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A B S T R A C T   

This article presents key findings from a study of the microstructural evolution and grain size refinement of 
equal-channel angular extrusion (ECAE)-processed Mg and Mg-based alloys. Firstly, we delineate the experi-
mental trends and material characteristics of grain size distribution and texture of as-cast pure Mg and rolled 
AZ31B which were processed via ECAE. We then identify and describe the primary controlling mechanisms of 
dynamic recrystallization (DRX) and twinning and how their interaction affects the overall refinement process. 
Secondly, using preliminary results from ongoing studies of other Mg-based model binary and ternary systems, 
with access to precipitation hardening mechanisms, we present new opportunities and beneficial outcomes that 
could affect and control the material’s microstructural properties. Thirdly, we provide a summary of prior and 
concurrent modeling and simulation efforts that capture and emulate the experimentally observed trends of DRX 
and illustrate their predictive capability. We then, within a Materials-by-Design and Optimization framework, 
conclude with implications for future developments in Mg alloy research.   

1. Overview and background 

Due to their low densities and high specific strengths, magnesium 
(Mg) and its alloys are of special interest for light-weighting applica-
tions, especially in the automotive, aerospace, medical, and electronics 
industries. Concurrent with use in commercial applications, the US 
Army also sees great potential in integrating Mg alloys into its vehicular 
armor packages. Early ballistic testing by Jones and co-workers has 
identified dynamic and spall strength to be key property metrics for 
determining the optimum performance under dynamic impact condi-
tions (Jones et al., 2007a, 2007b). Subsequently, the US Army Research 
Laboratory initiated a robust 5-year internal research program to 
explore greater utilization of Mg and its alloys beyond armor applica-
tions (Hammond et al., 2014). Moreover, in 2012, under the auspices of 
the US Army Research Laboratory, the Center for Materials in Extreme 

Materials Environment (CMEDE) Consortium at the Johns Hopkins 
University was established to elucidate the key elements and scientific 
underpinnings of a Materials-by-Design and Optimization process 
required for the development of next-generation Mg-based material 
systems. 

In a mechanisms-based Materials-by-Design and Optimization pro-
cess, an important first step is a thorough assessment and cataloging of 
the suite of strengthening mechanisms available in the alloy system of 
interest. Further, a fundamental understanding of the relationships be-
tween processing, structure, properties, and performance must be 
concurrently developed. Then, a material-specific framework can be 
constructed to reveal: 1) the impact of these relationships on the desired 
material behavior and 2) how this information can be used to guide the 
design process to develop the desired microstructures and properties in 
new alloy chemistries. 
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A range of strengthening mechanisms is available to commercial Mg 
alloys, which include solid solution, precipitate, grain boundary, twin 
boundary, dislocation density, and textural hardening. In the past, these 
alloys have been strengthened primarily by precipitation and grain 
boundary hardening, the latter of which can be attained by grain-size 
refinement via thermo-mechanical processing. The following is a brief 
account of the initial series of experiments that established the critical 
aspects of the microstructural evolution and deformation mechanisms in 
a pair of baseline materials and two model alloy systems. The first of 
these studies primarily focused on grain boundary strengthening and 
associated texture evolution in pure Mg and a commercially available 
Mg alloy, AZ31B (Krywopusk, 2018). Note, the solute levels in AZ31 are 
sufficiently high to facilitate both solid solution and precipitate hard-
ening; however, there was no attempt to modify the pre-existing pre-
cipitate distribution in the AZ31B alloy. In turn, these results were 
essential in refining the existing processing conditions and developing 
the tools and methodologies required for the discovery, predictive 
modeling, and development of the next-generation or model Mg-based 
alloy materials. Herein we focus primarily on the microstructural as-
pects of the as-processed materials. Other aspects, especially the me-
chanical behavior and underlying mechanisms, are covered elsewhere in 
this volume. 

Fig. 1 reveals the relevant variables for Mg alloys that link critical 
aspects of processing, structure, and properties for the chosen thermo-
mechanical processing methodology. The diagram conveys a delineation 
of the causal relationships between the available processing variables 
and the resultant microstructural features such as phase composition, 
grain size, substructure, and crystallographic texture. 

As a potentially scalable approach, Severe Plastic Deformation (SPD) 
processing, specifically, Equal Channel Angular Extrusion (ECAE) 
(Segal, 1995), has been highly effective in the structural refinement of a 
broad range of metals and alloys from a coarse-grained starting material 
into the ultrafine grain (UFG) regime (Valiev and Langdon, 2006; Estrin 
and Vinogradov, 2013). Furthermore, it has been demonstrated that 
ECAE may be used to modify the texture of the extrudate material. That 
is, it can be strengthened, weakened, or otherwise altered by careful 
selection of the processing conditions and alloy chemistry. This versa-
tility is seen as beneficial and, for this reason, there was a significant 
emphasis on the use of ECAE to improve the mechanical properties of 
existing and model Mg alloys. Nevertheless, the anisotropy of the hex-
agonal close packed (HCP) crystal structure of Mg poses many chal-
lenges. As such, to further develop and mature the processing 
proficiency of Mg and its alloys by ECAE, a significant number of gaps 
need to be addressed. These include control over the homogeneity of the 
starting and as-processed materials, the effect of route or strain path, 
extrusion rate, and the primary mechanisms and phenomena governing 
the microstructural refinement process. Krywopusk’s seminal 

experiments were designed to study the processing behavior and prop-
erties of pure Mg and hot-rolled AZ31B (Krywopusk, 2018). The con-
nections developed between processing and properties have been 
instrumental in illuminating knowledge gaps, expanding a phenome-
nological understanding of Mg processing, and providing options for 
transitioning this technique into an industrially scalable fabrication 
environment. This information was then used to guide the exploration of 
the model alloy materials. Characterization of the ECAE processed 
samples relied on a systematic use and combination of a range of 
analytical testing methods. Herein, we highlight key details of the 
microstructural evolution of these materials, with a focus on grain size 
refinement and crystallographic texture modification. 

2. State of the art in ECAE processing of Mg alloys 

2.1. Challenges in Mg processing 

Uniform deformation of Mg is fundamentally challenging because of 
the anisotropy of the HCP crystal lattice and is especially problematic for 
deformation processing. At room temperature, the primary {0001}〈
1120 > basal slip-based deformation of Mg is limited to two modes in 
the basal plane. Other slip systems, i.e., prismatic {1010}〈1120 > and 
pyramidal 〈c+a〉, become active only at higher applied stress levels or at 
higher temperatures for uniform deformation to occur (Yoo, 1981; 
Taylor, 1938; Agnew and Duygulu, 2005; Yoo et al., 2002; Partridge, 
1967; Hutchinson and Barnett, 2010). Due to the difficulty in simulta-
neously activating these slip modes, twinning becomes a viable alter-
native deformation mechanism (Barnett, 2007a; Christian and Mahajan, 
1995). However, unlike dislocation-mediated slip, twin deformation is 
unidirectional (Agnew and Duygulu, 2005). In Mg, two different twin-
ning modes {1012} and {1011} operate most frequently, in extension or 
contraction, respectively (Yoo, 1981; Yoo et al., 2002; Barnett, 2007b). 
Extension twinning during 〈c〉 axis deformation provides greater 
ductility than compression twinning along the same axis, which some-
times leads to localization and failure. The combination of limited slip 
systems and different twinning modes, each with a very dissimilar me-
chanical response, accounts for the poor formability and 
tension-compression asymmetry observed in Mg and Mg alloys. 

