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Abstract

The Geometrically Necessary Dislocation (GND) density was estimated from Electron
Backscatter Diffraction (EBSD) data for an AZ31/Mg-0.6Gd (wt.%) hybrid material fabricated
by high-pressure torsion (HPT) at room temperature through an equivalent strain range of €eq =
0.3-144 using Kernel Average Misorientation (KAM) and the Nye tensor approaches. The
results show that generally the GND densities are significant at the beginning of the deformation
(geq = 0.3) and decrease in both alloys when &eq increases. The Mg-0.6Gd alloy exhibits a lower
GND density due to rapid dynamic recrystallization. These results were compared to the GND
densities measured in AZ31 and Mg-0.6Gd mono-materials processed separately by HPT under
the same experimental conditions. In these mono-materials the GND densities increase with
increasing equivalent strain up to 7 and then decrease with further straining. The Mg-0.6Gd and
AZ31 regions of the hybrid material exhibit higher GND densities than the mono-materials
particularly at low strain where the disc thickness and the bonding of the AZ31/Mg-0.6Gd
interfaces cause more deformation heterogeneity in the hybrid material. It is shown that the
GND density evolution as a function of geq has the same tendency for the KAM and the Nye
approaches but the average values are significantly higher with the Nye approach. An analysis

suggests that the Nye approach overestimates the GND density of the Mg-based alloys.
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1. Introduction

AZ31 (Mg-3Al-1Zn, wt.%) is a lightweight alloy having a low density, high strength
and biodegradability which could be used as a potential candidate to diminish the weight of
certain pieces in the aerospace and automotive industries or as a biodegradable implant in
biomedical applications [1-5]. Recent research shows also that it has a potential for use in
biodegradable Mg batteries [6]. However, its industrial applications tend to remain limited
because it suffers from poor ductility and a rapid corrosion rate. Adding rare-earth elements
(RE) as alloying elements has proven efficient in improving the mechanical properties of Mg-
based alloys [7-11]. Moreover, it is now well established that processing through the application
of severe plastic deformation (SPD), such as using high-pressure torsion (HPT), can
significantly improve the mechanical properties of materials by producing ultra-fine grain
microstructures [12, 13]. It was recently reported that HPT processing can be successfully used
to fabricate an original hybrid material from separate discs of AZ31 (Mg-3Al-1Zn, wt.%) and
Mg-0.6Gd (wt.%) alloys thereby taking advantage of the properties of each alloy [14]. The
results indicate that the microstructure of the hybrid material goes through two grain refinement
regimes with the first taking place during an equivalent strain range, geq, OFf ~0.3—72 and the
second during geq from ~72-517 [14].

During HPT processing, deformation with or without dynamic recovery/
recrystallization produces a microstructure with a high dislocation density and a stored energy
that is classically identified as the main energy of the primary recrystallization [15]. Several
techniques allow an estimation of this energy such as using X-rays or neutron diffraction
through diffraction peak broadening [16, 17], Vickers microhardness [18] or the EBSD
technique [19].

The total dislocation density is composed of two dislocation types: statistically stored
dislocations (SSD) and geometrically necessary dislocations (GND) [20]. Based on the Ashby
approach, the SSD evolve from mutually trapping processes in the form of dipoles and
multipoles whereas the GND are generated as extra dislocations within a Burgers circuit to
maintain lattice continuity [20].

The EBSD technique allows a practical estimation of the GND density by applying the
Kernel Average Misorientation (KAM) or the Nye approaches [21-26]. The KAM approach is
a measure of the local grain misorientation knowing that the dislocation density is linearly

dependent on this KAM value [18, 24, 25, 27]. whereas Nye’s approach is based on a tensor



which combines the dislocation content on a number of slip systems into a single tensor [19, 21,
23, 26].

