Connected Process Design for Hot Working of a Creep-Resistant Mg–4Al–2Ba–2Ca Alloy
(ABaX422)
Rao, Kamineni Pitcheswara; Chalasani, Dharmendra; Suresh, Kalidass; Prasad,
Yellapregada Venkata Rama Krishna; Dieringa, Hajo; Hort, Norbert
Published in:
Metals
Published: 01/06/2018

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record
License:
CC BY
Publication record in CityU Scholars:
Go to record
Published version (DOI):
10.3390/met8060463
Publication details:
Rao, K. P., Chalasani, D., Suresh, K., Prasad, Y. V. R. K., Dieringa, H., & Hort, N. (2018). Connected Process
Design for Hot Working of a Creep-Resistant Mg–4Al–2Ba–2Ca Alloy (ABaX422). Metals, 8(6), [463].
https://doi.org/10.3390/met8060463

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.
General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.
Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 09/01/2023

metals
Article

Connected Process Design for Hot Working of a
Creep-Resistant Mg–4Al–2Ba–2Ca Alloy (ABaX422)
Kamineni Pitcheswara Rao 1, * ID , Dharmendra Chalasani 1,† ID , Kalidass Suresh 1,‡ ,
Yellapregada Venkata Rama Krishna Prasad 2 , Hajo Dieringa 3, * ID and Norbert Hort 3
1
2
3

*
†
‡

Department of Mechanical and Biomedical Engineering, City University of Hong Kong, Tat Chee Avenue,
Kowloon, Hong Kong 999077, China; dharmendra.chalasani@unb.ca (D.C.); ksureshphy@buc.edu.in (K.S.)
Independent Researcher (formerly with City University of Hong Kong), No. 2/B, Vinayaka Nagar, Hebbal,
Bengaluru 560024, India; prasad_yvrk@hotmail.com
Magnesium Innovation Centre, Helmholtz Zentrum Geesthacht, Max-Planck-Strasse 1, 21502 Geesthacht,
Germany; norbert.hort@hzg.de
Correspondence: mekprao@cityu.edu.hk (K.P.R.); hajo.dieringa@hzg.de (H.D.); Tel.: +852-3442-8409 (K.P.R.);
Fax: +852-3442-0172 (K.P.R.)
Current address: Department of Mechanical Engineering, University of New Brunswick, Fredericton
E3B5A1, NB, Canada.
Current address: Department of Physics, Bharathiar University, Coimbatore 641046, India.

Received: 12 May 2018; Accepted: 13 June 2018; Published: 18 June 2018




Abstract: With a view to design connected processing steps for the manufacturing of components,
the hot working behavior of the ABaX422 alloy has been characterized for the as-cast and extruded
conditions. In the as-cast condition, the alloy has a limited workability, due to the presence of a large
volume of intermetallic phases at the grain boundaries, and is not suitable to process at high speeds.
A connected processing step has been designed on the basis of the results of the processing map for
the as-cast alloy, and this step involves the extrusion of the cast billet to obtain a 12 mm diameter
rod product at a billet temperature of 390 ◦ C and at a ram speed of 1 mm s−1 . The microstructure of
the extruded rod has a finer grain size, with redistributed fine particles of the intermetallic phases.
The processing map of the extruded rod exhibited two new domains, and the one in the temperature
range 360–420 ◦ C and strain rate range 0.2–10 s−1 is useful for manufacturing at high speeds, while
the lower temperature develops a finer grain size in the product to improve the room temperature
strength and ductility. The area of the flow instability is also reduced by the extrusion step, widening
the workability window.
Keywords: Mg-Al-Ba-Ca alloy; microstructure; strength; hot working; kinetic analysis;
processing map

