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Abstract: The effect of Ti content on the microstructure and mechanical properties of as-cast light-weight 
Tix(AlVCr)100−x medium entropy alloys was studied by compressive tests, X-ray diffraction, scanning electron 
microscopy and transmission electron microscopy. The results suggest that yield strength increases and then decreases 
with the increment of Ti content. The Ti60(AlVCr)40 alloy has the best combination of high strength of 1204 MPa and 
uniform plastic strain of 70%, possessing a high specific yield strength of 255 MPa·cm3/g. The enhancement of strength 
is mainly attributed to the synergic effects of solid-solution and coherent nano-precipitation strengthening, while 
dislocation motion such as dislocation pinning, entanglement and dislocation cells significantly increases the 
strain-hardening capacity. 
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1 Introduction 
 

Developing novel light-weight structural 
metallic materials with high strength and sufficient 
plasticity has been a lasting endeavor for material 
researchers [1,2]. Over the past few decades, 
light-weight alloys with single dominant element 
have been widely reported, such as Al alloys, Mg 
alloys, and Ti-based alloys [3]. It becomes a new 
conundrum to further enhance the specific strength 
and plasticity simultaneously for the alloys based 
on one principal component. In recent years, the 
multi-component alloys, also called as medium 

entropy alloys (MEAs) or high entropy alloys 
(HEAs), containing multiple principal alloying 
elements have received considerable attention   
due to limitless compositional space, outstanding 
physical and mechanical properties, such as high 
strength, good fatigue, corrosion and oxidation 
resistance [4−6].  

Similar to the conventional metallic alloys,  
the mechanical properties of MEAs also strongly 
depend on their microstructures and phase 
constituents. Generally, the single-phase face- 
centered-cubic (fcc) MEAs are ductile but soft, 
while the single-phase body-centered-cubic (bcc) 
MEAs exhibit a high strength but relatively poor 
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plasticity [7]. Several strengthening approaches 
have been implemented to improve the strength  
and strain hardening capability of single-phase 
MEAs [8]. For example, numerous light-weight 
MEAs (LW-MEAs) with single bcc phase solid- 
solution structure have been developed, such as 
Ti67−xNb25Zr8Crx, (Ti67Nb16Zr17)100−xAlx, Ti60Alx- 
(VCrNb)40−x, Tix(AlCrNb)100−x and Tix(AlCr- 
VNb)100−x [9,10]. The high mechanical properties  
of these alloys are attributed to the single solid- 
solution strengthening effect caused by the severe 
lattice distortion. In addition to the intrinsic solid- 
solution strengthening of MEAs, nanoprecipitate- 
strengthening MEAs also can carry a high strength 
while maintaining a decent plasticity. For instance, 
YANG et al [11] have prepared the single-phase fcc 
(FeCoNi)86Al7Ti7 HEA with a high-volume fraction 
nanoprecipitates, where superior yield strength over 
~1 GPa and no plasticity loss were obtained due to 
the uniform distribution of L12 nanoprecipitates 
within the grain. In contrast, SHIRATORI et al [12] 
used the ordered b2 precipitate phases to strengthen 
the AlCoCrFeNi HEA, where the compressive  
yield strength was increased to ~1.3 GPa, but the 
plasticity was limited to ~5.6%. The reason for the 
reduced plasticity is the weave-like microstructure 
induced by the spinodal decomposition of bcc 
phases and sub-micron b2 precipitation. Therefore, 
the volume fraction, size and distribution of the 
precipitates are crucial to improve strength while 
reduce the loss of plasticity. 