Accordingly, the present work has three main objectives. The first is to evaluate the
evolution of the GND density in an AZ31/Mg-0.6Gd (wt.%) hybrid material fabricated by HPT
at room temperature as a function of the equivalent strain. The second is to explore the effect
of the bonding interface on the GND density evolution within the two alloys by comparing the
measured GND densities to those estimated in HPT-processed AZ31 and Mg-0.6Gd mono-
materials under the same HPT conditions. The third is to compare the KAM and Nye

approaches and the influence of the EBSD parameters on the values of the GND densities.

2. Material and experimental and numerical techniques

Discs with diameters of 10 mm and thicknesses of 0.85 mm were machined from the
hot-rolled AZ31 and as-cast Mg-0.6Gd alloys [14]. The AZ31 and Mg-0.6Gd discs were HPT-
processed together by placing the two discs on the lower anvil with the AZ31 disc at the bottom
and the Mg-0.6Gd disc at the top and then bringing the upper and lower anvils together. The
AZ31/Mg-0.6Gd hybrid material was fabricated at room temperature (RT) under quasi-
constrained conditions [28, 29] for numbers of HPT turns, N, of 1/4, 1/2, 5 and 10 turns. The
HPT processing was performed under a pressure of 6.0 GPa with a rotational speed of 1 rpm
and care was taken to ensure there was no significant slippage during the HPT processing [30].
In addition, AZ31 and Mg-0.6Gd alloys were separately processed by HPT as mono-materials
under the same processing conditions.

The equivalent strain, eq, during HPT processing depends on the radial distance (r) from

the disc center and the thickness of the disc (h) following the equation [31]:

__ 2mNr
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The thickness of the hybrid and mono-material discs after HPT processing was the same
(0.63 mm) due to the quasi-constrained conditions that were used during the HPT processing.

The EBSD measurements were performed near the center (r ~ 0.2 mm) and at the mid-
radius position (r ~ 2.5 mm) of the mid-thickness of the cross-section (CD-RD) planes of the
hybrid and mono-material discs where the shear reference frame is defined as the rotational
direction (RD), compression direction (CD) and shear direction (SD) [14].

The EBSD data were collected from scanned areas of 40 x 40 pm? with a 0.1 um step
size. The grain size data were obtained using a grain tolerance angle of 5° and the minimum

grain size was chosen as 5 pixels. The Orientation Imaging Microscopy OIM™ software



(version 8.6.0024, 2021) was used to analyze the results and more precisely to estimate the
GND density.

2.1. GND density estimation from the KAM approach

The KAM parameter permits a determination of the average misorientation between a
given point and its nearest neighbors which belong to the same grain. The average
misorientation 6kawm is linearly linked to the GND density, pkam, through the expression [24,
271

6
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where ¢ is the EBSD scan step size, n corresponds to the nearest neighbor which defines the
size of the kernel typically taking n =1 to 3 nearest neighbors and b = 0.32 nm is the Burgers
vector. The a parameter depends on the grain boundary type with a = 2 for tilt boundaries, a =
4 for twist boundaries and with o = 3 for boundaries with mixed character [32].

The average KAM values depend strongly on various EBSD parameters such as the size
of the kernel (n), the EBSD step size (6) and the threshold angle 6w for excluding points
originating from grain boundaries, usually taking 5° or 15° [33]. Hence, the f«xam variations
with the size of the kernel and the threshold angle are evaluated in the present study, with the
calculation of the average KAM values performed without including all points of the kernel.

2.2. GND density estimation from Nye’s tensors
The second approach for GND density (pnve) calculations is based on Nye’s dislocation
density tensor, aij, which was described elsewhere [23] and implemented in the OIM™

software. The aij tensor quantifies the content of dislocations of £ type in the lattice defined by

a Burgers vector, bf, and the slip line vector, zf [34]:

@iy = T Physbi 7} (3)

The crystallite with dislocation density tensor components contains lattice curvature that

can be determined by orientation measurements. Thus, it is necessary to define the slip systems

and the corresponding Burgers vector magnitude. Table 1 shows the presets configuration of

slip systems and the corresponding Burgers vector for Mg-based alloys automatically set by the
OIM™ software and used in the present study.