1. Introduction
High temperature creep resistance is an important requirement for Mg alloys for automobile
and aerospace components [1]. From this viewpoint, commercial Mg alloys like AE42 and MRI230D
have been developed [2,3], in which creep strength is improved by the addition of rare-earth and
alkaline-earth elements like Ca and Sr, respectively. In Mg–Al and Mg–Al–Zn alloys, the room
temperature and elevated temperature strength are improved by the addition of Ca and Sr [4–6]
through microstructural refinement and texture strengthening [7,8]. However, the quest for finding
better creep-resistant Mg alloys continues, and a new alloy class is based on an Mg–Al–Ba–Ca
(ABaX) system [9–11], where the strength is increased with increasingly higher alloying content.
Starting from ABaX421, the percentages of Al, Ba, and Ca have been successively increased to develop
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ABaX422, ABaX633, and ABaX844 alloys [12–16]. The strength of these alloys is not only better than
the conventional heat-resistant commercial Mg alloys, but has also increased with increasing alloying
content, in the order given above. These alloys have all been studied in the as-cast condition, in which
the microstructure has a large volume fraction of coarse Mg21 Al3 Ba2 and (Mg,Al)2 Ca intermetallic
phases at the grain boundaries, which are stable up to the melting point of the alloy [10]. The higher
concentration alloys exhibit low ductility and workability, due to the coarseness of the cast structure
and intense chemical segregation, and generally require slow speeds for hot working [12–16], making
the manufacturing of hot worked components unviable. However, the constitutive response that
decides the hot workability is sensitive to the prior processing history [17], among other variables, and
therefore attempts may be made to change the response of the material by carefully designing connected
processing steps. To achieve this goal, the technique of processing maps [17–19] is a powerful tool, since
it is capable of predicting the constitutive response of the material without the trial and error procedure.
The aim of this investigation is to design connected processing steps for manufacturing products like
forgings, extrusions, and rolling stock of the ABaX422 alloy, starting from cast billet. In this process
design, the optimum parameters will be selected on the basis of the predictions of the processing map
with regard to the microstructural mechanisms that dissipate power during hot working.
Processing maps are developed based on the principles of the dynamic materials model, details of
which are described in earlier studies [17–19]. Briefly, the model considers the workpiece undergoing hot
deformation as a non-linear dissipater of power, which occurs in the form of two complementary parts:
mainly in the form of deformation heat (G content), and as dissipative microstructural mechanisms (J
co-content). The factor that partitions the power is the strain rate sensitivity (m) of the flow stress [17–19]:
.

.

dJ
ε dσ
ε σ d lnσ
∆ logσ
=
. =
.
. ≈
. =m
dG
σ dε
σ ε d lnε
∆ logε

(1)

.

In Equation (1), ε is the effective strain rate, and σ is the effective stress. Since m can take
a maximum value of unity (linear dissipater), the dissipation capability of a non-linear dissipater
through microstructural changes may be expressed in terms of efficiency, given by:
η = 2m/(m + 1)

(2)

The three-dimensional variation of η with temperature and strain rate at a steady-state strain creates a
processing map, which is generally presented as a constant-efficiency contour map in a temperature–strain
rate frame. The map essentially depicts domains where particular microstructural mechanisms occur and
regimes where flow instability occurs as per the continuum criterion, given by [20]:
.
∂ ln [m/(m + 1)]
ξ ε =
+m ≤ 0
.
∂ ln ε

(3)

The domains corresponding to microstructurally “safe” mechanisms like dynamic recrystallization
(DRX) and superplasticity are preferred for hot working, the former being the one chosen for bulk
hot working, since it causes large-scale microstructural reconstitution. The temperature and strain
rate combination for the peak efficiency in DRX domain may be chosen for optimum hot workability,
and the regimes of flow instability may be avoided. It may be emphasized that the processing maps are
sensitive to the initial conditions like chemistry, processing history, and microstructure. For developing
processing maps, accurate experimental data on flow stress at different temperatures and strain rates
and strains are required, which may be obtained in uniaxial compression for example.
2. Experimental Procedure
In the first step, an Mg–4wt %Al–2wt %Ba–2wt %Ca alloy was prepared with pure elemental
metals, by melting them under a protective cover of an Ar + 3% SF6 gas mixture. When the melt
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reached a temperature of 720 ◦ C, it was poured into a pre-heated permanent mold and allowed to
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Figure 1. (a) Optical microstructure and (b) SEM micrograph reveals the morphologies of the second

