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Abstract 

Mg-4Zn-1RE-0.5Zr (ZE41) Mg alloy is extensively used in the aerospace and automobile industries. In order to improve the applicability 
and performance, this alloy was engineered with in-situ TiB 2 reinforcement to form TiB 2 /ZE41 composite. The high temperature deformation 
behavior and manufacturability of the newly developed TiB 2 /ZE41 composite and the parent ZE41 Mg alloy were studied via establishing 
constitutive modeling of flow stress, deformation activation energy and processing map over a temperature range of 250 °C - 450 °C and 
strain rate range of 0.001 s −1 - 10 s −1 . The predicted flow stress behavior of both materials were found to be well consistent with the 
experimental values. A significant improvement in activation energy was found in TiB 2 /ZE41 composite (171.54 kJ/mol) as compared to the 
ZE41 alloy (148.15 kJ/mol) due to the dispersed strengthening of in-situ TiB 2 particles. The processing maps were developed via dynamic 
material modeling. A wider workability domain and higher peak efficiency (45%) were observed in TiB 2 /ZE41 composite as compared to 
ZE41 alloy (41%). The Dynamic recrystallization is found to be the dominating deformation mechanism for both materials; however, particle 
stimulated nucleation was found to be an additional mode of deformation in TiB 2 /ZE41 composite. The twinning and stress induced cracks 
were observed in both the materials at low temperature and high strain rate. A narrow range of instability zone is found in the present 
TiB 2 /ZE41 composite among the existing published literature on Mg based composites. The detailed microstructural characterization was 
carried out in both workability and instability domains to establish the governing deformation mechanisms. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium (Mg) matrix in-situ reinforced composites have
ttracted enormous interest in automobile and aerospace in-
ustries because of their inherent properties like high specific
trength, high specific stiffness, good thermal stability and
igh wear resistance [1–4] . Among various cast Mg alloys, the
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are earth contained Mg alloys have proven as potential ma-
erials in several applications [5] . ZE41 (Mg-4Zn-1RE-0.5Zr;
here RE = rare earth) is a commercial rare earth contained
g alloy used for aircraft gearbox and generator housings,

articularly in military helicopters [6] . The performance, me-
hanical properties and tribological properties of ZE41 alloy
an be improved significantly by reinforcing in-situ/ex-situ
articles into ZE41 matrix. Among the conventional in-situ
eramic particles, Titanium diboride (TiB 2 ) particles exhibit
uperior physical and mechanical properties for the develop-
ent of Mg metal matrix composites (MMCs) because of

igh elastic modulus, high hardness, better thermal stability,
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nd wear resistance [7] . Apart from this, TiB 2 particles act as
 grain refiner for Mg metal matrix composites. In Mg matrix
omposites, researchers found that TiB 2 particles reinforced
y the in-situ route exhibited superior mechanical properties
han reinforced by the ex-situ process [8–10] . Therefore in-
itu TiB 2 reinforced ZE41 Mg composite will be a prominent
aterial for automobile and aerospace industries. 
The addition of TiB 2 particles into soft magnesium alloy

atrix often causes metallurgical defects during liquid state
rocessing routes like casting. Generally, as cast particle rein-
orced Mg matrix composites have coarse grains and hardly
omogeneous microstructure can be obtained. A secondary
ulk processing is necessary to tackle these problems. The
dditional secondary bulk plastic forming, such as forging,
olling, and extrusion is required to refine microstructure in
rder to enhance the mechanical properties. However, limited
umber of slip systems due to hexagonal close packed (HCP)
rystal structure of Mg and the addition of high modulus brit-
le ceramic reinforcements limits plastic forming ability of

g composites at room temperatures. Therefore, to improve
orkability, magnesium alloys and their composites are usu-

lly deformed at high temperatures, by which the additional
lip systems are activated [11] . It is necessary to understand
he high temperature deformation behavior of newly devel-
ped materials prior to the implementation of any kind of
econdary thermo-mechanical/manufacturing processes. Many
esearchers have used constitutive models to describe the flow
ehavior material with strain rate, stress, and deformation
emperature [12–16] . Processing map is used to evaluate the
rocessing window for any kind of alloys and composites. The
ynamic material model (DMM) is the most popular model
o develop processing map. Based on the processing map, sta-
le and unstable zones for a newly developed material can be
dentified. 

The approach of processing map has been used by many
esearchers to find optimum processing windows for Mg
ased alloys and composites. The primary hot deformation
echanisms causing the workability and instability in the ma-

erial are identified based on the microstructural observation
f deformed materials. Many researchers found the workabil-
ty domains for the processing maps of Mg based compos-
tes at deformation temperatures greater than 300 °C. They
bserved continuous dynamic recrystallization (CDRX) and
iscontinuous dynamic recrystallization (DDRX) are the hot
eformation mechanisms for workability domains based on
he microstructural characterization [17 , 18] . During the hot
eformation of Mg based composites, the dislocation pile-up
enerally forms near the particles. This leads to the formation
f particle deformation zone, which is favorable for the DRX
ucleation. The hot deformation mechanism can be predicted
hrough the activation energy ( Q ) and the stress exponent ( n )
hrough constitutive equations [20] . The hot deformation ac-
ivation energy of the SiCp/AZ91 composite [21] is found to
e close to the value for grain boundary diffusion in pure Mg,
hereas, with the addition of nano-sized in-situ TiB 2 parti-

le, a much higher activation energy is found in TiB 2 /AZ91
omposite as compared to that of the unreinforced AZ91 Mg
lloy. The deformation mechanism based on the constitutive
quation for Mg matrix composites is found to be the climb
f dislocation [21 , 22] . 

Though several researchers have studied high temperature
eformation behavior of Mg based composites via process-
ng map, till now none of the researchers have established
he processing map of ZE41 Mg based composite. In our
revious research work, the manufacturing methodology to
evelop sub-micron sized in-situ TiB 2 reinforced ZE41 Mg
MCs (TiB 2 /ZE41) along with the scientific knowhow was

ighlighted [23] . The development of processing map and
onstitutive model via hot deformation for a novel in-situ
ub-micron sized TiB 2 /ZE41 composite was carried out in
his work for the first time. Apart from these, none of the
esearchers have studied the comparison of processing map
etween any form of in-situ Mg composite vs their parent
nreinforced counterpart so far. In the current work a first
ttempt was carried out to compare the manufacturability via
rocessing map of an in-situ Mg composite (TiB 2 /ZE41 com-
osite) vs it’s unreinforced counterpart (ZE41). 

The prime objectives of this present research work are (i)
o investigate the high temperature deformation behavior of
oth ZE41 Mg alloy and in-situ sub-micron sized TiB 2 /ZE41
omposite and study the influence of in-situ TiB 2 particles
n hot workability, (ii) to find optimum hot working con-
itions for manufacturability via processing map, (iii) estab-
ishment of constitutive based models to describe the flow
ehavior, (iv) to understand the deformation mechanisms via
icrostructural characterization in both stable and unstable

ones of processing maps. 