Based on these considerations, Al, Ti, V and Cr 
which have relatively low density were chosen to 
develop strong LW-MEAs. On account of similar 
crystal structure of Ti, V and Cr, they provide bcc 
solid-solution phase. Meanwhile, Al could further 
enhance the stability of bcc solid-solution phase as 
bcc stabilizing element. On the other hand, Ti has 
the largest radius size (~145 pm) compared to other 
elements, so the solid-solution strengthening effect 
can be regulated by adjusting the Ti content. 
Moreover, Ti has significantly negative mixing 
enthalpy with Al and Cr, and nanoprecipitates can 
be obtained by controlling the content of Ti. Thus, 
we developed a series of Ti-rich light-weight MEAs 
in the composition of Tix(AlVCr)100−x. In addition, 
the strain hardening behavior and corresponding 
deformation mechanism were investigated in  
detail. 

 
2 Experimental 
 
2.1 Materials design and preparation 

According to the knowledge of thermo- 
dynamics and the Hume Rothery rule for multi- 
component alloys, the enthalpy of mixing (∆Hmix), 
atomic size difference (∆δr), thermodynamic 
parameter (Ω), electronegativity difference (∆χ) and 
valence electron concentration (VEC) are proposed 
to evaluate the phase formation and structural 
stability [13−15]. Particularly, the near zero values 
of the absolute ∆Hmix, the small ∆δr and ∆χ, and 
large values of Ω have been widely believed to 
effectively favor the formation of the stable solid- 
solutions rather than that of complex intermetallic 
compounds. It was determined that the criteria for 
forming high-entropy stabilized solid-solution 
phases region is −20 kJ/mol ≤ ∆Hmix≤ 5 kJ/mol,  
∆δr ≤ 6.6%, Ω ≥ 1.1 and ∆χ ≤ 17.5%. Obviously, the 
calculated values in Table 1 indicated that the 
parameters of these LW-MEAs meet the criteria for 
stable solid-solution formation. In addition, the 
VEC was found to be the physical parameter to 
control the phase stability for fcc or bcc solid 
solutions. The systems with lower VEC values than 
6.87 tend to form bcc phases and those with higher 
values larger than 8 tend to form fcc phases. The 
calculated VEC values of these alloys are all 
smaller than 6.87, and it could be concluded that all 
as-cast LW-MEAs are located in the bcc solid 
solution zone. 
 
Table 1 Mixing enthalpy (ΔHmix), difference of atomic 
radius (δr), thermodynamic parameter (Ω), electro- 
negativity difference (Δχ) and valence electron 
concentration (VEC) of LW-MEAs 

Alloy 
composition/at.% 

ΔHmix/ 
(kJ·mol−1) 

δr/% Ω Δχ/% VEC 

Ti40(AlVCr)60 −16.96 5.06 1.19 5.0 4.40 

Ti50(AlVCr)50 −16.11 4.86 1.18 5.4 4.33 

Ti60(AlVCr)40 −14.47 4.54 1.19 5.8 4.26 

Ti70(AlVCr)30 −12.04 4.09 1.22 6.1 4.20 

Ti80(AlVCr)20 −8.81 3.46 1.29 6.4 4.13 

 
Five kinds of Tix(AlVCr)100−x (x=40, 50, 60, 70 

and 80, at.%) LW-MEAs (denoted as Ti40, Ti50, 
Ti60, Ti70 and Ti80 MEAs) were fabricated by 
vacuum induction-melting process (Fig. 1), using 
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the mixtures of Ti, Al, V, and Cr raw materials with 
high purity (>99.95 wt.%). Prior to melting, the 
furnace was first evacuated to 6×10−3 Pa and then 
backfilled with high-purity Ar2 and evacuated three 
times to dilute the residual air inside the chamber, 
finally it was filled back to a vacuum degree lower 
than 3×10−3 Pa. Approximately 300 g of master 
metals were weighed and poured into a cylindrical 
copper crucible with the length of 50 mm and inner 
diameter of 35 mm. The alloy ingots were flipped 
and remelted at least five times to ensure thorough 
mixing and chemical homogeneity. The density of 
each ingot alloy was measured by the Archimedes 
method. The nominal and actual composition of 
as-cast Tix(AlVCr)100−x LW-MEAs are given in 
Table 2. The design components were nearly the 
same as the actual values, and there was no obvious 
Al evaporation during the melting process. 