2.2. Severe Plastic Deformation 

In the past two decades, SPD processing methods, which typically 
impart large strains to materials, have been successfully applied to 
overcome Mg’s formability challenges, resulting in improved mechani-
cal properties (Estrin and Vinogradov, 2013; Kubota et al., 1999; 
Yamashita et al., 2001; Pérez-Prado et al., 2004; Zhan et al., 2007; Chen 
et al., 2008; Peng et al., 2011; Wang et al., 2010; Xing et al., 2005; Miura 
et al., 2011; Serre et al., 2011; Figueiredo and Langdon, 2011; Edalati 
et al., 2011; Furukawa et al., 2001a). During SPD, extreme straining 
leads to recrystallization and causes a significant refinement of the 
grains and the corresponding Hall-Petch strengthening (Valiev and 
Langdon, 2006; Meyers et al., 2006). Among the many SPD techniques 
available, ECAE has been widely used and has attained two significant 
benchmarks. In one study, elevated temperature superplasticity of over 
3000% elongation in a ZK60 alloy has been achieved; and in another 
study, the microstructure of AZ31 was refined to 0.35 μm, well into the 
sub-micrometer grain size regime (Figueiredo and Langdon, 2008; Ding 
et al., 2008). The finest grain size in AZ31 was reported to be 0.23 μm, 
after 7 compressive multidirectional forging passes to a total ε = 5.6, 
while decreasing the temperature from 350 ◦C to 130 ◦C after each pass 
(Xing et al., 2008). With grain size refinement, the ductility of the 
samples decreases from 20 to 30% to about 10%, but the concomitant 
increase of the yield strength was over 350 MPa for both cases, well 
above their coarse-grained counterparts. These extreme cases demon-
strate that a wide range of strengths and ductilities can be achieved in 

Fig. 1. Key linkages between processing, microstructure, properties, and rele-
vant characteristics for Mg and Mg alloys using the Equal Channel Angular 
Extrusion processing method to refine the structure. 

L.J. Kecskes et al.                                                                                                                                                                                                                               
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Mg alloys, provided that the initial characteristics of the alloys are un-
derstood and modified accordingly during processing. Compared to 
superplasticity, the “step-down” temperature approach used by Ding 
et al. and Xing et al. (Ding et al., 2008; Xing et al., 2008) is of greater 
value. It demonstrates a methodology wherein the strain path and 
resultant grain size can be a priori designed and manipulated to achieve 
significant gains in material strength while maintaining reasonable 
levels of ductility. Essentially, in this approach, with each successive 
extrusion pass (or sets of passes), the extrusion temperature is lowered, 
which causes an incremental refinement of the microstructure. In 
particular, the reduced ECAE processing temperature reduces the 
sub-grain size and thus the evolving grain size of the resultant micro-
structure as well. Moreover, the creation of new grains leads to a texture 
that tends to be more diffuse. Fine microstructures have been shown to 
sustain more severe processing conditions without localization or failure 
than coarser microstructures. 

ECAE is a unique form of SPD processing, wherein a billet, in a state 
of simple shear, undergoes deformation without changing its cross- 
sectional dimensions. This can be accomplished by creating two inter-
secting channels, usually placed at an angle ranging from 90 to 120◦. 
Under ideal conditions, the imparted shear strain is only a function of 
the outer and inner inter-channel angles. For a sharp outer fan angle and 
a 90◦-inner angle, the ratio of the punch pressure to the material’s flow 
stress, or strain increment, also identified as the Von-Mises equivalent 
strain per pass is roughly 1.15 (Segal, 1995, 1999) and is given in 
Equation (1) as, 

ε= 2̅
̅̅
3

√ × cot (φ / 2) (1)  

where ε is the equivalent strain and φ is the inter-channel angle. Segal 
has postulated that if the shear zone is narrow, the outer fan angle is 
sharp, and the die intersection angle is close to 90◦, then plastic defor-
mation will be most uniform, provided friction between the billet and 
die walls is minimized (Segal, 1995, 1999, 2004, 2018). One of the other 
major innovations in ECAE processing is the use of backpressure. 
Application of backpressure modifies the hydrostatic stress state of the 
billet and, as a result, the sheared region becomes more planar. As shear 
along the shear plane becomes more uniform, localization is reduced, 
and for certain alloys, grain size refinement is enhanced (Lapovok, 2005, 
2006; Mckenzie et al., 2007). Another critical factor affecting extrusion 
quality is the friction between the billet and the die walls. 
Non-uniformity stemming from these forces causes “stick-slip” behavior, 
where the extrudate displays periodic variations in flow stress (Boulahia 
et al., 2009). Under certain conditions, this can manifest itself as severe 
shear localization (Boulahia et al., 2009). Backpressure can suppress this 
behavior, but proper and uniform lubrication is still critical to achieving 
the best possible result. For Mg, the combination of backpressure and 
higher extrusion temperatures improves the material’s ductility suffi-
ciently, whereby uniform deformation can be achieved, avoiding 
localization and failure (Yamashita et al., 2001; Chapuis and Driver, 
2011; Suwas et al., 2007). 

Although the amount of strain per pass is considerable, the ECAE- 
processed microstructure typically is not fully refined after a single 
pass. As such, to improve microstructural homogeneity, various routes 
or strain paths have been developed. Originally designed by Segal, the 
four standard routes are based on rotations around the long axis of the 
billet: A (0◦ or no rotation), B (±90◦), C (180◦), and D (90◦) (Segal, 
1995); note, in the literature, Route D is more commonly called BC. Each 
of these routes imparts a characteristic texture to HCP materials. Ac-
cording to Yapici and Karaman, the first pass produces a basal texture in 
Ti–6Al–4V, Zr, Be, and AZ31, approximately 27◦ inclined from the long 
axis of the billet (Yapici and Karaman, 2009). The resultant first-pass 
texture is attributed to the activation of basal slip. This is the case 
even for Ti–6Al–4V and Zr, where prismatic slip is more favored. The 
effects of higher passes, i.e., 4A, 4BC, or 4C, have been studied by Suwas 

et al. on the texture evolution of pure Mg (Suwas et al., 2007). Repeated 
shearing on conjugate shear planes, i.e., route A, decreases the inclina-
tion of the basal poles. In contrast, route C maintains and retains the 
same texture with repeated passes. Unlike routes A and C, successive 90◦

billet rotations induce intersecting shear planes for route BC. This causes 
the basal poles to reorient away from the vertical axis towards the 
transverse direction. In addition to these basic routes, a series of hybrid 
and step-down routes have also been developed to improve mechanical 
properties of Mg alloys by using combinations of lower temperatures 
and various strain paths, e.g., Ding et al.‘s 10ACB route or Foley et al.‘s 
5H route (Ding et al., 2008; Foley et al., 2011). 

2.3. Dynamic recrystallization 

During elevated temperature thermomechanical treatment of mate-
rials, the accumulated strain energy of dislocations can be released via 
dynamic recovery and dynamic recrystallization (DRX). Driven by the 
ECAE process, DRX refines the microstructure wherein the new grains 
nucleate and grow, consuming the parent grains (Sakai et al., 2014). 
This contrasts with static recrystallization (SRX), which usually occurs 
only during post-processing thermal treatments (Sakai et al., 2014). 
Dynamic recrystallization is further classified into a) continuous DRX 
(cDRX), which entails a homogeneous and progressive transformation of 
increasingly misoriented subgrains into new grains; and b) discontin-
uous DRX (dDRX), which involves the heterogenous nucleation and 
long-range growth of new grains along grain boundaries. Fed by dislo-
cations, during cDRX the increasing low-angle subgrain misorientations 
are converted into high-angle grain boundaries. In contrast, during 
dDRX, the nuclei are not clusters of atoms with a critical size for growth, 
but rather subgrains that preexist prior to the onset of recrystallization 
(Doherty et al., 1997). A third form, geometric DRX (gDRX) may be 
operative at high temperatures, involving localized serrations and little 
textural change (Huang and Loge, 2016). In general, subgrains are the 
source of the recrystallized grains that are subjected to a competition 
between dislocation accumulation, grain boundary migration, and the 
rate of dynamic recovery. Slow recovery leads to dDRX, whereas, when 
grain boundary mobility is restricted cDRX is favored. Other factors 
affect the competition as well. These include higher temperatures that 
favor dDRX. Further, dDRX is usually stimulated in the deformation 
zone around large particles. But solute segregation and small particles, 
limiting grain boundary mobility, may inhibit dDRX (Doherty et al., 
1997). Comparatively, higher stacking fault energies (SFE), higher 
strain-rates, and overall finer grain sizes all favor cDRX (Sakai et al., 
2014). Moreover, it has been found that the slower kinetics of cDRX 
requires much higher strains for saturation than dDRX (Sakai et al., 
2014). Thus, the strain accumulated in fewer passes will tend to favor 
dDRX. 