. Experimental procedure 

.1. Fabrication of TiB 2 /ZE41 composite 

A commercial ZE41 rare earth contained magnesium alloy
as taken as a matrix material for the development of in-

itu composite. Titanium (Ti) and Boron (B) powders were
sed as the starting alloying elements with a weight fraction
f 0.68:0.32 for the development of in-situ TiB 2 reinforce-
ent. The initial metallic powder system and it’s weight frac-

ion were identified based on the thermodynamic calculation.
he reaction temperature for the formation of TiB 2 phase was

ound by the differential thermal analysis (DTA) analysis as
00 °C. The Ti and B powers were mixed in a planetary ball
illing and the milling was carried out for an optimized time

eriod of 8 h at a milling speed of 350 rpm to form Ti + B
lusters. The preheated Ti + B cluster powders were filled into
he custom designed drilled holes of ZE41 Mg ingots slices
nd were placed inside the crucible of casting unit. The melt
emperature was increased to 900 °C and held for 2 h af-
er stirring. The Ti + B powder clusters were fragmented and
iffused with each other to form in-situ TiB 2 in the molten
E41 matrix. The pouring of the melt was done by a custom
esigned bottom pouring system in a preheated rectangular
old. The entire fabrication process was carried out under

he argon gas environment to avoid any chances of fire and
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Fig. 1. Schematic representation of the hot compression test. 
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xidation. The detailed fabrication process and in-situ forma-
ion mechanism of the developed TiB 2 /ZE41 composite were
eported in the author’s earlier work [23] . Similarly, ZE41 Mg
lloy was casted to compare with TiB 2 /ZE41 composite. The
eight fraction of TiB 2 reinforcement was 10 wt% (i.e. 4.23
ol fraction) for the developed composite. The size of in-situ
einforcement was found in the range of 400 nm to 1.5 μm.
he average TiB 2 particle size was found to be 765 nm. To
liminate the casting defects like porosity, the developed base
lloy and composite were partially warm rolled. The samples
ere heat-treated at 330 °C for 2 h before hot compression. 

.2. Hot compression test 

Hot compression tests of unreinforced ZE41 and in-situ
iB 2 reinforced ZE41 composite were carried out in a high
recision INSTRON 3365, which has an integrated high tem-
erature furnace. The hot compression cylindrical samples
ere cut from both ZE41 alloy and composite as per the
STM-E9 standard. To ensure the repeatability of results,

hree samples in each condition were tested. The hot com-
ression was performed at different deformation temperatures
f 250, 300, 350, 400 and 450 °C, and the strain rates of
.001, 0.01, 0.1, 1 and 10 s −1 with a constant true strain of
.4. The samples were heated to the deformation tempera-
ure and kept for 5 min before hot compression to get uni-
orm distribution of temperature throughout the sample. The
amples were quenched in cold water immediately after hot
ompression to preserve the deformed microstructure for fur-
her analysis. Fig. 1 shows the schematic of hot compression
rocess. 

.3. Microstructural characterization 

The microstructural analysis of unreinforced ZE41 and
iB 2 /ZE41 composite were studied by using scanning elec-

ron microscopy (SEM), optical microscopy (OM) and trans-
ission electron microscopy (TEM). The samples were cut
arallel to the compressive loading axis and mounted before
olishing. OM and SEM samples were etched by using picric
cid after mechanical polishing with emery sheets of different
rades followed by diamond polishing of 1 and 0.5 μm. The
amples for TEM characterization were mechanical polished
ill the thickness reach to 80 μm with emery sheets of dif-
erent grades and then ion milled. The TEM was carried out
y using TECHNAI electron microscopy at 200 kV. 

. Constitutive equations and processing map 

.1. Constitutive equations 

Generally, in hot working processes, constitutive equations
ased on mathematical models are significant to describe the
elationship between processing. There are many constitutive
athematical models used by researchers for the prediction

f flow stress in hot deformation of a material. The Arrhe-
ius model is one of the famous model to describe the thermo
echanical behavior of a material based on the activation en-

rgy [24 , 25] . There are three types of power law relationship
pplied in hot deformation, such as (i) power law for low
evel stress, (ii) exponential law for high level stress and (iii)
yperbolic-sine law for a wide range of stress [26–29] . The
quations are as follows: 

˙  = A 1 σ
n 1 exp 

(
− Q 

RT 

)
( ασ < 0. 8 ) (1) 

˙  = A 2 exp ( βσ ) exp 

(
− Q 

RT 

)
( ασ > 1 . 2 ) (2) 

˙  = A [ sinh ( ασ ) ] n exp 

(
− Q 

RT 

)
( Wide range of stress ) (3)

here, ˙ ε is the strain rate (s −1 ); σ is peak stress (MPa); R is
he universal gas constant (8.314 Jmol −1 K 

−1 ); Q is the acti-
ation energy (kJ mol −1 ); T is the temperature (K); n is the
tress exponent. A 1 , A 2 , n 1 , β, α are the material constants.
he term α is a stress multiplier and can be expressed as β/ n 1 

27] . The use of above equation in hot deformation depends
pon the stress level of the material. Generally, the power
aw relationship Eq. (1) ) is suitable when the stress level is
ow ( ασ < 0.8), the exponential relationship ( Eq. (2) ) is used
n high stress level ( ασ > 1.2), and the hyperbolic sine re-
ationship ( Eq. (3) ) is applied when there is a wide range
f stress [25] . Therefore, for metal matrix composites, a hy-
erbolic sine constitutive equation is used. To calculate the
bove constants, natural logarithm is taken on both sides of
qs. (1) to (3) and expressed as follows: 

n ̇  ε = ln A 1 + n 1 ln σ − Q 

RT 
(4)

n ̇  ε = ln A 2 + βσ − Q 

RT 
(5)

n ̇  ε = n ln [ sinh ( ασ ) ] + ln A − Q 

RT 
(6)
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Fig. 2. Microstructures of (a, c) ZE41 alloy; (b, d) TiB 2 /ZE41 composite; (e) Mg 7 Zn 3 RE phase; (g) sub-micron sized in-situ TiB 2 reinforcement, and (f, h) 
EDS results of corresponding selected areas. 
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From Eqs. (4) and (5) , the values n 1 and β of and can be
alculated by the linear regression ln ̇  ε vs ln σ and ln ̇  ε vs σ of
espectively. The value of α can be get by β/ n 1 . The slope of
n Eq. (6) is the stress exponent n at a specific temperature.
he expression for n is as follow: 

 = 

{
∂ ln ˙ ε 

∂ ln [ sinh ( ασ ) ] 

}
T 

(7)

The stress exponent ( n ) values represents the governing
echanism for hot deformation, n = 2 for grain boundaries

liding, n = 3 for the viscous glide of dislocation, n = 5 for
he climb of dislocation and n = 8 for the cross-slip screw
islocation/ constant substructure model [30–32] . 

The apparent activation energy ( Q ) required for deforma-
ion can be derived from Eq. (6) as follows: 

 = 

{
∂ ln ̇  ε 

∂ ln [ sinh ( ασ ) ] 

}
T 

{
∂ ln [ sinh ( ασ ) ] 

∂ ( 1000/T ) 

}
˙ ε 
= Rns (8)

here s represents the slope of ln[sinh ( ασ )] and 1000/ T at a
onstant strain rate. 

