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Anomalous { 101̄ 2} tensile twinning and subsequent detwinning 

in a friction stir processed carbon fiber-reinforced Mg composite 
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Owing to their low density and high specific strength, mag-
esium alloys and magnesium-based composites have great
otential as structure metal materials in applications where
ightweight matters [1–4] . Deformation twins [5] , especially
he { 101̄ 2} tension twins (also called tensile or extension
wins) with a low critical resolved shear stress (CRSS) [6] ,
re commonly observed in Mg alloys. They can provide the
uch-needed deformation along the c-axis in their hcp struc-

ure resulting from the very few easily activated 〈 a 〉 slip sys-
ems in this crystal structure [7] . The tensile twinning activa-
ion usually follows the macroscopic Schmid factor law [2] ,
.e., the twin variant with the highest Schmid factor occurs,
nd it only appears when its Schmid factor is positive. 

However, some postmortem microstructure studies show
hat these tensile twins did appear without obeying the
chmid criterion [8–18] , even when their macro-Schmid fac-

or is negative [9 , 10 , 14 , 17] . These postmortem observations
f the anomalous tension twins are attributed to unloading
r local anomalous stress states [17] , or as a consequence of
train accommodation to compensate for the strain from basal
lip activity [19] . Very recently, an in-situ electron backscat-
er diffraction (EBSD) compression study (which can provide
oth local and global strain information while other post-
ortem studies cannot) of Mg-rare-earth alloys also reported

hat many activated tensile twins do not obey the Schmid law.
his study confirms that sometimes location stress/strain con-
itions play a more important role than the globally applied
tress [20] . 

The observation mentioned above of anomalous tension
winning is either based on the postmortem microstructure or
ow-strain in-situ studies. However, no subsequent detwinning
f these anomalous tension twins has been reported. This de-
winning is possible. For example, anomalous tension twins
an form at a low strain due to the local stress condition
which is different from the macroscopically applied stress).
s the deformation proceeds, its location stress changes and

hen becomes similar to the applied stress in its direction.
his change in stress direction will shrink the highly mobile

ension twin boundary and then possibly make it disappear.
his process is highly similar to the well-known detwinning
ttps://doi.org/10.1016/j.jma.2023.10.008 
213-9567/© 2023 Chongqing University. Publishing services provided by Elsevie
rticle under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-n
rocess in Mg alloys or Mg-based composite during unload-
ng or reverse-loading [21–32] . In the present study, we con-
rm the proposed hypothesis and observe the whole process –

he anomalous twinning at a low strain and, importantly, the
complete) detwinning of these anomalous twins at a higher
train with in-situ tensile EBSD technique for a model carbon
ber reinforced Mg composite (Mg-CF). This model material
as prepared by a refill friction stir welding method [30] ,

s shown in Supplementary Fig. S1a. The tensile specimens
ontain 10.5 vt.% carbon fibers with a gradient distribution
n thickness dimension. 

The commercial pure Mg sheets with a thickness of 1 mm
ere utilized, and the carbon fiber (CF) with a diameter of
.9 μm was placed between the pure Mg sheets. Before weld-
ng, the pure Mg sheets were mechanical grinding and pol-
shed to remove the oxide layer. The welding was conducting
n an RFSSW machine with the excution parameter setting
s (1) the rotation speed of 1600 RPM; (2) the penetration
epths of 1 mm; (3) the penetration speed of 1 mm/s and (4)
he reaction speed of 2 mm/s. The distribution of carbon fiber
as characterized by a dual beam electron microscope (Ther-
ofisher Scios 2, FIB) using the fracture of the deformed

ample. A dog-bone tensile specimen with gauge dimensions
f 2 mm × 1 mm × 1.5 mm was cut by spark machining.
he gauge section is located in the welding nut (See Sup-
lementary Fig. S1b) and as close to the center as possible.
 schematic ( Fig. 1 ) is drawn to depict the welding process

