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Abstract 

Constrained friction processing (CFP) is an innovative technique for lightweight materials, producing fine or ultrafine microstructures 
through severe plastic deformation. CFP favors the formation of ultrastrong B-fiber texture in rods of Mg alloys, with its orientations varying 
along the rod according to the local material flow conditions. This study aims to investigate the local micromechanical behavior of AM50 rods 
produced via CFP and the deformation mechanisms under tensile loading specific to each analyzed position. For this purpose, a combined 
analysis of local microstructure and microindentation was performed, followed by tensile testing of micro-flat specimens taken at three rod 
positions, i.e. center and edge along the plunge direction, and middle along the radial direction, in order to investigate the role of grain 
size and texture on the local deformation mechanisms, and ultimately, the local mechanical properties. The results indicate that texture has 
a more dominant influence than grain size on the local mechanical behavior of rods processed via CFP given the pronounced gradient of 
ultrastrong textures observed along the rod radius, which determines the dominant deformation mechanisms. Furthermore, an approach using 
quasi-in-situ tensile tests performed at the center of the rod indicates that slip and tensile twinning are the main deformation modes for 
the ultrastrong B-fiber texture observed at this position. In contrast, at the middle of the rod, the deformation of the local ultrastrong basal 
texture is ruled by basal 〈 a〉 slip, combined to the slip transfer. An exceptional enhancement in elongation at break ( ≈49 %) is observed 
in the sample taken at the edge of the rod, with an ultrastrong B-fiber texture tilted 25° in relation to the center. This is attributed to a 
combination of lattice rotation, which aligns the basal planes at 45° to the tensile axis, and the maximized activity of basal 〈 a〉 slip. 
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Constrained Friction Processing (CFP) is an innovative
riction-based extrusion technique [10] , applicable for pro-
essing lightweight materials like Al and Mg alloys. This
rocess employs a thermo-mechanical approach that involves
he severe plastic deformation (SPD) of the material being
rocessed. CFP is a new alternative to produce extrudates
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ased on the version of the well-established refill friction stir
pot welding (refill FSSW) process [43] . Like other thermo-
echanical processing methods involving SPD, CFP is an

nteresting option for producing extrudates with refined mi-
rostructures from Mg alloys. As demonstrated by Chen et al.
12] , the CFP of the ZX00 Mg-Zn-Ca alloy can produce mi-
rostructures with grain sizes of around 5–6 μm, resulting
n improved compressive yield strength and ultimate com-
ressive strength [13] in comparison to other extrusion meth-
ds [6] . In addition to this microstructure refinement, CFP
hows several advantages over other thermo-mechanical tech-
iques. Contrary to other SPD processes like equal chan-
el angular pressing (ECAP) [11,42,53] , simple shear extru-
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ion (SSE) [42] , accumulative roll bonding (ARB) [25] and
ulti-directional forging (MDF) [54] , which require the pre-

eating of the material, CFP eliminates the necessity of this
re-processing step as the heat generation is intrinsic to the
rocess, resulting from the combination of friction and plas-
ic deformation [9] . Furthermore, the presence of the probe
nd its effects on the processability – and consequently the
esulting microstructure – is an advantage in comparison to
ther friction-based extrusion processes like friction extrusion
2,41] . In contrast, the current limitations in size capabilities
ssociated with the existing refill FSSW equipment may re-
trict the applicability of CFP to small rods. 

The specific local shearing conditions imposed by the CFP
n the material being processed clearly affect the crystallo-
raphic orientation of the grains. This is especially true for
g alloys, given the anisotropic nature of their hexagonal

lose-packed (hcp) structure. For instance, conventional extru-
ion is reported to induce a texture in which the basal planes
lign with the extrusion direction [39] , whereas ECAP pro-
uces textures where the c-axis is oriented perpendicular to
he extrusion plane [18] . In the case of CFP, the local texture
s extremely influenced by the material flow, resulting in a
-fiber texture aligned with the plunge direction at the center
f the rod, which progressively tilts in direction to the radial
irection for positions closer to the border [10] . Although the
exture intensity produced by extrusion [39] , ECAP [18] and
igh-pressure torsion (HPT) [51] are referred as‘strong basal
extures’ up to 14 multiple times random (mrd), the crys-
allographic orientation intensity in CFP can be classified
s an ‘ultrastrong texture’, with values reported as high as
0 mrd [13] . This texture intensity range is consistent with
he resultant crystallographic orientation of Mg alloys pro-
essed by other friction-based methods, like refill FSSW (up
o 75 mrd) [17] and friction stir welding (FSW) (43 mrd)
45] . 

The main deformation mode in single crystals of Mg and
ts alloys is dislocation slip, which occurs in particular slip
ystems. The activation of basal 〈 a〉 slip is the most energeti-
ally favorable as it corresponds to the lowest critical resolved
hear stress ( τcrss ) of Mg slip systems [5] . At room tempera-
ure, this is the only dislocation system that can be activated.
he Schmid’s law, schematically represented in Fig. 1 and
ig. 1. Geometric relationships between the tensile axis, slip plane and slip dire
actor ( m′ ). 
efined as 

R = σapp · SF = σapp · cos φ cos λ (1)

orrelates the resolved shear stress ( τR ) and the applied stress
 σapp ) based on the angle between the vector normal to the
lip plane ( φ) and the angle with the slip direction ( λ), re-
erred to as the Schmid factor ( SF ). The SF is a good esti-
ation of the preferential slip systems to be activated under
 given load. In the case of materials with strong basal tex-
ure under tensile loading, like extruded bars or rolled plates
n which σ app // (0001), the majority of the grains are ori-
nted such that φ≈ 90◦ and 0 

◦ ≤ λ ≤ 30◦. This results in low
F and high τR values needed to activate basal 〈 a〉 disloca-

ions, which directly contribute to the low ductility observed
n these materials. 

Twinning is observed as an additional deformation mech-
nism activated when slip is restricted. In materials such
s Mg- [14] , Zn- [21] , and Ti [48] alloys, this additional
echanism can be activated due to the limited number of

lip systems intrinsic to the hcp structure as previously dis-
ussed. Nonetheless, besides accommodating strain through
he displacement of the mirror lattice symmetry, twinning
lso promotes the nucleation and growth of the fraction of
he material with crystallographic orientations that may fa-
or slip systems activated under lower τcrss relative to the
ensile/compression axis [7] . Independent twinning systems
re activated in response to the direction of the applied load.
nder tensile loading along the c-axis of the hcp structure,

he dominant twinning system is the { 101 2} , followed by
 112 1 } , while under compression, the main twinning system is
 101 1 } , in addition to { 112 2} . In each case, the twin bound-
ry inherits a specific misorientation: ∼86 ° for { 101 2} [3] ,
35 

◦ for { 112 1 } [48] , ∼56 ° for { 101 1 } [4] , and ∼64 ° for
 112 2} [48] . 