Besides this, the Zener-Hollomon equation can be used
o combine the effect of deformation temperature and strain
ate on the flow behavior of a material [33] . Zener-Hollomon
arameter ( Z ) is the Arrhenius function and can be expressed
s follows: 

 = ˙ ε exp 

(
Q 

RT 

)
(9)

After the natural logarithm of Eq. (9) and combing with
q. (6) ; the equation will be as follows: 

n Z = n ln [ sinh ( ασ ) ] + ln A (10)

From Eq. (10) , ln A is the intercept of ln Z vs. ln[sinh ( ασ )].
y substituting the values of n , α, Q , and A , the constitutive
odel for a new novel material can be developed. 

.2. Principle of processing map 

The processing map of a particular material is used to un-
erstand the workability at different hot deformation condi-
ions in terms of microstructural mechanisms. The processing
ap has been used widely by many industries to optimize

ot deformation parameters in order to avoid any defects dur-
ng deformation. The processing map can be developed based
n Dynamic material modeling (DMM). It is constructed by
he superimpose of instability map over power dissipation ef-
ciency map at various deformation temperatures and strain
ates. The work piece dissipate power in terms of heat while
aterial under goes hot deformation. This power dissipation

n the material results in microstructural changes like dynamic
ecrystallization, phase transition, and superplastic flow, which
re reflected by the power dissipation efficiency. 

According to the DMM theory [34] , the dissipated power
P) can be split into two complementary parts, such as G
ontent and J co-content and can be expressed as follows: 

 = σ ˙ ε = 

∫ ˙ ε 

0 
σd ̇  ε + 

∫ σ

0 
˙ ε dσ = G + J (11)
The content G expresses the power dissipation due to plas-
ic deformation and most of the heat is lost in the form of
eformation temperature. In contrast, the co-content J signi-
es power dissipation due to microstructural transformations

ike dynamic recrystallization, dynamic recovery, phase trans-
ormation. 

When deformation temperature is constant, the flow stress
f a material according to power law can be expressed as: 

= k ̇  ε m (12)

here k and m represent material constant and strain rate
ensitivity respectively. 

The strain rate sensitivity ( m ) can be calculated in terms
f J and G as follows: 

dJ 

dG 

= 

∂P 

∂G 

∂J 

∂P 

= 

˙ ε dσ

σd ̇  ε 
= 

∂ ( ln σ ) 

∂ ( ln ̇  ε ) 
= m (13)

Eq. (12) can be used in Eq. (11) to obtained the co-content
 as: 

 = 

m 

m + 1 

σ ˙ ε m (14)

For ideal linear dissipation, the value of m is equal to one.
o, the J co-content reaches to the maximum as J max = σ ˙ ε / 2.
or non-linear dissipation, the power dissipation efficiency
an be represented by a dimensionless parameter ( η) and is
he ratio of power dissipation to the maximum power dissi-
ation via microstructural transformation. The expression for
ower dissipation efficiency as follows: 

= 

J 

J max 
= 

mσ ˙ ε /m + 1 

σ ˙ ε / 2 

= 

2m 

m + 1 

(15)

The higher the efficiency is the better the workability of a
aterial. However, in some cases, there is deformation insta-

ility such as wedge cracking, cavitation, and fracture during
ot working, which needs to be avoided. So, it is necessary
o find out the unstable domain in the processing map via
nstability criteria. Instability criteria are expressed based on
xtremum principles of thermodynamic irreversibility as ap-
lied to large plastic flow continuum mechanics. Prasad et al.
ombine the Ziegler’s flow theory with DMM to establish the
ow instability during the hot deformation process [35] . Ac-
ording to Ziegler, the plastic flow becomes unstable when:

∂D 

∂ ̇  ε 
< 

D 

˙ ε (16) 

here D represents the dissipation function, which is the char-
cteristic of the flow behavior of the material, Prasad replaced
 with power dissipation co-content J and the equation be-

omes as: 

∂J 

∂ ̇  ε 
< 

J 

˙ ε (17) 

Which implies that 

∂J 

J 
< 

∂ ̇  ε 

˙ ε (18) 
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Fig. 3. XRD analysis of unreinforced ZE41 Mg alloy and TiB 2 /ZE41 com- 
posite. 
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By substituting the value of J from Eq. (14) into Eq. (18) ,
he flow instability criterion can be expressed as: 

( ̇  ε ) = 

∂ ln ( m/m + 1 ) 

∂ ln ̇  ε 
+ m < 0 (19)

here ξ ( ̇  ε ) is a dimensionless flow instability parameter de-
eloped by Prasad. Negative values ξ ( ̇  ε ) show the flow insta-
ility domain or unsafe domain in the processing map. 

. Results 

.1. Initial microstructure 

The microstructures prior to the hot compression test for
nreinforced ZE41 and TiB 2 /ZE41 composite are shown in
ig. 2 . Both the ZE41 alloy and composite show equiaxed
rains with the distribution of ternary Mg 7 Zn 3 RE phases
hown by the arrow mark. Fig. 2 a shows the OM image
f ZE41 alloy having α–Mg and ternary Mg 7 Zn 3 RE phases.
ig. 2 c shows the SEM image of the ZE41 alloy. As compared

o the ZE41 alloy, the ternary phases in composite material
re broken ( Fig. 2 b, 14 c). The average grain size for ZE41
nd TiB 2 /ZE41 are 41 ±2.3 μm and 26 ±1.9 μm respectively.
he presence of TiB 2 particle cluster in TiB 2 /ZE41 composite

s shown in Fig. 2 d. The grain size of TiB 2 /ZE41 composite
aterial is smaller compared to the unreinforced ZE41 alloy.
he high magnified SEM image of Mg 7 Zn 3 RE phase is shown

n Fig. 2 e with corresponding EDS result in Fig. 2 f. The EDS
esult confirms the presence of cerium (Ce) and neodymium
Nd) as rare earth elements. Fig. 2 g shows the high magnifica-
ion SEM image of in-situ TiB 2 particle and Fig. 2 h shows the
orresponding EDS result. The EDS analysis result confirms
he presence of Ti and B in-situ reinforcement as elemen-
al content. The TiB 2 particle is mostly hexagonal in shape.
ig. 3 shows the XRD results of ZE41 Mg alloy and in-situ
iB 2 /ZE41 composite. The XRD peaks of ZE41 show mainly
-Mg and the presence of ternary phase i.e. Mg 7 Zn 3 RE. The
RD spectra of TiB 2 /ZE41 composite reveals the presence of
iB 2 phase including α-Mg, Mg 7 Zn 3 RE and MgO. 

