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Abstract

ZE20 (Mg-2Zn-0.2Ce)? is a new wrought magnesium alloy with improved extrudability and mechanical properties
[1]. To understand the constitutive behavior and workability of this new alloy, Gleeble thermomechanical testing has been
carried out in this study. The flow stress behavior of ZE20 was investigated between 250°C to 450°C and 10 s to 1.0 s in
isothermal compression. Constitutive descriptions of the flow stress are provided. A new general approach at
application of the extended Ludwik equation is demonstrated and was found to be more accurate than the hyperbolic
sine Arrhenius model while having a similar number of model constants. Processing maps were developed based on the
experimental results and are verified with microstructural investigation. A region of safe processing with non-basal
texture and high activity of dynamic recrystallization (DRX) was found between 375°C and 450°C, from 10 s to 102° s..
A region of potentially safe processing with annealing that is associated with shear band nucleation of non-basal grains
was identified for temperatures as low as 300°C and rates as high as 101 s1.
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1. Introduction

Lightweighting is an increasingly effective approach to improving vehicle fuel efficiency and reducing greenhouse
gas emissions in the automotive industry. Given that Mg has the lowest density of any structural metal, it is an attractive
choice for vehicle lightweighting. Though die casting presents the most efficient manufacturing process for implementing
Mg in automotive applications, both in terms of productivity and potential part consolidation [2,3], wrought Mg
components have successfully replaced some non-critical structures in automotive design [3]. Magnesium sheet and
extrusions have received increasing attention from the automotive industry, but wrought Mg still faces several barriers to
widespread application. Chief among these barriers are magnesium’s low formability at room temperature, and its
tendency to form strong basal deformation textures. Both of these can be related to magnesium’s crystal structure and
deformation mechanisms.

Being hexagonal close packed with a c/a ratio less than the ideal value, Mg has few easy deformation modes. The
most important slip systems in Mg include (0002)<1010> slip, {1010}<1120> slip, {1011}<1120> slip, and {1011}<1123> slip,
also referred to as basal slip, prismatic slip, pyramidal <a> slip, and pyramidal <c+a> slip, respectively [4,5]. Though the
specific values of critical resolved shear stress (CRSS) for each of these slip systems depend on alloy composition [2], basal
slip is recognized as having the lowest CRSS of these deformation modes at room temperature. Magnesium also
possesses several twinning modes, of which the most relevant for plasticity are {1012}<1011> twinning and {1011}<1012>
twinning, or “tension twinning” and “compression twinning”, respectively [6,7]. Tension twinning has a CRSS on par
with that of basal slip and imparts limited ability for the crystal to accommodate strain along its c-axis. Compression
twinning has a very high CRSS and is seldom activated; as such, it is often excluded from consideration in plasticity
simulations [8]. It is noteworthy that if compression twinning does occur, it rotates material into an orientation very
favorable for deformation, leading to strain localization and failure [7].

Despite the number and complexity of deformation modes in Mg, it is easy to show a simplified view of monotonic
compression for Mg polycrystals. Under applied strain, basal slip and tension twinning will operate in tandem at low
stresses; twinning contributes greatly to basal texture formation and orientation hardening at low strains [6]. Possessing
higher CRSS, prismatic and pyramidal <a> slip is activated at moderate stress [9], though it does not accommodate much
strain in the now basal-textured polycrystal. With further strain, either the material fails, or pyramidal <c+a> slip
activates at high stress, providing strain accommodation until ultimate fracture. Because pyramidal <c+a> slip is the only
slip system to provide strain accommodation along the unit cell’s <c> axis (approximately along a basal textured
polycrystal’s compression axis) [9], it is a key slip system for process and design considerations. In addition to prismatic
and pyramidal <a> slip, pyramidal <c+a> slip’s CRSS can be lowered by increasing the deformation temperature [8]. The
CRSS of any slip mode can be sensitive to alloying as well, and the elements which soften non-basal slip or harden basal
slip relative to non-basal slip are considered favorable alloying elements [10,11].

From a processing standpoint, the easy texture formation in Mg at even low stress and strain is problematic. For most
wrought products, the dominant stress state is compressive, leading to a strong texture where basal planes are aligned
perpendicular to the compression axis [12,13]. Such basal texture gives sheet and extrudates macroscopic anisotropy and
tension-compression yield asymmetry [14], resulting in limited subsequent formability. The traditional approach to
mitigate the effects of texture is by heating Mg components during secondary forming operations, thereby thermally
activating non-basal slip modes. Unfortunately, this is not always practical, as heating and annealing schedules come
with an associated cost. Currently, two other main strategies exist to overcome the barriers imposed by magnesium’s
mechanical behavior: grain refinement and texture modification [15]. Texture modification strategies aim to reduce the
intensity of basal texture, consequently mitigating anisotropy and yield asymmetry and increasing formability. Grain
refinement aims to obviate the need for texture control, as studies have shown that twinning is suppressed in very fine
grained Mg [16,17], resulting in increased ductility and reduced tension-compression asymmetry [18]. Refined
microstructures can be produced by severe plastic deformation (SPD) processing, such as equal channel angular
processing (ECAP) [19] or high pressure torsion [20]. Fine grained Mg can also be produced using small alloying
additions of Zr, as in the case of Mg alloys ZK60 and ZEK100.

In the most widely used wrought Mg alloy, AZ31 (Mg-3Al-1Zn), various aspects of plastic deformation, forming,
processing, texture, and recrystallization have been extensively studied [4,5,8,16,21-28]. With the ever-increasing
industrial demand of lightweight materials, new emphasis has been placed on alloy development and the search for
higher performing Mg alloys. The current generation of rare-earth-containing Mg alloys achieves both texture
modification and grain refinement to some extent via enhanced recrystallization [29,30]. While conventional Mg alloys
tend to retain the parent material’s basal texture through recrystallization [31], the addition of rare earths can help
nucleate new grains in non-basal orientations either through particle-stimulated nucleation (PSN) [14,32] or through shear
band nucleation (SBN) [33]. After nucleation, rare earths have been shown to slow growth of new grains, either through
particle pinning effects [34] or through strong interaction of solutes with dislocations and grain boundaries [35]. Strong
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solute-dislocation interaction is also an accepted cause of dynamic strain aging (DSA),and processing under conditions
where DSA is expected to occur has been shown to influence the formation of non-basal texture [36].