This study investigates the influence of local microstruc-
ural features determined by the material flow during the CFP
f AM50 rods on the local mechanical behavior, with a focus
n the effect of the characteristic ultrastrong crystallographic
rientation. For this purpose, the influence of grain size and
exture on local indentation patterns along the rod is ana-
yzed, followed by microtensile experiments using a quasi-in-
itu approach at successive deformation levels, in order to un-
ction defining the (a) Schmid factor ( SF ) and (b) geometric compatibility 
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erstand the changes in the resulting grain structure at three
ositions along the rod and the corresponding deformation
echanisms. This investigation establishes a basis for tailor-

ng the material flow components during the CFP to produce
he desired textures. In this way, control over dominant defor-

ation mechanisms can be enabled, optimizing key properties
uch as strength and ductility in Mg alloys to meet the re-
uirements of targeted applications. 

. Materials and methods 

.1. Process principle 

A representation of the CFP process steps is depicted in
ig. 2 . In (a), the toolset approaches the plate to be processed,
nd the clamping ring applies the set clamping force to the
ystem as the shoulder and probe begin to rotate. Next, in (b)
he rotating shoulder plunges into the base material (BM),
ausing its extrusion to the hollow cavity inside the shoulder
reated by the progressive retraction of the probe, which gen-
rates a spiral-like material flow. By the action of the probe,
his material flow is constrained, which enhances the trans-
ission of the shearing to the material being processed and

revents the occurrence of voids. As the set plunge depth is
eached (c), the rotation of the tool parts halts, when the re-
raction of the shoulder is activated, terminating the contact
ith the processed rod. The process is finished with the re-

ease of the clamping force, leaving the rod as illustrated in
d). 
ig. 2. Step-by-step schematic representation of constrained friction process- 
ng (CFP): (a) loading, (b) plunging, (c) rotation halt followed by shoulder 
etraction and (d) release of the processed rod. The three-part toolset consists 
f the clamping ring (purple), shoulder (orange) and probe (green). 
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.2. Processing of rods and production of specimens 

Ingots of AM50 alloy (94.24 wt% Mg, 5.21 wt% Al,
.47 wt% Mn, 0.05 wt% Zn, 0.03 wt% Si, 0.002 wt% Cu,
.001 wt% Fe) cast via Permanent Mold Casting [16] were
ut into workpieces with 100 x 25 x 6 mm 

3 to be used as
he base material for further processing. Rods with the di-
ensions presented in Table 1 were produced via CFP using

he custom-designed RPS200 refill FSSW system (Harms &
ende, Germany) operated by position control using clamp-

ng rings and probes made of M4 tool-steel and G40 tungsten
arbide shoulders. The combination of parameters, i.e. rota-
ional speed (RS), plunge speed (PS), dwell time (DT) and
lamping force (CF), as well as the dimension of tool parts
sed for each experiment are listed in Table 1 . While process
arameters for microtensile investigation were obtained from
revious investigations [10] , Vickers indentations were per-
ormed on a rod with a larger diameter in order to increase
he number of data points collected along the radius, follow-
ng preliminary parameter optimization using a ∅ 12 shoulder.

.3. Microstructure and texture analysis 

Electron backscatter diffraction (EBSD) analyses were per-
ormed using a FEI Quanta 650 FEG scanning electron mi-
roscope (SEM) equipped with an EDAX Velocity EBSD de-
ector, operated using 20 kV using a step size of 0.2 μm.
or this purpose, one micro-flat specimen of each configu-
ation was embedded in acrylic resin and polished down to
.2 μm using a water-free fumed silica suspension. Once the
esired surface quality was achieved, the micro-flat samples
ere carefully released from the resin by soaking in acetone,
hich allowed for their safe removal without compromising

he polished surface. The acquired EBSD data were primar-
ly analyzed using the TSL OIM 7.3 software, applying a
inimum boundary misorientation cut-off of 2 

◦ to eliminate
rientation noise artifacts, and a 15 

◦ misorientation threshold
etween adjacent grains to define high-angle grain bound-
ries. Complementary crystallographic analyses, such as the
onstruction of Schmid factor maps, slip traces and geometric
ompatibility factor maps, were performed using MATLAB
ombined with the MTEX toolbox [1] . 

.4. Local mechanical properties 

.4.1. Local microtensile behavior and quasi-in-situ 

xperiments 
The local micromechanical behavior at three positions of

he rod was determined using custom-designed micro-flat ten-
ile specimens, produced according to the dimensions de-
icted in Fig. 3 (a). The samples were cut via electrical dis-
harge machining (EDM) wire erosion to prevent deforma-
ion and were taken at three positions of identically produced
ods: at the middle along the radial direction (RD-middle), at
he center along the plunge direction (PD-center), and at the
dge along the plunge direction (PD-edge), as illustrated in
ig. 3 (b). 
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Table 1 
Dimension of produced rods, process parameters and dimensions of tool parts used in each experiment. 

Rod Process parameters Tool dimensions [mm] 

∅ [mm] h [mm] RS [rpm] PS [mm/s] DT [s] CF [kN] Clamping ring Shoulder Probe 

6 6.75 1800 1 0 12 ∅ 17 ∅ 9 ∅ 6 
8 6.75 1500 1.2 1.5 12 ∅ 20 ∅ 12 ∅ 8 

Fig. 3. Micro-flat specimens for tensile testing: (a) dimensions of the spec- 
imens and (b) positions of the produced samples in relation to the rod. In 
red, the specimen at the middle along the radial direction of the rod (RD- 
middle); in green, the specimen at the center along the plunge direction of 
the rod (PD-center); in purple, the sample at the edge along the plunge di- 
rection (PD-edge). PD, RD and TD are the coordinates defining the axis 
system, corresponding respectively to plunge direction, radial direction and 
transverse direction. All dimensions in mm. 
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Tensile tests were carried out at room temperature using a
eben Microtest 5 kN (Deben UK Ltd., United Kingdom) mi-

rotensile stage with a constant extension rate of 0.1 mm/min
nd applying a preload of 5 N. Three samples of each config-
ration were tested. The acquired data for force ( F ) and dis-
lacement ( �l) were used to calculate the engineering stress
 σ app ) and strain ( ε) according to ASTM E8M [26] , in which
app = F /A0 and ε = �l/G , being A0 and G respectively the

nitial cross-sectional area and gauge length, as defined in
ig. 3 . 