 
2.2 Microstructural characterization 

Phase analysis was conducted by an X-ray 

diffraction (XRD, SmartLab TM 9KW) with Cu Kα 
radiation in a 2θ range from 30° to 80° at a 
scanning rate of 5 (°)/min. Microstructures were 
characterized with TESCAN S8000 GMH scanning 
electron microscope (SEM) equipped with an 
energy dispersive (EDS) detector, operating in the 
back-scatter electron (BSE) mode at an accelerating 
voltage of 20 kV and a transition electron 
microscope (TEM, JEM-2010UHR). The SEM 
specimens for microstructural observations were 
prepared by mechanically grinding with 1000−6000 
grit silicon-carbide (SiC) abrasive papers, followed 
by polishing with the optical microscopy (OM) 
suspension. The polished samples were etched with 
the etchant consisting of 5 vol.% HF, 8 vol.% HNO3, 
and 87 vol.% H2O. 

 
2.3 Mechanical tests 

The compressive tests were conducted using 
electronic universal testing machine (ETM205D) 
with cylindrical specimens (d3 mm × 6 mm) under 

 

 
Fig. 1 Schematic diagram of preparation process for LW-MEAs 
 
Table 2 Nominal and actual composition of as-cast Tix(AlVCr)100−x LW-MEAs 

Alloy 
Nominal composition/at.%  Actual composition/at.% 

Ti Al V Cr  Ti Al V Cr 

Ti40 40.00 20.00 20.00 20.00  39.24 19.88 21.39 19.49 

Ti50 50.00 16.67 16.67 16.67  49.49 16.07 17.82 16.62 

Ti60 60.00 13.33 13.33 13.33  59.95 12.96 13.54 13.55 

Ti70 70.00 10.00 10.00 10.00  69.51 9.83 10.74 9.92 

Ti80 80.00 6.67 6.67 6.67  79.77 6.13 7.20 6.90 
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a constant engineering strain rate of 1×10−3 s−1 at 
room temperature. The dog-bone shaped tensile 
specimens with a gauge size (20 mm × 8 mm × 
1.5 mm) were tested with the electronic universal 
testing machine (INSTRON 5985). Before testing, 
the specimen surfaces were mechanically polished 
using 2000 grit SiC abrasive papers. For the 
accuracy of experimental results, all the tests were 
repeated at least three times. In addition, to analyze 
the deformation mechanism, some compressive 
tests were interrupted at the selected strain levels to 
observe deformation microstructure. 
 
3 Results and discussion 
 
3.1 Microstructure and phase constitution 

As shown in Figs. 2(a, b), the XRD patterns 
reveal that the as-cast Tix(AlVCr)100−x MEAs 
possess single disordered bcc solid solution 
structure. From the enlarged XRD pattern in the 
range from 39° to 42°, the diffraction peaks shift 
towards a lower-angle with Ti content increment, 
indicating the increase of the lattice parameter and 
severe lattice distortion. Furthermore, the low-angle 
superlattice diffraction peak at 2θ=31.2° attributed 
to the (100) plane of b2 ordered-phase appears 
when the Ti content reaches 60 at.%. The inset 

image in Fig. 2(b) further indicates the presence of 
b2 phase. The back-scattering electron microscope 
(BSE) images of the as-cast alloys shown in 
Figs. 2(c−e) display a typical coarse-grained 
structure. The average grain size of these 
investigated MEAs determined by linear 
interception method is (500±50) μm. 