The complexity of the Mg system presents the possibility for multiple 
competing DRX mechanisms to operate. Indeed, the prior research, 
using varying processing conditions, has not developed consensus over 
what process or individual mechanism is dominant during deformation 
(Beer and Barnett, 2007; Sitdikov and Kaibyshev, 2001; Al-Samman and 
Gottstein, 2008; Galiyev et al., 2001). For instance, Beer and Barnett 
have observed both cDRX and dDRX during hot deformation of AZ31 
(Beer and Barnett, 2007). They concluded that either the presence of one 
mechanism does not preclude the other or that the mechanisms are 
highly sensitive to the preexisting microstructure. These factors illus-
trate the significant challenges and, at the same time, opportunities for 
investigating DRX in Mg. However, it is difficult to isolate the effects of 
individual mechanisms, especially in fully recrystallized microstruc-
tures. Therefore, the construction of a detailed deformation mechanism 
map will require a broad understanding of how different microstructural 
and processing parameters relate to one another. The payoff will be the 
capability for greater control during the evolution of the Mg micro-
structure. Particularly, strategies and trade-offs between mechanisms 
such as twinning and dDRX could be alternated at different processing 
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stages to improve ductility. Alternatively, cDRX or even SRX could be 
encouraged at later stages (e.g., during post-ECAE thermal treatments) 
to preserve a specific texture while maintaining alloy strength. There-
fore, it cannot be overemphasized that an understanding of DRX in Mg is 
a critical factor that is required for microstructural optimization. As 
such, many studies focus on causal relationships between ECAE pro-
cessing parameters and the resultant microstructure and its evolution. 

2.4. Twinning 

An interpretation of the evolution of DRX-ed microstructures is 
exacerbated by the likelihood of competition between twinning and 
DRX. Thus, the role, effects, and underlying mechanisms of twinning 
need to be established as well. Any strain along the 〈c〉 axis must be 
accommodated either by twinning or by 〈c+a〉 slip, where the {1012}
twin is easier to activate than 〈c+a〉 slip during 〈c〉 axis extension. 
Activation of the {1012} twin system is known to enhance ductility, a 
common feature of twins in HCP materials (Estrin and Vinogradov, 
2013; Hutchinson and Barnett, 2010; Christian and Mahajan, 1995). A 
telltale sign of extension twinning in uniaxial testing is a sigmoidal 
stress-strain curve; wherein, a low strain hardening plateau is followed 
by a steady rise of strain hardening (Barnett, 2007a, 2007b; Dixit et al., 
2015; Khan et al., 2011; Knezevic et al., 2010). 

Twinning is also dependent on temperature and, in Mg above 250 ◦C, 
twinning is no longer expected as <c+a> slip activates. With an 
adequate number of slip systems being activated, deformation becomes 
more uniform, easing the onset of DRX and potentially improving the 
distribution of DRX-ed grains in the bulk. 

Likewise, twinning affects strain hardening in the material. Strain 
hardening seen during twinning is most commonly attributed to several 
factors that include twin boundary hardening from twin boundaries 
acting as dislocation barriers, geometric hardening from the reor-
ientation of the lattice, and the Basinski mechanism (Knezevic et al., 
2010). The latter mechanism is attributed to the conversion of glissile 
dislocations into sessile dislocations, after a shear-induced twin trans-
formation occurs (Knezevic et al., 2010; Salem et al., 2006; Basinski 
et al., 1997). It is argued that the dominant hardening mechanism is due 
to reorientation of the twinned lattice into orientations more difficult for 
slip. As the twins consume the parent grains, they reduce any additional 
strengthening effect that could come from twin boundaries, which, in 
turn, leads to a saturation of the strength. Twinning occurs both at 
quasi-static and higher testing strain rates. At higher rates, it is still 
operative in the presence of fine microstructures where otherwise 
twinning has been predicted to be more difficult (Barnett, 2007b; Dixit 
et al., 2015; Khan et al., 2011; Knezevic et al., 2010; Al-Maharbi et al., 
2011; Li et al., 2009, 2012; Prasad et al., 2014). These studies have also 
found evidence of the strain-rate dependence of deformation in Mg al-
loys processed via ECAE. Li et al. and others have studied the behavior 
from 10− 4 to 103 (Li et al., 2009, 2012; Prasad et al., 2014). Another 
group has also reported considerable strain rate effects in an AZ31B 
plate tested at both quasi-static and dynamic rates (Tucker et al., 2009). 

2.5. ECAE of Mg and Mg alloys 

Despite a revival of interest in Mg, industry-led conventional thermo- 
mechanical processing of Mg has led only to limited performance im-
provements. In part, this is due to Mg’s intrinsic structural characteris-
tics, i.e., an insufficient number of primary slip systems and tension- 
compression asymmetry (Yoo, 1981). In addition to the Materials in 
Extreme Dynamic Environments (MEDE) research consortium, multiple 
research efforts have been undertaken to navigate these issues to 
improve the microstructure and mechanical properties of Mg-based 
materials. 

Since its inception as a thermomechanical processing method, ECAE 
has been applied in a research setting to various material systems (Wang 

et al., 2003; Cao et al., 2003; Sun et al., 2004; Suwas et al., 2005; Yapici 
et al., 2006; Purcek et al., 2009; Field et al., 2002; Beyerlein et al., 2008; 
Cornwell et al., 1996). These, mostly empirical studies, have focused on 
the effects of the route, extrusion rate, temperature, or variants in tool 
design (Furukawa et al., 2001b). However, an a priori capability of 
coupling alloy design to the prediction of microstructural evolution of 
the as-processed material does not yet exist. This is partly attributable to 
the dependence of ECAE-processed microstructures on a multitude of 
both documented and undocumented factors. Some can be controlled 
with ease, but others that depend on tool design specifics such as corner 
angle characteristics, die-wall friction, or tool wear are either difficult to 
control or are simply not reported. For example, the ECAE billet 
microstructure is usually reported to be uniformly worked throughout; 
however, there is minimal experimental evidence to confirm this fact 
(Barber et al., 2004; Agnew et al., 2004). Most recently, Segal has 
defined the key steps toward automation; nevertheless, any transition 
from purely academic research into an industrial setting necessitates a 
much better and broader understanding of process conditions and lim-
itations (Segal et al., 2019; Segal, 2020). 

It is well understood that ECAE enhances the mechanical properties 
of Mg alloys, which, in turn, has generated intense research activity 
related to processing methods and property characterization of mate-
rials generated under various conditions (Qin et al., 2010; Biswas et al., 
2008, 2015; Gottstein and Al Samman, 2005; Yang and Ghosh, 2006; 
Beausir et al., 2009; Figueiredo and Langdon, 2009; Agnew et al., 2005). 
While the general trends are known, the relative tendency of Mg alloys 
to twin and/or undergo DRX renders their mechanical response complex 
and interpretation more difficult. Within the MEDE program, delin-
eating the roles of twinning and DRX was a key focus area. Texture 
trends common to most HCP metals are also applicable to Mg and Mg 
alloys. Nevertheless, a complete understanding of the effect of all the 
aforementioned key processing parameters on microstructural evolu-
tion, especially texture, during ECAE remains incomplete. 

Past studies have investigated the effect of processing parameters to 
address these deficiencies, but many have only focused on specific ef-
fects of route design and temperature. These efforts have produced 
extreme material properties and benchmarks (e.g., via hybrid and step- 
down techniques), however, they did very little to establish a systematic 
understanding for transitioning ECAE beyond academia (Ding et al., 
2008; Segal, 2018; Foley et al., 2011; Al-Maharbi et al., 2011; Razavi 
et al., 2012). Interestingly, the effects of extrusion (strain) rate on 
microstructural evolution are another largely overlooked variable. 
While there are no known examinations of the effects of the extrusion 
rate in Mg and Mg alloys, there are a few earlier studies of other material 
systems. Such studies, linking dynamic recovery and recrystallization to 
the rate of deformation, illustrate that even when the material’s 
complexity is reduced, gaining a comprehensive view and understand-
ing of the basic mechanisms remain elusive. For example, Berbon et al. 
extruded pure Al at various rates but reported no effect on grain size or 
texture (Berbon et al., 1999). However, they observed that recovery 
appeared to occur more readily at lower extrusion rates. Likewise, 
Tabatabaei et al. have shown that there is a differential competition 
between solute diffusion and dislocation motion in an Al alloy that led to 
different rates of dynamic strain aging and recovery (Tabatabaei et al., 
2010). More recently, Kim et al. reported that deformation mechanisms 
transition from primarily twinning to slip with decreasing extrusion rate 
in commercially pure Ti (Kim et al., 2003). Their findings are limited in 
scope, yet they merit further study as they suggest that the competition 
between mechanisms that drive localized deformation and texturing can 
be optimized without affecting grain size reduction, a critical strength-
ening mechanism. 

