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Abstract

Lightweight components improve the fuel efficiency of
internal combustion vehicles and contribute to extending
the driving range of electrified vehicles. Many Mg alloys
have been developed over the years to meet these
demands; however, low formability at room temperature,
corrosion, and high cost have inhibited widespread
adoption in the automotive industry. The new alloy
Mg-1Zn-1Al-0.5Ca-0.2Ce-0.4Mn (ZAXEM 11100, all in
weight %) has shown excellent post-rolling formability
with an Ericksen Index of 7.8 mm and a post-T6 yield
stress of 270 MPa in lab scale sheet samples. In this
work, a processing map based on Gleeble thermome-
chanical tests has been developed for the new alloy. This
processing map provided important guidance to a
production scale extrusion. This work details the mechan-
ical performance of ZAXEM11100 as an extrusion alloy.
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Introduction

Vehicle lightweighting has been a strong motivator for
magnesium alloy development as a lightweight material [1,
2]. With increasing demand and production of electric
vehicles, where large capacity and heavy batteries are nee-
ded, the benefit of removing weight from other areas of the
vehicle has become a greater initiative [3]. Magnesium
(Mg) and its alloys have been formed successfully into
automotive parts by both high-pressure die casting (HPDC)
and wrought processing [1, 4]. A major hurdle toward
greater use of Mg has been its low formability at room
temperature, largely due to strong c-axis texture after
deformation [4, 5]. This has limited the use of wrought Mg
to only higher temperature production methods like rolling,
forging, and extrusion [6]. The increase in working tem-
perature can improve formability but will also increase
processing time, cost, and complexity compared to steel and
aluminum alloys. [1]

Currently, there are very few commercial wrought Mg
alloy compositions, compared to steel and Al alloys, used for
structural applications [4, 5, 7]. The most common are the
Al- and Zn-containing alloys (AZ61, AZ80, AZ31), Zn- and
Zr-containing alloys (ZK60, ZK31), and Al- and
Mn-containing alloys (AM30). Extensive research has been
conducted into modifications to these alloys with rare earths,
Li, and/or Ca [8–12]. These additions have shown
improvement in room temperature ductility and formability
[4, 12]. This is due to the ability of these elements to modify
texture of the deformed microstructure, the CRSS of slip
systems, and the occurrence and frequency of twinning.

Shi et al. [5], in cooperation with the United States
Automotive Materials Partnership (USAMP), developed
Mg-1Zn-1Al-0.5Ca-0.4Mn-0.2Ce alloy (all in weight %,
hereafter referred to as ZAXEM11100) that possessed high
formability in post-rolled T4 condition and excellent tensile
properties after T6. The improved formability was credited
to texture modifications (Ca and Ce in solid solution) and the
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improved strength post-heat treatment to clustering of solute
atoms.

Forming at elevated temperatures makes possible defor-
mation modes that are not readily activated at room tem-
perature. In wrought Mg-Zn-Al alloys, deformed at elevated
temperatures, Dynamic Recovery (DRV), Dynamic
Recrystallization (DRX), and Dynamic Precipitation (DP)
have been reported each with different and interdependent
effects on flow behavior [13, 14]. The processing map was
developed to display the dominate microstructure mecha-
nisms that are acting at a given process conditions (tem-
perature and strain rate) [15–17].

The current paper extends the work on this alloy begun
by Shi et al. by observing the compressive stress vs. strain
behavior under various temperatures and strain rates to
produce a processing map. The extrudability and scalability
of this alloy is studied with large-scale extrusion testing.

Numerical Methods

Processing Map Construction

A processing map is a well-studied tool for hot working
processes, which can be used to find the optimal temperature
and strain rates for deformation [18]. The maps are con-
structed with two parts: an efficiency parameter and a sta-
bility criterion [19–21]. Most published processing maps
make use of the Prasad method [22] due in part to the
computational simplicity as well as the large body of liter-
ature to support its reliability. A brief derivation of the
important equations is given as well as a discussion as to
important assumptions made in the derivation that must be
satisfied. The assumptions of the processing maps are that
the work piece acts as a power dissipator, where the total
applied power (P) is dissipated by plastic work/heat and
microstructural change, through irreversible processes. This
process is expressed as:

P ¼ r � _e ¼ Z_e

0

r � d _eþ Zr

0

_e � dr ð1Þ

which can also be written more simply as

P ¼ Gþ J ð2Þ
with G being the dissipator content and represents the power
dissipated by plastic work (heat) and J being the dissipator
co-content which represents the power dissipated by
dynamic microstructural and metallurgical processes. J is the
term of interest and can be evaluated as