Quasi-in-situ experiments were used to monitor the effect
f deformation in the grain structure of a single sample for
ach configuration using EBSD. With the exception of RD-
iddle, in which the highly deformed surface at εp = 0.15 led

o extremely low confidence index (CI) through all the sam-
le, making meaningful interpretation of the results impossi-
le, progressive strains were applied to each specimen in four
istinct steps, corresponding to plastic strains of εp = 0.01,
p = 0.03, εp = 0.07 and εp = 0.15. The micro-flat specimens
ere analyzed through the entire extension of the gauge

ength to enable the tracking of a selected region. In this
pproach, conducted for each sample configuration, strain in-
rements were applied to the previously polished specimen
sing the Deben Microtest stage. After each deformation step,
he specimen was transferred to the SEM for EBSD analysis.
nce the data for that step was acquired, the sample was re-
oved from the SEM, and the process was repeated for the

ext strain increment. 
.4.2. Analysis of microindentation patterns 
A combined approach of Vickers microhardness indenta-

ion and EBSD mapping was used in order to investigate the
ffect of microstructure features, namely grain size and tex-
ure, on the local mechanical behavior of the rods. For this
urpose, EBSD analyses were conducted at the cross-section
f an ∅ 8-mm rod at the positions described in Fig. 4 . The
easurement grid comprised five horizontal lines uniformly

paced over a vertical span of 1.6 mm, with individual anal-
sis points positioned at 0.2 mm intervals. 

Vickers microhardness indentations were conducted on the
ame surface areas previously analyzed using EBSD, as rep-
esented in Fig. 4 , using a Durascan 70 G5 automated system
quipped with a micro-Vickers indenter, with a load of 0.1 kg
nd a holding time of 10 s. The diagonal lengths l1 and l2 , see
ig. 4 , were automatically measured and used as indicators
f local strength. 

. Results and discussion 

.1. Local mechanical properties 

.1.1. Effect of texture and grain sizes on indentation 

atterns 
As investigated by Caroline de Castro et al. [8] , the

nisotropic characteristic of the CFPed material is observed
n the Vickers indentation patterns, with asymmetric diago-
al lengths l1 and l2 varying depending on the position along
he radius. Microstructural features such as grain size and
ltrastrong texture can determine the local mechanical prop-
rties of the materials, given their effects on grain boundary
trengthening and also on ruling the dominant deformation
echanisms. To understand the correlation of the mechanical

roperties and grain sizes, the grain boundary strengthening
as investigated using the Hall-Petch equation [24,40] : 

y = σ0 + ky d
−1 / 2 or H = H0 + kH 

d−1 / 2 , (2)

here σy represents yield strength, H represents hardness, and
0 , H0 , ky and kH 

are material-dependent constants. 
Given that Vickers microhardness is determined by 

 = 1 . 8544 ∗ F 

l2 
, (3)

here F is the applied force, the anisotropic behavior of the
aterial was investigated considering the diagonal lengths

eparately, and the correlation between the indentation pat-
erns and grain sizes can be assumed as 

1 

l2 
n 

∝ d−1 / 2 . (4) 
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Fig. 4. Schematic representation of the regions selected for EBSD data ac- 
quisition, followed by Vickers microhardness testing at the corresponding 
locations. All dimensions in mm. 
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Fig. 5 shows the indentation patterns as a function of local
rain sizes measured across the rod as indicated in Fig. 4 . Al-
hough an overall trend of increasing hardness with decreas-
ng grain sizes is observed for l1 and l2 , the correlation is
otably weak due to the significant dispersion of data points
or the range of grain sizes present on the specimen. This
s further evidenced by the very low R2 values, indicating a
eak statistical fit. 
To further understand the influence of microstructural fea-

ures on the local mechanical behavior, Fig. 5 depicts the
orrelation between 1 /l2 with the corresponding local tex-
ures, represented by the angle between the c-axis of the hcp
tructure. In both cases of l1 and l2 , the data points show
wo distinct trends, with a sharp transition noted at around

= 75 

◦. The comparison of R2 between θ < 75 

◦ with the
tting of grain size data also indicate a substantially greater

nfluence of the local texture over grain size on the material
ardness. Furthermore, for θ < 75 

◦, a clear trend of increas-
ig. 5. Indentation patterns ( 1 /l2 , l1 and l2 according to Fig. 4 ) as a function of
ollected across the rod. Lines represent the fitted models corresponding to the da
ng hardness with increasing θ is observed, with R2 showing
tatistical significance in comparison to the second part of l1 
nd l2 datasets. This suggests that the local texture signifi-
antly influences basal slip, with the progressive increase in
progressively influencing SF , and may also indicate the ac-

ivation of further deformation mechanisms such as twinning,
s indicated by the sharp transition observed in the plots. For
he visualization of the stratified d−1 / 2 data according to the
ocal texture and positions along the radius, please refer to
ppendix B , Fig. B.1. 
The results depicted in Fig. 5 indicate that, for the range

f grain sizes refined during the CFP, local texture plays a
ore significant role in the determination of the mechanical

roperties than the grain strengthening effect. Therefore, the
ollowing sections focus on understanding the deformation
echanisms activated by the local ultrastrong texture. 

.1.2. Local microtensile behavior 
The resulting engineering stress–strain curves at each ob-

erved region are depicted in Fig. 6 (a). In comparison to the
ase material, the processed rod exhibits a notable enhance-
ent in overall mechanical properties regarding the ultimate

ensile strength ( σ UTS ), especially in the case of PD-center (53
) and RD-middle (35 %) specimens, followed by a smaller

mprovement of 7 % for PD-edge. Additionally, there is a sig-
ificant increase in yield strength ( σ y ), determined as 110 %
or RD-middle. In both cases, the increase in strength is pri-
arily attributed to the expressive grain refinement achieved

hrough the CFP. Furthermore, an exceptional improvement
f 121 % in terms of elongation at break ( E L% ) relative
o the BM is observed for the PD-edge specimen, which is
ttributed to the deformation mechanisms triggered by this
articular ultrastrong texture as it will be discussed in the
ollowing sections. 