3. Introduction to the MEDE efforts 

Within this special issue, this article focuses on three MEDE topic 
areas related to the microstructural evolution and grain size refinement 
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via DRX of ECAE-processed Mg and Mg-based alloy. Broadly, the intent 
is to illustrate how our research has altered the perspective on pro-
cessing to affect the material’s microstructural evolution. Firstly, we 
delineate the experimental trends and material characteristics of as-cast 
pure Mg and rolled AZ31B that is then processed via ECAE. We 
emphasize that as part of the overarching scope of the MEDE effort, 
these studies were performed concurrently with other more detailed 
studies of the mechanical behavior of the same materials, conducted by 
Dixit et al., Prasad et al., and Kannan et al., among others at various 
strain rates (Dixit et al., 2015; Prasad et al., 2014; Kannan et al., 2019). 
Secondly, we describe preliminary results from ongoing studies of other 
Mg-based model systems wherein precipitation hardening and grain size 
refinement present new opportunities and beneficial outcomes. Lastly, 
we provide a summary of prior and concurrent modeling and simulation 
efforts that have captured and integrated experimentally observed 
trends of DRX within the Materials-by-Design framework to illustrate 
their predictive capability. 

4. Experimental procedures 

At the onset of the MEDE program, a systematic experimental plan 
was conceived to study the deformation behavior of 99.9 at.% pure Mg 
and a commercial AZ31 alloy (Krywopusk, 2018). As-cast, pure Mg with 
a 19-mm average grain size and hot-rolled AZ31B (H24) with an initial 
grain size of approximately 31 μm were obtained from US Magnesium, 
Salt Lake City, UT and Magnesium Elektron - North America (MENA), 
Madison, IL, respectively. The AZ31B plate had strong rolled texture, 
with the HCP basal planes being perpendicular to the plate normal. 

Both sets of materials were processed in a 90◦ ECAE tool; AZ31B was 
extruded at 200 ◦C at a rate of 0.381 mm/s (0.015 in/s) using a back-
pressure of 8.55 MPa (1240 psi) and pure Mg was extruded at the same 
rate, but at 250 ◦C to prevent localization with a 6.2 MPa (900 psi) 
backpressure. For each pass, billets were wrapped to minimize cladding 
or galling to the die. 

Two sets of pure Mg and one set of AZ31 samples were processed. In 
the initial set, samples were processed via the 4BC route, with a 90◦

rotation about the long axis after each pass. The second set of pure Mg 
was extruded wherein the microstructure was analyzed after each BC 
pass. Fig. 2 shows the orientation schematic of the extrudate and the 
sectioning plan for sample analysis. The intent was to identify length-
wise variations in material properties and substructure. 

Details of the metallography, electropolishing preparation, and 
analysis methodology are in Krywopusk (2018). Only the central sec-
tions of the billets were characterized as the end regions deform only 
partially (Field et al., 2002; Barber et al., 2004). Representative samples 
for scanning electron microscopy (SEM) and electron backscattered 
diffraction (EBSD) analyses were taken from the extrusion and 

transverse planes highlighted in Fig. 2b. Microstructural and texture 
data were collected at 20 kV and a 120 nm spot size using EDAX TEAM 
software (Mahwah, NJ). EBSD maps were taken at five locations on each 
cross-section and about 300 grains per image were sampled. This cor-
responded to a field of view field of 300 μm × 300 μm for pure Mg and 
100 μm × 100 μm for AZ31; a 15◦ of misorientation was used for grain 
size calculations. 

For the subsequent experiments with the binary and ternary model 
alloy systems, the as-cast, fully solutionized billets of Mg–6Al wt.% and 
Mg–9Al wt.% or Mg–3Zn wt.% were obtained from MENA; and the as- 
cast, fully solutionized, and conventionally extruded Mg-1.3Zn-0.5Ca 
wt.% bars were obtained from the North Carolina Agriculture & Tech-
nology University, Greensboro, NC. Post-ECAE characterization of these 
samples was performed in a similar manner to those of the pure Mg and 
AZ31B samples. In addition, the Mg–Al and Mg–Zn samples were sub-
jected to extensive transmission electron microscopy (TEM) 
examinations. 

5. Results 

5.1. Microstructural evolution of the 4BC pure Mg and AZ31B samples 

Representative inverse pole figure (IPF) maps reveal that after four 
passes, the microstructure of pure Mg is fully recrystallized, and no 
evidence of the parent microstructure remains. The grain size is highly 
refined compared to the original grain size, a typical image from the 
center section of the extruded billet is shown in Fig. 3a (left). According 
to the histogram shown in Fig. 4a (left), the grain size distribution ap-
pears to be monotonically decreasing with size, with little evidence of 
clustering of similarly sized grains. Typically, distributions at other lo-
cations were broad and skewed, with a long tail skewed towards 10s of 
micrometers. The presence of a few elongated grains suggests that the 
recrystallization may not be homogeneous throughout the sample. 
Number averaging and statistical analysis of the grain size distribution 
revealed an average grain size of about 7.8 ± 6.8 μm. The large standard 
deviation is indicative of a heterogeneous recrystallization process. 
Misorientation angle distributions indicate that for pure Mg there is a 
peak near 30◦, but there was a large number fraction of grains with 
lower misorientation angles and several regions also showed a peak 
around 86◦; see Fig. 5a (left). This implies the presence of both long and 
short-range orientation relationships between the grains. 

Similar to pure Mg, a representative IPF map of the AZ31B sample is 
shown in Fig. 3b (right). As was for pure Mg, the microstructure is fully 
recrystallized, but there is no evidence of elongated grains like those 
observed in pure Mg. As the grain size distribution reveals, the grains are 
more refined than in the pure Mg, and the (number) average grain size is 
about 2.2 ± 1.3 μm AZ31B is more refined, has a narrower grain size 
distribution but also with a notable variation in the average; see Fig. 4b 
(right). The misorientation angle distribution for AZ31B also peaks 
around 30◦; see Fig. 5b (right). Note that the AZ31B sample also has a 
large number of low-angle misorientations, but the number fraction is 
not as large as that of pure Mg. 

Both pure Mg and AZ31B have variations in grain size that speak to 
the local heterogeneity of the DRX process. However, the average grain 
sizes show little sample-to-sample variations. Thus, the refined grain 
size for both pure Mg and AZ31B can be considered fairly homogeneous 
throughout the fully worked region of the extrudate bars. Generally, as 
expected from systemic load variations and time at temperature 
affecting grain size, the average was found to decrease from the front to 
the back of the extruded bar. 

EBSD analysis confirmed significant grain refinement during the 
extrusion process, with AZ31B developing a comparatively smaller grain 
size than pure Mg. In part, this may be attributed to AZ31B’s lower 
processing temperature, as well as the presence of Al–Mn precipitates, 
which are known to be grain refiners (Qin et al., 2010). Differences in 
grain morphologies point to variability in active recrystallization 

Fig. 2. (a) Principal directions and planes of the ECAE process, and (b) sample 
sectioning and analysis plan scheme. The maroon and green faces are perpen-
dicular to the extrusion and transverse directions, respectively. (For interpre-
tation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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mechanisms, which are expected to play a role in microstructural evo-
lution. We see evidence of both dDXR and cDRX activity, which vali-
dates observations of prior research. Nevertheless, the lack of clarity as 
to the precise conditions when each of these mechanisms dominates 
warrants further research. 

Many of the larger grains in pure Mg display both serrated grain 
boundaries and grain boundary bulging, indicative of dDRX (Sakai et al., 
2014). But, some DRX grains have recrystallized near rather than at a 
grain boundary, suggesting cDRX activity, where misorientation in-
creases due to dislocation accumulation at subgrain boundaries (Beer 
and Barnett, 2007). The presence of dDRX and cDRX suggests that both 
processes may be active in pure Mg, although dDRX is likely to be more 
active. 

Compared to pure Mg, a few abnormally large grains in AZ31B with 
serrated grain boundaries confirm dDRX activity. However, Beer and 
Barnett have shown that serrated grain boundaries do not exclude 
activation of cDRX and conclude that both mechanisms are active in 
AZ31B (Beer and Barnett, 2007). More importantly, the absence of low 

and medium angle boundaries in AZ31B suggests that DRX occurs more 
homogeneously than in pure Mg, providing additional evidence of the 
dominance of cDRX in AZ31B. Moreover, a homogeneous grain structure 
cannot undergo long-range grain growth as easily as a heterogeneous 
grain structure; this may partially account for the smaller grain size of 
AZ31B. 