J ¼ Zr

0

_e � dr ¼ r � _e � m
mþ 1

ð3Þ

under the assumption of a power-law stress–strain rate
relationship (r ¼ A_em). The simplification in Eq. 3 is only
valid if strain rate (_e) and the strain rate sensitivity parameter
(m) are independent. This independence can be verified by
plotting ln(r) versus ln(_e). If _e and m are independent, the
resulting curve will be linear and the efficiency that power is
dissipated by microstructural processes, g, is defined by
Prasad as the ratio

g ¼ J

Jmax
¼ 2m

mþ 1
ð4Þ

where Jmax is the value of J at m = 1 or where the workpiece
acts as a liner dissipator. However, if _e and m are not
independent, both Eqs. 3 and 4 are invalid. To compute
processing maps in this case, Murty and Rao et al. developed
a more general solution that does not rely on the power-law
relationship [23]. Equation 4 was modified to be

g ¼ J

Jmax
¼ P� Gð Þ

Jmax
¼ 2 1� 1

r � _e
Z_e

0

rd _e

" #
ð5Þ

Equation 5 requires an integration of G beginning at a
strain rate of zero which is not done experimentally. To
mediate this, Murty and Rao separated the integral in Eq. 5
so that a power-law relationship is assumed near a strain rate
of zero via Eq. 6 and substituted into Eq. 5.

Go ¼ 1
mþ 1

r_e ð6Þ

g ¼ 2 1� 1
r � _e

Z_e

0

rd _e

" #

¼ 2 1� 1
r � _e

Z_emin

0

rd _eþ Z_e

_emin

rd _e

 !" #

¼ 2 1� 1
r � _e

G0 þ Z_e

_emin

rd _e

 !" #
ð7Þ

There are many proposed equations to predict instability
for the construction of processing maps [24]. Kumar [19]
and Prasad [20] built on the instability criteria outlined by
Ziegler [25]

dD

d _e
[

D
_e

ð8Þ

where D(_e) is the materials dissipative function which is
substituted for J as the metallurgical dissipative function is
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of interest. The full derivation can be found in the cited
literature. This substitution in a power-law stress and strain
rate relationship yields the inequality

n _eð Þ ¼
dln m

mþ 1

� �

dln_e
þm[ 0 ð9Þ

wherever this inequality is not satisfied, instable flow is
predicted to occur. When the power law relationship is not
assumed, the stability criteria is seen in Eq. 10 as derived by
Murty and Rao [24].

2m[ g ð10Þ

Materials and Methodology

The material used for this study was gravity cast
ZAXEM11100 alloy billets (22.86 cm diameter by 76.2 cm
length) provided by Terves LLC. The composition was
verified with spark optical emission spectroscopy
(Spark-OES) and is included in Table 1. A test billet was
subjected to a multistage heat treatment, developed in a
previous work [5], to sequentially dissolve all secondary
phases and improve processability.

Compression cylindrical samples were machined by
electronic discharge machining (EDM) to the size of 10 mm
diameter by 15 mm long. Samples were taken near the outer
edge of the heat-treated billet slice. Uniaxial compression
tests at fixed temperatures and true strain rates were per-
formed on a Gleeble 3800 thermomechanical testing frame.
The test temperatures were from 325 to 425 °C in 25 °C
increments and strain rates in one-decade increments from
10–3 to 100 s−1. Strain was measured by using the dis-
placement of the Gleeble arm. All compression tests were
conducted to a true strain of 1 mm/mm. Samples were
resistively heated at a rate of 5 °C/s until the desired tem-
perature was reached. The temperature was measured with a
thermocouple that was impact welded to the center of the
sample. All sample temperatures remained within ±3 °C
throughout testing. After testing, samples were quenched
into room temperature water within 5 s of test termination to
prevent post-deformation microstructure evolution.

Large-scale extrusions were done on an Extral 3800 MT
extrusion press. The billets were skinned with a lathe to
remove scaling before preheating to 390 °C. A 0.4″ � 5.5″
(1 � 13.9 cm) plate die with at extrusion ratio of 28.9 was
used. Feed rate was varied to change the average strain rate,

as calculated through slab analysis, of the extrusion from
0.04 to 0.15 s−1.

Results and Discussion

Figure 1 shows the flow behavior of ZAXEM11100 alloy,
following an expected trend of yield stress and flow stress
decreasing with increasing temperature and increasing with
increasing strain rate. The flow stress data was first pro-
cessed with a custom-built MATLAB program using a cubic
spline fit to extrapolate the experimental data to intermediate
strain rates and temperatures. After this extrapolation, a ln(r)
versus ln(_e) plot, Fig. 2, was constructed, and ZAXEM11100
was determined to not follow a linear relationship, and,
therefore, the Murty and Rao method for processing map
construction (Eq. 7) and the instability relationship from
Eq. 10 will be used in this work.