The significant effect of the local anisotropy on the me-
hanical behavior observed at each tested region is noticeable
n the magnitude of σ y , σ UTS and E L% . Minor variations on
he average grain diameter between the three analyzed spec-
mens (5.4 ≤ D ≤ 9.1 μm) might affect the σ y to some
 local grain size ( d−1 / 2 ) and local texture (angle of c-axis, θ ) for positions 
tasets, with each respective R2 . 
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Fig. 6. Local mechanical behavior at the middle along the radial direction (RD-middle), at the center along the plunge direction (PD-center), at the edge 
along the plunge direction (PD-edge), and base material: (a) exemplary stress–strain curves, and (b) triplicates of yield strength ( σ y ), ultimate tensile strength 
( σUTS ) and elongation at break ( EL% ) along with the respective average and standard deviation, shown respectively as the open symbols and error bars. 
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Fig. 7. Initial grain structure of each tracked region on along the gauge length 
of micro-flat specimens: inverse pole figure maps, pole figures and average 
grain diameter ( d ) analysis for the CFP specimens (a) at the middle along 
the radial direction (RD-middle), (b) at the center along the plunge direction 
(PD-center) and (c) at the edge along the plunge direction (PD-edge). 
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xtent due to grain boundary strengthening [22] . However,
he particular response of each sample to the deformation be-
avior is mainly attributed to each of their textures, especially
onsidering the ultrastrong crystallographic orientation of the
rains represented by the texture intensity, hinting at specific
eformation mechanisms activated by each stress state: (0002)
asal planes parallel to the tensile axis (RD-middle), c-axis
arallel to the tensile axis (PD-center), and c-axis tilted at 25 

◦

n relation to the tensile axis (PD-edge). 
The mechanical behavior of AM50 rods produced using

FP reveals notable differences when compared to rods man-
factured via traditional methods, like wire drawing [15] ,
olling [47] or casting [38] , see Fig. A.1 , highlighting the po-
ential advantages of CFP in tailoring alloy performance. For
nstance, in a direct comparison, the σy determined for the
ample at RD-center is only lower than the thin wires man-
factured by drawing reported by Dvorsky et al. [15] among
he compared techniques. The average σU T S among the pro-
essed material is overall comparable or even higher than
he AM50 as-cast and rolled materials studied by Neh et al.
38] and, once again, only lower than the wires reported by
vorsky et al. [15] . Moreover, the remarkable enhancement

n ductility observed in the PD-edge sample significantly ex-
eeds not only the ductility of the AM50 materials used for
omparison, but also the elongation at break reported for
ighly ductile magnesium alloys in the literature, such as
Z91 processed by hard plate rolling ( EL% = 23 %) [47] and
ot extruded Mg-Gd-Zn-Zr alloy ( EL% = 36 %) [33] , being
omparable only to the Mg-Gr-Mn produced by hot extrusion
50] . For the comparison between the mechanical properties
f several Mg alloys and processing techniques, please refer
o Appendix A . 

.2. Characterization of local deformation mechanisms 
nder microtensile loading 

.2.1. Grain structure characterization of the specimens 
The grain structure of the specimens cut at specific po-

itions of the rods, as shown in Fig. 3 (b), is presented in
ig. 7 (a–c). The spiral material flow generated during CFP
nfluences the texture formed at each local position along the
od. During the process, the combination of extrusion and
tirring components of the material flow leads to particular
ocal shearing conditions. As a consequence, the basal planes
f the hcp structure tend to align with the shearing direc-
ion, producing a material with ultrastrong local texture, as
iscussed by de Castro et al. [10] . In all cases, the crystal-
ographic orientation of the grains is ultrastrong in intensity
n comparison to other SPD processing of magnesium alloys
uch as ECAP [23,46] and HPT [51] . On the other hand, the
exture intensity values of the samples are in agreement with
he crystallographic orientation produced by other friction-
ased processes of Mg alloys, such as refill FSSW [17] , FSW
45] and friction stir processing [29] . 

Table 2 presents the grain sizes determined along the gauge
xtension of each specimen ( D ) and for the tracked regions of
ach specimen ( d ). In all cases, the variation in terms of D
as found to be multiple times smaller than the variation

n grain size within the single region analyzed, indicating
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Fig. 8. Grain structure of the specimen with ultrastrong basal texture (RD-middle) at progressive stages of plastic strain ( εp = 0, εp = 0.01, εp = 0.03, εp = 0.07): 
IPF maps, SE images and pole figures. The white arrows indicate the evolution of twinning along the deformation steps. 

Table 2 
Average grain diameter along the gauge length ( D ) and at the selected region 
( d ) tracked along the experiment for RD-middle, PD-center and PD-edge. 

D [ μm] d [ μm] 

RD-middle 9.1 ±0.8 10.1 ±8.2 
PD-center 5.4 ±0.2 5.4 ±4.1 
PD-edge 6.8 ±0.3 7.2 ±5.1 
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hat the grain size can be considered statistically consistent
hroughout the samples. The local grain structure found at
he center of the rod along the RD is presented in Fig. 7 (b).
n ultrastrong basal texture (intensity of 38 mrd) is observed,

ormed during the process by the alignment of the base planes
arallel to the shearing direction, i.e. (0002) // RD. The anal-
sis also indicates that the grain size in the selected region
f the RD-middle specimen is d = 10.1 ± 8.2 μm. For the
pecimens taken along the PD, two particular grain struc-
ures are identified. At the center (PD-center), Fig. 7 (c), fine
rains with d = 5.4 ±4.1 μm show a typical B-fiber texture
ith 〈 0001 〉 // PD. For the specimen taken at the edge of the

od (PD-edge), as seen in Fig. 7 (d), the grain sizes are slightly
arger, with d = 7.2 ± 5.1 μm. This variation in grain size
s expected since the portion of material at the edge of the
od is in close contact with the friction interface between tool
nd material, promoting slight grain growth due to the expo-
ure to higher temperatures [10] . The texture at this region
s defined based on the tilt of 〈 0001 〉 at 25 

◦ around the arc
etween PD-TD, favored by the alignment of the (0002) basal
lanes with the local shearing conditions. In both cases, the
exture intensity is also noted to be ultrastrong, corresponding
o 55 and 62 mrd, respectively. 
.2.2. Deformation modes along the radial direction 

Fig. 8 shows the inverse pole figure (IPF) maps and sec-
ndary electrons (SE) images, which indicate the changes
n the grain structure of a particular region along the gauge
ength observed at progressive strain levels. While a progres-
ive elongation of the grains on the direction of the applied
orce is observed in all cases, no significant changes in the
referred orientation are observed based on the texture inten-
ity, as the diverging patterns of εp = 0.03 and εp = 0.07 can be
ttributed to the progressively deformed surface and its effect
n the quality of the EBSD data acquisition, as seen in Fig. 8 .
he influence of the increasing straining of the sample is also
bserved through the evident changes on the surface depicted
n the SE images. 

The micrographs shown in Fig. 8 follow the evolution of
ome selected grains, in which the nucleation and growth of
xtension twins (ET) can be observed. Still, no global occur-
ence of twinning as a significant deformation mechanism is
oticed. This is also supported by the grain boundary mis-
rientation angle depicted in Fig. 9 (a), in which the fraction
f primary tensile twins is represented by the misorientation
ngle of 86 

◦ in relation to the parent grain. Throughout the
nvestigated history of plastic deformation for this sample,
.e. εp = 0 to εp = 0.07, the variation of the fraction of twin
oundaries is not remarkable, ranging from 7.1 % to 9.3 %.
his indicates that twinning can be ruled out as a relevant
eformation mode in this type of texture. 