In Fig. 5, we also note that the misorientation angle distributions for 
pure Mg and AZ31B display peaks around 30◦. This has been observed 
previously and has been attributed to dislocation motion during DRX 
(Biswas et al., 2008; Gottstein and Al Samman, 2005; Yang and Ghosh, 
2006; Beausir et al., 2009). The smaller peak around 86◦ that is clearly 
seen for pure Mg and noticed for AZ31B is likely the {1012}〈1011 >

tensile twin system, which has an approximate 86◦ misorientation with 
respect to the matrix. There are two possible reasons. First, these could 
be twin remnants that have yet to fully recrystallize. Second, during 
dDRX, when a grain boundary bulges, new grains nucleate by propa-
gating twins across the bulged area (Foley et al., 2011). The 86◦ peak is 
less prominent in AZ31B due to its finer grain size, which is known to 

Fig. 3. Representative IPF maps from the center region of (a) pure Mg and (b) AZ31B extrudate samples from the plane perpendicular to the extrusion direction. The 
black lines indicate high angle grain boundaries (greater than 15◦ misorientation). 

Fig. 4. Grain size distributions from the center region of (a) pure Mg and (b) AZ31B extrudate samples from the plane perpendicular to the extrusion direction. 
Larger grains are included in the inset. 

Fig. 5. Misorientation angle distributions from the 
center region of (a) pure Mg and (b) AZ31B extrudate 
samples from the plane perpendicular to the extrusion 
direction. Black lines correspond to misorientation 
angles between each of the grains and their nearest 
neighbor grains, which are termed “correlated; ” the 
red lines correspond to misorientation angles between 
all possible point pairs of grains, excluding edge 
grains, and are termed “uncorrelated.” (For interpre-
tation of the references to color in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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inhibit twin nucleation (Yang and Ghosh, 2006). 

5.2. Texture evolution of the 4BC pure Mg and AZ31B samples 

Generally, pole figures of Mg processed via the 4BC route display the 
typical basal fiber texture where the basal poles are approximately 45◦

away from the extrusion direction, and the prismatic pole figures show 
little to no texturing. Variations in the fiber texture are not systematic 
with respect to the location within the bar. Slight variations in peak 
intensities of the prismatic pole figures imply that certain sample regions 
experience a more significant prismatic slip and may be more heavily 
textured towards the longitudinal direction. 

As shown in Fig. 6, a comparison of the fiber texture pole figures for 
pure Mg and AZ31B reveals less smearing in the latter. The contribution 
of prismatic slip to the texture is also observed less frequently and to a 
lesser degree than that of pure Mg. However, pole splitting was common, 
matching observations reported by others (Ding et al., 2008; Figueiredo 
and Langdon, 2009). 

Similar to the grain size results, there is a larger degree of variation in 
the texture of the pure Mg. Nevertheless, during ECAE, the AZ31B basal 
poles consistently adopt the typical 4BC deformation texture (Biswas 
et al., 2008, 2015), though not always at the ideal 45◦. This differs from 
textures reported by Yapici and Karaman, Agnew et al., and Biswas et al. 
with regards to the extent of inclination from the vertical axis (Yapici 
and Karaman, 2009; Agnew et al., 2004; Biswas et al., 2008). Some in-
stances of pole-splitting are also observed. Although the basal poles 
generally form at the same angle away from the extrusion direction, 
there are other qualitative differences between the pure Mg and AZ31B 
textures. The basal poles in pure Mg may vary more in their orientation 
relative to the transverse and longitudinal axes. 

IPF maps also show that both pure Mg and AZ31B exhibit some fairly 
uniform localized texture clustering throughout the samples. These 
clusters suggest cDRX, which tends to preserve the parent texture. Some 
texturing in the prismatic plane was also observed in pure Mg, indicating 
prismatic slip. Activation of prismatic slip in as-cast pure Mg, but not in 
hot-rolled AZ31B shows similarities to Agnew et al., where AZ31B, 
which had been initially extruded, did not show prismatic texturing after 
ECAE, but the as-cast AZ31B did (Agnew et al., 2005). The as-cast 
microstructure is expected to be more random; thus, some grains may 
have orientations favoring prismatic slip over basal slip. Depending on 
the microstructural evolution and the locally active DRX mechanism, 
preference for prismatic slip may be preserved through multiple passes. 

5.3. Microstructural evolution of Pure Mg 

A further look at the intermediate ECAE passes provides a glimpse 
into microstructural evolution. The microstructures and textures that 
appear after the first pass are shown in Fig. 7. The IPF map demonstrates 
that while DRX is active, it is incomplete after the first pass. There are 
two reasons for this: recrystallization is orientation dependent, and the 
parent grains are large relative to the extent of refinement at the 
observed length scale. Previously, Al-Maharbi et al. have reported that 
recrystallization is dependent on the ease of basal slip (Al-Maharbi et al., 
2011). Grains with basal slip activity display significant 

recrystallization, grains with difficult-to-slip orientations appear to have 
twinned profusely via the {1012}〈1120 > extension system before DRX 
could activate and are less recrystallized. Because the parent grains are 
so large, the overall deformation of the sample is not entirely captured, 
but instead, the activity within a single grain spans the field of view. The 
recrystallized parent grains adopt a 45◦ inclination from the extrusion 
axis, which is the typical ECAE texture. In contrast, the plastically hard 
grains largely retain their original texture. 

Closer examination of the substructure reveals the activity of DRX 
mechanisms under varying conditions. While several extension twin 
variants are seen, DRX exhibits one variant only, an observation re-
ported by Al-Samman and Gottstein (2008). Heterogeneous nucleation 
of grains at low-angle boundaries (i.e., less than 15◦ misorientation) 
suggests dDRX. Other evidence of nucleation of twins and DRX grains on 
opposite sides of grain boundaries confirm dDRX. Such non-uniformity 
in nucleation results in fully refined microstructures with large grain 
size variations. 

The remaining parent grains are broken down with subsequent ECAE 
passes; see the corresponding IPF maps in Fig. 8. Remnants of parent 
grains are rare after the 2BC pass and nonexistent after further passes. As 
they are consumed, their orientations are no longer detectable. Clusters 
of similar orientations traced to slight variations in DRX mechanisms 
decrease with further passes as well. As expected, the average recrys-
tallized grain size saturates at a minimum value (Berbon et al., 1999). 
Though, there is sufficient variability in the average, which can be 
attributed to the residual effects of the initial heterogeneity of DRX after 
the first pass. It may be noted that a consistently large variation may be 
attributed to the presence of large, heavily deformed grains, which is a 
result of a steady-state dDRX process, evolving both spatially and 
temporarily. Since nucleation is inherently heterogeneous, as recrys-
tallization progresses, a snapshot of the microstructure will always 
consist of grains at all stages of dDRX, from new, small, dislocation-free 
grains to old, large, heavily deformed grains. This will naturally produce 
a broader grain size distribution. 

5.4. Mechanisms of microstructural evolution and the influence of 
twinning 

Clearly, DRX is the primary driver for the microstructural refinement 
of pure Mg, especially at the early stages of deformation. Prior in-
vestigations have examined Mg and its alloys to better understand the 
underlying DRX mechanisms. Extensive DRX limited to twins in pure Mg 
has been reported by Al-Samman et al. (2012). Agnew et al. have also 
provided evidence for both cDRX, where accumulated dislocation net-
works recover into a recrystallized structure and dDRX, which occurs by 
the bulging mechanism in AZ31B (Sakai et al., 2014; Agnew et al., 
2005). Both DRX located within twins and dDRX at existing boundaries 
is observed in this work. In many cases, DRX grains have nucleated at 
intermediate and low-angle boundaries without clear evidence of grain 
boundary bulging. In other cases, recrystallized grains were accompa-
nied by an extension twin. Many of these recrystallized grains appear to 
grow preferentially along these low-angle and intermediate grain 
boundaries resulting in grains that are non-equiaxed. Moreover, a 
number of these low-angle boundaries lie close to the shear direction. As 
such, preferential growth along these boundaries could account for the 
presence of the elongated recrystallized grains even after four passes. 