ZE20 (Mg-27n-0.2Ce), patented by Luo et al., is one of the most viable alloys of the current generation in terms of its
superior formability and low cost [37]. It combines the texture reduction and recrystallization properties imparted by Ce
additions [34] with solid solution strengthening from zinc, resulting in a high ductility, low cost alloy with strength
comparable to that of AZ31 [1]. The mechanical behavior of this alloy still has not been adequately described in the
literature. Gao and Luo applied the Sellars-Tegart relation to the peak stress of ZE20 but only published select mechanical
data and do not model the full flow stress behavior [38]. Bingol and Misiolek applied artificial neural network (ANN)
and gene expression programming (GEP) methods to the low-strain behavior of ZE20, making contradictory and dubious
predictions [39]. The present study seeks to provide a complete constitutive description of flow stress in industrially-
relevant conditions. A novel formulation of a classical strain hardening model is presented and compared to the Sellars-
Tegart model. Processing maps are constructed and used to guide microstructural characterization of mechanisms
occurring in different domains of material behavior.

2. Materials and Experimental Methods
The materials used in this study were direct chill cast ZE20 billets, provided in previous work [40] by the United

States Automotive Materials Partnership (a consortium of General Motors, Ford and Fiat Chrysler). Alloy chemistry was
verified via optical emission spectroscopy and is shown in Table 1.

Table 1
Chemical composition of ZE20 alloy
Trace
. others
Element Ce Mn Zn Th Si (<0.01% Mg
each)
C"mpz’;‘tt‘;; 02686  0.3599 1.966 01213  0.01086 002863  Balance

Compression cylinders of 15mm length and 10mm diameter were machined from the as-cast billets via electrical
discharge machining (EDM). Uniaxial compression testing was performed at constant true strain rates and temperatures
using a Gleeble 3800 servo-hydraulic thermomechanical testing system. Specimens were compressed to a true strain* of
1.0 at each combination of temperature and strain rate using strain rate decades from 103 s to 1.0 s and temperatures
from 250°C to 450°C in 50°C increments. Strain was calculated using the Gleeble’s hydraulic ram displacement.
Displacement was measured with an internal LVDT having 0.002mm resolution and +0.25% full scale accuracy over
£62.5mm of travel. Final displacement was verified ex-situ to be within +0.5% to +1.0% of the desired displacement
increment. Stress was calculated using the traditional assumption of constant volume of a right cylinder. Force was
measured using a load cell with having +1kg resolution and +1% full scale accuracy for +10,000/-20,000kg full range.
Testing temperature was monitored and maintained constant via K-type thermocouple probes percussion welded directly
to the specimen’s surface. All specimen temperatures were within +3°C of the desired testing temperature for the entire
duration of the mechanical test. Specimen-platen contact area was well lubricated with 0.005” graphite foil. In order to
avoid post-dynamic recrystallization, specimens were water-quenched immediately after testing. Qualitatively, post-test
specimens showed very little barreling (if any), but the surface quality of tested specimens prevented accurate
measurement of barreling. Mechanical data were not corrected for barreling or adiabatic heating.

Specimens were sectioned axially and polished down to 1pm diamond abrasive using standard metallographic
techniques. Final polish was accomplished using colloidal silica for three minutes. Specimens were etched for 5-8
seconds in a diluted acetic-picral solution consisting of 4.2g picric acid, 10ml acetic acid, 110ml ethanol, and 10ml distilled
water. Etched specimens were studied with optical microscopy, and salient microstructural features were examined in
detail with scanning electron microscopy (SEM), and electron backscatter diffraction (EBSD).

All electron microscopy was performed on a FEI XL-30 microscope operating at 20 kV. Scan area and step size were
varied as appropriate for the features of interest in each scan. Step size was chosen such that there were at least five scan
points across the diameter of fine recrystallized grains or other features of interest. Analysis of EBSD data was performed
using EDAX OIM software. A light cleanup was used on all datasets. Except where stated, all points with a confidence
index of 0.1 were first excluded from the dataset. A single iteration of grain dilation (grain tolerance of 5°, minimum

4 All listed strains in the present work are compressive. For simplicity, the negative sign is omitted.



grain size of 5 scan points) followed by neighbor orientation correlation (level 1 cleanup, grain tolerance angle of 5°,
minimum confidence index of 0.1) was then applied to the data. Less than 0.5% of the total data set was changed in either
cleanup step. EBSD data were partitioned according to grain size. Partitioned datasets were characterized qualitatively
with visual inspection, and partitioned textures were analyzed quantitatively using inverse pole figures (IPFs).

3. Numerical Methods
3.1 Hyperbolic Sine Arrhenius model

Despite its empirical nature, the hyperbolic sine Arrhenius type equation proposed by Sellars and McTegart is
perhaps the most common constitutive description of flow stress available in the literature [41]. It takes the form

€ = A [sinh(ao)]"exp (ﬁ) 1)
where g, ¢, T, and Q are flow stress, strain rate, absolute temperature, and activation energy of deformation, respectively;
and A, a, and n are material constants; and R is the universal gas constant. The Sellars-Tegart relation provides an
empirical link across different regimes of material behavior.