nd sampling method. The specimen surface was then me-
hanically ground and electrolytically polished to a mirror
evel, which is critical to obtaining the high-quality EBSD
attern. A tensile tester was used to deform the specimen
n an FEI Nova NanoSEM 430 scanning electron microscope
oupled with an EBSD system (Oxford Nordlys EBSD detec-
or). Dual threaded leadscrews ensure that the center of the
pecimen stays centrally located during tension. The tensile
ample was deformed at a displacement rate of around 1 μm/s
o a displacement of 100 μm, 200 μm, 300 μm, 380 μm,
00 μm and cracking conditions (560 μm) to allow electron
ackscatter diffraction pattern collection. At each interrupted
tep, automated beam mapping contained a 100 × 200 μm2 

rea with a 0.5 μm step size. It should be noted that the sur-
ace used to collect the EBSD pattern is the side parallel to
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
c-nd/4.0/ ) Peer review under responsibility of Chongqing University 

http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2023.10.008
http://www.elsevier.com/locate/jma
https://doi.org/10.1016/j.jma.2023.10.008
http://creativecommons.org/licenses/by-nc-nd/4.0/


1512 Letter / Journal of Magnesium and Alloys 12 (2024) 1511–1517 

t  

M  

a  

t  

m  

s  

o  

o  

s  

c  

t  

t
 

u  

m  

s  

t  

v  

t  

t  

Fig. 1. The schematic of welding process and sampled in-situ tensile speci- 
men with testing plane. 
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he tensile direction, and the collection area is located on the
g matrix. The processing and analysis of EBSD data were

chieved by Channel 5 and MTEX. Separated tensile tests of
he Mg-CF samples were conducted using a universal testing
achine (KAIPLE-P5) with a video extensometer measuring

ystem at the same strain rate (2 × 10−3 s−1 ). This is to
btain an engineering stress–strain curve for the sample. The
btained engineering stress–strain curve and the engineering
tress–displacement curve from the in-situ EBSD can then be
orrelated. This correlation can provide a rough estimation of
he engineering strain for each interrupted EBSD scan from
he in-situ test’s engineering stress. 

As shown in Fig. 2a , a SEM image of the fracture was
tilized to present the distribution of CF in the sample. The
agnified images corresponding to the three different colored

election areas in Fig. 2a clearly show the content of CF in
he respective regions (pointed by white arrows), where the
olume fraction of CF ranges from 3% to 22% based on
he statistics of numerous fracture morphology at different
hickness dimension. This indicates that a density gradient
ig. 2. (a) SEM image of fractured Mg-CFs composite showing the distribution of
elections in (a) with different color. (e) Representative EBSD mapping of the 
ecessary dislocation (GND) mapping corresponding to (e). (For interpretation of
eb version of this article.) 
istribution exists along the thickness direction of the sample
see Fig. 2b -d). Such gradient distribution of reinforcement is
scribed to the welding process and sampling method. A rep-
esentative EBSD mapping of the undeformed sample is pre-
ented in Fig. 2e . All of the EBSD inverse pole figure (IPF)
apping shown in this paper are colored according to the hor-

zontal axis-Y, which is perpendicular to the tensile direction.
 carbon fibers. (b-d) The enlarged images corresponding to the three squared 
undeformed sample with IPF coloring parallel Y-axis. (f) The geometrical 
 the references to colour in this figure legend, the reader is referred to the 
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Fig. 3. (a) Engineering stress-displacement curve for the in-situ tensile test. (b-h) The inverse pole figure maps (with respect to the Y-axis) superimposed on 
the band contrast map at a strain of 0%, 0.22%, 0.54%, 1.42%, 3.0%, 3.5%, and cracking. The microbar is 20 μm. 
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his is to obtain a more noticeable color contrast, facilitating
he analysis of deformation twinning in the following part.
he used Mg-CF composites have an average grain size of 9
m. An extremely strong 〈 0001 〉 texture along the Y-axis was
emonstrated by inverse pole figure (IPF) with a maximum
ultiple of uniform density (mud) of 19.26. The correspond-

ng Kernel average misorientation (KAM) mapping ( Fig. 2f )
xhibits a high level of geometrically necessary dislocations
GND) (in the order of 1014 m−2 ), which may result from the
esidual thermal stress during the fabricating process. 