Krywopusk et al. have also examined the effect of the ECAE extrusion 
rate on the propensity of twinning in pure Mg (Krywopusk et al., 2021). 
As the bar graph in Fig. 9 shows, a rate increase results in larger grains 
undergoing twinning more frequently than smaller grains throughout all 
passes of the extrusion process. This is expected as smaller grains tend to 
inhibit twinning (Gottstein and Al Samman, 2005). A more interesting 
trend was to find higher twin volume fractions at the lower (0.127 
mm/s) and higher (0.762 mm/s) extrusion rates than at the intermediate 
(0.381 mm/s) rate. This trend persists through all passes. It is likely that 

Fig. 6. Pole figures of the (a) pure Mg and (b) AZ31B extrudate samples from 
the plane perpendicular to the extrusion direction. Maximum intensity was 
normalized to 20 times above random. 
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at the lower rate, unfavorably oriented grains cannot slip and instead 
will tend to twin. In contrast, at the higher rate, there is greater resis-
tance to slip, and twins will propagate to accommodate the strain in 
grains that could have but did not slip. However, at the intermediate 
rate, because the resistance to slip is not necessarily a monotonic func-
tion of the rate, in addition to the grains that are favorably oriented to 
slip, grains that have twinned, now with a more favorable orientation, 
could also undergo slip. Clearly, while the extrusion rate effect warrants 
further study, another factor, namely, the activity of each slip mecha-
nism relative to other slip mechanisms must be considered at the 
extrusion temperature of 250 ◦C. That is, twinning of hard-to-deform 
grains may not be a consequence of the absence of a single slip 

mechanism, but rather be a result of the rapidly changing activities of 
alternate slip mechanisms (i.e., basal versus prismatic or pyramidal) 
operating in consort (Hutchinson and Barnett, 2010). 

Twinning has been activated in refined microstructures under high- 
strain-rate loading before, however, the possibility of inducing twinning 
during ECAE (at lower extrusion rates) invites the possibility to create 
weaker textures (thus reducing anisotropy and enhancing ductility in 
the final product) while still strengthening through grain size refinement 
(Prasad et al., 2014). The formation of large twins after the first pass 
could be used to create banded structures as seen after the second pass. 
This offers the potential to create bimodal banded structures through the 
careful selection of routes at low rates. Overall, this demonstrates the 
capability of the ECAE process to produce engineered microstructures, a 
step towards achieving Materials-by-Design in Mg alloys. 

The microstructures of pure Mg and AZ31B were found to be mostly 
homogeneous. Many of the differences between the two materials imply 
that while the microstructural evolution is similar, differences do exist, 
suggesting differences in the fundamental mechanisms that are acti-
vated. This fact highlights the potential in the overlap of dDRX and cDRX 
mechanisms, but it also points to the many unknowns related to their 
operational conditions and how they are activated. Pure Mg has larger 
and more variable-sized grains and a more randomized texture that 
could provide enhanced ductility. In contrast, AZ31B has a more ori-
ented texture, which may lead to greater anisotropy, but its grain size 
was, on average, smaller and had a narrower variance. A full inquiry of 
the combination of these factors suggests the inherent benefits of 
alloying additions for controlling microstructural evolution to obtain a 
more uniform, finer grained material with less texture variability. 

6. Efforts with binary Mg alloys 

Fundamental scientific studies of alternate strengthening mecha-
nisms (e.g., precipitation hardening) in commercial Mg alloys are 
challenging because of the presence of multiple alloying elements (e.g., 
Mn, Si). Furthermore, such alloys often with higher impurity levels (e.g., 
Fe, Ni) would be vulnerable to premature failure in extreme dynamic 

Fig. 7. (a) IPF map of pure Mg after the first pass; (b) (0001) pole figure map of the same sample; and (c) parent grains containing twins are colored in blue while the 
coherent {1012}〈1120 > extension twins are displayed in red. E and N are the extrusion and normal directions, respectively. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. IPF maps from passes (a) 2BC, (b) 3BC, and (c) 4BC. Pure Mg extruded via ECAE at 250 ◦C and 0.381 mm/s (0.015 in/s). Note the tendency for banding.  

Fig. 9. Twin volume fraction normalized by the fraction of the viewing field 
that contained twins plotted against the average grain sizes above and below 
35 μm. Pure Mg extruded via ECAE at 250 ◦C. 
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environments (i.e., low spall strength). Thus, alloy design for high-strain 
applications could benefit from the study of simpler binary and ternary 
systems without the presence of these elements. Given the poor con-
ventional hardening response of Mg alloys, a closer examination of bi-
nary systems would also enable different design strategies for 
precipitation studies. Moreover, due to limitations in formability of Mg 
alloys, the processing temperatures cannot be very low, and thus 
deformation invariably results in partial recrystallization of these alloys. 

Consequently, the competition between DRX and precipitation is 
also of importance in the microstructural evolution of Mg and its alloys. 
Recently, it has been shown that deformation induced precipitation is an 
excellent strategy to strengthen Mg alloys (Eswarappa Prameela et al., 
2020a, 2021). However, a further study by Prameela et al. of ECAE 
processed Mg–6Al wt.% (A6), and Mg–9Al wt.% (A9) has shown that the 
resultant microstructures are often bi-modal; see Fig. 10 (Prameela 
et al., 2019). While the deformation induces nucleation and growth of 
continuous nanoscale γ-Mg17Al12 precipitates in the grain interior, the 
grain boundary regions undergo recrystallization. This behavior in 
Mg–Al alloys is not entirely unique, but it does render the process more 
complex since, along with recrystallization, there is also a concurrent 
discontinuous precipitation reaction. Thus, the recrystallized region is 
often referred to as the combined reaction zone (CRZ) comprising of 
sub-micrometer α-Mg phase DRX grains intermixed with coarser 
γ-Mg17Al12 particles (a product of the discontinuous precipitation re-
action). As such, the DRX process is impeded by the formation of the 
CRZ. Frequently, the CRZ can be extensive in the bulk. For example, in a 
4A A9 sample, it occupied a significant (area) fraction, ~43%, of the 
sample. However, in some sense, the CRZ has other benefits, as it leads 
to nearly a 2.5 GPa nanoindentation hardness (Ma et al., 2019). The 
volume fraction of the CRZ is often observed to increase with more ECAE 
passes and, with subsequent thermomechanical processing, this region 
completely consumes the entire sample, subsuming the parent grains 
containing the nanoscale precipitates. Another study (Eswarappa Pra-
meela et al., 2020b) explored the influence of the precipitate size in the 
grain interior and its influence on the size of the DRX α-Mg grains at the 
advancing CRZ. Two routes were considered: first, fully solutionized 
samples underwent the ECAE 4BC route, and second, peak aged samples 
underwent the same route. The results clearly showed that the former 
samples had much finer grain sizes compared to the latter samples. 

The absence of discontinuous precipitation at grain boundaries in the 
Mg–Zn system is beneficial from a design perspective. Indeed, for Mg–Zn 
binary alloys, the recrystallized microstructure is quite different from 
that of Mg–Al alloys. Prameela et al.‘s study of an ECAE-processed 4BC 
Mg–3Zn wt.% (Z3) sample shows that the recrystallized zone consists of 
1–2 μm α-Mg phase grains interspersed with Mg–Zn precipitates (of 
varying stoichiometry); see Fig. 11 (Prameela et al., 2020). This grain 
size, combined with a relatively low solute content, renders the recrys-
tallized zone less hard, with only a 1.4 GPa nanoindentation hardness. 