.2. Flow behavior of ZE41 and TiB 2 /ZE41 

The hot compression test was carried to understand the
ow behavior of both ZE41 alloy and in-situ TiB 2 /ZE41 com-
osite at different temperatures and strain rates. Fig. 4 and
ig. 5 show the true stress-true strain curve of ZE41 alloy and
iB 2 /ZE41 composite at various temperatures (250–450 °C)
nd at different strain rates (0.001- 10 s −1 ) respectively. The
ow stress significantly depends on hot deformation parame-

ers (mainly temperature and strain rate). The flow stresses of
oth ZE41 alloy and in-situ TiB 2 /ZE41 composite increased
ith increasing in strain rate and decrease with increase in
eformation temperature. It could be seen from Figs. 4 and
 that, during initial stage of compression i.e. up to a very
ow true strain, the flow stress of both alloy and composite
ncrease steadily irrespective of the deformation temperature.
his rapid increase in flow stress is the characteristics of work
ardening of the alloy and composite at the initial stage of
eformation. The generation and accumulation of dislocation
t the earlier stage results in increase of flow stress in the
aterial. From the flow behavior of ZE41 and TiB 2 /ZE41, it

an also be observed that, the rate of increase in flow stress
radually decreases with progress in hot compression i.e. in-
rease in true strain. The ZE41 Mg alloy deformed at 350 °C
ith strain rate of 0.001 s −1 and for TiB 2 /ZE41 composite
eformed at 300 °C with strain rate of 1 s −1 show dynamic
oftening type flow behavior after work hardening ( Fig. 4 c,
ig. 5 b). The flow stress in the composite is found to be
igher than the unreinforced ZE41 alloy ( Fig. 5 ). This is due
o the presence of fine TiB 2 particles. These fine particles
i) enhance strengthening effect (ii) provide better thermal
tability to the material and (iii) also oppose the dislocation
ovement during deformation. In addition to this, the average

rain size of TiB 2 /ZE41 composite is decreased by 37% than
hat of unreinforced ZE41 Mg alloy. This is due to the pin-
ing action of TiB 2 particles, which restricts the grain growth
n composite. According to the Hall-Petch relationship, the
trength of material increases with decrease in grain size [11] .
ence, the increase in flow stress of TiB 2 /ZE41 is also due

o the decrease in grain size. 
The 3D contour map of true stress vs. temperature vs.

train rate (log scale) is shown in Fig. 6 for both ZE41 alloy
nd TiB 2 /ZE41 composite. With the increase in strain rate and
ecrease in deformation temperature, flow stress increases in
oth the materials. This shows that, strain rate and deforma-
ion temperature have significant impact on the true stress of
he material. Similar flow behavior has also been observed by
any researchers for Mg alloys and it’s composites [17 , 28] . 

.3. Constitutive analysis 

The quantitative relationship between hot deformation con-
itions and flow stress can be predicted for both ZE41 Mg al-
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Fig. 4. True stress-true strain curves of ZE41 alloy at different temperatures (250 to 450 °C) and various strain rate (0.001 to 10 s −1 ). 
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Fig. 5. True stress-true strain curves of TiB 2 /ZE41 composite at different temperatures (250 to 450 °C) and various strain rate (0.001 to 10 s −1 ). 
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s
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oy and TiB 2 /ZE41 composite by using the constitutive equa-
ions. The compression testing was carried out up to a true
train of 0.4 for both materials and the flow stresses are se-
ected at a true strain of 0.25 in order to establish the con-
titutive equations. The constitutive constants n , β, and α can
e calculated from the above explained constitutive equations.
rom Eq. (4) , n 1 has been calculated from the linear regres-
ion of ln ̇  ε vs. ln σ as shown in Fig. 7 . The value of n 1 

or ZE41 and TiB 2 /ZE41 are found to be 8.48 and 11.19
espectively. Similarly, the value of β is obtained from the
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Fig. 6. 3D contour maps of true stress vs. strain rate (log scale) and temperature for (a) ZE41 alloy and (b) TiB 2 /ZE41 composite. 

Fig. 7. Relationship between ln ̇ ε and ln σ for (a) ZE41 alloy and (b) TiB 2 /ZE41 composite. 
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lope of ln ̇  ε vs. σ as shown in Fig. 8 and are found to
e 0.065 and 0.074 for ZE41 and TiB 2 /ZE41 respectively.
hen, α for both alloy and composite are found to be 0.0076
nd 0.0067 respectively. From the linear fitting between ln ̇ε 

s. ln[sinh ( ασ )] ( Fig. 9 ) the average stress exponent ( n ) val-
es for both ZE41 and TiB 2 /ZE41 are calculated and found
o be 5.96 and 8.09 respectively. So, the dominating defor-
ation mechanism for hot compression of ZE41 alloy and
iB 2 /ZE41 composite are climb of dislocation and cross-slip
f screw dislocation/ constant substructure model respectively.
he average values of s are calculated from the linear fitting
f 1000/ T vs ln[sinh ( ασ )] ( Fig. 10 ). The activation energy of
oth ZE41 and TiB 2 /ZE41 are calculated and the quantitative
alues are represented in Table 1 . 

The activation energy of ZE41 is found to be
48.15 kJ/mol, whereas for TiB 2 /ZE41 the value is
71.54 kJ/mol. The lattice self-diffusion activation energy of
ure magnesium is 135 kJ/mol [36] . The ZE41 alloy has
igher activation energy of than pure Mg due to the presence
f a stable Mg 7 Zn 3 RE ternary phase. These ternary phases
bstruct the dislocation movement by giving back stress.
he activation energy of the composite is higher than the
ure Mg and ZE41 alloy. These fine thermally stable in-situ
iB 2 particles obstruct the dislocation movement during hot
eformation, which improves the activation energy of defor-
ation. Apart from this, there is a miss match in the coeffi-

ient of thermal expansion (CTE) between in-situ TiB 2 parti-
les and ZE41 matrix, resulting in the generation of disloca-
ions around particles [37] and increase in activation energy.

any researchers also reported the higher activation energy
f Mg matrix composites during hot deformation [22 , 38] . 

The ln A value was calculated from ln Z and ln[sinh ( ασ )]
nd shown in Fig. 11 . The ln A for both ZE41 and TiB 2 /ZE41
re 26.37 and 31.07 respectively. Based on the above
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Fig. 8. Relationship between ln ̇ ε and σ for (a) ZE41 alloy and (b) TiB 2 /ZE41 composite. 

Fig. 9. Relationship between ln ̇ ε and ln[sinh ( ασ )] for (a) ZE41 alloy and (b) TiB 2 /ZE41 composite. 

Table 1 
Calculated values of constitutive equation constants for both ZE41 and TiB 2 /ZE41 composite. 

Parameters n 1 β α= β/n 1 (MPa −1 ) n S Q = R 

∗n ∗S (kJ/mol) A (s −1 ) 

ZE41 8.48 0.065 0.00766 5.96 2.99 148.158 2.83 ×10 11 

TiB 2 /ZE41 11.19 0.074 0.00669 8.09 2.55 171.542 3.11 ×10 13 

c  

α

 

Z

ε

 

s  

i

ε

onstitutive analysis, the constitutive parameters ( n , β, and
) are calculated and represented in Table 1 . 

So, the constitutive equation during hot deformation of
E41 Mg alloy can be expressed as follows: 

˙  = 2. 83 × 10 

11 [ sinh ( 0. 00766 σ ) ] 5 . 96 exp 

(
−1 , 481 , 58 

RT 

)

(20) 
Similarly, the constitutive equation of sub-micron sized in-
itu TiB 2 reinforced ZE41 composite during hot deformation
s expressed as: 

˙  = 3 . 11 × 10 

13 [ sinh ( 0. 00669 σ ) ] 8 . 09 exp 

(
−1 , 715 , 42 

RT 

)

(21) 
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Fig. 10. Relationship between 1000/ T and ln[sinh ( ασ )] for (a) ZE41 alloy and (b) TiB 2 /ZE41 composite. 