The bright-field (BF) TEM image of the 
as-cast Ti60 MEA is shown in Fig. 3(a), which 
clearly presents single-phase bcc solid solution 
structure. Magnified BF TEM image in Fig. 3(b) 
further reveals a decent amount of b2 nano- 
precipitates are in a spherical shape dispersed 
coherently in the bcc matrix. Figure 3(c) shows  
the diameter distributions of b2 nano-precipitates. 
The average size is approximately 24 nm. The 
corresponding selected area electron diffraction 
(SAED) pattern along with the [111] zone axis 
further reveals that the matrix is a disordered bcc 
phase (Fig. 3(d)), while the SAED pattern along 
with [001] zone axis indicates that the precipitate 
has an ordered b2 structure (Fig. 3(e)). This is 
agreed with the result of XRD. The BF TEM 
micrograph of the as-cast Ti80 MEA shown in 
Fig. 3(f) also shows the single-phase bcc solid 
solution structure. Several nano-precipitates with an 
average thickness of 71 nm distribute uniformly in 

 

 
Fig. 2 XRD patterns of as-cast LW-MEAs (a), enlargement of (110)bcc peak (b) and BSE-SEM images of as-cast   
Ti40 (c), Ti60 (d) and Ti80 (e) MEAs 
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Fig. 3 TEM characterization and corresponding SAED patterns of Ti60 and Ti80 MEAs: (a) BF TEM image of bcc/b2 
region; (b) Magnified BF TEM image showing central region of bcc/b2 phase; (c) Size distribution of b2 precipitates;  
(d, e) SAED patterns of bcc phases and bcc/b2 phases; (f) BF TEM image showing hcp precipitates in bcc matrix;    
(g, h) SAED patterns of bcc phases and hcp phases; (i) Thickness distribution of hcp precipitates 
 
the matrix. The SAED pattern obtained for the 
matrix along the [113] zone axis reveals a 
disordered bcc structure (Fig. 3(g)), while the 
SAED pattern in Fig. 3(h) obtained for the fine 
lamellar phase indicates that the nano-precipitates 
have hexagonal centered cubic (hcp) crystalline 
structure. 
 
3.2 Mechanical properties 

The compressive engineering stress−strain 
curves of the as-cast LW-MEAs at room 
temperature are shown in Fig. 4(a). Among the 
investigated alloys, the Ti40 and Ti50 MEAs 
exhibit the poor plastic strain of 6.1% and 6.8%, 
respectively, and the relatively low yield strength of 
634.6 and 883.6 MPa, respectively. The Ti40 and 
Ti50 alloys containing high Al content possess    
a higher negative ∆Hmix value (<−16.11 kJ/mol) 
compared to the other three MEAs, which are more 
conducive to the formation of highly ordered crystal 

structures, leading to the inferior plasticity at room 
temperature. For example, AlTiVNb [16], AlTiVCr 
[17], AlTiVNbZr [18] and AlTiVCrNb [19] alloys 
exhibit similar brittle fracture behavior (<1%) 
caused by highly ordered structures. As Ti content 
increases to 60 at.%, the degree of order to disorder 
transition for the alloy is lowered, and an obvious 
brittle-to-ductile fracture transition behavior  
occurs. The yield strength and plastic strain both 
dramatically increase. Also, the as-cast Ti60   
MEA with low density (4.71 g/cm3) displays an 
ultra-high yield strength of 1204 MPa and superior 
compressive plasticity over 70%. It is noted that the 
alloy still shows a relatively low tensile elongation 
below 1%. With increment of Ti content from 60 to 
80 at.%, the strengthening effects are gradually 
reduced. Compared with the Ti60 MEA, the yield 
strength of Ti70 and Ti80 MEAs decreases to 1002 
and 784 MPa, respectively, whereas these Ti-rich 
MEAs display excellent compressive plasticity. 
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The yield strength and specific yield strength 
of the LW-MEAs are displayed in Fig. 4(b). As the 
Ti content increases from 40 to 60 at.%, the specific 
yield strength increases rapidly from ~132 to 255, 
and then decreases to 170 MPa·cm3/g at the Ti 
content of 80 at.%. The variation trend of yield 
strength is consistent with the specific yield 
strength. 