3. Results
3.1. Evolution of the KAM maps for the hybrid and mono-materials

Figure 1 shows the KAM maps near the Mg-0.6Gd/AZ31 interfaces of the hybrid
material and those of the Mg-0.6Gd and AZ31 mono-materials after equivalent strain: (a, b, ¢)
geq=0.3,(d, e, f) €eq=7, (g, h, 1) geq = 72 and (J, k, I) geq = 144, respectively. The interfaces (see
the arrows) and the Mg-0.6Gd and AZ31 regions are indicated in the KAM maps of the hybrid
material. The current KAM maps were obtained by considering n = 3 and 6w = 5°. In addition,
only points with a confidence index (ClI) [35] greater than 0.2 were included thereby excluding
any suspicious orientation measurements. Usually CI lies in the range from 0 to 1 where CI =
1 characterizes an excellent indexation of the Kikuchi pattern [35]. The average KAM values
(fxam) are indicated in each KAM map (see Figure 1).

From a qualitative point of view, several observations can be highlighted from Figure
1. For the hybrid material it is apparent that the KAM values of the Mg-0.6Gd region are lower
than the AZ31 region. The HPT-processed disc at eeq = 0.3 exhibits already a high average
KAM value indicating a high concentration of dislocations. Thereafter, the KAM value
decreases with increasing strain as a consequence of grain refinement due to dynamic
recrystallization (DRX). In this stage, the dislocations tend to rearrange to form high-angle
grain boundaries. For the Mg-0.6Gd mono-material the KAM value increases with increasing
equivalent strain up to eeq = 7 and then decreases with additional strain up to eeq = 72 and then
it appears to saturate with further straining. It is interesting to note that at low strains the
dislocations are localised along the grain boundaries as indicated in Figure 1b. By contrast,
there is a rapid increase in the KAM value at geq = 7 followed by a continuous decrease with
further straining for the AZ31 mono-material.

It is interesting to note also that there is a large difference in the distribution of KAM
values between the hybrid material and the mono-materials, especially for the Mg-0.6Gd mono-
material at the low strain of eeq = 0.3. This means that the hybrid material can store more energy
than the mono-materials even if the initial metallurgical states of the as-received AZ31 and Mg-
0.6Gd alloys were the same in the hybrid and the mono-materials before HPT processing.

3.2. Effect of EBSD parameters on the KAM values

The effect of several EBSD measurement parameters, such as CI, n, and 6, on the KAM
values were preliminarily studied before estimating the GND densities using the KAM and Nye
approaches. For this initial study, only the results obtained for the hybrid material are now

presented. Figure 2a shows the evolution of the average KAM value as a function of the
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equivalent strain calculated with CI > 0.05 and C1 > 0.2 (n = 3, 6w = 5°), respectively. The Okam
values are higher when CI1 > 0.2, especially at the lowest equivalent strains. Consequently, the
estimated dislocation densities will be lower with CI > 0.05, but the evolution of the average
Cl as a function of equivalent strain shown in Figure 2b demonstrates that the CI > 0.2 condition
exhibits a better indexation of the Kikuchi pattern than the CI > 0.05 condition. Hence, it is
clearly more accurate to choose the KAM values having Cl > 0.2 in order to estimate the GND
density.

Figures 2c and 2d present the evolution of the average KAM value as a function of the
equivalent strain calculated with n =2 and n =3 (CI > 0.2, 6 = 15°) and calculated with G =
5°and 0w = 15° (CI > 0.2, n = 3), respectively. It is readily observed that the evolution of the
Okam values as a function of eeq are similar and they are not changed significantly with either n
or 6. Increasing the kernel size (n = 3) and the threshold misorientation angle (6 = 15°) causes
only an increase in the KAM values and consequently the GND densities are higher under these
conditions. Since the absolute dislocation density values were not determined in this
investigation, the parameters Cl > 0.2, n =3 and 6w = 5° initially chosen in section 3.1 are now

reasonably retained for further analyses.