At low stresses (at high temperature or low strain rate), Eq. (1) reduces to a power law (¢ = A -¢™) often used to
describe creep stresses; and, at high stresses (low temperature or high strain rate), it reduces to an exponential relation
(¢ = A - exp(Bo)) which is useful for hot working [41]. Knowing all other variables, the Arrhenius portion of the Sellars-
Tegart relation allows for determination of activation energy and correlation to the rate-limiting deformation mechanism
(diffusion, recovery, or recrystallization at steady state) [42]. These all contribute to the robustness of the model, giving it
a very wide range of applicability over a large temperature range and several strain rate decades.

Strain does not enter the Sellars-Tegart relation, and its original intent is to be used with steady state stress [42].
Despite this, many works iteratively apply the Arrhenius equation to all experimental strains [43,44] and achieve
satisfactory results for some predictive purposes. With such application, the model constants become functions of strain
instead of scalars. The resulting form lends itself to easy reporting, where model constants are typically reported as
polynomial functions of strain. Some works argue that this method makes some of the model constants difficult to
interpret or lose physical meaning [45]. Other authors note that the only model constant with true physical meaning is
the activation energy of deformation, Q [46].

Several sources [44,47,48] in the literature describe the graphical methods used to determine the model constants.
Experimental data at every 1% of plastic strain were implemented in the model. The predictive accuracy of the model
was evaluated for flow stress at all strains, strain rates, and temperatures using average absolute relative error (AARE)
and root mean square error (RMSE), which are defined as

i i
_ 1N |Ucalculated_dexperimental|
ETTOTaARE = |y &ui=1| P @)
experimental

— |i1ynN i i 2
errorrRMse = J;Zi:l(aelxperimental - o-éalculated) ®)

where N is the total number of data points, and i represents the i-th data point.
3.2 Extended Ludwik Strain Hardening

The extended Ludwik equation [49,50] adds strain rate effects to the Hollomon equation via an additional power
term. It takes the form

N/
o=Ke} (i) 4)
where K is the strength coefficient, ¢, is effective plastic strain, n is the strain hardening rate, and m is the strain rate
sensitivity. In this form, &) is a reference strain rate (usually taken to be 1 s1) so that no dimensional terms are involved in
the power law. When using the extended Ludwik equation to model strain hardening over a range of temperatures, K, 1,
and m are taken to be functions of temperature and independent of strain or strain rate [49]. This formulation of the
extended Ludwik equation has been used successfully to model the flow stress of cast aluminum at low strains [44,51],
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but it would poorly capture the behavior of ZE20 at high strains. At a given temperature, n is single-valued in Eq. (4) and
cannot capture both low strain work hardening and high strain softening due to DRX.

Changes in hardening behavior can be modeled using multiple-stage strain hardening, similar to the “double-n
effect” reported in iron and steels [52], where the strain hardening exponent and strength coefficient change values after
some critical strain. Unfortunately, the hardening behavior of ZE20 is not well-described by a simple two-stage or
multiple stage linear strain hardening exponent. In the present work, we instead express the strain hardening rate as a
continuous function of strain while also incorporating strain rate and temperature dependence.

Determination of constants for the traditional version extended Ludwik equation is straightforward. Taking the
natural logarithm of Eq. (4) results in

Inoc=InK+nlne+mlné )
Taking the partial derivative with respect to strain rate gives
_ [dneo
m= [dln é]T (6)
Equation (5) can be used to find m and K simultaneously via graphical methods. On a plot of In(0) as a function of
In(e), m is the slope of the plot, and In(K) is the intercept. Average values of m and K are taken across all strain rates. For

ease of reporting, polynomial fits of m(T) and K(T) are used. The strain hardening rate is determined by taking the partial
derivative of Eq. (5) with respect to strain. For the traditional model, it takes a form similar to Eq. (6):

=[], 0

To instead obtain a strain hardening function, n’, which varies with strain, we differentiate Eq. (5) using the chain
rule:

dIn(o) _ dn’
de  de

In(e) + 2 ®)

For the temperatures and strain rates used in the present study, the left hand side of the equation is well described by
an exponential function. Substituting an exponential function with arbitrary constants into Eq. (8) gives

In(e) +2 = Aexp(Be) + C )

Solving the differential equation results in

,_ 1[4
=16 [B exp(Be) + Ce + D] (10)
where A, B, C, and D are functions of strain rate and temperature. The overall expression for flow stress is obtained by
substituting Eq. (10) into Eq. (4):

=K (g{ﬁ[gexp(ss)wﬁp]}) (i)m (11)

o

The constants A, B, C, and D were evaluated at each combination of temperature and strain rate, and a second-order
polynomial surface was fit to the each constant (A, B, C, and D) in In(€) - T space. As with the Arrhenius model, the
accuracy of the extended Ludwik model was evaluated with AARE and RMSE (Eq. (2) and Eq. (3)). Because polynomial
surfaces are sensitive to the values of the points used, especially because they incorporate a In(g) axis, a light optimization
was applied to the coefficients of A, B, C, and D (no optimization was performed for m or K). An iterative gradient
descent method was used, on the basis of minimizing the AARE of the final equation. After optimization, values of n’
were verified to remain accurate to actual material behavior for each temperature and strain rate. Results of both the
optimized solution and the original solution are compared to the Sellars-Tegart model.