Fig. 3a shows the engineering stress-displacement curve of
he in-situ tensile test. Its corresponding IPF mappings under
ifferent displacements are illustrated in Fig. 3b -h. It should
e mentioned that a typical engineering stress–strain curve of
he Mg-CF sample in the same condition is also shown in
upplementary Fig. S2. Therefore, we can roughly estimate

he following strains for all the interrupted displacements of
he in-situ tensile test: which are 0.22%, 0.54%, 1.4%, 3.0%,
nd 3.5% for the corresponding displacements of 100 μm
45 MPa), 200 μm (69 MPa), 300 (100 MPa) μm, 380 μm
127 MPa), and 500 μm (134 MPa), respectively. For con-
istency, the estimated strain values will be utilized as state
arameters in the subsequent descriptions. 

The undeformed state in Fig. 3b exhibits a clean mi-
rostructure without pre-existing twin boundaries. Twinning
ccurred in the collection area when the tensile specimen was
eformed to a strain of 0.22%. These twins were identified as
 101̄ 2} < 101̄ 1 > - extension twins with a misorientation of
6 ° < 112̄ 0> to the parent grains. The occurrence of twinning
s also reflected in the stress-displacement curve. At the stress
f about 25 MPa, a distinct stress fluctuation is captured,
enerally taken as a sign of twinning propagation [2 , 33 , 34] .
t should be pointed out that due to the strong texture of
he matrix, the orientation differences between neighboring
rains are small (specifically, most of the large angle grain
oundaries in the collection area are distributed at 15 °−30 °,
s shown in Supplementary Fig. S3), which renders the be-
avior of twinning transmission extremely active [35] . This
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Fig. 4. (a-e) The maximum Schmid factor mappings of basal slip, prismatic slip, pyramidal I slip, pyramidal II slip, and extension twin, corresponding to the 
undeformed state. 
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henomenon, called the twin cascade effect, makes the fluctu-
tion more evident on the stress-displacement curve [33–35] .
s the strain increases to 0.54%, twinning is still increasing
ut at a significantly slower rate (the twin area only from
6.6% to 17.1%) (see Supplementary Fig. S4). When the dis-
lacement reaches 1.42%, as shown in Fig. 3e , the twinning
rea proportion decreases from 17.1% to 9.7% (Fig. S4). The
isappearance of the scattered twins and the reduction of the
win thickness in the high-density twinning area are responsi-
le for the decrease in proportion. Surprisingly, as the strain
ncreases to 3.0%, the previously existing high-density twin-
ing region completely disappears, which means that the de-
ormation twins generated before the strain of 0.54% are en-
irely de-twinned. And until the fracture, no new deformation
wins occur. 

Thus far, to the best of our knowledge, we observed a
ovel phenomenon that has never been reported in the lit-
rature – the Mg matrix undergoes twinning and detwinning
uccessively in the tensile loading process. To understand this
henomenon, we need to answer two questions: i) how are
eformation twins formed? ii) why does detwinning occur? 

As mentioned above, the type of deformation twins is
 101̄ 2} extension twins. As a crucial deformation mechanism
ompensating for strain out of the basal plane, it induces an
xtension along the c-axis [7] . { 101̄ 2} extension twins typi-
ally obey the Schmid criterion, i.e., the twin variants with
he highest Schmid factor are activated first in a fashion sim-
lar to slip [36] . Moreover, the in-situ EBSD results show
hat grains do not undergo drastic changes in orientation ex-
ept for specific orientation changes caused by twinning dur-
ng deformation. Therefore, it is reasonable to conjecture the
otential for the deformation mechanism to occur based on
he orientation information of the undeformed state. Fig. 4 a-e
how the corresponding mappings of the maximum Schmid
actor for five prevalent deformation mechanisms, including
asal slip, prismatic slip, pyramidal I slip, pyramidal II slip,
nd { 101̄ 2} extension twinning in the undeformed state. The
aximum macroscopic Schmid factors of prismatic slip, pyra-
idal I slip, and pyramidal II slip are all distributed above 0.4,
hile those of basal slip and extension twin are significantly

ower. Especially, the maximum Schmid factors of extension
winning are negative or approaching zero for almost all re-
ions in the observation area. This result suggests that the
xtension twins ought not to form at all based on the macro-
copic stress state since extension twinning cannot operate in
he case of contraction along the c-axis or in the case that
he shear stress along the twinning direction approaches zero.
herefore, back to the first question, how does this anomalous