Figure 5 shows the specific yield strength  
and compressive plasticity of the Ti60 LW-MEA 
compared with the most reported Ti-rich M/HEAs 
and part of previously reported LW-M/HEAs 
[10,20,21]. Obviously, the present as-cast Ti-rich 
LW-MEAs exhibit a higher specific yield strength 
comparable to the reported LW-H/MEAs, together 
with pretty good compressive plasticity. Overall, the 
as-cast Ti60 MEA exhibits the best combination of 
yield strength, plasticity and specific yield strength. 

Figure 6 displays the true stress−strain and 

strain-hardening rate (dσ/dε) curves of the as-cast 
Ti60 MEA. Interestingly, the deformation processes 
of the alloy can be classified into three distinctive 
stages, which are elastic deformation, strain- 
hardening and strain-softening stages. It is found 
that the strain-hardening rate shows a fairly high 
level at the beginning of the elastic deformation, 
while it drops drastically with increasing the strain, 
and then maintains a relatively high level of 
1500−2000 MPa. However, the strain hardening 
capacity of the alloy exhibits a gradually decreasing 
trend with increasing the strain. 

 
3.3 Evolution of deformation substructure 

The strain hardening behavior is essentially 
related to the dislocation substructure evolution 
upon plastic deformation. To reveal the underlying 
deformation behavior responsible for the super 
strain-hardening capacity of the cast Ti60 MEA,  

 

 
Fig. 4 Compressive engineering stress−strain curve of as-cast LW-MEAs (a) and variation of yield strength and specific 
yield strength with Ti content (b) 
 

 
Fig. 5 Exceptional combination of compressive strain and specific yield strength comparison to various reported 
LW-MEAs [10,20,22,23] 
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Fig. 6 True stress−strain and stain-hardening rate curves 
of Ti60 LW-MEA 

microstructure evolution is characterized by TEM 
for the sample deformed at the plastic strain of 10%, 
20% and 60%. After the relatively low compressive 
strain level of 10% shown in Figs. 7(a, b), the 
evident dislocation movements involving coplanar 
dislocation arrays and surface slip bands resulting 
from dislocation planar slip are observed. In 
addition, the local dislocation pinning points 
(indicated by red arrows) and dislocation loops 
appear in the deformed matrix. Generally, the 
products of dislocation loops are caused by double 
cross-slip of screw dislocations [24,25]. Such 
dislocation substructures indicate that the early 
plastic deformation stage is developed by planar  

 

 
Fig. 7 Typical microstructures of Ti60 MEA deformed at different interrupted strains: (a, b) 10% strain, showing 
different dislocation activities; (c, d) 20% strain, showing tangled dislocation and significant increase in dislocation 
density; (e, f) 60% strain 
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and wavy multiple slip. As the strain level increases 
to 20%, a significant increase in the dislocation 
density is observed. Meanwhile, the interaction 
between dislocations gets stronger, dislocation slips 
become difficult, and a large amount of highly 
curved dislocations are entangled, induced by the 
promotion of cross slip, as shown in Figs. 7(c, d). 
With increase in strain to a higher level of 60%,  
the disordered high-density dislocations gradually 
intertwin to form dense dislocation walls (DDWs), 
further constructing sub-grains. 

In addition, the plastic strain magnitudes    
at the different regions are locally nonuniform  
after highly large deformation. In the moderate 
deformation area, as shown in Figs. 8(a, b), the 
initial high-angle grain boundaries and coarse- 
grained regions with less dislocation accumulation 
are still observed, unable to transform into a 
sub-grain. In contrast, the severe deformed regions 
with high density tangled-dislocations exist with 
typical dislocation wall structures accompanied by 
cellular structures with a space of 300−500 nm. The 
dislocation density inside the dislocation cell 
surrounded by the dislocation walls is very low. 
Additionally, the severe deformed regions undergo 

a dynamic recovery and recrystallize process   
with dislocation transforming into sub-grains and 
equiaxed fine-grains, as shown in Figs. 8(c, d). 