3.3 Processing Maps

Processing maps are a useful tool for hot forming operations which describe the optimal conditions for forming a
material at different temperatures, strain rates, and strains. The most commonly used construction of processing maps
relate this by superimposing an efficiency term developed by Prasad et al. and an instability criterion subsequently
developed by Kumar and Prasad [53-55]. The work by Prasad et al. is based on a variational principle analysis of rigid
viscoplastic material behavior by Oh and Lee and Kobayashi [56,57]. Using principles of the Dynamic Materials Model
(DMM) outlined by Wellstead, they modeled the workpiece during deformation as a linear dissipator of power [58].
Briefly, their derivation is as follows:

P=gé= [fodé+ [ édo (12)
where P is the total power dissipated by the workpiece. This is commonly rewritten as
P=G+]J (13)

where G is the “dissipator content” and | is the “dissipator co-content.” Prasad et al. noted that these terms could be
conceptualized in terms of irreversible thermodynamics: G describes the power dissipated by plastic work (mostly heat),
and | describes the amount of power dissipated by metallurgical processes [53]. Assuming a power law form of stress
(0=ke'™), the term of interest | can be evaluated

]=J'aéd0-=”_m (14)

0 m+1

The efficiency of power dissipation via metallurgical processes, 7, is the instantaneous value of ] normalized by the
maximum possible value of |, which occurs at m = 1.

n= J _ my1 _ 2M (15)

Jmax 2 T m
Kumar and Prasad incorporated work by Ziegler into this framework[54,55,59]. Ziegler noted that stable flow occurs if

a _ D (16)

dé &

is satisfied, where D(¢) is the dissipative function of the material. Since metallurgical stability is of interest,
microstructural stability can be determined by substituting ] for D. Simplifying the resulting inequality, the final stability
criterion is written as

()= —m 4 ;>0 17)

By convention, processing maps using this method plot # at a certain strain in strain rate - temperature space. Any
regions where the inequality in Eq. (17) is not satisfied are marked as regions of plastic instability.

It is noteworthy that these derivations are not universally accepted, but they are the most commonly used - both in
research publications [60,61] and in standard reference materials [62,63]. However, material workability has been widely
researched, and alternate methods for characterizing it are certainly available in the literature. Raj proposed one of the
first processing maps by superimposing regions where different mechanisms operate which could lead to material failure
[64]. Shortly afterward, Semiatin and Lahoti proposed a criterion to quantify flow localization, working under the
assumption that unstable flow occurs whenever flow softening is observed [65,66]. Murty and Rao have criticized the
instability criterion in Eq. (17) because of its use of the power law, and have derived their own more general instability
parameter [67]. More recently, Poletti et al. have developed their own criterion by avoiding the use of strain rate
sensitivity to describe stable flow and have compared with Prasad’s and Murty’s methods [68]. Still other notable works
include Montheillet et al. who work with strain energy density rather than power dissipation [69], and Ghosh who
provides an alternate derivation based on thermodynamic quantities for D instead of simple substitution of | for D [70].



4. Results and Discussion
4.1 Mechanical Behavior

The general trends of ZE20’s mechanical behavior are similar to those of any metal. Both the yield stress and the flow
stress at a given strain increase with increasing strain rate and decrease with increasing temperature. Specific attributes of
the flow curves are more interesting, as several regimes of material behavior are evident. The experimental flow curves
are shown in Fig. 1.
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Fig. 1. True stress - true strain curves for ZE20 gathered at (a) 10 s, (b) 102 s, (c) 10 s7, and (d) 1.0 s

It is most useful to interpret flow curves on the basis of Zener-Hollomon parameter, Z, as it takes into consideration
both temperature and strain rate (Z = &€ - exp (S—T)). In regions with low Z (specifically, at 400°C to 450°C and 102 s to 103
s1and somewhat at 350°C and 103 s7), the flow curves for ZE20 nearly resemble ideal plastic flow; flow stress is nearly
constant under these conditions. This is not unreasonable behavior, as 400°C and 450°C translate to high homologous
temperatures (>0.7 Tn) for Mg, and the applied strain rates are very low. Under these conditions, thermally activated
phenomena such as DRX or even creep are not kinetically limited and should govern the material response.

In regions with high Z (specifically, 250°C to 300°C at 100 s and 250°C and 10 s1), flow stress rises to a steady state
value, after which little softening is evident. This behavior is classically attributed to dynamic recovery (DRV) in FCC
materials with high stacking fault energy, such as Al and Cu; it has also been studied in Mg, though it should operate to a
lesser extent [71,72]. DRX should also operate at these strain rates and temperatures, and it should be responsible for the
slight softening seen at high strain for these curves. DRX and DRV should operate in tandem to produce the effect seen in
the flow curves.

In regions with intermediate Z, the flow curves exhibit yielding followed by linear or concave-down hardening until
they reach a peak stress at approximately 20% - 40% strain, followed by significant flow softening. Such behavior is
classically attributable to DRX.



4.2 Constitutive Models

Both constitutive models achieved satisfactory results. The experimental data is plotted along with predicted flow
curves in Fig. 2 to facilitate qualitative comparison of both models’ performance.
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Fig. 2. Comparison of model predictions and experimental flow stress data at (a) 10?3 s, (b) 102 s, (c) 10" s, and (d) 1.0
s. For the Ludwik model, only the optimized solution is shown.

By simple inspection of Fig. 2, both models perform the best at high temperatures and low strain rates. Moving to
lower temperatures and higher strain rates, neither model predicts flow stress completely accurately as the material
behavior changes to DRV-like behavior. Instead of predicting hardening to high strains and steady state behavior, both
models predict a peak stress at about 25% strain followed by work softening at temperatures of 300°C and below and
rates of 10 s and above. At 250°C and 1.0 s, the Arrhenius model far over-predicts flow stress and is likely outside the
model’s applicable range.

Overall, the hyperbolic sine Arrhenius model provides adequate results. It does not consistently over-predict or
under-predict flow stress with changing temperature or strain rate. The model generally has higher accuracy at higher
strains. The model has fairly good accuracy, though it seems to be less accurate in predicting peak stress. The AARE for
the Arrhenius model was 3.51%, and its RMSE was 2.88 MPa. This is by no means poor model performance, but there are
some obvious inaccuracies in the model.