Fig. 10 (a) shows the Schmid factor maps for
he {0001} 〈 112 0〉 basal 〈 a〉 , {1 1 00} 〈 112 0〉 prismatic 〈 a〉 ,
11 2 2} 〈1 1 23 〉 second order pyramidal 〈 c + a〉 slip systems
nd {10 1 2} extension twins for the fine-grained microstruc-
ures with ultrastrong basal textures. The SF maps indicate
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Fig. 9. Grain boundary misorientation angle at progressive stages of plastic 
strain ( εp = 0, εp = 0.01, εp = 0.03, εp = 0.07) for specimens (a) at the center 
along the radial direction (RD-middle), (b) at the center along the plunge 
direction (PD-center) and (c) at the edge along the plunge direction (PD- 
edge). 
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hat the crystallographic orientation of the grains favors the
rismatic 〈 a〉 dislocations, with a fraction of 92 % of the
rains with a high SF associated ( ≥0.4). Contrarily, the ul-
rastrong basal texture hinders the activation of basal 〈 a〉 dis-
ocations, resulting in a fraction of less than 5 % of grains
ith high SF , a widely-known issue that limits the formability
f Mg rolled plates [37] and extruded rods [27] considering
hat basal slip is the preferred deformation mechanism slip
ystem at room temperatures. 

The Schmid’s law, see Eq. (1) , determines the resolved
hear stress ( τR ) of a given grain under a specific loading
ondition and enables the comprehension of the preferred slip
ystems ruling the material deformation considering geometric
spects, i.e. the SF . A slip system is considered active when,
nder specific conditions e.g. loading and/or temperature, the
esulting τR exceeds τcrss of the given slip system. In this
ontext, the τcrss is associated with the energy required for slip
nitiation. The reported τcrss values [5] indicate the activation
f basal dislocations to be the most energetically favored as
crss is determined as 20 MPa in contrast to the critical values
f 70 and 110 MPa for the prismatic 〈 a〉 and pyramidal 〈 c +
〉 slip systems. Based on the τcrss values reported in the
iterature and the σ app associated with εp = 0, εp = 0.01 and
p = 0.07, the critical SF ( SF

εp 

crit ) for the activation of each
lip system was calculated, and the results are presented in
able 3 . According to the calculation, basal slip is activated
or the initial grain structure when SF 0 ≥ 0. 09 , in which SF 

0 

orresponds to the SF at εp = 0. 
Fig. 9 (a) presents the SF values calculated for each in-

ividual grain, shown as the corresponding fraction of grains
or the basal 〈 a〉 , prismatic 〈 a〉 and pyramidal 〈 c + a〉 slip
ystems regarding the ultrastrong basal texture in RD-middle.
he SF

εp 

crit values in Table 3 are shown in the plots by the ver-
ical bars. Considering the corresponding σ

εp 
app for each strain

tep observed in the investigation, the fraction of grains with
F εp surpassing the calculated SF

εp 

crit is represented by the col-
red counts in the plots. The results show that, for the tensile
oading of microstructures with ultrastrong basal texture, the
eformation is ruled by the slip of 〈 a〉 dislocations, as the
raction of grains with SF εp ≥ SF

εp 

crit is 61 % for the basal
lip systems, the most energetically favored system as previ-
usly discussed, and 96 % for the prismatic ones at εp = 0.
lthough the activity of 〈 a〉 dislocations are favored during

he deformation of this grain structure, the fraction of grains
xhibiting pyramidal 〈 c + a〉 slip progressively increases with
ncreasing strain. 

Fig. 12 (a1-c2) presents the sample’s surface over the eval-
ated strain steps, where the dislocation slip activity is visi-
le. Primary slip bands within the grains are first identified at
p = 0.01 (a2). The predicted slip traces for each slip system,
.e. basal, prismatic, pyramidal I, and pyramidal II, were cal-
ulated based on EBSD data and are represented in (d) by the
olored lines, in a similar approach as reported by Yang et al.
49] . According to the calculation of the slip traces potentially
ctive in grain G1, the slip bands indicated as ST a and ST b 

re evidence of the activity of respectively prismatic 〈 a〉 and
yramidal 〈 a〉 slip. Besides the ongoing initiation of slip bands
ith the further straining of the material, at εp = 0.03 the slip

ransfer of prismatic 〈 a〉 dislocations through the G1 → G2
rain boundary is progressively activated, identified as ST c 

nd first observed in (b2) and continuously manifesting as
een in εp = 0.07. According to the slip traces depicted in (d),
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Fig. 10. SF maps of the initial grain structure for {0001} 〈 112 0〉 basal 〈 a〉 , {1 1 00} 〈 112 0〉 prismatic 〈 a〉 and {11 2 2} 〈1 1 23 〉 second order pyramidal 〈 c + a〉 
slip systems, and { 101 2} extension twinning for (a) RD-middle, (b) PD-center and (c) PD-edge. 

Table 3 
Critical Schmid factor ( SF

εp 
crit ε) for the RD-middle specimen calculated from the respective tensile stresses σ

εp 
app (in MPa) at εp = 0, εp = 0.01, εp = 0.03 and 

εp = 0.07, see Fig. 6 (a), considering the τcrss values (in MPa) presented in [5] . 

τcrss [5] σ 0 
app SF 0 

crit σ 0. 01 
app SF 0. 01 

crit σ 0. 03 
app SF 0. 03 

crit σ 0. 07 
app SF 0. 07 

crit 

basal 〈 a〉 20 215 0.09 244 0.08 265 0.08 250 0.08 
prismatic 〈 a〉 70 215 0.33 244 0.29 265 0.26 250 0.28 
pyramidal 〈 c + a〉 110 215 0.51 244 0.45 265 0.42 250 0.44 
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T c denotes the activity of pyramidal 〈 a〉 slip system. The oc-
urrence of slip bands followed by slip transfer is reported in
ther studies on hcp materials, such as magnesium [52] and
itanium [28] alloys. As the strain progresses in the material,
islocations pile up at the grain boundaries, increasing the
ocal shear stress. Slip transfer will occur at a given grain
oundary if two criteria are simultaneously fulfilled, being (i)
igh SF values of the incoming and outgoing slip planes, and
ii) high geometric compatibility [28] . The geometric compat-
bility factor ( m′ ) [32] , is defined as 

′ = cos κ cos ψ (5) 

here κ is the angle between the incoming and outgoing slip
irection and ψ is the angle between the pair of normal slip
lanes, as represented in Fig. 1 . The analysis of m′ for each
pecimen investigated points to a high probability for dis-
ocation slip transfer to the adjacent grains. The ultrastrong
rientation of the grains results in a low angle ψ between the
ncoming and outcoming dislocation slip planes (0002), i.e.
osψ ≈ 1 , and a relatively low angle between the slip direc-
ions of the two pairs of planes ( κ), which is assumed to be
f a maximum of 30 

◦, i.e. cosκ > 0. 86 taking into account
he symmetry of the hcp basal plane and the misorientation
ngle distribution of Fig. 9 (a). Therefore, the ultrastrong tex-
ure of RD-middle favors the slip transfer behavior as the
lip systems of neighboring grains are well-aligned, which is
escribed as a mechanism to enhance the ductility [52] . 