Fig. 11. Relationship between ln Z and ln[sinh ( ασ )] for both ZE41 alloy and 
TiB 2 /ZE41 composite. 
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The flow stress values can be predicted based on the de-
eloped Arrhenius based constitutive equations ( Eq. (20) and
q. (21) ) for both ZE41 Mg alloy and TiB 2 /ZE41 composite.
ig. 12 represents the predicted flow stress values and the
xperimental stress values. Most of the stress values for both
E41 Mg alloy and TiB 2 /ZE41 composite are near the fitting

ine of the plot. The R 

2 values for ZE41 and TiB 2 /ZE41 are
.967 and 0.959 respectively. These high values of R 

2 show
 good correlation of experimental values with the predicted
alues. This indicates the proposed Arrhenius based constitu-
ive model equations for both materials can well signify the
ow behavior. 
.4. Processing maps 

The processing map for hot deformation can be developed
y superimpose of instability map on power dissipation map.
ig. 13 shows the processing maps of unreinforced ZE41 and
iB 2 /ZE41 composite at a true strain of 0.25. The contour

ines represent the iso power dissipation efficiency and the
igher the efficiency is, the better the workability of the ma-
erial will be. It has been reported by many researchers for

g alloys that, the efficiency greater than 30–35% is suitable
or workability of materials [39] . The higher values of power
issipation efficiency enhance the nucleation and growth of
RX. So, the workability domains are chosen by considering
ower dissipation efficiency greater than 33%. The peak effi-
iency zones for both ZE41 alloy and TiB 2 /ZE41 composite
re marked with dotted rectangles. The instability or unsafe
ones are shown by shaded areas, where the flow instability
arameter is negative ( ξ ( ̇  ε ) < 0) ( Fig. 13 ). 

The efficiency values and processing parameters in dif-
erent zones of processing map for both ZE41 alloy and
iB 2 /ZE41 composite are shown in Table 2 . In the ZE41
lloy, the power dissipation efficiency value decreases with
ncrease in strain rate at low deformation temperature (250 –
00 °C). Whereas, at moderate and high temperatures with an
ncrease in strain rate, the efficiency value increases. There are
hree workability domains (Zone-I, II and III) found in pro-
essing map of ZE41 alloy. In Zone-I, the efficiency values
ere found to be 0.33 to 0.41 at a low strain rate (0.001–
.0055 s −1 ) and a temperature range of 300 °C – 375 °C.
he efficiency value in Zone-II is found to be 0.33 at a strain

ate of 0.1 to 3 s −1 (408–434 °C) and in Zone-III the peak
fficiency of 0.33–0.39 is observed at a strain rate range of
.1 to 3 s −1 (350–400 °C) ( Table 2 ). The Zone-A represents
he instability domain in the processing map of ZE41 al-
oy ( Fig. 13 a). The instability/unsafe domain is observed at a
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Fig. 12. Comparative analysis of the experimental and predicted flow stress data from the proposed Arrhenius based constitutive model equation for (a) ZE41 
alloy and (b) TiB 2 /ZE41 composite. 

Table 2 
Different zones in processing maps of both ZE41 and TiB 2 /ZE41 composite. 

Material conditions Zone condition Temperature ( °C) Strain rate (s −1 ) Efficiency ( η) (%) 

ZE41 Zone I Workability 300–375 0.001–0.0055 33 - 41 
Zone II Workability 408–434 0.1–3 33 
Zone III Workability 350–400 5–10 33–35 
Zone A Instability 250–350 0.025–10 –

TiB 2 /ZE41 Zone I Workability 292–384 0.001–0.008 33–45 
Zone II Workability 384–447 0.0058–1 33–39 
Zone A Instability 250–300 0.0675–10 –
Zone B Instability 385–450 6.5–10 –
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train rate ranging from 0.025 to 10 s −1 with a temperature
ange of 250–350 °C ( Table. 2 ). Fig. 13 b shows the process-
ng map for in-situ TiB 2 /ZE41 composite. Similar to ZE41
lloy, the efficiency value decreases with an increase in strain
ate at low temperatures. Two peak efficiency zones (Zone-I
nd Zone-II) are observed in the case of composite material.
n Zone-I, the efficiency value lies in the range of 0.33–0.45
t a stain rate range of 0.001–0.008 s −1 (292–384 °C) and in
one-II, the values range is 0.33 – 0.39 at strain rate range
f 0.0058 to 1 s −1 (384–447 °C) ( Table. 2 ). These zones in
omposite material are considered to be the safe workability
omain. The instability domains (Zone-A and Zone-B) in the
omposite are smaller than that of ZE41 alloy. The instability
one-A is observed at a strain rate of 0.0675–10 s −1 (250–
00 °C), whereas in Zone B, the instability is found at a high
train rate (6.5–10 s −1 ) and high temperature (385–450 °C). 

. Discussion 

The present research work emphasized on the manufactura-
ility of novel ZE41 with and without addition of sub-micron
ized in-situ TiB 2 particles. The hot deformation behavior was
tudied by developing processing map. In the processing map,
ach domain is related to different microstructural evolutions
nd deformation mechanisms. Therefore, for each workability
omain and instability domain, microstructural characteriza-
ion was analyzed in depth for both ZE41 and TiB 2 /ZE41
omposite to understand the hot deformation mechanism dis-
ussed in the following section. 

.1. Workability domain 

The maximum power dissipation efficiency zones in the
rocessing map represent the workability domain for a partic-
lar material with certain hot deformation parameters. There
re three workability domains (Zone-I, Zone-II and Zone-III)
ound for ZE41 and two workability domains (Zone-I and
one-II) in case of TiB 2 /ZE41 composite ( Table 2 ). Each zone
f workability domains is discussed as follows: 

.1.1. Zone-I 
The Zone-I workability domain possess at medium defor-

ation temperature range (290–385 °C) and at slow strain
ate (0.001 s −1 ) for both the materials ( Table. 2 ). However,
he Zone-I in composite is wider (almost 1.5 times) than
n-reinforced ZE41 alloy. At this workability zone, both base
nd composite exhibit peak power dissipation efficiencies. So,
he microstructures at this zone (350 °C and 0.001 s −1 ) have
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Fig. 13. Processing maps for (a) ZE41 alloy and (b) TiB 2 /ZE41 composite. 
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quiaxed DRX grain structure for both base and composite
 Fig. 14 a,b). The α-Mg of ZE41 alloy is significantly refined
around 80%) with equiaxed fine grains and average grain
ize of 8 μm ( Fig. 14 c). The ternary Mg 7 Zn 3 RE phases
re fragmented ( Fig. 14 e). The microstructure of composite
lso reveals equiaxed fine grains with well-defined grain
oundaries. The composite microstructure shows the distri-
ution of Mg 7 Zn 3 RE phases with some TiB 2 particle clusters
 Fig. 14 f). The EDS results gives the evidence of presence of
hases and particles ( Fig. 14 g,h). These particle clusters are
resent mainly around the grain boundaries. As compared to
he grain size of deformed ZE41 in Zone-I, the average grain
ize of composite found to be smaller ( ∼ 6 μm) ( Fig. 14 d).
he decrease in grain size is mainly due to the in-situ
article pinning effect on grain boundaries which limit the
rain growth. The significant refinement of α-Mg grains in
one-I hot deformation condition is primarily due to the fully
ynamic recrystallization of material. The DRX is a ther-
ally activated process [41] . The extent of DRX depends on