Figure 1. (a) Optical microstructure and (b) SEM micrograph reveals the morphologies of the second
phases in the ABaX422 alloy in the as-cast condition.
phases in the ABaX422 alloy in the as-cast condition.
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about 0.85 for hot working, and the calculated temperature increase is about 150 °C. However, due
to slower extrusion speed, about half of this may be conducted away to the tools, keeping the
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The stress–strain curves obtained at 380
°C and 460 °C and at different strain rates on the
The stress–strain curves obtained at 380 ◦ C and 460 ◦ C and at different strain rates on the extruded
extruded ABaX422 alloy is shown in Figure 2, along with the data on the as-cast alloy. The shapes of
ABaX422
is shown
in Figure
2, conditions,
along with although
the data on
as-cast values
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the as-cast material, particularly at the lower strain rates. The processing map generated for the
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strain rates.
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. the four
The
microstructures
obtained
at peak
domains of the processing map are shown in Figure 6. All of them show that DRX has occurred in all
The microstructures obtained for specimens deformed at peak efficiency conditions in the four
the domains. The grain size in the lower temperature domains 1 and 3 is finer than that in the higher
domains of the processing map are shown in Figure 6. All of them show that DRX has occurred in all
temperature domains 2 and 4. The tensile ductility (total elongation) values measured near the peak
the domains. The grain size in the lower temperature domains 1 and 3 is finer than that in the higher
efficiency conditions are 47% in Domain 1, highest (84%) in Domain 2, 35% in Domain 3, and 48% in
Domain 4. Tensile flow curves are shown in Figure 7, and the corresponding mechanical properties
are listed in Table 1. The fractographs obtained on the fracture surfaces of the tensile specimens are
shown in Figure 8, which indicate that ductile fracture has occurred in Domains 1, 2, and 3, while
features of the intercrystalline fracture are seen in Domain 4. Dimple features that can be seen in
Figure 8a–c typically indicate ductile fractures.
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Table 1. The tensile mechanical properties of the specimens that correspond to the four domains in the
processing maps of the extruded ABaX422 alloy.
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Figure 6. Microstructures obtained on extruded ABaX422 alloy specimens compressed under peak

Figure 6. Microstructures obtained on extruded ABaX422 alloy specimens compressed under peak
efficiency conditions in the four different domains of the processing map. (a) Domain 1 (380 °C/0.0003
efficiency
conditions in the four different domains of the processing map. (a) Domain 1 (380 ◦ C/0.0003
s−1), (b) Domain 2 (500 °C/0.0003 s−1), (c) Domain 3 (380 °C/10 s−1), and (d) Domain 4 (500 °C/10 s−1).
−
1
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Table 1. The tensile mechanical properties of the specimens that correspond to the four domains in
the processing maps of the extruded ABaX422 alloy.
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(MPa)
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Strain to
Fracture
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% Elongation

Domain 1 (380 °C and
0.0003 s−1)

41

50

0.47

19.25

47%

Domain 2 (500 °C and
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6

0.82

32.89

84%

Domain 3 (380 °C/2.3
s−1)

80
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0.35
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The mechanisms of DRX in Domains 1, 2, and 3 may be further analyzed with the help of kinetic
analysis, using a kinetic rate equation that relates the steady-state flow stress (σ) to the temperature
The mechanisms of DRX in Domains 1, 2, and 3 may be further analyzed with the help of kinetic
(T) and strain rate(𝜺)̇, given by [23]:
analysis, using a kinetic rate equation that relates the steady-state flow stress (σ) to the temperature (T)
.
𝜀̇ = 𝐴𝜎 𝑛 exp[−𝑄⁄𝑅𝑇]
(6)
and strain rate (ε), given by [23]:
.

n

ε=
Aσ expactivation
[− Q/RT ] energy, and gas constant, respectively,
(6)
where n, Q, and R are the stress exponent,
apparent
and A is a constant. Since the rate equation is obeyed within the deterministic domains, the apparent
where n, Q, and R are the stress exponent, apparent activation energy, and gas constant, respectively,
activation energy value can be evaluated for each domain. A plot of flow stress versus strain rate at
and A is a constant. Since the rate equation is obeyed within the deterministic domains, the apparent
different temperatures is shown in Figure 9a, and the Arrhenius plot showing the natural logarithm
activation energy value can be evaluated for each domain. A plot of flow stress versus strain rate at
of flow stress normalized with respect to the shear modulus versus the inverse of the absolute
different temperatures is shown in Figure 9a, and the Arrhenius plot showing the natural logarithm of
temperature is shown in Figure 9b. The values of the activation parameters obtained from these plots
flow stress normalized with respect to the shear modulus versus the inverse of the absolute temperature
are shown in Table 2, for extruded as well as as-cast conditions.
is shown in Figure 9b. The values of the activation parameters obtained from these plots are shown in
Table 2, for extruded as well as as-cast conditions.
Table 2. The kinetic parameters, namely the stress exponent (n) and apparent activation energy (Q),
in the various domains of the processing maps for the ABaX422 alloy, and the proposed ratecontrolling mechanisms in the as-cast and extruded conditions.

Domain #
1
2
3
4

n
5.24
4.46
-

As-Cast (Ref. [13])
Q (kJ/mole)
Mechanism
169
Climb (LSD)
263
Cross-slip
-

n
5.37
3.49
5.05
4.54

Extruded
Q (kJ/mole)
138
182
140
148

Mechanism
Climb (LSD)
Cross-slip
Climb (GSD)
GB cracking

Note: LSD: Lattice self-diffusion; GSD: Grain boundary self-diffusion; GB: grain boundary.