 
3.4 Plastic deformation mechanism 

In the as-cast MEAs, the variation of Ti 
content significant changes the mechanical 
properties. As the Ti content is below 50 at.%, the 
MEAs exhibit a typical brittle fracture behavior. In 
contrast, as the Ti content increases from 60 to 
80 at.%, the MEAs achieve the excellent balance 
between strength and plasticity. Most intriguingly, 
the as-cast Ti60 sample obtains the best combination 
of strength and plasticity. The solid-solution 
strengthening and coherent nano-precipitation 
strengthening are responsible for the outstanding 
mechanical properties. 
3.4.1 Solid solution strengthening (SSS) 

In traditional binary alloys, the SSS effect is 
attributed to the interaction of the solute atoms and 
moving dislocations, as described by Labusch’s and 
Fleischer’s models. In terms of the H/MEAs, also 
called the multi-component alloys, the SSS effect 
induced by lattice distortion is distinctly different 
from conventional binary alloys, since it is difficult 

 

 
Fig. 8 TEM images of Ti60 MEA after 60% strain: (a) BF TEM image showing locally nonuniform plastic strain at 
different regions after highly large deformation; (b) Magnified BF TEM image showing distinct recovery region; (c) BF 
TEM image showing recrystallization region; (d) Magnified BF TEM image further indicating presence of nanocrystals 
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to term “solute” or “solvent”. The severe lattice 
distortion originating from large atomic radius 
difference and elastic misfit, is generally believed to 
generate a repulsive or attractive interaction with 
dislocations [26−28]. Therefore, the Fleischer’s  
and Labusch’s models are not appropriate for    
the multi-component systems. Recently, TODA- 
CARABALLO et al [29] have proposed a modified 
model based on Labusch’ approach to calculate  
the interatomic spacing in M/HEAs, which well 
determines the SSS contribution (∆σss) on yield 
strength:   

( )
2/3

2 2
ss =3 i i i

i
Z cσ µ η α δ ′∆ + 

 
∑            (1) 

 
9
8i j ijcη η′ = ∑                            (2) 

 
9
8i j ijcδ δ′ = ∑                            (3) 

 
where Z is a fitting constant, μ is the shear modulus 
of the solvent elements, iη′  and iδ ′  are the 
average modulus misfit and size misfit, respectively, 
and α describes the difference in interaction forces 
between the screw and edge type dislocations and 
the foreign atoms. cj is the molar ratio of element j; 
δij and ηij are the relative atomic size difference and 
modulus difference between element i and element j, 
respectively. By using these given equations, the 
calculated Tiη′  and Tiδ ′  values in Ti60 MEA are 
0.0547 and 0.0438, respectively, much larger than 
those of Ti70 and Ti80 MEAs. Obviously, effect of 
Ti atoms on the dislocation force in Ti60 MEA 
produces a far severe distortion effect, consistent 
with our experiment data. Moreover, the result also 
shows that the magnitudes of modulus distortions 
are likely to be stronger obstacles for dislocation 
movements in this alloy than the lattice distortions. 
Indeed, the arrangement of atoms in M/HEAs may 
not be an ideal disordered state due to the complex 
interaction between the constituent elements and 
the diversity of atomic sizes [30,31]. As a result, 
chemical short-range orders (CSROs) may exist in 
the M/HEAs, and the SSS model does not take into 
account the intervene of CSROs, which affects the 
interaction of the solute atoms and moving 
dislocations, further leading to the alteration of 
dislocation slip pathway [32,33]. 

