitate-free micropillars, a single

win would form and grow because the twin nucleation stress is higher

han the stress required for twin tip propagation and twin boundary mi-

ration [ 16 , 22 ]. In precipitate-dispersed micropillars, precipitates can

levate the stress levels for twin tip propagation and twin boundary mi-

ration, limiting twin growth and thus rendering twin nucleation more

avorable [3–9] . Here, the use of PED provides a holistic view of the

ossible locations for twin nucleation. Case in point, while the free sur-

ace of the micropillar seems to be the most favorable nucleation site

see Fig. 1 ), we find that with closer inspection PED reveals that twins

an also nucleate within the micropillar interior (see the dashed-boxed

egion in Fig. 1 d). This observation was only made in the precipitate-

earing micropillars, not in the precipitate-free ones [16] . This suggests

hat the interaction of twin boundaries and precipitates can lead to

he formation of twins of a different variant. It is suspected that twin-

recipitate interactions create local stress concentrations, which serve

s nucleation sites for alternative twin variants. 

Once nucleated, the extension twin tip in Mg generally propagates

cross the volume to form a thin lenticular shape twin [24] . The pres-

nce of basal-plate precipitates was observed to hinder the twin tip prop-

gation. A number of twin tips can be seen in the upper part of the mi-

ropillar ( Fig. 1 ). Twin tips are usually difficult to capture in deformed

recipitate-free micropillars because they can easily shear across the en-

ire volume and terminate/disappear at the free surface. The fact that

ultiple twin tips were observed in the precipitate-bearing micropillar

ffers strong evidence that the basal-plate precipitates hindered the twin

ip propagation. 

When twins interact with the basal precipitates, two types of

winned-microstructures can result. In the first case, when the twin tip is

ompletely blocked by the precipitate, a stress field is generated on the

ther side of the precipitate, triggering the nucleation of a new twin of

he same variant. This observed re-nucleation of a new twin supports the

rediction from Leu et al. using the Fast Fourier Transform based crystal

lasticity calculations [25] . The authors pointed out that, when the twin

ip is interacting with a basal plate precipitate, a stress concentration on

he other side of the precipitate develops, potentially helping to nucle-

te a new twin. In addition, the new twin can nucleate on the other side
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Fig. 1. (a) Bright-field TEM micrograph of the compressed micropillar. The box encloses the region mapped using PED. (b) Index map, (c) cross-correlation coefficient 

map, and (d) in-plane (along the y -axis) inverse pole figure of the boxed region in (a). The schematics illustrate the crystal orientations of the matrix and twins in 

the micropillar (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.). 

Fig. 2. Superimposed index map, cross- 

correlation coefficient map, and in-plane 

inverse pole figure revealing the microstruc- 

ture as a result of twin tip propagation 

interacting with basal-plate precipitates. (a) 

A discontinuity of twin growth was noted as 

highlighted by the white dashed lines. (b) No 

apparent discontinuity of twin growth was 

observed as indicated by the white dashed 

line. 
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crostructure. 
f the precipitate with some offset (highlighted by the dashed lines in

ig. 2 a), causing a staggered twinning structure. In the second case, the

win tip propagation path seems to be undisturbed by the precipitate

highlighted by the dashed line in Fig. 2 b). This may be caused by the

owing of the twin boundary around the precipitate [6] . We speculate

his process becomes more favorable when the twin tip is only partially

locked by a precipitate. 

Following twin tip propagation, next we analyze twin thickening via

win boundary migration. Basal-plate precipitates are known to impede

win boundary migration [ 3 , 5–7 , 9 ]. Here, we focus on the microstruc-

ural details and infer how twin boundaries may have interacted with

recipitates dynamically. The early, intermediate, and late stages of

win thickening are illustrated in Fig. 3 a, 3 b, and 3 c, respectively. In

ll stages, most of the twin boundaries lying between precipitates are

ot bowed but are relatively flat, with no apparent deviation from the

deal twin plane (examples indicated by the white arrows in Fig. 3 ).

his microstructure of the relatively flat twin boundaries adjacent to

he partially engulfed precipitates aligns well with a molecular dynam-

cs prediction [10] . 

At first sight, such an observation may be surprising, considering

islocation bowing (e.g., Orowan hardening) and regular grain bound-

ry arcing (e.g., Zener pinning) by the precipitates [ 1 , 26 ]. The bowing

f dislocations (and grain boundaries) is due to the line tension (and

urface tension) balancing the pinning force from precipitates. But one

annot draw the same arguments for twin boundary migration, because

he underlying process for twin thickening is different from that for grain

oundary migration. Generally, twin boundary migration in Mg can be
3 
chieved by shear (e.g., nucleation and glide of twin dislocations) or

tomic shuffling [ 27 , 28 ]. The former usually results in a relatively flat

win boundary that is parallel to the { 10 ̄1 2 } twin habit plane, whereas
he latter leads to a rumpled twin boundary deviating from the twin

abit plane [29] . As twin boundaries remain relatively flat around pre-

ipitates in many places, it suggests twin boundary migration is medi-

ted mainly by twinning dislocations when interacting with basal-plate

recipitates in this study. Even at a stage where part of the twin bound-

ry has a large deviation by a basal-plate precipitate, mobile defects

e.g., twin dislocations and basal/prismatic or prismatic/basal facets)

ould readily multiply to restore the twin boundary back to its habit

lane [30] . 

It is worth mentioning much slower twin migration and large de-

iations from the twin habit planes were noticed in some local areas

highlighted by the dashed ovals in Fig. 3 ). They are usually associ-

ted with closely spaced precipitate plates (spacing generally < 100 nm)

nd the underlying reasons are not known. We offer two possible ex-

lanations. First, both dislocation and twinning exhibit strong size ef-

ects [31] . Higher stresses are required to glide twinning dislocations

o advance twin boundaries. Second, the small confined volume may

rigger other twin boundary migration mechanisms (e.g., atomic shuf-

ing) rather than twinning dislocations, leading to a more sluggish twin

oundary movement [29] . We speculate that if the average precipitate

pacing were successfully engineered to sub-100 nm in the Mg alloy,

he twin boundary migration mechanism could be dramatically altered,

eading to very different mechanical responses and post-deformation mi-
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Fig. 3. Superimposed index map, cross-correlation coefficient map, and in-plane inverse pole figure revealing the microstructure as a result of twin boundary 

migration interacting with basal-plate precipitates at (a) early-stage, (b) intermediate-stage, and (c) late-stage twin growth. White arrows indicate where twin 

boundaries remain relative flat when interacting with basal-plate precipitates. Dashed ovals indicate where twin boundaries migrate much slower than the adjacent 

regions. 
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. Summary and conclusions 

In summary, we have employed PED to characterize the microstruc-

ure of a post-deformed, precipitate-dispersed Mg-9Al micropillar to un-

erstand the interactions of extension twinning and basal-plate precipi-

ates. Multiple twins of different variants were observed in the volume,

our significant conclusions were drawn. First, the observation of twin

ormation within the micropillar’s interior and not just from the surface

uggests that basal-plate precipitates promote twin nucleation. Second,

hanges in twin geometries indicated that twin tips were arrested basal-

late precipitates but then nucleated a new twin on the other side of

he precipitate or circumvented the precipitate. Third, observations of

elatively flat twin boundaries around the partially embedded precipi-

ates suggest a shear-dominant mechanism for twin boundary migration.

our, dramatically hindered twin boundary migration was observed in

egions confined by closely spaced precipitate plates. 
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