7. Efforts with ternary Mg alloys 

Invariably, alloying leads to second phase precipitates, and it has 
been shown that if they are too large, these particles can act as void 
nucleation sites (Krywopusk et al., 2019) that can adversely affect the 
dynamic mechanical properties (i.e., spall strength). However, grain 
refinement and grain boundary hardening with the fewest number of 
precipitates is possible in certain low-alloy Mg systems. In fact, prior 
thermomechanical processing of Mg–Zn–Ca alloys reveals certain in-
sights and strategies that could improve dynamic strength without 
compromising spall strength. Hofstetter et al. studied two Mg–Zn–Ca 
alloys: Mg–1Zn-0.3Ca (wt.%) (ZX10) and Mg-0.5Zn-0.15Ca (wt.%) 
(ZX00) (Hofstetter et al., 2015). These alloys were extruded at temper-
atures ranging from 300 ◦C to 400 ◦C. Using direct extrusion at 325 ◦C, 
ZX10 contained 60-nm intermetallic particles constituting 0.22 vol% of 
the material, with a grain size of 1.8 μm. At 400 ◦C, these particles were 
130 nm, constituting only 0.04 vol% of the material, with a grain size of 
6.8 μm. In the ZX00 system, after indirect extrusion at 325 ◦C, there were 
no intermetallic phases present. The results indicate that these nanoscale 
particles can effectively lead to grain nucleation via DRX and, at the 
same time, restrict grain growth. Thus, it is desirable to develop a pro-
cessing schedule wherein the grain size is reduced while the volume 
fraction of recrystallized material is maximized. The intermetallic par-
ticles in ZX10 refine the grain size via Zener pinning. Due to this effect, 
recrystallization processes are slowed, thereby creating a primarily 
un-recrystallized microstructure. However, the extrusion process in-
troduces a significant amount of strain energy that accumulates in these 
un-recrystallized areas and, therefore, further recrystallization could be 
promoted via annealing. Hofstetter et al.‘s results showed that ZX10 
contained smaller grains (at temperatures less than 400 ◦C) than ZX00, 
because ZX10 contained a higher number of particles. 

Grain size refinement during conventional extrusion is limited due to 
the interaction between DRX and the large precipitates that may form. In 
contrast, ECAE can provide the means for further grain size refinement 
and thus greater strengthening using different routes (or strain paths). 
Tong et al. studied two Mg alloys, Mg-5.12Zn-0.32Ca wt.% and Mg- 
5.25Zn-0.6Ca wt.%, both of which was first conventionally extruded 
at 300 ◦C. In turn, each alloy was then further processed via equal 
channel angular pressing (ECAP) at 250 ◦C (Tong et al., 2009, 2010). In 
Tong et al.‘s first study (Tong et al., 2009), the post-extruded micro-
structure exhibited signs of DRX (2 μm average grain size) and showed 
secondary phase particles along the extrusion direction. After ECAP via 
the 4BC route, the microstructure was greatly refined and consisted 
almost entirely of uniform, fine grains (0.7 μm). Ca2Mg6Zn3 particles 
found along grain boundaries were thought to have inhibited grain 
growth. In Tong et al.‘s second study (Tong et al., 2010), they examined 
the effect of the ECAP route on DRX. As before, DRX was already present 
in the initially extruded material, exhibiting a 4.3 μm grain size. After 
ECAP, the A route generated a few 1-μm grains, with larger 2–4 μm sized 
grains (1.3 μm average), whereas the BC route produced uniformly finer 

Fig. 10. Transmission electron micrographs of ECAE-processed Mg–Al alloys with the 4BC A6 sample in (a) and the 4BC A9 sample in (b) showing the bimodal grain 
size distribution with nanoscale precipitates in the grain interiors and the CRZ at the grain boundaries. 
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grains that were 0.7 μm. The C route generated a 0.8 μm grain size. 
Evidently, the BC route refines the grain size most, though the C route 
allows for larger grains to be deformed multiple times, generating more 
deformation and DRX. Microhardness measurements reveal no large 
difference among the ECAP materials. However, there are differences in 
tensile behavior — the A and BC materials had larger ultimate tensile 
strengths than the C route material. It is concluded that texture plays a 
larger role in influencing the tensile behavior than hardness (Tong et al., 
2009). The BC route material had a lower yield strength, which was 
attributed to a weaker texture. These results demonstrate that grain 
refinement is predicated on the presence of intermetallic particles and 
the specific processing route. 

Lastly, Zhang et al. studied Mg–1Zn wt.%, Mg–1Zn-0.2Ca wt.%, and 
Mg–1Zn-0.5Ca wt.% and extruded these materials at 350 ◦C (Zhang 
et al., 2012). After the extrusion of Mg–1Zn, DRX was observed along 
with a 30 μm grain size. Greater grain refinement was reported after the 
extrusion of Mg–1Zn-0.2Ca and Mg–1Zn-0.5Ca with final grain sizes of 
15 μm and 5 μm, respectively. Calcium weakened the extrusion texture, 
which could improve the isotropy of material properties. After extru-
sion, the grains of the Mg–Zn–Ca alloys become smaller, and the pre-
cipitates move to recrystallized grain boundaries. In turn, these particles 

inhibit further DRX grain growth. It may be noted that such particles can 
also impede dislocation motion, thereby allowing dislocations to pile up 
during deformation. This build-up then further enhances DRX, because 
as these particles are broken up, they restrict the DRX grains from 
growing, thereby generating a weaker, more random texture. As such, 
potentially, non-basal slip could be initiated to enhance the alloy’s 
ductility. 

Our preliminary results with Mg-1.3Zn-0.5Ca wt.% indicate that the 
combination of ECAE and short anneal treatment can lead to consistent 
and uniform grain size refinement. Fig. 12 shows the IPF map of a 
conventionally extruded sample at 400 ◦C, which was then ECAE pro-
cessed via the 1A route at 300 ◦C and subsequently annealed at 350 ◦C 
for 1 h. The sample exhibits a uniform distribution of grains of ~10 μm. 
This is considerably larger than any of the prior results of Tong et al. and 
Zhang et al. but is consistent with the annealing temperature used. While 
the grain refinement was limited, the combination of grain refinement 
and texture randomization is desirable. 

8. Modeling and simulation efforts 

Simultaneous with the experimental work, a robust modeling and 

Fig. 11. Microstructure of the 4BC ECAE-processed Z3 alloy at 150 ◦C with a dark-field optical micrograph in (a) showing the bi-modal nature of the grain size 
distribution, and a higher magnification transmission electron micrograph of the recrystallized zone in (b). 

Fig. 12. IPF map of a Mg-1.3Zn-0.5Ca sample after processing via single-pass ECAE at 300 ◦C and subsequent anneal treatment, showing a uniform grain size 
distribution. 
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simulation framework was developed to provide an improved under-
standing of the underlying microstructural mechanisms and, ultimately, 
predict process conditions leading to ideal microstructures of pure Mg, 
AZ31B, binary Mg–Al alloys, and low Mg–Zn–Ca alloys for our target 
applications. Chang and Kochmann (2015) introduced an extended 
crystal plasticity model for HCP metals based on a variational formu-
lation, decomposing the deformation gradient into its elastic and in-
elastic contributions, F = FeFin, where the inelastic part includes effects 
of both slip and twinning (Kalidindi, 1998). Twinning was introduced 
with a pseudo-slip character but while accounting for the crystal reor-
ientation due to twinning. As shown in Equation (2), the variational 
framework was based on a Helmholtz free energy density 

W
(
F,Fin, ε, λ

)
=We(Fe)+ Wp(ε) + Wtw(λ), (2)  

which contains anisotropic, elastic, slip, and twin hardening energy 
contributions (dependent on the accumulated plastic slip ε and the 
effective, average twin volume fractions λ). Here, twinning is accounted 
for at the mesoscale, where only average twin volume fractions are taken 
into account, ignoring the intricate twin patterns forming at smaller 
scales. The description is closed by a dissipation potential ψ* = ψp(γ̇)+
ψ tw(λ̇), where the accumulated slip is linked to the change in slip on 
system α via ε̇α = |γ̇α| and provides the kinetic evolution equations 
(Chang and Kochmann, 2015). The model was calibrated by fitting 
stress-strain relations for individual slip systems to single-crystal 
experimental data. (For these data sets, care was taken to ensure that 
a single slip system was activated). As shown in Fig. 13, the resulting 
predictions for polycrystals matched well with experimental data, as 
shown by Chang et al. (Chang and Kochmann, 2015). This model has 
been used to predict the texture evolution during ECAE and other SPD 
processes (Chang et al., 2017). 

A comparison between the aforementioned crystal plasticity model 
and a reduced-order model for Mg was reported by Chang and Koch-
mann (Chang et al., 2017). While the above extended crystal plasticity 
model generally overestimates stresses due to the restriction to a single 
active twin system per material point at a time, the reduced-order model 

simplifies the slip activity tremendously (lumping all non-basal systems 
into an effective von Mises law) and does not account for the change in 
the lattice orientation following twinning. Both models were shown to 
capture the typical behavior of a two-stage material response during 
twinning, yet the higher-fidelity model of Chang and Kochmann (2015) 
showed higher accuracy, especially at larger strains (due to the effect of 
twin reorientation, which is not captured by the efficient reduced-order 
model). 