.2.3. Deformation modes along the center of the rod 

The IPF maps, pole figures and twin boundary maps of a
elected area on specimen PD-center is depicted in Fig. 13 ,
bserved at εp = 0, εp = 0.01, εp = 0.03, εp = 0.07 and εp = 0.15.
he activation of twinning as a deformation mechanism is not
oticed at the initial steps of deformation ( εp ≤0.03). The SF 

aps for εp = 0, see Fig. 10 , hint at the activity of 〈 c + a〉 slip
ystems. The ultrastrong B-fiber texture at PD-center indicates
hat basal slip may be restricted for the tensile stress applied
arallel to the c-axis, as the basal planes are perpendicular
o the tensile axis, leading to only 0.4 % of the grains ex-
ibiting high SF ( ≥ 0.4). The 〈 a〉 slip is also restricted for
he prismatic slip, with only 1.3 % of the grains associated
ith high SF . The analysis of SF shows that for the tensile
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Fig. 11. Ultrastrong (a) basal texture (RD-middle), (b) B-fiber texture parallel to PD (PD-center) and (c) B-fiber texture tilted at 25 ◦ in relation to PD (PD- 
edge): SF grain fraction distribution for {0001} 〈 112 0〉 basal 〈 a〉 , {1 1 00} 〈 112 0〉 prismatic 〈 a〉 and {11 2 2} 〈1 1 23 〉 second order pyramidal 〈 c + a〉 , depicting the 
fraction of grains with sufficient stress to activate each slip systems ( f

εp 
slip ) as the colored portions of the plots. The fraction of grains with activated dislocation 

slip ( f
εp 
slip ) is indicated in the legend. 

Fig. 12. SEM secondary electron images of the surface of the RD-middle specimen (a1-c1) and selected areas in higher magnification showing the slip traces 
activity (a2-c2) at εp = 0.01, εp = 0.03, εp = 0.07. The calculated slip traces (STa , STb , STc , STd ) of different slip systems for grains G1 and G2 are presented 
in (d), determined based on EBSD data. The slip systems are represented by the red (basal), yellow (prismatic), green (pyramidal I) and purple (pyramidal II) 
lines. 
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Fig. 13. Grain structure of the specimen with ultrastrong B-fiber texture (PD-center) at progressive stages of plastic strain ( εp = 0, εp = 0.01, εp = 0.03, εp = 0.07 
and εp = 0.15): IPF maps, twin boundary maps and pole figures. The nucleation of ET is exemplary pointed by the red arrows at εp = 0.03. 

Table 4 
Critical Schmid factor ( SF

εp 
crit ) for the PD-center specimen calculated from the respective tensile stresses σ

εp 
app (in MPa) at εp = 0, εp = 0.01, εp = 0.03, εp = 0.07 

and εp = 0.15, see Fig. 6 (a), considering the τcrss values (in MPa) presented in [5] . 

τcrss [5] σ 0 
app SF 0 

crit σ 0. 01 
app SF 0. 01 

crit σ 0. 03 
app SF 0. 03 

crit σ 0. 07 
app SF 0. 07 

crit σ 0. 15 
app SF 0. 15 

crit 

basal 〈 a〉 20 96 0.21 106 0.19 132 0.15 173 0.12 252 0.08 
prismatic 〈 a〉 70 96 ∗ 106 ∗ 132 ∗ 173 0.40 252 0.28 
pyramidal 〈 c + a〉 110 96 ∗ 106 ∗ 132 ∗ 173 ∗ 252 0.44 

∗ The slip system cannot be activated. 
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oading of this particular texture, the activity of 〈 c + a〉 dis-
ocations are favored as 98 % of the grains present high SF .
onetheless, the analysis of the slip systems considering the

crss presented in the literature, as seen in Fig. 11 (b), indicates
hat basal slip is favored, with the fraction of grains meet-
ng the conditions to activate the basal dislocation increasing
rom 22 % for εp = 0 to 57 % for εp = 0.15. The calculation
f SF

εp 

crit , see Table 4 , denotes that the prismatic and pyrami-
al slip systems can only be activated at the highest levels of
tress/strain observed. Compared to the previous analysis of
he RD-middle sample, the ultrastrong B-fiber texture causes
ignificantly lower dislocation activity, with a reduced frac-
ion of grains capable of deforming via dislocation slip. In
ontrast, SF maps depicted in Fig. 11 (b) shows that more
han 98 % of the grains are associated to high SF regard-
ng extension twinning, hinting that this may be a dominant

echanism governing the deformation in this type of texture.
In addition to the limited activity of basal 〈 a〉 disloca-

ions, the plasticity of the PD-center is also heavily influenced
y twinning. The twinning activity can be assessed by the
nalysis of the misorientation angle of the grain boundaries,
epicted in Fig. 9 (b), in a similar approach as investigated
y Suhuddin et al. [45] . At the two initial stages, εp = 0 and
p = 0.01, a comparable fraction of {10 1 2} ET associated to
he misorientation angle of 86 

◦ in relation to the parent grain
s observed. This fraction of twin boundaries is attributed to
emnants of the CFP process and/or artifacts from the sam-
le manufacturing procedure. From εp = 0.03, {10 1 2} ET is
ctivated as a deformation mode, which is denoted by the in-
rease in the peak intensity and peak broadening, resulting in
he fraction of ET indicated in the corresponding graph in-
et in Fig. 9 (b). While the increase in peak intensity implies
he nucleation of new twins and/or the propagation of exist-
ng ones, the peak broadening is associated with the growth
f newly formed grains within the twin boundaries, causing
 shift in the misorientation of the ET boundaries [44] . The
ubstantial activity of ET reaches its maximum at εp = 0.07,
here 48 % of the grain boundaries corresponding to ET twin
oundaries. Together with the ET, the occurrence of {10 1 1}
ontraction twins (CT), identified by a misorientation of 56 

◦

n relation to the parent grain, is noted to a limited fraction
f boundaries starting at εp = 0.03. In addition to the tensile
tresses applied during the test, internal compressive stresses
cting perpendicular to the loading direction may result from
he Poisson effect [31] . It is worth noting that the deforma-
ion modes identified in this study for the B-fiber texture un-
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Table 5 
Resolved shear stress ( τET 

R ) for extension twinning, calculated based on the 
average SF related to the ultrastrong B-fiber texture (PD-center) along εp = 0, 
εp = 0.01, εp = 0.03, εp = 0.07 and εp = 0.15 and correspondent stresses ( σ

εp 
app ). 