In Domain 1, which occurs in the temperature range of 300–400 °C, a basal slip on {0001} <112̅0>
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slip {112̅2} <112
However, the stress concentration at the grain boundaries is not relieved
by recovery, since the occurrence of cross-slip is restricted due to high strain rates, resulting in
In Domain
1, which occurs in the temperature range of 300–400 ◦ C, a basal slip on {0001} <1120>
intergranular
fracture.
and a prismatic slip {1010} <1120> occur, and the recovery mechanism that nucleates DRX is climb
of edge
dislocations,
which
is controlled
the lattice
self-diffusion
3.4.
Hot Working
Behavior
of As-Cast
Versusby
Extruded
ABaX422
Alloy (LSD). The estimated apparent
activation energy (138 kJ/mole) is close to that of lattice self-diffusion in Mg, which is 135 kJ/mole [24].
The differences in the constitutional response of the ABaX422 alloy in as-cast and extruded
The slower strain rates at which this domain occurs favors lattice self-diffusion. Thus, DRX in Domain
conditions may be analyzed by comparing the respective processing maps given in Figures 3 and 5.
1 occurs by basal and prismatic slip, along with climb mechanism by lattice self-diffusion.
Firstly, Domains 1 and 2 have essentially similar characteristics,◦ including the kinetic parameters
In Domain 2, which occurs at higher temperatures (410–500 C), a second-order pyramidal slip
given in Table 2. The apparent activation energy is higher for the as-cast alloy, which may be
{1122} <1123> occurs. The recovery mechanism nucleating DRX for this system is cross-slip, since
attributed to the back stress generated by the coarse intermetallic phases at the grain boundaries.
a large number of intersecting slip systems are available and the stacking fault energy on these slip
Secondly, two additional domains have
appeared in the map for the extruded alloy. Domain 4 has
planes is considerably high (173 mJ m−2 ) [25]. The activation energy for this process is higher than
that for self-diffusion, due to the particles present in the matrix causing back stress, and the value
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estimated in this domain (182 kJ/mole) is in support of this. Thus, the mechanism of DRX in Domain 2
involves a second-order pyramidal slip, along with a cross-slip for recovery.
In Domain 3, which occurs at lower temperatures similar to Domain 1, a basal slip {0001} <1120>
and a prismatic slip {1010} <1120> occur. The recovery process is a climb of the edge dislocation for
these slip systems. However, since this domain occurs at higher strain rates, lattice self-diffusion
cannot be a rate-controlling process for the climb, since it is too slow of a process. Alternately, grain
boundary self-diffusion may be expected to occur, since it is faster and favored by the finer grain
size in the extruded alloy. The apparent activation energy is 140 kJ/mole, which is higher than that
required for grain boundary self-diffusion (95 kJ/mole) [24]. The large amount of particle content
present in the microstructure causes a high back stress, which increases the apparent activation energy.
Thus, the mechanism of the DRX process in Domain 3 is basal and prismatic slip, along with climb
controlled by grain boundary self-diffusion.
In Domain 4, the intercrystalline fracture features (Figure 8d) suggest that this domain represents
intergranular fracture. Since this domain occurs at higher temperatures, a second-order pyramidal
slip {1122} <1123> occurs. However, the stress concentration at the grain boundaries is not relieved
by recovery, since the occurrence of cross-slip is restricted due to high strain rates, resulting in
intergranular fracture.
3.4. Hot Working Behavior of As-Cast Versus Extruded ABaX422 Alloy
The differences in the constitutional response of the ABaX422 alloy in as-cast and extruded
conditions may be analyzed by comparing the respective processing maps given in Figures 3 and 5.
Firstly, Domains 1 and 2 have essentially similar characteristics, including the kinetic parameters given
in Table 2. The apparent activation energy is higher for the as-cast alloy, which may be attributed
to the back stress generated by the coarse intermetallic phases at the grain boundaries. Secondly,
two additional domains have appeared in the map for the extruded alloy. Domain 4 has been identified
to represent intercrystalline fracture, and hence is not useful for hot working. However, Domain 3
is worth considering for manufacturing purposes, because it covers faster strain rates (up to 10 s−1 );
therefore, manufacturing is viable and the product will have a fine-grained microstructure, which is
highly desirable.
A careful examination of the two processing maps also reveals that the flow instability regimes
are reduced by extruding the material, which gives flexibility in terms of widening the hot working
parameters without the onset of instabilities like adiabatic shear banding or flow localization in
the product. The presence of these instability manifestations will result in inferior and inconsistent
mechanical properties, and should be avoided. Thus, by introducing a hot extrusion step after casting,
not only may the material’s workability be improved but also better components may be manufactured
faster, making the extrusion a viable process.
3.5. Connected Process Design
An ABaX422 alloy is used for applications in the automobile industry where creep resistance is a
critical requirement. For applications like engine blocks, casting is the primary process. However, for
applications where structural integrity and large-scale manufacturing is required, further mechanical
working of an as-cast alloy is restricted by its low hot workability and lower speeds of processing.
The above results show that by designing a connected step of hot extrusion under controlled conditions,
the constitutive response of the alloy may be changed to enhance its workability, mechanical properties,
and speed of processing, such that further manufacturing becomes viable. It may be mentioned that a
high extrusion ratio is preferred for breaking the as-cast structure completely, and the indirect extrusion
process reduces the frictional effects to some extent. The use of high extrusion ratios may result in
a smaller diameter or small-size product, but the process may be designed by suitable modification
of extrusion equipment, in order to produce the desired sizes. The microstructural changes that are
responsible for the change in the material’s response to hot working through this connected process
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3.6. Compressive Strength of ABaX422 in Temperature Range 25–250 °C
3.6. Compressive Strength of ABaX422 in Temperature Range 25–250 ◦ C
The compressive yield and ultimate strength of the extruded alloy are given in Figure 11 and
The compressive yield and ultimate strength of the extruded alloy are given in Figure 11 and
compared with that for the as-cast alloy. By extruding the alloy, its strength was higher than that of
compared with that for the as-cast alloy. By extruding the alloy, its strength was higher than that of the
the as-cast alloy up to a temperature of about 175 °C, and the ultimate compressive strength exhibited
as-cast alloy up to a temperature of about 175 ◦ C, and the ultimate compressive strength exhibited an
an improvement of about 42% at room temperature. The enhanced strength property may be
improvement of about 42% at room temperature. The enhanced strength property may be attributed to
attributed to the grain refinement and redistribution of the intermetallic particles caused by the
the grain refinement and redistribution of the intermetallic particles caused by the extrusion shown in
extrusion shown in Figure 4. The generation of crystallographic texture is an additional factor that
Figure 4. The generation of crystallographic texture is an additional factor that influences the strength
influences the strength changes, since the as-cast alloy is nearly random, while the extruded rod has
changes,
thePEER
as-cast
alloy is nearly random, while the extruded rod has a preferred orientation.
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and extruded conditions.