Tutcuoglu et al. (2019a) combined the extended crystal plasticity 
model with a stochastic description for DRX towards a process model for 
SPD of pure Mg at the mesoscale. A field Monte Carlo Potts (FMCP) 
model was used to define the probability of a state change (i.e., grain 
boundary motion or grain nucleation) at any material point in the 
simulation domain. By making the probability for nucleation dependent 
on the excess energy release upon nucleation (which involves both 
elastic and inelastic energy contributions), the DRX process was natu-
rally coupled to the above variational formulation, achieving a coupling 
of inelastic slip and twin activity with the propensity for DRX. In 
simulated polycrystals within a representative volume element (RVE) 
multiple recrystallization waves were observed. Typical for SPD pro-
cesses, the onset of each new recrystallization wave correlates with a 
peak in the stress profile, followed by softening until hardening restarts). 
This model did not account for temperature effects. Although it focused 
on dDRX (through the nucleation and growth of new grains), simula-
tions did reveal signs of cDRX by significantly reorienting different do-
mains within existing grains to form sub-grain, low-angle grain 
boundaries (Chang and Kochmann, 2015). 

In more recent efforts, Tutcuoglu et al. (2019b) compared the per-
formance of such a high-fidelity RVE FMCP model to a low-fidelity 
Taylor model (assuming uniform deformation across all grains instead 
of resolving the polycrystalline structure in an RVE) and compared the 
results to experimental data for hot compression of copper as a simpler 
model material system. See Fig. 14. Both high- and low-fidelity models 
were based on a stochastic nucleation criterion. While the Taylor model 
is entirely agnostic to grain size and spatial grain neighborhoods, the 
high-fidelity model was shown to capture DRX mechanisms such as the 
necklace formation prior to full recrystallization, which the Taylor 
model cannot capture. Surprisingly, the low-fidelity Taylor model still 
captured the texture evolution during DRX accurately at a much lower 
computational cost. Both models predicted an overall stress-strain 
response, a final microstructure, and a grain size that all were in 
agreement with the available experimental data (Sakai et al., 2014; Blaz 
et al., 1983; Rollett et al., 2004). This approach is currently being 
extended to Mg, the key challenge being the lack of experimental data 
that carefully describe the stress-strain response as well as the micro-
structure evolution during SPD. 

While the above models address the constitutive behavior at the 
mesoscale, an additional challenge arises from simulating realistic SPD 
processes, starting on the macroscale and modeling the experimental 
process and boundary conditions (rather than relying on material point 
calculations). To this end, Kumar et al. (2019a) employed the afore-
mentioned Taylor-type crystal plasticity model at the microscale of a 
two-scale formulation, which on the macroscale uses the meshless 
enhanced local max-ent approximants of Kumar et al. (2019b), based on 
the original work of Arroyo and Ortiz (2006). This multiscale model was 
successfully used to compute and predict the texture evolution during 
multiple passes of ECAE in good agreement with experiments (Iwahashi 
et al., 1996). This recrystallization model captures the spatially varying 
microstructure at different points of the extruded billet and captures the 
grain refinement as well as the texture of the (newly formed) grains – 
clearly demonstrating grain refinement in the process zone alongside 
grain coarsening during the recovery process after the process zone. 

9. Prognosis and future work 

Using the Materials-by-Design paradigm, new approaches have been 

Fig. 13. Comparison of simulated pure Mg single-crystal response with 
experimental data from Kelley and Hosford (Kelly and Hosford, 1968). Depicted 
are the cases: in blue, compression along the c-axis; in orange, compression 
perpendicular to the constrained c-axis; in green, compression perpendicular to 
the unconstrained c-axis; and, in black, compression 45◦ to the c-axis. Each case 
activates a different slip- or twin system predominantly, which was used to 
calibrate the material parameters of the Chang and Kochmann model (Chang 
and Kochmann, 2015). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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explored and certain gaps in our understanding have been explained. 
The effects of ECAE route on DRX, grain size distribution, twin 
enhancement, and texture modification offer new alloy design oppor-
tunities. A better understanding of the DRX process widens the pro-
cessing window for Mg and Mg alloys. It is well known that a notable 
shortcoming of the ECAE process is the relative difficulty in creating 
textures aside from a basal fiber. However, the availability of excess 
strain energy coupled with route variations, step-down temperatures, 
and the creation and enhanced formation of large twins at lower 
extrusion rates can facilitate the possibility of generating finer scale and 
bimodal microstructures through careful route design. The onset and 
efficiency of DRX may be optimized by using routes that deviate from 
constant rates and temperatures, involving rotations and temperatures 
where twinned and un-twinned regions do not deform by the same 
mechanisms (e.g., basal slip, basal and prismatic slip, or extension 
twinning). Though, in developing such processing schedules care must 
be exercised not to compromise grain size refinement. Similar modifi-
cations in subsequent passes permit the formation of uni-, bi-, or multi- 
modal structures with textures that more closely emulate other pro-
cesses with textures having biaxial or orthotropic qualities (such as 
traditional extrusion with its prismatic fiber texture). Conversely, 
enhancing the rate of twinning at higher or lower extrusion rates could 
facilitate weaker textures and exploit Mg’s inherent anisotropy. A 

modified last pass with an altered extrusion rate would be a straight-
forward way to improve microstructural homogeneity and weaken the 
texture. 

Nevertheless, it must be realized that the primary competition be-
tween twinning and DRX mechanisms in pure Mg will be exacerbated by 
other phenomena, such as the precipitation of secondary phases, as our 
results demonstrate in the exemplary model binary and ternary alloy 
systems. Most frequently, the presence of high concentrations of alloy-
ing additions will give rise to more complex multimodal microstruc-
tures. In this volume, a sister publication by Prameela et al. provide a 
comprehensive review of precipitation in Mg alloys, with a focus on 
model binary systems Prameela et al., 2021. There is definite evidence 
that manipulation of such phases can be used advantageously. However, 
the ability to design and develop optimized microstructures will require 
further elucidation of the specific interactions between the precipitate 
phases and other defects (primarily dislocations and vacancies) that will 
affect the propensity of these alloys to undergo twinning and DRX. 
Specifically, the spatial and temporal delineation of these competing 
processes while understanding how to control their governing growth 
mechanisms will allow the fabrication of next-generation Mg alloys. 

Within a crystal plasticity framework incorporating lower mesoscale 
modeling, we have also established a substantial and comprehensive 
basis for treatment and understanding the competition between DRX 
and twinning mechanisms in pure Mg and more complex Mg alloys. 
Ongoing and future efforts will require an extension and combination of 
these emerging approaches into a holistic multiscale framework for 
simulating SPD processes across new alloy systems as well. Such treat-
ments, adjusted for the desired length and time scales towards predictive 
forward and inverse models, should effectively link processing condi-
tions to material microstructures. 

Author agreement statement 

We, the undersigned, declare that this manuscript is original, has not 
been published before and is not currently being considered for publi-
cation elsewhere. We confirm that the manuscript has been read and 
approved by all named authors and that there are no other persons who 
satisfied the criteria for authorship but are not listed. We further confirm 
that the order of authors listed in the manuscript has been approved by 
all of us. We understand that the Corresponding Author is the sole 
contact for the Editorial Process. 

Author conflict of interest statement 

We, the authors, declare no conflicts of interests. 

Declaration of competing interest 

The authors declare no conflict of interest. 

Acknowledgments 

The authors would like to gratefully acknowledge the financial and 
technical support from Center for Materials under Extreme Dynamic 
Environment (CMEDE). Research was sponsored by the U.S. Army 
Research Laboratory and was accomplished under Cooperative Agree-
ment Number W911NF-12-2-0022. The views and conclusions con-
tained in this document are those of the authors and should not be 
interpreted as representing the official policies, either expressed or 
implied, of the U.S. Army Research Laboratory or the U.S. Government. 
The U.S. Government is authorized to reproduce and distribute reprints 
for Government purposes notwithstanding any copyright notation 
herein. 

Fig. 14. (a) Evolution of the internal stress state of a pure Mg RVE during DRX. 
The changes in the stress levels can be explained by the formation of new, 
pristine, unhardened grains after the onset of recrystallization at points B and 
later at F. Correspondingly, (b) depicts the averaged stress-strain response of 
the RVE. Snapshots A through J match different points of interest during the 
processing. The averaged stress undulations match the expected behavior due 
to the DRX. (Adapted from Tutcuoglu et al. (Tutcuoglu et al., 2019b)). 
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