3.3. Estimation of GND density in the hybrid material

Figure 3a shows the evolution of the GND density as a function of the equivalent strain
estimated from the KAM and Nye approaches near the Mg-0.6Gd/AZ31 interfaces of the hybrid
material (taken from the maps shown in Figures 1a,1d,1g, and 1i). It should be noted that the
calculation of pnve was carried out for the maximum misorientation of 5° and 3rd nearest
neighbor. It is obvious that the evolution of the GND density as a function of equivalent strain
is reasonably similar in both approaches but, with reference to the GND values, the Nye
approach gives a higher estimate than the KAM approach. The GND density in the hybrid
material exhibits already the highest value at low strain (pnve = 2.1 x 10* m and pkav = 0.88
x 10%° m2 at geq = 0.3). The pkam decreases slowly at geq = 7, pkam = 0.82 x 10'°* m2and reaches
a value of pkam = 0.69 x 10™ m™ at geq = 144. The decrease in the GND density is more visible
with the Nye approach where at geq = 7, pnve = 1.8 x 10'° m, and it continues to decease with
increasing strain to reach a value of pnve = 1.2 x 10%° m at geq = 144.

Figure 3b shows the evolution of the pnye/pkam ratio as a function of equivalent strain
for the hybrid material. At low strains, the pnye/pkam ratio is large (2.5) and then decreases to

1.8 with increasing strain.



3.3. Comparison of GND densities in the hybrid and mono-materials

Figures 4a and 4b show the evolution of the GND density calculated based on the KAM
and Nye approaches as a function of the equivalent strain in the Mg-0.6Gd and AZ31 regions
of the hybrid material and the mono-materials, respectively.

As noticed earlier, the Nye approach exhibits higher GND density values than the KAM
approach in the hybrid and mono-materials but, nevertheless, their evolution as a function of
strain is similar. A net difference in the GND density evolution between the hybrid and mono-
materials is observed at low stain (eeq = 0.3). First, the GND value of the mono-materials
increases with increasing strain up to eeq = 7 and then decreases with further strain whereas the
GND values of the Mg-0.6Gd and AZ31 hybrid regions exhibit the highest values already at
the low strain of 0.3 and then decrease with increasing strain. In practice, the evolution and the
GND density values after a strain of geq = 72 are quite similar in both the conditions of hybrid
and mono-material.

It is apparent that the HPT processing at eeq = 0.3 generated more dislocations in the
hybrid regions than in the mono-materials. However, at geq = 7 the GND density is higher in the
AZ31 mono-material (pnve =2.4 x 10'° m™) than in the AZ31 hybrid region (pnve =1.9 x 10%°
m-2) as shown in Figure 4b. Similar to the hybrid material, the GND density is higher in the
AZ31 mono-material than in the Mg-0.6Gd mono-material. This difference is attributed directly
to the DRX phenomena that differ in the two alloys [14].

4. Discussion

4.1. Evolution of the GND density in the AZ31 and Mg-0.6Gd alloys

Whether examining the mono-materials or the hybrid material and using the two
different approaches (KAM or Nye), the present study shows that the GND density is higher in
the AZ31 alloy than in the Mg-0.6Gd alloy. This agrees with an earlier report in which a
restricted DRX occurred in the AZ31 region while very rapid DRX was observed in the Mg-
0.6Gd region during HPT [14].

Figure 5 shows the grain orientation spread (GOS) maps of the Mg-0.6Gd and AZ31
mono-materials after HPT processing for geq = 0.3 and 7, respectively. The GOS approach
implemented in the OIM™ software allowed the identification of dynamically recrystallized
grains in which grains with GOS < 2° are considered free of strain and therefore fully
recrystallized [36].

At low strains, the fraction of DRX is similar at ~20% in both alloys. Increasing the
strain to eeq =7 increases the fraction of DRX to 48% for the Mg-0.6Gd alloy due to the
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development of an ultrafine grain structure while the fraction of DRX slightly increases to 25%
in the AZ31 alloy. A recent comparative study between HPT-processed AZ31 and Mg-0.6Gd
alloys based on the evolution of microstructure, texture and mechanical properties indicated
that the restriction of DRX in the AZ31 alloy is due to the presence of stable AlsMns particles,
solute drag and grain boundary strengthening [37].