Because of the way strain is implemented, the Arrhenius model cannot predict flow stress past the lowest
experimentally-obtained strain (in this case, a strain of about 0.92). Another outcome of the model’s implementation of
strain is that the Arrhenius model predicts the same general shape for each stress-strain curve. This is evident from a few
kinks at 10%, 25%, 70% and 80% strain that are present in each flow curve. These kinks arise from the use of high order
polynomials as fitting functions for the model constants, and they tend to cause inaccurate prediction of flow stress at low
and high strain (¢ < 0.1 and & > 0.8). The final model constants used to obtain these results are presented below in Table 2.
When expressed as a function of strain, each constant from Eq. (1) takes the general form
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f(&) = Co+ Cie+ Cre? + C3€3 + Cpe* + Cse5 + C4® + Cre7 + Cqe® (18)

Table 2. Polynomial coefficients for hyperbolic sine Arrhenius model constants.

1(¢) Go G C Cs Cy Cs Cs C; Cs
a 0.11717 -2.0862 21.523 -110.22 319.68 -552.17 563.01 -312.78 72.981
n 4.8508 23.208 -548.05 3554.8 -11598 21584 -23214 13438 -3241
Q 229.75 -1254.3 11794 -57511 1.6038 105 - 2.6431 105 - 32452
2.675210° 1.4272 105
In(A) 26.172 -13.389 26.337 -37.137 39.811 -18.493 0 0 0

The constants Cs, C7, and Cs for In(A) were chosen to be zero because a fifth-order polynomial fit the experimental
data sufficiently well. It is usually desirable to use low-order polynomial functions in order to reduce the number of
model constants, and other studies generally limit their use to fifth or sixth order polynomials [43,73,74]; these same
studies often incorporate a lower sampling of experimental strains. Even with the eighth order polynomials used here, it
seems that sharp features in a, n, and Q with respect to strain are captured poorly. This causes the kinks in the flow curve
as well as the poor prediction at very low or very high strains. A weighting function could be used to increase accuracy
of the polynomial fits at low strain; but the main issue lies with the technique of implementing polynomials, not the
specific accuracy of the polynomials. As stated earlier, the original model developed by Sellars and Tegart does not have
any terms relating to strain and is properly used under steady state or constant microstructure conditions [75]. It is
unlikely that cast ZE20 will satisfy this condition even if deformed to high strains, given the differences in microstructure
evolution that it exhibits.

Despite its flaws, the hyperbolic sine Arrhenius model is quite valuable as a standard against which to measure other
models” performance. The extended Ludwik model achieved better agreement with the experimental data. Over the
same strains where the Arrhenius model was valid, the Ludwik model had a slightly superior AARE and RMSE of 3.24%
and 2.59 MPa even prior to model optimization. After optimization, the Ludwik model had an AARE of 2.74% and a
RMSE of 2.23 MPa. Much like the Arrhenius model, the Ludwik model’s worst point of predictive accuracy is near the
peak stress. Unlike the Arrhenius model, the Ludwik model better predicts both low strain and high strain flow stress for
most testing conditions. Because of its derivation from a hardening law, it is unsurprising that the modified Ludwik
equation better predicts the hardening behavior of ZE20. The expansion of the Hollomon term into a hardening function
gives the extended Ludwik equation high fidelity to ZE20’s hardening behavior across different regimes of material
behavior. Because the hardening function is a strain derivative and not a strain rate derivative, it is applicable to all
experimental strains, unlike the Arrhenius model.

The optimized model constants used to obtain these results are detailed below. The strain rate sensitivity, m, and
strength coefficient, K, in Eq. (4) are both described by linear functions of temperature:

m = 8.019-107*T — 0.3626 (19)
K = —0.4113 T + 346 (20)

where K has units of MPa. Polynomial surfaces for the constants A, B, C, and D in Eq. (10) take the form
The numeric coefficients for these surfaces are listed in Table 3.

Table 3. Coefficients for the polynomial surfaces fit to model constants A, B, C, and D

fleT) C G G Gy Gs Gs
A 47.076 0.26525 -0.0749 -0.010874 9.9394 10+ 2.6387 105
B -39.057 -4.7308 0.066344 -0.084535 0.0069578 -3.1699 105
C 0.028347 0.27796 7.1507 104 0.0086193 -3.4865 10+  -1.5566 106
D -0.88045 -0.24373 0.002056 -0.012876 2.6505 10+ -6.3565 107

In its present formulation, the extended Ludwik model has high accuracy over a moderate range of strain rates and
temperatures. A large portion of the error in the extended Ludwik equation is due to polynomial fitting to the
exponential function’s constants. Over a small range, the constants of an exponential can have significant relative
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differences while the function still evaluates approximately the same. Specifically speaking, the values of A, B, and C
could vary significantly while not changing dIn(o)/de by much in Eq. (9). However, using exact numeric values instead of
polynomial fits for A, B, C, and D, the model predicts with less than 1% error. This implies that, while the hardening
function n” can predict material behavior with great accuracy, due to its power law formulation, its constants can be
sensitive to small variations in stress and experimental errors. Overall, the validity of the general method is supported,
but alternate forms for the hardening function and alternate optimization strategies may have more stable results.

In terms of model constants, the current formulation of the extended Ludwik model is approximately on par with the
Arrhenius model. The extended Ludwik model uses 28 constants (24 in Table 3 and four from Eq. (19) and (20)) while the
formulation used here for the Arrhenius model has 27 constants, all from Table 2. There is little room for improvement
for the Arrhenius model, as a, n, Q, and A often take complex forms, necessitating the use of high-order polynomials.
Conversely, the extended Ludwik model likely has much room for improvement because so many constants are grouped
into n’. In other words, n’ is likely over-defined in the model’s present formulation. This effectively permits model
optimization; because A, B, C, and D have no physical significance, their values may be changed (within reason and with
verification that n’ still fits Eq. (8)) in order to minimize model error. Similar optimization is not possible for the Sellars-
Tegart model, where non-physical results are often obtained. Sacrificing some of the extended Ludwik model’s potential
for optimization, the form of A, B, C, and/or D could be limited to either strain rate or temperature dependence in order
to reduce the number of model constants. Alternately, simpler linear polynomial surfaces could be chosen for A, B, C,
and/or D. Having higher accuracy with a similar number of constants while also having options for optimization or
reduction in the number of model constants shows the potential of the extended Ludwik model.