emperature and time. In zone-I deformation condition (300–
84 °C; 0.001–0.008 s −1 ), the combined action of slow strain
ate and moderate temperature helps the material fully recrys-
allize. For Mg based alloys and composites, the DRX is often
redominant due to the activation of dislocation in non-basal
lip systems and grain boundary migration at lower strain rate
 < 0.01 s −1 ) and relatively higher temperature ( > 320 °C)
41 , 42] . The fine grain structure with random orientation
n zone-I is mainly due to dislocation clime and cross-slip,
hich provides nuclei for continuous dynamic recrystalliza-

ion (CDRX). In addition to this, the value of stress compo-
ent ( n ) for ZE41 and TiB 2 /ZE41 are 5.9 and 8.09 ( Table. 1 ),
hich indicates the hot deformation is mainly controlled by

he climb of dislocation for ZE41 and cross-slip of screw
islocation for TiB 2 /ZE41. The CDRX is the primary hot
eformation mechanism for the zone-I deformation condition.

The TEM image of ZE41 alloy deformed at Zone-I
350 °C, 0.001 s −1 ) reveals the presence of DRX grains
 Fig. 15 a). The segregation of Ce, Nd rare earth content
n term of T-Mg 7 Zn 3 RE phases effectively reduce the DRX
rains size by solute drag effect during hot deformation
43] . Apart from this, Ce, Nd content rare earth phases
Mg 7 Zn 3 RE) have better thermal stability and creep proper-
ies at this deformation temperature range. Meanwhile, the
ctivation energy during hot deformation has also increased
o 148 kJ/mol which is higher than the self-diffusion acti-
ation energy of pure Mg (135 kJ/mol). This is due to the
resence of rare earth content T phase present in the matrix,
hich hinder the dislocation motion. The TEM observation

hows the dislocation accumulation around the Mg 7 Zn 3 RE
hase ( Fig. 16 a). It also observed that, there is pile-up of dis-
ocations around this rare earth phase and these phases act as
arrier to the dislocation movement ( Fig. 16 a), which helps
o promote DRX in ZE41. However, in composite, along with

g 7 Zn 3 RE phases, the presence of sub-micron sized in-situ
iB 2 particles helps to generate and accumulate more dislo-
ations than ZE41 alloy. Due to the mismatch in the CTE be-
ween in-situ TiB 2 and matrix alloy, a strain field is created
nd hence dislocation clusters are formed around the parti-
les. In addition to this, these in-situ particles act as barrier
o dislocation movement, which results in additional pile-up
f dislocations in TiB 2 /ZE41 ( Fig. 16 b). The insert image in
ig. 16 b shows the selected area electron diffraction (SAED)
attern of TiB 2 particle along zone axis of [0–111]. This re-
ults in the formation of high dislocation density at the vicin-
ty of particles. These regions are known as particle deforma-
ion zone (PDZ) [44] and is significant when the particle size
s in the sub-micron or micron level. The DRX and nucleation
f new grains are promoted with these high energy stored in
DZ and this mechanism is called as particle stimulated nu-
leation (PSN) [44] . The microstructure reveals the presence
f fine DRX grains surrounded by the in-situ TiB 2 particle
 Fig. 15 b). Under similar deformation conditions (350 °C;
.001s −1 ) Zhou et al. [45] have observed fine DRX grains
or AZ91–5SiC-0.5CNTs composite. They have also found
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Fig. 14. OM image, grain size distribution plot, SEM image and EDS result of samples deformed at 350 °C; 0.001 s −1 for; (a,c,e,g) ZE41 alloy; and (b,d,f,h) 
TiB 2 /ZE41 composite. 
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Fig. 15. TEM microstructures of samples deformed at 350 °C; 0.001s −1 (a) ZE41 alloy and (b) TiB 2 /ZE41 composite. 

Fig. 16. TEM images of dislocations arrested by (a) Mg 7 Zn 3 RE in ZE41 alloy and (b) in-situ TiB 2 particles in TiB 2 /ZE41 composite; (c) TEM images for 
fragmentation of phase due to particle. 
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he growth of these fine DRX grains were restricted due to
he pinning action of particles. Several researchers have also
eported that with the addition of fine reinforcements in Mg
etal matrix composite, the nucleation of DRX is also pro-
oted [19 , 46] . 

.1.2. Zone-II 
Another workability domain i.e. Zone-II was found for hot

eformation of both ZE41 alloy and TiB 2 /ZE41 composite at
igh temperature range (385–447 °C) and medium strain rate
 Table. 2 ). As compared to the workability zone-I, the power
issipation efficiency is lower for both materials. The power
issipation efficiencies are 0.33 and 0.33–0.39 for base and
omposite respectively. But, the zone-II of composite is much
ider (almost twice) than base alloy. This is due to the exis-

ence of thermally stable in-situ TiB 2 particles in the material.
he microstructure of ZE41 deformed at 425 °C and 1 s −1 

eveals equiaxed grain and the Mg 7 Zn 3 RE phases are mostly
resent in grain boundaries ( Fig. 17 a,e). However, the average
rain size for ZE41 at this zone is 31 μm ( Fig. 17 c), which
s much higher than that of zone-I, where as in composite
t is 20 μm ( Fig. 17 d). The grain size is lower in composite
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Fig. 17. OM image, grain size distribution plots, SEM image and EDS results of (a, c, e, g) ZE41 alloy at 425 °C, 1 s −1 and (b, d, f, h) TiB 2 /ZE41 composite 
at; 425 °C, 0.1 s −1 . 
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Fig. 18. (a) Microstructure of ZE41 alloy deformed at 375 °C, 10 s −1 and (b) corresponding grain size distribution plot with number fraction and volume 
fraction. 
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ecause of the presence of in-situ particle. Some particle clus-
er also present in the composite material ( Fig. 17 b), which
s shown in high magnification SEM image ( Fig. 17 f). The
orresponding EDS results revels the presence of phases and
articles ( Fig. 17 g,h). DRX for Mg alloy and its composite is
 thermally activated process and the extent of DRX depends
n time and temperature. As the deformation progress with
igher temperature, the DRX grains grow up faster. The grain
ize of deformed ZE41 at Zone-II is much larger than that of
he sample at Zone-I. At high deformation temperature ( > 400
C), the DRX grains completely grow with a homogeneous
icrostructure. The size of grains in Zone-II is increased with

n increase in deformation temperature due to the enhance-
ent of mobility of grain boundaries. The main mechanism

f DRX is grain boundary migration because the energy sup-
ly is high at higher deformation temperature. Similar kind
f grain growth characteristics are also observed at deforma-
ion temperature range of 400–450 °C and stain rate range of
.01–1 s −1 for different Mg based alloys and composites like
Z31, Mg-5Zn and SiCp/Mg-5Zn composite [46 , 47] . 