Figure 4 shows that the GND densities (pkam and pnye) are higher at low strain (geq =
0.3) in the hybrid regions than in the mono-materials. The-explanation may be linked to the
development of deformation heterogeneities during the HPT processing. Indeed, a bonding of
the interface AZ31/Mg-0.6Gd as in Figure 6 leads to deformation heterogeneities that could
increase the dislocation densities in the Mg-0.6Gd and AZ31 regions.

These microstructural heterogeneities can obviously also explain the dispersion in the

dislocation density values observed in the different curves in terms of the equivalent strain.

4.3. Comparison of the GND density estimated with the KAM and Nye approaches

Although the evolutions of pkam and pnyve for the hybrid and mono-materials as a
function of equivalent strain are quite similar, nevertheless the Nye approach gives higher
values than the KAM approach. For comparison, Table 2 presents the evolution of the
dislocation density as a function of strain estimated by the KAM (pkam) and Nye (pnve)
approaches as reported elsewhere for Al 1050 [38], low carbon steel and micro-alloyed steel
alloys [39], respectively.

Similar to the results in the present study, pnye for the Al 1050 alloy is higher than pkam
and the ratio (pnve / pkam) decreases with increasing strain [38]. By contrast, the pnve and pkam
values are very close with a ratio near to 1 for low carbon steel and micro-alloyed steel alloys
[39]. It is worth noting that for both alloys the calculations for the KAM and Nye approaches
were not realized under the same conditions [39]. The KAM values were calculated by choosing
a threshold angle of Oy = 2° whereas this angle was taken equal to 5° for the Nye tensor
calculation [39]. In addition, no information was given on the kernel radius value [39].

For simplicity, the differences between the KAM and Nye approaches are now
discussed only for the AZ31 mono-material from the microhardness measurements. Indeed, the
total dislocation density for GND and SSD can be estimated from the Vickers microhardness

using the following equation [18]:

_ 1 (Hv—Hvp\?
Py = 13.5( Maub ) (4)



where Hvo = 72 for the initial state of the AZ31 alloy [14], M = 2.6 is the Taylor factor calculated
from the OIM™ software, a = 0.22 is a constant [18] and p = 17 GPa is the shear modulus.

The variation of microhardness and the corresponding total dislocation density (pnv),
and the subtraction of prv from pkam (pHv-pram) and pnve (pHv-pnve) for the AZ31 mono-material
are summarized as a function of equivalent strain in Table 3.

The total dislocation density pny increases with increasing strain up to eeq = 7 and
decreases with further strain which is in good agreement with the evolution of the GND density
(Figure 4b). The difference pnv-pkam gives a reasonable value which may correspond to the
SSD density. By contrast, Table 3 shows that the prv-pnve values appear to be negative which
indicates that the pnve values are superior than pny but this has no physical meaning and
demonstrates that the Nye approach overestimates the calculation of the GND density.

An accurate GND density calculated from the Nye approach depends strongly on the
choice of the EBSD step size. It was demonstrated that a good estimate of the GND density
requires an EBSD step size near to the dislocation cell structure size formed throughout the
applied strain [38, 40]. Otherwise, the estimated GND density values will derive from the noise
associated with the step size.