In this model, the predicted yield strength 
( cal

yσ ) of MEAs is obtained:  

 
cal
yσ =∆σSS+σmix                                         (4) 

 

mix y,
1

n

i i
i

Xσ σ
=

∆ =∑                         (5) 
 
where σmix is the yield stress of the nominal solvent 
matrix, y,  iσ  and Xi are the yield strength and 
content of each constituent element. Eventually, by 
using these given equations, the calculated ∆σSS and 
∆σmix values in Ti60 MEA are determined to be 743 
and 207 MPa (Fig. 9), respectively. By comparing 
the experimentally measured yield strength and  
the predicted yield strength, the latter is lower  
than the former. Therefore, there should be other 
strengthening mechanism responsible for the high 
yield strength of the samples. 
 

 
Fig. 9 Calculated ∆σSS, σmix and ∆σy values of 
investigated LW-MEAs 
 
3.4.2 Precipitation strengthening 

Based on the interaction between mobile 
dislocations and precipitates, the mechanism for 
precipitation strengthening can be divided into two 
categories: Orowan bowing and particle shearing. 
Generally, the shearing mechanism occurs when the 
precipitates are coherent or small, while the Orowan 
mechanism dominates when the precipitates are 
large or incoherent with the matrix [34−36]. For the 
Ti60 sample, the lattice misfit (δa) between bcc and 
b2 phases can be calculated:   
δa=2(ab2−abcc)/(ab2+abcc)                    (6) 
 
where abcc and ab2 represent the lattice constants of 
bcc and b2 phases, respectively, and the value of δa 
is determined to be 0.21%, which indicates that the 
interface between the two phases is fully coherent. 
Thus, the shearing mechanism dominates the 
coherent precipitation strengthening in the current 
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MEA. The coherency strengthening (∆σcs) can be 
evaluated based on the equation [36]:  

( )
1/23

2cs c=
0.5

rfM G
Gbεσ α ε  ∆  

 
             (7) 

 
where M (=2.73) is the Taylor Factor for the bcc 
structure, αε (=2.6) is a constant, G is the shear 
modulus of matrix, εc (=2δa/3) is the constrained 
lattice misfit, b (= bcc3 /2a ) is the magnitude of 
Burgers vector of the matrix, r is the average 
particle size and f is the volume fraction of the 
precipitates. Based on the above equations and 
parameters, the coherent precipitation strengthening 
value for the as-cast alloy sample is calculated to be 
~206 MPa. Thus, the coherency strain field formed 
around the precipitates can effectively hinder the 
dislocation motion, thereby increasing the strength 
effect. Meanwhile, b2 nano-precipitates distributed 
in the bcc matrix can produce the shear-modulus 
mismatch between the precipitate and matrix. 
Numerous misfit dislocation existing at the b2/bcc 
interface occurs to accommodate the misfit [21,37]. 
As a result, there is a strong stress field around the 
interfacial misfit dislocations, which can bring 
about a stronger elastic interaction between the b2 
and bcc phases during the plastic deformation, thus 
leading to the enhancement for the strain-hardening 
capability. In addition, the hard ordered nano- 
precipitated phases are generally identified as 
primary strengthening agents for metallic materials 
since they are more effective in obstructing 
dislocation migration and rendering the dislocation 
accumulation and tangle [38]. 
 
3.5 Strain hardening behavior 

To better explain this strain hardening 
behavior, a schematic diagram is used to show the 
dislocation substructure evolution in details 
(Fig. 10). At the initial elastic−plastic deformation 

 transition of Stage I, the density of movable 
dislocations maintains at a relatively low level, and 
the rate of dislocation accumulation is negligible. 
Thus, the dynamic recovery becomes prominent, 
resulting in a striking decrease of strain-hardening 
rate for the alloy. 