ε0 
p ε0. 01 

p ε0. 03 
p ε0. 07 

p ε0. 15 
p 

SF 0.48 0.48 0.48 0.47 0.47 
σ app [MPa] 96 106 132 173 252 
τET 

R [MPa] 46 51 63 81 118 
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er tensile loading parallel to the c-axis align with findings
rom molecular dynamics simulations of a Mg single crystal
34] , which concluded that the dominant mechanisms are a
ombination of basal slip and twinning. The activity of ET
s the main deformation mechanism throughout the progres-
ive stages of deformation is further supported by the twin
oundary maps shown in Fig. 13 , where the corresponding
oundary lengths exhibit a trend consistent with the fractions
bserved in the misorientation angle plots in Fig. 9 . 

The evolution of twinning activity after εp = 0.03 is also
oticed in the pole figures of Fig. 13 , which indicate sig-
ificant changes in terms of the preferred orientation of
he grains. These modifications are quantitatively assessed
hrough changes in the texture intensity, which ranges from
5 mrd for the first three observations and decreases signif-
cantly to 12 mrd at εp = 0.15. Furthermore, the progressive
ise of new peaks in the pole figure indicates the growth of
ew grains at the ET boundaries with preferred orientation of
he c-axis parallel to the RD varying around 45 

◦ in relation
o the TD. 

The resolved shear stress for the ET is presented in Ta-
le 5 . The τ εp 

R values were calculated according to Eq. (1) for
ach step of observation based on the σ

εp 
app determined in

ig. 6 , using the average SF obtained from Fig. 11 (b). As
oncluded above, the ET are activated at around εp ≈0.03.
herefore, the critical resolved shear stress for the activation
f ET in the AM50 rods addressed in the current study, τET 

crss ,
an be estimated to be around 63 MPa. This value can be
onsidered a reliable estimation as it is consistent with the
esults obtained by Gharghouri et al. [20] , where τET 

crss was
xperimentally determined to be between 65 and 75 MPa for
 Mg-7.7Al (at.%) alloy using an in-situ neutron diffraction
pproach. 

.2.4. Deformation modes along the edge of the rod 

Fig. 14 depicts the grain structure evolution during the
tages of deformation under tensile stress applied to a spec-
men with a ultrastrong texture and a c-axis orientation of
5 

◦. As for the sample with the B-fiber texture parallel to
he PD, twins are first observed at εp = 0. 03 . Based on the
rain misorientation distribution shown in Fig. 9 (c), the twins
ctivated at εp = 0. 03 correspond to grain boundaries with
 misorientation of 86 

◦, indicating the occurrence of { 101 2}
T. Nonetheless, although this texture present a high SF for
T as calculated in Fig. 10 (c), the notable ductility of this
aterial is not primarily attributed to twinning, as it accom-
odates significantly less strain compared to the PD-center
exture, with less than 15 % of the grain boundaries reorient-
ng into ET boundaries over the deformation. 

The assessment of slip activity for the basal and prismatic
 a〉 and pyramidal 〈 c + a〉 dislocations throughout the defor-
ation stages is illustrated in Fig. 11 (c), considering the SFcrit 

alculated based on the τcrss presented in the literature [5] and
he σ app obtained from the experiment and listed in Table 6 .
he plots indicate that the conditions for activating the 〈 c + a〉
lip were not met, similar to the case with the prismatic dis-
ocations. In opposition, the slip of basal 〈 a〉 dislocations can
e activated under the applied σ app as the 25 

◦-tilt enhances
he SF associated with this grain crystallographic orientation.

oreover, the effect of the 25 

◦ angle in enhancing basal slip,
hich consequently impacts the material’s ductility, is evident
hen comparing the maps of undeformed specimens shown

n Fig. 10 . For the PD-edge sample, over 43 % of the grains
xhibit calculated SF values greater than 0.3, compared to
ess than 15 % for the RD-middle and only 5.5 % for the
D-center. A similar effect of c-axis tilt on ductility enhance-
ent is observed in strongly textured AZ31 produced via
CAP route BC 

, compared to the B-fiber texture developed
hrough route A as reported by Gzyl et al. [23] . According to
he study, and consistent with the present PD-edge observa-
ions, the improved ductility can be attributed to the favorable
F for the activation of basal slip inherent to this crystallo-
raphic orientation. Nonetheless, the comparison of the EL%
atio between the B-fiber and tilted c-axis texture components
n strongly (ECAP, 0.612) and ultrastrongly (current study,
.562) textured materials indicates that the higher texture in-
ensities achieved through CFP promote the activation of a
arger fraction of energetically favorable grains for basal slip.
his effect, together with the more favorable slip transfer as-
ociated with higher values of m′ in ultrastrong textures, leads
o a further enhancement in ductility. 

The increase in f
εp 

slip values shown in Fig. 11 (c) demon-
trates that the applied strain drastically impacts the activity
f the basal 〈 a〉 slip system. The analysis of the pole fig-
res shows progressive changes in the crystallographic ori-
ntation of the grains, as depicted in Fig. 15 (a), where the
ngle θ is determined between the base planes normal and
lunge direction (or analogously to the tensile axis). Repre-
entative examples of grains exhibiting this effect are pre-
ented in Appendix C (see Fig. C.1 ) for further analysis. Lat-
ice rotation-mediated plasticity is reported in the literature
s a progressive rotation of grains from their original orien-
ation due to slip activity occurring on a specific slip system
36] . It is also noted as a significant deformation mode in fcc
35] and hcp [19] materials. A similar effect of lattice rota-
ion on the material structure is also presented by Gao et al.
19] , where the presence of γ /γ ′ two-phase structure allows
he visualization of the rotated domains in a single-crystal
uperalloy. 

As εp increases, a trend for the change in θ is observed, as
t progressively converges to an angle of 45 

◦. This indicates
hat the basal planes reorient to the angle of 45 

◦, reaching
aximum SF, as depicted in Fig. 15 (b). This reorientation of

he basal planes can be directly associated with the activity
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Fig. 14. Grain structure of the specimen with ultrastrong B-fiber texture tilted at 25 ◦ in relation to the arc between PD-TD (PD-edge) at progressive stages 
of plastic strain ( εp = 0, εp = 0.01, εp = 0.03, εp = 0.07 and εp = 0.15): IPF maps and pole figures. 

Table 6 
Critical Schmid factor ( SF

εp 
crit ) for the PD-edge specimen calculated from the respective tensile stresses σ

εp 
app (in MPa) at εp = 0, εp = 0.01, εp = 0.03, εp = 0.07 

and εp = 0.15, see Fig. 6 (a), considering the τcrss values (in MPa) presented in [5] . 