Several possible changes in form could also increase the performance of the extended Ludwik model. One of the
advantages of the Hyperbolic Sine Arrhenius equation is that it is applicable over a wide range of strain rates and
temperatures. It can predict flow stress well in regimes where strain rate sensitivity is dependent on strain rate (regimes
where the power law is not valid) [75]. The extended Ludwik equation could easily incorporate rate-dependence of strain
rate sensitivity, using a method for m similar to that for n’, in order to further increase its range of applicability. While not
presented here, several other forms for dln(o)/de in Eq. (8) were considered, including power law, rational, and
polynomial forms. Alternate solution methods were also tried, by substituting exponential, power, rational, and
polynomial functions directly for n” in order to eliminate the extra constant necessitated by solution of the differential
equation in (9). Many attempts were successful, but the present formulation had the highest predictive accuracy while
also having constants in an easily reportable form. The emphasis here is on the general solution method. In other
materials, some of these alternate methods may better fit the material behavior or may improve the utility of the model by
reducing the number of necessary model constants.

4.3 Processing Maps and Characterization

The processing maps obtained from the experimental data are shown below in Fig. 3. Two domains and two
instability regions in Fig. 3 were identified using conventional guidelines. Domain I exists between 101% s and 10-2° s
above 400°C and 5% strain. Domain II exists between 300°C and 400°C below 10-25 s-1, shifting to lower temperatures at
higher strains, and finally disappearing at 55% strain. Instability Region I sweeps across most of the temperatures and
strain rates, leaving two islands of stability: one at low strain rate and high temperature, and one at high strain rate and
low temperature. The stable region at low temperature and high rate gradually moves to even lower temperatures and
higher strain rates as Instability Region I moves to lower temperatures and strain rates with increasing strain. Instability
Region II lies between 400°C and 450°C at 103 s between 20% and 45% strain.
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Fig. 3. Processing maps for ZE20 at (a) 15% strain, (b) 35% strain, (c) 65% strain, and (d) 90% strain. Domains and
Instability Regions are numbered in blue and red, respectively. Shading indicates regions where the stability criterion
(Eq. (17)) is not met.

As noted previously, processing maps built using Equations (15) and (17) only implicitly contain information about
the microstructural processes taking place. Furthermore, all metallurgical processes which could dissipate power are
included in the single efficiency parameter. With this construction, explicit rules about processing and microstructures do
not exist. Instead, the generally accepted rule is to choose processing temperatures and strain rates where DRX will
occur, usually found at a maximum of efficiency between 30% and 55%, depending on the material’s stacking fault energy
[76]. With this convention, Domain I and Domain II are good choices for primary processing.

These expectations are mostly consistent with the conventional flow curve analysis. Referring back to the discussion
about Fig. 1, low Z testing conditions produce nearly flat flow curves, and DRX was predicted throughout this region.
Domain I and Domain II lie in this region, and the high 7 values at high temperature and low strain rate in Fig. 3 (c) and
(d) reflect this. Contrary to the classical analysis, Instability Region II exists between 400°C and 450°C at 102 s1, which
should have little or no DRX. Because this lies between the initial testing temperatures, it could not be seen from the flow
curves. Moderate and high Z regions are also fairly consistent with conventional analysis. The softening visible at
moderate and high strains in these flow curves correlates well with Instability Region I. Because processing maps are
calculated on the basis of strain rate sensitivity, they do not exactly reflect the classical assumption that work softening
causes plastic flow instability. Take for example the flow curves for 400°C and 450°C at 1.0s? - softening is clearly
evident at high strain in Fig. 1 (d), but stability is predicted in Fig. 3 (d).

The microstructural processes occurring in these domains and instability regions were verified with EBSD. For
reference, the initial microstructure and texture of an exemplar specimen are shown in Fig. 4 along with specimen
reference directions. The orientation color map (or IPF map) shows that the as-cast material has a globular dendritic
microstructure with relatively equiaxed grains. The average grain size was measured as 380pm. Clusters of non-indexed
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scan points visible in the IPF map correspond to second phase particles in the grain interiors and at grain boundaries. The
pole figures show a few peaks in texture intensity, but they do not correspond to any typical texture component for Mg.
Instead, since relatively few grains were sampled in the scan area, the pole figures show that a variety of orientations are
sampled for such few grains. The as-cast material therefore has a fairly random texture.

(c)

B -
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i

max: 4.730
§

- 1010
Fig. 4. Microstructure and texture of as-cast ZE20: (a) IPF map with key, (b) basal and prismatic pole figures of scan area,
and (c) specimen directions. Colors for (a) are plotted in [AD]. IPF key in (a), scale in (b), and specimen directions in (c)
are consistent for all other figures.

Consistent with the both the conventional and processing map predictions, Domain I exhibited significant DRX. Fig.
5 shows the microstructure and texture of a specimen tested in Domain I at 450°C and 102 s to 100% strain, partitioned
into deformed and recrystallized grains. Recrystallization is obviously discontinuous, with bands of recrystallized grains
separating large deformed grains. Fig. 5 (c) shows that the texture of the deformed material is nearly basal, with the
predominant texture component in the compression direction about 20° from [0001]. The recrystallized region has the
same texture component with a lower intensity.

The bulk non-basal texture is noteworthy. Similar textures occur in the form of split RD peaks in sheet alloys of the
same Mg-Zn-RE alloy class [77]. Such textures have been attributed to increased activity of pyramidal <c+a> slip activity
[78,79]. In this case, the activation of pyramidal <c+a> slip and associated DRX across a range of strain rates and
temperatures should allow efficient processing to very high strains. Aside from the texture, the microstructure in Domain
I is not remarkable. A more homogeneous and finer-grained material is usually desired. The specimen from Fig. 5 was
processed at peak efficiency; processing at the lower temperature boundary of Domain I would result in a smaller
recrystallized grain size and would also be more industrially viable.
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Fig. 5. Microstructure and texture of specimen tested at 450°C and 102 s'! (Domain I) to 100% strain: (a) Orientation color
map of deformed grains, (b) Orientation color map of recrystallized grains, (c) IPF of the deformed grains for the
compression direction, and (d) IPF of the recrystallized grains in the compression direction.