.1.3. Zone-III 
Apart from the two workability zones in both ZE41

nd TiB 2 /ZE41 materials, another peak power dissipation
fficiency was found in case of un-reinforced ZE41 alloy
 Fig. 13 a). In comparison to the other two workability do-
ains, this Zone-III workability domain is smaller. The Zone-

II workability domain have power dissipation efficiency of
.33–0.35 and this domain is observed at deformation tem-
erature of 350–400 °C with strain rate range of 5 to 10 s −1 

 Table 2 ). Fig. 18 shows the typical optical microstructure
f ZE41 sample deformed at Zone-III workability domain
375 °C and strain rate of 10 s −1 ). The ZE41 deformed at this
ondition was characterized with a mixture of fine dynamic
ecrystallized and coarse grains. These fine DRX grains are
ormed as necklace structure ( Fig. 18 ). As per the microstruc-
ural observation and grain size distribution plot ( Fig. 18 b), a
uplex nature of microstructural variation (bimodal grain size)
s found in Zone-III i.e. (i) fine necklace type DRX grains
 ˂ 5 μm) with a number fraction of 65% along the grain
oundaries and (ii) coarse grain structure. It is also clearly ob-
erved that the volume fraction of course grains ( > 20 μm) is
uch higher than the fine grains. The necklace structure DRX

rains are observed as nucleated around the bulging grains.
his types of DRX grains are mainly discontinuous dynamic

ecrystallization (DDRX) grains. Mostly, DDRX are found in
he hot deformation of low stacking fault energy materials
ike Mg [36] . The fine DDRX grains were also observed at
he vicinity of the rare earth phases (T-Mg 7 Zn 3 RE). This is
ue to more fraction of dislocation accumulation around the
-phases. These rare earth phases are mostly found along the
rain boundaries. During hot deformation, the nucleation of
ew grains starts the areas having high store energy. At high
train rate and high temperature, Mg 7 Zn 3 RE had high stored
nergy than the α-Mg. So, the new grains start nucleating at
he vicinity of rare earth phases. With the constant rise in de-
ormation temperature in hot working, more new fine grains
re nucleated and form necklace structure. A similar obser-
ation was also found for hot deformation of Mg alloys at
eformation temperatures greater than 300 °C with a higher
train rate range ( > 1 s −1 ) [28 , 33 , 48] . 

Based on the above study, it is found that, for both ZE41
lloy and TiB 2 /ZE41 composite, DRX is the dominating
echanism for hot deformation. The optimum workability

omain is suggested with high power dissipation efficiency.
ll the workability domains are at temperature ranges from
edium to high domain (300 to 450 °C). In the case of ZE41

lloy, the workability domains are existing at low, medium
nd high strain rates, whereas in composite, the workability
omains are only limited to low and medium strain rates. As
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F  
ompared to the unreinforced ZE41 alloy, the workability do-
ains in the composite are wider. This shows, incorporation

f sub-micron sized in-situ TiB 2 reinforcements expands the
orkability of ZE41. The DRX phenomenon is a thermally

ctivated process and it happens as long as the activation
nergy of DRX is satisfied. During hot deformation, the ma-
erial’s internal energy has key role to provide activation en-
rgy for DRX. The calculated activation energy of composite
s higher than that of ZE41 alloy ( Table 1 ). Apart from the
ctivation energy, the presence TiB 2 particles promotes the
islocation generation and pile up. This provides additional
nternal energy required for DRX. Hence TiB 2 /ZE41 com-
osite possesses better workability domain than unreinforced
E41 alloy. 

Based on the above microstructural observations, the gov-
rning mechanisms of each workability zone for both ZE41
g alloy and TiB 2 /ZE41 Mg composite are identified. The

ontinuous dynamic recrystallization (CDRX) is the deforma-
ion mechanism for zone-I workability domain. The CDRX
s mainly due to the climb of dislocations for ZE41 Mg alloy
nd cross-slip of screw dislocation for TiB 2 /ZE41 composite.
he PSN effect in composite also helps to promote the DRX

n TiB 2 /ZE41 Mg composite. The hot deformation mecha-
ism in zone-II workability for both materials is mainly due
o the grain growth kinetics of DRX grains at high deforma-
ion temperature domain (400–450 °C). The zone-III work-
bility of ZE41 Mg alloy forms a typical necklace kind of
ne grain structure and this is due to discontinuous dynamic
ecrystallization (DDRX). 

.2. Instability domain 

The instability in processing map represents the instan-
aneous workability of a material. The shaded area in the
rocessing map shows the instability domain of the material.
he processing map of un-reinforced ZE41 alloy has one in-
tability domains (Zone-A), however, in case of TiB 2 /ZE41
omposite, there are two instability domains (Zone-A and
one-B) ( Fig. 13 ). The instability of both alloy and com-
osite have occurred mainly at low deformation temperature
omain (250 °C-300 °C) and high strain rate ( Table. 2 ). The
nstability area in composite is smaller than that of base al-
oy. Generally, flow localization and cracking are the phe-
omenon for instability in a Mg alloy. Typical optical mi-
rostructure in the instability zone for ZE41 sample deformed
t 250 °C and 10 s −1 is shown in Fig. 19 a. The microstruc-
ure is characterized with the number of mechanical twins,
ntergranular cracks. The mechanical twins are shown by red
rrows while the intergranular cracks with yellow arrows.
ig. 19 c shows the corresponding SEM image. This shows

he presence of micro crack in ZE41 alloy deformed at in-
tability domain. These cracks are generated near to the T-
g 7 Zn 3 RE phases of the ZE41 alloy. The dislocation move-
ent in Mg alloy can be achieved when the applied stress
ill be greater than the critical resolved shear stress (CRSS).
he required stress for hot deformation is temperature and

ime-dependent. For Mg alloy, at low temperature, only basal
ode of slip systems is activated since the CRSS of basal
lip system is lower compare to other slip systems. The ad-
itional twins get activated due to lack of slip systems in
ow-temperature deformation. But, with increase in tempera-
ure, the other slip system gets activated, which suppresses
he extent of twin formation. So, in low deformation tem-
erature twin mode of deformation is dominated. Apart from
his, deformation at a high strain rate increases stress con-
entration, resulting in the nucleation of voids and cracks.
his is because at high strain rate, there is not sufficient

ime for the material to dissipate heat during hot deformation
49] . 

In the case of in-situ TiB 2 /ZE41 composite, the instability
omains are smaller than those of the ZE41 alloy. Fig. 19 b
hows the optical microstructure of TiB 2 /ZE41 deformed at
50 °C and 1 s −1. The microstructure shows presence of in-
ergranular cracks and mechanical twins in the material. How-
ver, intergranular cracks are present like the ZE41 alloy and
hese cracks are mostly initiated from the particle cluster,
hich is marked as white ellipse ( Fig. 19 b). Fig. 19 d shows

he SEM image of TiB 2 /ZE41 sample deformed at instabil-
ty domain (250 °C, 1 s −1 ). The presence of void and crack
round the in-situ TiB 2 particle clusters are clearly visible.
his is due to the dislocation generation and accumulation
ecause of the mismatch in CTE and elastic modulus be-
ween the TiB 2 particle and alloy matrix. During deforma-
ion, the generated dislocation may concentrate around the
n-situ particles, which further leads the stress concentration
t the interface. As the stress concentration exceeds the in-
erface bond strength, intergranular cracking happens. Due
o this stress concentration, the interface debonding occurs
etween the in-situ TiB 2 particle and the matrix. Fig. 19 e
hows the debonding of a sub-micron size in-situ TiB 2 par-
icle with the matrix. The corresponding EDS result proofs
he evidence of TiB 2 ( Fig. 19 f). The debondings are the ini-
iation of cracks and voids near the particles. During the de-
ormation of SiCp/Mg composite at deformation temperature
f 270 °C and strain rate of 1s −1 , similar cracks are ob-
erved mainly at the interface between Mg matrix and SiCp
27] . The TEM image shows the presence of twins along with
igh dislocation density present in TiB 2 /ZE41 composite de-
ormed at instability domain (250 °C and 1s −1 ) ( Fig. 20 ).
uring deformation at low temperature and high strain rate,