As the strain increases into Stage II, due to the 
occurrence of a fast dislocation nucleation and 
massive multiplication, the density of movable 
dislocations increases to a certain degree [39]. 
Moreover, the emergence of multiple dislocation 
activities, especially the dislocation pinning and 
entanglement, not only strengthens the alloy but 
also enhances the strain hardening capacity. Thus, 
the strain-hardening rate in Stage II shows an 
upward trend (Fig. 6). As the strain increases into 
Stage III, the dislocation densities further increase, 
and dislocation cell and DDWs structures dominate 
the deformed microstructures. The formation of the 
DDWs is generally attributed to the increase of 
local strain concentration in some deformation 
areas, which is beneficial to enhancing the strength 
of the alloy [40,41]. Additionally, the dislocation 
wall is a typical short-range obstacle to dislocations 
slip, which can act as the grain boundary of the 
substructure. During the plastic deformation 
process, the DDWs can effectively accommodate a 
number of geometrically necessary dislocations, 
resulting in sustainable strain-hardening rates and 
stable plastic deformation ability [42]. Thus, the 
strain-hardening rate in Stage III (Fig. 6) still 
maintains at a high level. 

However, the severe accumulative deformation 
process can store continuously accumulating 
deformation energy in the samples. Due to the 
intrinsic delay diffusion effect of M/HEAs [43,44], 
it is difficult for the local heating of deformation to 
diffuse and make some grains dynamically 
recrystallize, leading to the dislocation cells and  

 

 
Fig. 10 Schematic diagram illustrating dislocations evolution and dynamic recrystallization in Ti60 MEA 
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sub-grains being partially replaced by new equiaxed 
fine-grains. At the same time, the dislocation 
density decreases significantly, and the stored strain 
energy in the crystal is released and tends to be 
stable, as shown in Figs. 8(c, d). Thus, the strain- 
hardening rate in Stage III (Fig. 6) shows a slow 
decreasing trend due to dynamic recovery and 
recrystallize process. Similar phenomenon was 
observed in bulk coarse-grained pure metal and 
HEAs by means of quasistatic and dynamic 
compression tests at room temperature [45−47]. A 
significant grain refinement occurs after heavily 
deformed compression process, whose magnitude 
increases with increasing both strain and strain  
rate. The grain size reduction is caused by partial 
recrystallization due to the driving force of 
activation thermal energy and self-diffusion for 
grain boundary migration. 
 
4 Conclusions 
 

(1) With the increment of Ti content, the 
mechanical properties of Tix(AlVCr)100−x  LW- 
MEAs are significantly improved. Among these 
investigated alloys, the best comprehensive 
performance is achieved in as-cast Ti60(AlVCr)40 
sample with bcc/b2 coherent microstructure. 

(2) Compared to Ti40 samples, the yield 
strength of Ti60 sample is increased by 50%,  
which is considered as an optimal combination   
of solid solution and coherent nano-precipitation 
strengthening effects. 

(3) The dislocation-dominated deformation 
mechanism involving dislocation cells and 
dislocation pining in the Ti60 sample serves to 
enhance the strain-hardening capacity, resulting in 
the dramatic improvement of plasticity from 6.1% 
to an extremely high value of >70%, which shows 
great potential application of M/HEAs as novel 
high-performance light-weight structural materials. 
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摘  要：采用单轴压缩测试、X 射线衍射、扫描电子显微镜和透射电子显微镜等研究了 Ti 含量对铸态轻质

Tix(AlVCr)100−x 中熵合金显微组织与力学性能的影响。结果表明，随着 Ti 含量的增加，屈服强度先增加后减少。

其中，Ti60(AlVCr)40 合金的压缩强度和均匀塑性应变分别达到 1204 MPa 和 70%，并具有 255 MPa·cm3/g 的高比屈

服强度，表现出最优的综合力学性能。强化效应主要归因于固溶强化和共格纳米析出强化的协同作用，位错运动

如位错钉扎、缠结及位错胞的形成能显著提高中熵合金的应变硬化能力。 

关键词：TiAlVCr 中熵合金；固溶强化；b2 析出相；应变硬化行为 

 (Edited by Bing YANG) 