winning occur? 
As illustrated in [12] , Molodov et al. reported that anoma-

ous twinning plays a role in coordinating local strain during
he plastic deformation of Mg. Thanks to the in-situ EBSD
ensile test, localmicroscopic strain and macroscopic tensile
train can be combined to facilitate the analysis. Three lines
arallel to the tensile direction were plotted on the EBSD
apping to track the evolution of distance between two ran-

omly selected grains, as shown in Fig. 5 a-c. The two end
oints of these three lines are chosen carefully in such a way
hat they are always in the same featured locations of the
elected grain boundary position based on the band contrast
ap. And we only pay attention to the relative length change

n the loading direction. The information that the variation in
he length of the three lines corresponding to different tensile
trains was utilized to calculate the micro-strain of the data
ollection area. Here, the micro-strain along the loading di-
ection is simply interpreted as the rate of variation in liner
ength for different macro-strains. Fig. 5d displays the evolu-
ion of micro-strain as macro-strain increases. The three lines
ll exhibit a first descending and then an ascending trend.
n abnormal result is that the micro-strain shows a negative
alue in the early stage of deformation. This signifies that the
g matrix withstands a compressive strain, which is contrary
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Fig. 5. (a-c) Lengths of three-line segments parallel to the tensile direction at a strain of 0%, 0.54% and 3.0%. These lines were used to measure the distance 
variations between two grains at different macro-strain. (d) The evolution of micro-strain along the tensile direction as the marco-strain increases. 
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o the macroscopic tensile strain. It should be noted that the
ed line (Line 2) crossing the main twinning region exhibits a
ore substantial contradiction to the macroscopic strain than

he other two lines. This suggests that the appearance of the
winned area is due to more intense compressive strain than
he un-twinned area. The micro-strain exhibiting a reverse
rend to the macroscopic strain was derived from the strain
ompatibility between the Mg matrix and CFs. Due to the
arge strength disparity between matrix and CFs, the matrix
as first subjected to plastic deformation while the CFs were

till in elastic deformation in the early stage of the tensile test.
he inherently high density of geometrically necessary dislo-
ations further contributes to a state of compressive stress in
he Mg matrix. It thus ensures a synergistic deformation of the

aterials as a whole. The gradient distribution of the carbon
ber along the thickness direction may also contribute to the
icro-strain trends seen in Fig. 5d , which will be discussed

n more detail later. 
Based on this result, the maximum Schmid factor distribu-

ion of extension twinning corresponding to the undeformed
tate under compressive stress is shown in Fig. 6a . A high
alue of Schmid factor excessing 0.4 was widely distributed
n the collection area. Two typical twinned grains are selected
o recalculate their Schmid factor under compressive load.
ig. 6c and d illustrate the calculated possible slip plane traces
f six twin variants of each grain, annotated with the corre-
ponding Schmid factor. By matching with the observed slip
lane trace (solid red line), it can be found that the actual twin
ariants generated during deformation both have the highest
chmid factor, in line with the mentioned Schmid criterion.
t should be noted that the Schmid factor of various slips
oes not change whether under tension or compression ap-
lied stress since they do not have a polar feature like defor-
ation twinning [5] . Although the pyramidal slip mechanism

nd prismatic slipping mechanism are also favored with the
exture of the Mg matrix, they require a significantly higher
RSS to activate than extension twinning [2 , 37 , 38] . There-
ore, extension twinning can stand out from the competition
ith other dislocation mechanisms. 
The relationship between micro-strain and macro-strain

lso determines the occurrence of detwinning. After a tensile
train of 0.54%, the changing trend of the micro-strain is con-
istent with the macrostrain, which indicates the stress state of
he Mg matrix starts to change from compressive stress to ten-
ile stress. Unlike the pinning effect of some solute atoms on
win boundaries in Mg alloy [30] , the detwinning in pure Mg
ill occur more readily once the stress state activating twins

s not satisfied. The tensile strain of 0.54%, as the inflection
oint of micro-strain evolution, confirms the phenomenon that
etwinning occurs after this macro-strain. Furthermore, when
he micro-strain converts from compressive strain to tensile
train, as shown by the maximum Schmid factor distribution
alculated in Fig. 4e , matrix orientation is no longer favorable
or { 101̄ 2} extension twinning. 