wining plays a key role in accommodation of dislocations
ue to limited number of slip systems. Meanwhile increase
n dislocation fraction in composite material leads to an in-
rease in the difficulty of plastic deformation and results in
ow instability. So, mechanical twinning is the main cause of
ow instability for the ZE41 Mg alloy. Whereas stress con-
entration and debonding between TiB 2 particle and ZE41
atrix interface are causes the flow instability in composite
aterial. 
In order to compare our result of instability domains for

iB 2 /ZE41 composite with the published literature of other
g matrix composites [18 , 22 , 26 , 27 , 40 , 46 , 50 , 51] , a thorough

iterature survey was carried out and the results are shown in
ig. 21 . Most of the researchers conducted hot compression



3538 S.K. Sahoo and S.K. Panigrahi / Journal of Magnesium and Alloys 10 (2022) 3520–3541 

Fig. 19. Microstructure of sample deformed at 250 °C, 10 s −1 (a, c) ZE41 alloy; (b, d) TiB 2 /ZE41 composite and (e,f) debonding between TiB 2 and matrix 
with corresponding EDS result. 
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Fig. 20. TEM image of TiB 2 /ZE41 composite at instability domain. 
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p to a maximum strain rate limit of 1s −1 , so the comparison
s made within the strain rate range of 0.001s −1 to 1s −1 . In
ost of the cases, the instability domains are found in low

o medium deformation temperature range (250 to 350 °C).
he instability zone for TiB 2 /ZE41 composite is also found

n low temperature and high strain rate as like most of the
omposites. The flow instability in most of the composites
s due to the micro cracks, voids, wedge cracking and me-
hanical twinning. They found the cracks and voids at the
icinity of the particles due to the stress concentration. The
ider instability domain was found in case of high-volume

raction of reinforcement for the processing map of Mg com-
osites [27 , 50] . Apart from this, micron sized Mg composites
xhibit high instability than that of sub-micron/nano size com-
osites. But in few case studies, it was observed that, even
Fig. 21. Comparison of instability domains of 
hough addition of nano reinforcement to Mg alloy matrix,
here is increase in flow instability domain. It was found that,
ll these composites were developed by ex-situ processing
oute. So, the size of the reinforcement, volume fraction and
rocessing route play important roles in hot deformation of
g composites. In this present work, the instability domain

f TiB 2 /ZE41 has become narrow in comparison with other
ublished literature. Because of the novel in-situ processing
oute and sub-micron sized TiB 2 particles (average particle
ize of 765 nm), the developed composite shows wide range
f workability domain with narrow instability zone. These
n-situ particles provide strong interfacial bonding between
-Mg and TiB 2 . Apart from this, in-situ TiB 2 particles give
etter thermal stability than that of ex-situ Mg composite [3] .
uring high temperature deformation of Mg composites, the
atrix alloy is getting thermal softening faster specifically at

igh strain rate than the reinforcements. The matrix alloy un-
ergoes plastic deformation and accumulate stress surround-
ng the particles. This generates the stress concentration and
ence exceeds the critical stress value. If the interface is not
trong as in case of in-situ particles, there will be thermal
esidual stress at the interface. This leads to flow instability
nd cracking near the particles. Apart from this, the nano/sub-
icron size particle reinforced Mg composites developed via

x-situ route have more particle clusters than the in-situ Mg
omposite. This is due to the agglomeration and surface ox-
dation of starting fine powders, which results in poor wet-
ability with the matrix. During hot deformation of ex-situ
ano/sub-micron composites, these particle clusters increase
he stress concentration which results cracks and voids. So,
he developed sub-micron sized in-situ TiB 2 /ZE41 composite
ives a better choice for manufacturability. 
different Mg composites with TiB 2 /ZE41. 
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. Conclusions 

In this present research work, the hot deformation behav-
or of both ZE41 and in-situ TiB 2 /ZE41 composite are stud-
ed at different temperatures (250 °C - 450 °C) and strain
ates (0.001 s −1 - 10 s −1 ) based on constitutive analysis and
rocessing maps. The detailed analysis of deformation mech-
nisms forboth workability and instability are discussed based
n the microstructural characterization. The following impor-
ant conclusions are drawn: 

1) Compared with monolithic ZE41 alloy, the addition of
in-situ sub-micron sized TiB 2 particles effectively en-
hanced the flow stress of TiB 2 /ZE41 composite by hin-
dering the strain-induced dislocations. 

2) The apparent activation energy of TiB 2 /ZE41 composite
is increased from 148.15 kJ/mol to 171.54 kJ/mol due
to the effective dispersion strengthening action of in-situ
TiB 2 particles. 

3) The developed constitutive model equations for both
ZE41 Mg alloy and TiB 2 /ZE41 composite are as fol-
lows: 

For ZE41 alloy: ˙ ε = 2. 83 × 10 

11 [ sinh ( 0. 00766 σ ) ] 5 . 96 

exp ( − 1 , 481 , 58 
RT ) 

For TiB 2 /ZE41 composite: ˙ ε = 3 . 11 × 10 

13 [ sinh
( 0. 00669 σ )] 8 . 09 exp ( − 1 , 715 , 42 

RT ) 

The predicted flow stress values from the constitutive
equations of both materials are correlated well with
the experimental results. 

4) According to the developed processing maps, the work-
ability domains at peak efficiencies are found to be at
300–375 °C, 0.001–0.0055 s −1 for ZE41 Mg alloy and
at 292–384 °C, 0.001–0.008 s −1 for in-situ TiB 2 /ZE41
composite. The DDRX is the primary governing mech-
anism in the workability domain of both the materi-
als. The flow instability for both the materials occurs
at a low temperature with a high strain rate, and stress-
induced cracking, twinning are the main characteristics
of flow instability. 

5) The peak efficiency of TiB 2 /ZE41 composite (45%) is
higher than that of ZE41 alloy (41%). The processing
map of TiB 2 /ZE41 composite results in wider workabil-
ity domains and higher peak efficiency (45%) as com-
pared to ZE41 Mg alloy. The presence of these fine
in-situ TiB 2 particles promotes the DRX of the com-
posite due to the additional PSN effect in addition to
DDRX. Hence, the deformation of TiB 2 /ZE41 compos-
ite is more stable and homogenous with a wide range
of manufacturability. 

6) The presently developed TiB 2 /ZE41 composite showed
a smaller range of instability domain as compared to
that of existing Mg based composites published in the
literature till date. The higher interfacial bonding be-
tween ZE41 matrix and in-situ TiB 2 reinforcement due
to in-situ reaction prevent earlier debonding during high
temperature deformation. 
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