Fig. 6 shows the microstructure of a specimen tested in Domain II at 350°C and 10-3 s to 35% strain. Domain II lies at
the edge of Instability Region I, and the specimen shown in Fig. 6 passed partially through Instability Region I. As such,
some flow localization is present. A band of localized flow is visible from upper left to lower right across both IPF maps.
Much of the recrystallization visible in Fig. 6 (b) is associated with this deformation band. Only a few recrystallized
grains are visible at grain boundaries outside the deformation band. The parent material does not exhibit a basal texture.
The imposed strain of compression testing may be relieved by flow localization as these grains reorient to “hard”
orientations; combined with the relatively low strain of the test, this may mean that the microstructure has not yet
reached a stable (basal) orientation. The texture of the recrystallized grains is much more random, reflecting the more
random orientation of the parent material which was present when these grains nucleated at this relatively low strain.
Despite a non-basal texture, the flow localization present here suggests the need for very fine process control to avoid
Instability Region I if Domain 1I were to be used for processing. Furthermore, Domain II vanishes at moderate strain, far
below the strains imposed during rolling or extrusion. Overall, the utility of Domain II for processing is questionable.
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3107
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Fig. 6. Microstructure and texture of specimen tested at 350°C and 10 s'! (Domain II) to 35% strain: (a) Orientation color
map, (b) Orientation color map of recrystallized grains, (c) IPF showing the bulk texture in the compression direction, and
(d) IPF of the recrystallized grains in the compression direction.

Three types of plastic instability were evident in Instability Region I. The most prevalent, flow localization, was
evident in all specimens from Instability Region I. Generally, localized flow occurred in wavy, intersecting bands
perpendicular to the compression axis throughout an entire specimen. The intensity of flow localization increased with
decreasing temperature and increased slightly with increasing strain rate. Regions of localized flow were only observed
in a partially or fully recrystallized state, which fits the established recrystallization and flow softening mechanism for the
phenomenon [80]. While localized flow is not particularly visible in orientation color maps, the recrystallization bands
with which it is associated are easily identifiable via EBSD. Fig. 7 shows EBSD results from a specimen in Instability
Region I where flow localization was evident. A fairly strong, nearly-basal texture is shown for the deformed grains, and
a much weaker texture of the same character is evident for the recrystallized grains. Retained basal texture with
weakened intensity is very common in Mg alloys.
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Orientation color map of deformed grains, (b) Orientation color map of recrystallized grains in regions of localized flow,
(c) IPF of the deformed grains in the compression direction, and (d) IPF of the recrystallized grains in the compression
direction.

Adiabatic shear bands were also visible in some specimens from Instability Region I. Shear bands were only evident
at higher strain rates and lower temperatures in Instability Region I. When observed, shear bands were aligned roughly
45° to the compression axis and were fully recrystallized. Fig. 8 shows the microstructure and texture of shear bands and
their parent material. The texture intensity of the parent material is not very meaningful, as only a single grain was
sampled, but the parent material’s basal texture component is relevant. Fig. 8 (b) and (d) show clear evidence of SBN
giving rise to a non-basal orientation. A weak (3035) texture component in the compression is observed for the
recrystallized grains.

On the surface, it would seem that the microstructures of specimens tested in Instability Region I would be
undesirable for any wrought product, often containing heavily localized flow, bulk basal texture, and low volume
fractions of recrystallization. However, certain aspects of the microstructure and texture of specimens from Instability
Region I do have merit. The unrecrystallized grains in the specimen from Fig. 7 had a basal texture component with a
greater intensity than that of the specimen from Domain I (Fig. 5). This is fairly undesirable, but both specimens has a
similar area fraction of recrystallized material; and the texture intensity of recrystallized grains in the specimen from
Instability Region I was actually lower than that of the recrystallized grains in Domain I. The recrystallization texture
from the shear bands (both in texture component and intensity) is also superior to that of the specimen from Domain I. If
a material were processed under these conditions, subsequent annealing would cause grain growth in these recrystallized
regions at the expense of highly deformed grains. The result would be an overall weakening of global texture (or local
strengthening of non-basal texture) as well as refinement of the microstructure. This presents the potential for a high
performance sheet or extrusion but would necessarily introduce added cost with an additional processing step.
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Fig. 8. Microstructure and texture of specimen tested at 300°C and 10! s (Instability Region I) to 100% strain: (a)
Orientation color map of deformed matrix, (b) Orientation color map of shear bands, (c) IPF of the matrix in the
compression direction, and (d) IPF of the shear bands in the compression direction.

Though not shown here, shear cracking was also observed in some specimens from Instability Region I. Macroscopic
shear cracking was observed in some specimens tested at 250°C, 300°C, and 450°C and 1.0 s as well as 250°C and 10~ s™.
Sparse microcracking was also observed in specimens tested at 250°C and 102 s and 10 s as well as 300°C and 103 s'..
Cracking of any extent creates a flaw which can lead to failure in service. No matter the type of cracking observed, these
conditions are unacceptable for processing and mark the limits of warm formability for ZE20.