τcrss [5] σ 0 
app SF 0 

crit σ 0. 01 
app SF 0. 01 

crit σ 0. 03 
app SF 0. 03 

crit σ 0. 07 
app SF 0. 07 

crit σ 0. 15 
app SF 0. 15 

crit 

basal 〈 a〉 20 74 0.27 77 0.26 87 0.23 109 0.18 150 0.13 
prismatic 〈 a〉 70 74 ∗ 77 ∗ 87 ∗ 109 ∗ 150 0.47 
pyramidal 〈 c + a〉 110 74 ∗ 77 ∗ 87 ∗ 109 ∗ 150 ∗

∗ The slip system cannot be activated. 
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f the basal slip, as observed in Fig. 11 (c). To assess the
ffect of lattice rotation on the mechanical behavior of the
aterial, the εp corresponding to reorientation of the lattice

owards optimum SF was determined based on a polynomial
tting presented in Fig. 15 (b). According to the results, the
asal planes are expected to be aligned at θ= 45 

◦ at around
p = 0. 188 . 

Fig. 15 (c) illustrates the relative contribution of basal slip
ctivity and lattice rotation to the deformation evolution in
he ultrastrong texture with a tilted c-axis, where τR /τcrss 

rovides a reasonable estimate of basal slip activation. This
valuation was based on the calculated basal slip activation
ates under two conditions: one assuming a constant crystallo-
raphic orientation ( θ= 24.7 

◦), and the other considering the
attice rotation phenomenon as shown in Fig. 15 (a). While
 progressively higher basal slip activity is inherently asso-
iated with the initial texture (area highlighted in orange),
esulting from a relatively high Schmid factor ( SF = 0.38),
he contribution of lattice rotation to the observed plasticity
apidly increases, ultimately being responsible to contribute
o an additional 50 % of slip activation as SF values ap-
roaches 0.5, as observed on the area highlighted in pur-
le. This particular deformation behavior corresponds to the
uasi-linear segment of the plots depicted in Fig. 6 (a) up to
p = 0. 188 , where the stress-strain response transition to a
on-linear behavior. Therefore, beyond this point, basal slip
ecomes the primary deformation mechanism alone for the re-
aining strain as the grains reach the optimal orientation for
aximum SF . 
The identification of lattice rotation as one major defor-

ation mode in PD-edge enables its correlation with the ma-
erial’s exceptional elongation at break. In contrast, both the
y and σ UTS are the lowest among the investigated materials
iven the ease with which the deformation mechanisms can
ccur. To the best of our knowledge, no investigations regard-
ng the lattice rotation mechanism in ultrastrong textured ma-
erials have been reported, which share more similarities with
ingle crystals under tensile stress in terms of deformation
echanisms rather than with polycrystalline materials that

ave random or weak texture. The comparison of the mechan-
cal behavior of PD-center/PD-edge specimens with single-
rystals of a superalloy under tensile loading [19] shows a
imilar trend in the variation of σ y , σ UTS , and E L% with θ ,
ndicating a corresponding decrease in strength and increase
n ductility as θ increases. 

The as-cast AM50 alloy is not typically classified among
g alloys with high ductility. However, a notable enhance-
ent in room-temperature ductility was observed for the ul-

rastrong texture of the PD-edge specimen ( EL% ≈49 %). This
alue is comparable to the EL% reported for extruded Mg al-
oys designed for high ductility, such as Mg-0.18 % at. Nd
30] and Mg-Gr-Mn [50] , both of which slightly exceed 50 %.
his highlights the potential of CFP for enhancing ductility

hrough the tailoring of ultrastrong textures. 
The analysis of m′ for the dominant slip modes at RD-

iddle, PD-center and PD-edge, as depicted in Fig. 16 , pro-
ides insight into the higher ductility exhibited by the latter.
ith a higher geometric compatibility factor found for the

D-edge texture, the transmission of dislocations across the
rain boundaries is favored, resulting in a much lower strain
ardening rate and, consequently, a higher capacity to accom-
odate strain. 
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Fig. 15. Lattice rotation mediated plasticity in PD-edge material: (a) reorientation of crystallographic texture along the strain, (b) evolution of the angle between 
the normal basal planes and the tensile axis ( θ ) and engineering strain and (c) plots of τrss /τcrss highlighting the role of specific deformation mechanisms in 
plastic strain evolution. 

Fig. 16. Geometric compatibility factor ( m′ ) for the dominant slip system corresponding to (a) RD-middle, (b) PD-cente and (c) PD-edge. 
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. Conclusions 

In this study, the local mechanical behavior of rods pro-
uced via CFP was determined based on grain structure char-
cterization combined with the analysis of indentation patterns
cross the rod and an approach involving quasi-in-situ mi-
rotensile experiments using specimens taken at three distinct
ositions along the rod. The major findings are summarized
elow. 

• Microstructural analysis of the CFPed AM50 rod indi-
cates that grain size has a limited influence on local
mechanical properties. In contrast, variations in crys-
tallographic texture across different regions of the rod
play a dominant role, as they govern the active defor-
mation mechanisms associated with each distinct ultra-
strong texture. 

• The main mechanism ruling the deformation of the RD-
middle sample under tensile loading was determined as
the prismatic 〈 a〉 dislocation slip. Additionally, the ultra-
strong basal texture favors slip transfer given the high
m′ between the grains in the vicinity, improving the
limited ductility of this texture. In terms of properties,
RD-middle exhibits a high yield strength ( σ y ), mainly
associated with the activation of less energetically fa-
vorable slip systems. 
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• The ultrastrong B-fiber texture at the PD-center favors
extension twinning as the dominant deformation mode
under tensile loading along the c-axis. Compared to RD-
middle, the higher twinning activity facilitates greater
strain accommodation, resulting in the highest observed
ultimate tensile strength ( σU T S ) in the study, along with
a comparatively elevated elongation percentage ( E L% ).

• The exceptional E L% at the rod’s edge is associated
with the ultrastrong B-fiber texture featuring a 25 

◦ c-
axis tilt. This crystallographic orientation leads to en-
hanced basal slip activity facilitated by progressive lat-
tice rotation. With increasing εp , the θ angle associated
with the basal planes progressively rotates toward the
maximum SF , where basal 〈 a〉 dislocation activity is at
its highest. 

Understanding the relationship between local mechanical
ehavior and grain structure in CFPed rods enables material
ptimization for specific applications and loading conditions,
espite current process limitations (maximum rod length of
0 mm). This includes the use of biocompatible Mg alloys
or small implants, such as high-strength bone screws and
uctile cardiovascular stents. 
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