In addition, the limitation of the EBSD technique at large deformation strains, as after
SPD processing, and the difficulty in indexing the Kikuchi patterns due to pattern degradation
can falsify the estimate of the GND density due to the lack of sufficient orientation data to
calculate the lattice orientation gradient [41]. More importantly, the Nye approach appears not
suitable for a dislocation estimation when materials have different Burgers vectors due to the
activation of different dislocation types as in Mg-based alloys [26]. In the OIM™ software used
in this investigation, all 5 slip systems (Table 1) are taken into consideration during the
calculations and it is not feasible to exclude a single slip system. The pnve values can be
modified by changing the 6w and n parameters. Thus, in the first place the pnve and pkam were
calculated under similar conditions (6y = 5° and n = 3, see Figure 4) but choosing 6 = 2° and
n = 3 to calculate pnve gives values lower than pkam (with 6 = 5° and n = 3, see Figure 4) such
as pnve = 0.85, 0.63, 0.53 and 0.52 10%° m™ after geq = 0.3, 7, 72 and 144, respectively. While
calculating pnve with 6 =5° and n = 2 gives higher value than the Hv measurements (see Table
3): 1.58, 3.4, 2.7 and 2.4 10™® m™ after eeq = 0.3, 7, 72 and 144, respectively. But this raises the
question of whether it is necessary to perform the pnve and pkam calculations under similar
conditions.

It is recognized that the KAM approach provides a better uniform distribution of the
GND density [24]. Moreover, the normalized KAM parameter, dfkam/dx where x = nd, was
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proposed to avoid the effect of the EBSD step size and noise parameters in the following
relationship [25, 42]:

_ adbkgam
PkaM = 30y (5)

This modified equation was used, for example, to calculate pkam for the Al 1050 alloy [38]
presented in Table 2. This modified equation was not necessary in the present study since all
EBSD measurements were carried out using the same EBSD step size.

It is believed that the pkam values may also exceed pnv if, for example, 6n = 15° is
chosen. Hence, it is concluded that the KAM and Nye approaches need to be assisted by another
technique such as Vickers microhardness or X-ray diffraction if an estimate of the precise
dislocation density is needed.

In conclusion, therefore, the Nye approach overestimates the GND density in this study
and it appears that the KAM approach is more suitable for use with deformed Mg-based alloys.
Nevertheless, both approaches can be used from a semi-quantitative point of view to compare
after HPT processing different metallurgical states such as the AZ31 and Mg-0.6Gd hybrid or

mono-material samples.

5. Summary and conclusions

The evolution of GND density was evaluated for an AZ31/Mg-0.6Gd hybrid material
and for AZ31 and Mg-0.6Gd mono-materials after HPT processing at RT for a strain range of
geq = 0.3-144 using the KAM and Nye approaches implemented in OIM™ software. There are
several conclusions:

e The Mg-0.6Gd alloy in the hybrid and mono-material has a lower dislocation density
than the AZ31 alloy due to the occurrence of rapid DRX.

e By comparison with the mono-materials, the GND densities are more important in
the hybrid material at a strain range of 0.3-7 due to the disc thickness difference and
an AZ31/Mg-0.6Gd interface bonding that leads to strong deformation
heterogeneities.

e The KAM approach is more appropriate for quantifying the GND density for Mg-
based alloys whereas the Nye approach overestimates the GND density in the hybrid
and mono-materials. Nevertheless, the evolution of pkam and pnye in terms of the

equivalent strain is similar.
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Figure Caption

Figure 1: KAM (n = 3, &n = 5°, Cl > 0.2) maps near the Mg-0.6Gd/AZ31 interfaces of the
hybrid material, Mg-0.6Gd and AZ31 mono-materials after equivalent strain: (a, b, ) geq = 0.3,
(d, e, f) eeq=7.2, (g, h, 1) geq = 72, (j, K,1) €eq = 144, respectively.

Figure 2: (a) Evolution of the average KAM as a function of the equivalent strain for the hybrid
calculated with C1 > 0.05 and Cl > 0.2 (n = 3, 8 = 5°), (b) average CI calculated with CI >
0.05and CI > 0.2, (c) average KAM as a function of the equivalent strain calculated with n =2
and n =3 (Cl > 0.2, 6 = 5°), and (d) average KAM as a function of the equivalent strain
calculated with 6y = 5° and 6 = 15° (C1 > 0.2, n = 3).

Figure 3: (a) Evolution of the GND density calculated with the KAM and Nye approaches as
a function of the equivalent strain near the Mg-0.6Gd/AZ31 interfaces of the hybrid material,
and (b) evolution of pnve/pkam ratio as a function of equivalent strain.