Instability Region II did not exhibit flow localization in the same manner as Instability Region I. For Instability region
11, the stability criterion in Eq. (17) is not satisfied because 7 is negative. From Eq. (15), this implies that ZE20 has negative
strain rate sensitivity in Instability Region II. Such regions are expected to undergo DSA, which is mechanistically
associated with microscopic strain localization [76]. Jiang, Jonas, and Mishra reported occurrence of the rare earth texture
component while processing under conditions of DSA [36]. Though they did not show microstructures, they argued that
extremely localized flow associated with DSA could serve as a nucleation site for shear banding, noting that shear bands
have been shown to recrystallize into rare earth texture orientations [33,81]. Unfortunately, no shear bands were evident
in the specimens tested in Instability Region II, and the rare earth texture component was not evident. The absence of
shear banding could be due to the low strain at which DSA is expected to occur, as there may not have been enough strain
localization to nucleate shear banding. It is also possible that the strain rate and temperature used seem to lie only at the
very periphery of Instability Region II, and DSA was only weakly present (again, not enough to nucleate shear bands).

Fig. 9. Microstructures of a specimen compressed to 35% strain at 430°C and 10-3 s (Instability Region II): (a) Orientation
color map, and (b) Orientation color map with image quality superimposed and subgrain boundaries (5-15°
misorientation) with low confidence index points included for clarity.

Instead of shear bands, the microstructures of specimens deformed to 35% strain in Instability Region II were nearly
homogeneous, having no obvious flow localization. Specimens also had little recrystallization relative to other specimens
15



deformed to the same strain, especially when compared to Domain II specimens (Fig. 6). Further inspection showed
severe grain boundary bulging, as is evident in Fig. 9. It is most likely that bulging is the mechanism by which DRX
initiates in this temperature and strain rate regime. Excessive bulging and pinning could also be evidence of DSA, as
these indicate strong solute interaction with grain boundaries. This type of evidence for DSA is weak, however, as other
specimens had similar features. Classical microstructural evidence of DSA, such as sheared precipitates and changes in
dislocation substructure, would be more visible using transmission electron microscopy (TEM). Regardless of the activity
of DSA in Instability Region II, shear banding, the microstructural feature with potential for texture modification, was not
present. This, coupled with the low volume fraction of recrystallization and the low strain at which Instability Region II
occurs makes this region unsuitable for primary production of wrought materials.

The above observations and analysis can be combined into a single set of recommendations for primary processing.
These are visually presented in Fig. 10 by superimposing the processing maps from Fig. 3 and adding observed
microstructural failure conditions.

o % X
-0.5F |
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T X Safe
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- x L L —_—
250 300 350 400 450
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Fig. 10. Summary of processing conditions for ZE20. Shaded areas indicate the presence of an instability region. X
indicates conditions under which cracking was observed.

The most industrially preferable processing conditions lie at high strain rates and low temperatures, translating to
higher production speed and lower energy cost from heating. For the safe region, this points to higher strain rates than
Domain II or Instability Region II, neither of which showed particularly interesting microstructural or texture traits.
Desired processing within the safe region would also occur at lower temperatures than those for Domain I. The beneficial
texture observed in Domain I is present in specimens tested at 400°C and 102 s, but the recrystallized grains are finer
while still representing a similar volume fraction of the material, resulting in a superior microstructure. This analysis is
supported by Luo et al. who studied extrudability of ZE20 relative to AZ31 [1]. Luo et al. found superior extrudability for
ZE20 at 425°C and several extrusion speeds, which translate to estimated mean strain rates of 10080 s to 10009 51,

Outside of the “safe” region, processing at lower temperature and higher strain rate increases the frequency of shear
banding. Higher concentration of shear bands would actually be desirable if one were to anneal the material in order to
grow the shear-band-nucleated grains and take advantage of the resulting non-basal texture. For this reason, the region is
marked as “potentially allowable.” Processing at too low temperature or too high strain rate risks shear cracking, though.
The exact boundary where shear cracking begins was not investigated in detail. It is important to stress that the
conditions marked as unsafe due to shear cracking in Fig. 10 are recommendations for primary processing and do not
necessarily preclude subsequent forming operations in these areas. For example, if a sheet or tube had a favorable
microstructure and texture from primary rolling or extrusion in Domain I, it may be possible to carry out subsequent
sheet forming or tube bending at 250°C.

These recommendations lay the grounds for future study related to processing. Much study would be needed to
determine whether annealing in the potentially allowed region would actually produce a beneficial microstructure or
texture. Given the limited recrystallization observed within the shear bands in Instability Region I, this regime may lend
itself to multiple-step interrupted warm forming processes, such as multi-pass rolling. For a sheet undergoing repeated
rolling and annealing, hold time at temperature between process steps should facilitate grain growth of the non-basal
grains, resulting in greater formability. For the safe region, we already show that a favorable recrystallization texture
forms, but some work is required to see if annealing or further strain can achieve a higher volume fraction of
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recrystallization. Besides microstructure, future work is also needed to assess the mechanical properties and formability
of components produced by primary processing in the recommended regions.

Conclusions

The hot deformation behavior of wrought Mg alloy ZE20 was investigated between 250°C and 450°C from 10- s to
1.0 s'l. Several deformation and recrystallization phenomena were identified. While sophisticated models, such as crystal
plasticity finite element methods, could be used to correlate the operation of these phenomena with the mechanical
behavior for academic purposes, simpler constitutive descriptions of material behavior are provided here for industrial
applications. The hyperbolic sine Arrhenius equation and the extended Ludwik equation are both considered.
Modifications to the extended Ludwik equation and a general strain hardening function are presented. The modified
Ludwik equation was found to have higher predictive accuracy than the hyperbolic sine Arrhenius equation and was
found to respond more favorably to optimization. Potential for future modelling work and alternate approaches for
application to other material systems are outlined.

Processing maps constructed using the experimental data are presented. Domains are identified, and guided
microstructural characterization allows identification of acceptable processing conditions. A safe region for processing
occurs between 375°C and 450°C, from 107 s to 1025 s. Non-basal texture similar to split RD sheet texture was
observed in this region, and it may be applicable to extrusion. Another region of potentially allowable processing extends
as low as 300°C at strain rates up to 10 s. Subsequent annealing would take advantage of non-basal shear band
nucleation to make this region potentially suitable for rolling or forging.
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