The current study confirms that the local stress/strain state
lays a key role in activating anomalous twin. It is worth
oting that two factors might contribute to the observed lo-
al compressive stress state at the start of the tensile load-
ng. One is the compressive residual stress in the matrix after
ooling, as evidenced by the high density of GND existing
n the undeformed state ( Fig. 2f ). The state of compressive
esidual stress in the Mg matrix can be attributed to the non-
niform distribution of carbon fiber along with a large ther-
al mismatch between the carbon fiber and pure Mg. the

hermal expansion coefficient of carbon fiber and pure Mg
s -1.14 × 10−6 K−1 and 26 × 10−6 K−1 [39] , respectively.
his significant difference in the thermal expansion coefficient
enerates a large thermal mismatch between the matrix and
einforcing phase, which leads to compressive residual stress
n the matrix. Similar results where the matrix suffered com-
ressive residual stress were also have been reported in Al-
raphene prepared by friction stir welding [40 , 41] . The other
s the ‘plastically non-homogeneous’ between the soft Mg ma-
rix and reinforced carbon fibers. For metallic composites, in
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Fig. 6. (a) The recalculated max Schmid factor of extension twinning under compressive strain. (b) Two regions indicated by white squares were utilized to 
determine the twinning direction. (c-d) The slip traces for the possible twinning variants of parent grains in regions 1 and 2, incorporating the Schmid factor. 
The slip trace with the maximum Schmid factor is marked with a solid red line. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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rder to achieve compatible deformation of two phases, the
eometrically necessary dislocation array will be formed at
he forefront of the interface between the matrix and rein-
orcements, thus exerting the back stress on the matrix [42–
4] . The generation of back stress, on the one hand, en-
bles the matrix to undergo plastic deformation at higher
tresses and thus exhibit higher strength, and on the other
and, promotes the occurrence of extension twinning un-
er the overlapping of compressive residual stress in the
atrix. Moreover, the vital role played by the inhomoge-

eous distribution of carbon fibers within the magnesium
atrix cannot be overstated in the context of the remark-

ble phenomenon observed—namely, the activation of twin-
ing followed by subsequent detwinning. Within the com-
osite material exhibiting a gradient distribution of reinforc-
ng phases along its thickness dimension, a well-established
attern of gradient structural deformation emerges. In this
aradigm, plastic deformation systematically advances from
 softer layer characterized by a lower density of car-
on fibers to a harder layer endowed with a higher den-
ity of these fibers, as corroborated by previous research
45–47] . In the region characterized by a lower density of
arbon fibers, corresponding to the soft layer, local in-situ
bservations reveal that plastic deformation initially mani-
ests within the macroscopic elastic range. This occurrence is
ttributed to the confluence of compressive residual stresses
ithin the matrix prior to deformation and compressive back

tresses generated at the interface between the matrix and the
einforcing material. This convergence results in the initia-
ion of anomalous twinning. As the extension under tension
rogresses, the entire specimen undergoes plastic deforma-
ion, causing the gradual dissipation of compressive residual
tresses. This, in turn, allows the local stress-strain state to
rogressively align with the macroscopic stress-strain state,
ltimately mitigating the conditions that initially sustained the
nomalous extension twinning and facilitating its subsequent
etwinning. 

In summary, consecutive { 101̄ 2} extension twinning and
etwinning were observed in Mg-CF composites by in-situ
BSD tensile test. The occurrence of anomalous twinning in

he early stage of deformation was ascribed to the microscopic
ompressive strain, which stems from both the residual com-
ressive stress caused by the large thermal mismatch and the
ack stress exerted on the matrix due to strain compatibility.
his scenario, opposite to the macroscopic strain, satisfies the
chmid factor law motivating extension twins. The onset of
etwinning is attributed to the gradual convergence between
icro-strain and macro-strain, and the gradient distribution of
Fs along the thickness dimension may be essential to capture

he successive onset of twinning and detwinning. This work
omplements our understanding of anomalous tension twin-
ing in magnesium alloys and magnesium-based composites.
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