Figure 4: Evolution of the GND density calculated with the KAM and Nye approaches as a
function of the equivalent strain in (a) Mg-0.6Gd hybrid region and mono-material and (b)
AZ31 hybrid region and mono-material.

Figure 5: GOS map of Mg-0.6Gd and AZ31 mono-materials after HPT processing for (a, b)
geq = 0.3 and (c, d) geq =7, respectively.

Figure 6: Micrograph of the cross-section of the hybrid material after eeq = 3.6. White arrows
show the AZ31 region fragmentation and the formation of the AZ31/Mg-0.6Gd interface.
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Figure 1: KAM (n = 3, & = 5°, Cl > 0.2) maps near the Mg-0.6Gd/AZ31 interfaces of the
hybrid material, Mg-0.6Gd and AZ31 mono-materials after equivalent strain: (a, b, ¢) geq = 0.3,
(d, e, f) geq=7.2, (g, h, 1) geq = 72, (j, K,1) eq = 144, respectively.
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Figure 2: (a) Evolution of the average KAM as a function of the equivalent strain for the hybrid
calculated with Cl > 0.05 and Cl > 0.2 (n = 3, 8 = 5°), (b) average CI calculated with CI >
0.05and CI > 0.2, (c) average KAM as a function of the equivalent strain calculated with n =2
and n = 3 (Cl > 0.2, 6 = 5°), and (d) average KAM as a function of the equivalent strain
calculated with 8y = 5° and 0y = 15° (C1 > 0.2, n = 3).
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Figure 3: (a) Evolution of the GND density calculated with the KAM and Nye approaches as
a function of the equivalent strain near the Mg-0.6Gd/AZ31 interfaces of the hybrid material,
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and (b) evolution of pnye/pkam ratio as a function of equivalent strain.
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Figure 4: Evolution of the GND density calculated with the KAM and Nye approaches as a
function of the equivalent strain in (a) Mg-0.6Gd hybrid region and mono-material and (b)

AZ31 hybrid region and mono-material.
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Figure 5: GOS map of Mg-0.6Gd and AZ31 mono-materials after HPT processing for (a, b)

geq = 0.3 and (c, d) eeq =7, respectively.

Figure 6: Micrograph of the cross-section of the hybrid material after geq = 3.6. White arrows

show the AZ31 region fragmentation and the formation of the AZ31/Mg-0.6Gd interface.
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Table 1: Slip systems with the associated Burger vector for Mg-based alloys automatically set

by the OIM™ software.

Slip systems  Burger vector (nm)
{0001}<1120> 0.3200
{1100}<1120> 0.3200
{1101}<1120> 0.3200
{1011}<1123> 0.3063
{1121}<1123> 0.3063

Table 2. Evolution of pkam , pnve and the pnve / pram ratio as a function of strain in Al 1050

[36], low carbon steel and micro-alloyed steel alloys [37], respectively .

Alloy Strain pram (M2) pnyE (M2) PNYE/ PKAM
AIl1050 [36] 0.05 3.04x 1012 2.72x 1013 8.95
0.6 6.70x 1013 7.14x 1013 1.07
1 8.53x 1013 1.14x 10 1.34
Low carbon steel [37] 0.07 233x10¥  229x10% 0.98
0.14 2.49x 10 2.43x10% 0.98
0.27 2.86x 101 2.70x 10 0.94
Microalloyed steel [37]  0.07 2.18x10¥  2.08x10%" 0.95
0.14 2.39x 10 2.30x 10 0.96
0.27 2.90x 10 2.71x10% 0.93

Table 3. Evolution of HV, prv, prv-pkam and prv-pnye as a function of equivalent strain for the

AZ31 mono-material.

Equivalent strain ~ Hv PHV PHV-PKAM PHv-PNYE
€eq (MPa) (x10®m?) (x10®m?) (x10%® m?)
0.3 966 0.56 0.09 -0.85
7 1060 1.03 0.06 -1.38
72 1020 0.82 0.01 -0.82
144 1000 0.73 0.02 -0.60
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