The flow stress data at 20, 40, 60, and 80% strains was
used to construct the processing maps seen in Fig. 3. Two
domains and one instability region were identified by con-
ventional means. Domain I has a maximum efficiency 0.95–1,
exists at low strain rate (10–3 s−1), and shifts from 350 to
375 °C as the strain increases. The peak efficacy of Domain II
cannot be determined because the bulk of this domain is at
strain rates higher than the tested rates. The bulk of the pro-
cessing map is dominated by the instability region. This
region exists between strain rates of 10–2.7 s−1 to 10–1 s−1 at
all temperatures investigated with little movement seen in
location the instability region at different strains.

Generally, curves at low strain rates (10–3–10–2) and high
temperatures (400–425 °C) show ideal plastic flow behavior
while curves at 100 strain rate and 325–375 °C show strain
softening that is evidence of dynamic microstructural chan-
ges. The early peak in flow stress followed by softening seen
in 10–2 s−1, 325 °C condition and the 100 s−1, 425 °C both
show strong evidence for significant DDRX [26] (Fig. 1).

The power of a processing map is its ability to identify
regions ideal for extensive deformation processing. Conven-
tional wisdom is to select strain rates and temperatures that
result in a high degree of DRX. InMg alloys, this is even more
important due to the reduced c-axis texture and grain size of
heavily recrystallized microstructures. A peak efficiency
between30and50%,dependingon thematerial’s stacking fault
energy, is a good indication for DRX being the dominating
microstructural process [22]. Domain II could be an option as
the efficacy seen in the range investigated is in the 30–50%
range that is typical of good dynamic recrystallization [18].

Table 1 OES measured
composition of ZAXEM11100
billet

Element Zn Al Ca Ce Mn Other elements Mg

Composition (wt.%) 1.38 1.25 0.52 0.2 0.46 0.09 96.1
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Production Scale Extrusions

A pilot study of the performance of this alloy under
industrial scale extrusion was performed on the same billet
with the same condition used in the production of the pro-
cessing map. The first trial was done with a billet temper-
ature of 390 °C and a speed of 1″/min (25.4 mm/min).
There was no observed macroscopic cracking, Fig. 4a.

A second trial was done at the same billet temperature but
with an elevated extrusion speed of 2″/min (50.8 mm/min).
This second trial, Fig. 4b, resulted in extensive hot cracking
after extrusion despite the calculated average strain rate,
0.15 s−1, and extrusion temperature falling within the stable
region of the processing map except for the initial strains,
Fig. 3a.

Through CALPHAD analysis Fig. 5, the solidus of
ZAXEM11100 was calculated to be quite low at 425 °C.
The measured temperature of the plate, after leaving the
extrusion press, fluctuated between 420 and 450 °C which is
60 °C warmer than the billet before extrusion and above the
solidus temperature indicating that friction during extrusion
resulted in sufficient heating induce incipient melting.
A lower initial billet temperature was attempted but the
stress required to begin extrusion, breakthrough stress, was
too great and extrusion was not possible. In Table 2, the
effect of Zn and Ca content on the solidus was investigated.
It was found that reduction of each individually was able to
raise the solidus to above the exit temperature of the billet at
2″/min.

While ZAXEM11100 has shown good performance in
lab scale rolling experiments and some promise in the pro-
cessing map analysis, the low solidus gives it a very narrow
temperature range for successful production scale extrusion.
A change in the Zn or Ca content could increase this window
and lead to a more extrudable alloy.

Fig. 1 True stress vs
strain plots of ZAXEM
11100 at strain rates of
a 10–3 s−1, b 10–2 s−1,
c 10–1 s−1, and d 100 s−1

Fig. 2 ln(r) versus ln(_e) plot of ZAXEM11100 at a fixed true strain of
0.5
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Fig. 3 Processing map Constructed for ZAXEM11100 at a 20%, b 40%, c 60%, and d 80% strain with the instability region shaded in gray.
Contour lines correspond to lines of equal efficiency

Fig. 4 Images of extruded
ZAXEM11100 plate as it left
the die with an extrusion
speed of a 1`̀ /min (25.4
mm/min) and b 2''/min
(50.8 mm/min)
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Conclusions

An investigation of the processing feasibility of
ZAXEM11100 was conducted through lab scale thermo-
mechanical testing and through production scale extrusions.

• ZAXEM11100 does not exhibit a linear strain sensitivity
parameter and therefore needs to be modeled with the less
conventional but more general solution developed by
Murty and Rao [23].

• The resulting processing map shows a wide instability
region from 350 to 425 °C and at strain rates between
10–2.5 and 10–1 s−1.

• Production scale extrusion found that extrusion speed was
limited by incipient melting resulting from frictional
heating and ZAXEM11100’s low solidus temperature.

• CALPHAD analysis was done, and the solidus of
ZAXEM11100 was shown to be very sensitive to Zn and
Ca content.

• The thermal window to successfully extrude
ZAXEM11100 limits its usability but a change to the Zn
or Ca composition should improve its workability.
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