4. Conclusions
The constitutive response of the ABaX422 alloy to hot working has been characterized for both
as-cast and extruded conditions with the help of processing maps, with a view to design connected
processing steps that ensure the viable manufacturing of components. The following conclusions are
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4. Conclusions
The constitutive response of the ABaX422 alloy to hot working has been characterized for both
as-cast and extruded conditions with the help of processing maps, with a view to design connected
processing steps that ensure the viable manufacturing of components. The following conclusions are
drawn from this investigation:
1.

2.
3.

4.

5.

6.
7.
8.

ABaX422 alloy in the as-cast condition has a limited workability, due to a coarse and
large-grained microstructure, and cannot be hot worked at higher speeds without causing
microstructural damage.
The processing map for the as-cast ABaX422 alloy offers a window, at temperatures higher than
400 ◦ C and strain rates lower than 0.3 s−1 , where the alloy may be hot worked.
A connected step of extrusion has been designed by selecting a process parameter as per the
processing map for the as-cast alloy, and extrusion of a 104 mm diameter billet has been conducted
to produce a 12 mm diameter rod product, the microstructure of which has a finer grain size with
a redistributed fine particles of the intermetallic phases.
The processing map for the extruded alloy exhibited four domains—two of them, representing
dynamic recrystallization, are similar to those exhibited in the processing map for as-cast material,
while the remaining two only appear with the extruded material.
Out of the two new domains exhibited in the map for the extruded alloy, the one occurring
in the temperature range 360–420 ◦ C and strain rate range 0.2–10 s−1 (Domain 3) is useful for
manufacturing, since the strain rate is higher, making the process viable, and the temperature is
lower, resulting in a finer grain size in the product.
The fourth domain that occurs at temperatures higher than 440 ◦ C and strain rates higher than
0.2 s−1 represents intercrystalline cracking and causes reduced workability.
The area of the flow instability regime exhibited in the processing map for the as-cast alloy is
reduced by the extrusion step, and this enlarges the workability window.
Connected process design by changing the constitutive response of hard-to-process alloys may be
used to manufacture wrought components at viable speeds and with better mechanical properties.
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