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Abstract

Laves phases are effective in tailoring the mechanical properties of alloys used for structural
engineering applications. Therefore, it is an emerging research significance to investigate the
deformation features of alloys comprising a Laves phase. In this work, the Ti-33Zr-xFe-yCr (x
=5, 7wtV and y = 2, 4 wt%) alloys were designed in such a way that a Laves phase would
form in the investigated Ti-33Zr-xFe-yCr alloys and later, cast by cold crucible levitation
melting. All the as-cast alloys exhibit a face-centered cubic C15-type Laves phase along with
a dominant § phase. The volume fraction of C15-Laves phase increases as the quantities of Fe
and Cr increase in the Ti-33Zr-xFe-yCr alloys. Further, the volume fraction of C15-Laves
phase influences the size of the deformation zone around the indentations and hardness of the
investigated Ti-33Zr-xFe-yCr alloys. Vickers microindentation technigue was used at the three
different loads to examine the deformation features (around the indentations) of the as-cast
alloys. In this work, Ti-33Zr-5Fe—-2Cr shows large plastic strain (37.0%) in compression

testing and high (true) yield strength (1,083 MPa) and hardness (3.50 GPa), whereas Ti-33Zr-
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TFe-4Cr demonstrates the highest (true) yield strength (1285 MPa), hardness (4.08 GPa), and
the lowest size of the deformation zone around the indentations at three different indentation-
loads. Moreover, the indentation-based fracture toughness of Ti-33Zr-7Fe-2Cr and Ti-33Zr-
7Fe-4Cr were estimated based on the various relevant models proposed in the established

literature.

Keywords: Laves phase; Deformation; Fracture toughness; Mechanical properties;
Indentation; Titanium alloys.

1. Introduction

Alloys comprising ABz-type Laves phases have become promising materials for high-strength
structural applications in aerospace, automobile, nuclear and petrochemical industries because
Laves phases produce superior strengthening effects in metallic alloys [1]. The three different
variants of Laves phases are available: a hexagonal close-packed (hcp) C14 (with MgZn; type
prototype structure), a face-centered cubic (fcc) C15 (with MgCu. type prototype structure),
and a dihexagonal C36 (with MgNi> type prototype structure) [2, 3]. C14, C15, and C36 are
the fundamental categories of Laves phases in which various phases with AB> compositions
(with different alloying elements) form. In AB: alloy compositions, atoms of A comprise
relatively larger atomic size (e.g., La, Ce, Zr, and B), whereas atoms of B comprise relatively
smaller atomic size (e.g., Fe, Co, Mn, Ni, and Cr) [3, 4]. Laves phases in alloys mainly
precipitate based on the values of atomic radii ratio (Ra/Rg), average valence electron
concentration, and difference in electronegativities of A and B atoms present in AB: alloy
compositions [5]. Fracture toughness is one of the important properties for the alloys used in
high-strength structural applications. The fracture toughness values of alloys comprising Laves
phase have been reported from around 0.5 to 2.2 MPa-m*? in previous findings [6-9]. These
values indicate brittle nature of Laves phases. Nonetheless, deformability and fracture

toughness of Laves phases can be improved by alloying brittle Laves phases with a soft



microstructure matrix possessing a large deformability [10, 11]. The B phase of Ti (with body-
centered cubic (bcc) crystal structure) is quite popular to show large deformability [12-15].
Therefore, if Laves phases precipitate in the B matrix of Ti alloys, Laves phases would serve
as a strengthening agent and f matrix would help to increase bulk deformability of an alloy [9].
As far as alloying elements of Ti alloys are concerned, Zr has a good affinity with Ti because
both elements reside in a same group of the periodic table of elements. In addition, Zr also
helps to improve mechanical and corrosion properties of Ti alloys [1, 16]. On the other hand,
Fe and Cr are inexpensive solute elements, which increase yield strength and hardness of Ti
alloys [17-20]. Hence, considering the aforementioned points, four titanium based alloys, Ti-
33Zr-5Fe-2Cr (TZ52), Ti-33Zr-5Fe-4Cr (TZ54), Ti-33Zr-7Fe-2Cr (TZ72) and Ti-33Zr-7Fe-
ACr (TZ74), which demonstrate the C15 type Laves phase in the B matrix, have been chosen in
the present work from our previous work [10]. Note that the quantities of alloying elements are

in wt%.

Micro-indentation technique is effective in anlyzing deformation features of metallic materials
[21]. The indentation-based deformation features correlate directly with the corresponding
mechanical properties of materials [22]. Moreover, indentation methods are simple and less
costly as compared to other mechanical testing methods [21]. Therefore, it is a great
significance to analyze the combined elasto-plastic deformation behavior of a relatively hard

C15 type Laves phase in the soft B matrix of titanium based Laves phase alloys.

The volume fraction of Laves phase significantly influence the mechanical properties of alloys
[1, 23]. Therefore, the present work intends to investigate the true mechanical properties of the
investigated Ti-33Zr-xFe-yCr alloys. Other than this, the present work aims to investigate the
effects of volume fraction of C15 phase (Vs c15) on the mechanical and indentation-based bulk
deformation behavior of the investigated Ti-33Zr-xFe-yCr alloys because the investigated Ti-
33Zr-xFe-yCr alloys comprise the different fraction of the C15 type Laves phase in the 8
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matrix. Further, the Vickers indentation-based fracture toughness of TZ72 and TZ74 have been
investigated using the various relevant models proposed in the established literature [24, 25].
2. Materials and methods

The Ti-33Zr-xFe-yCr (x =5, 7 wt% and y = 2, 4 wt%) were cast (in the form of ingots) using
a cold crucible levitation melting technique which is effective to cast alloys having elements
with a significant difference in melting point temperatures. The investigated Ti-33Zr-xFe-yCr
alloys were remelted and flipped at least 5 times to obtain the chemical homogeneity and then,
rapid quenching was performed in a water-cooled copper crucible to solidify the cast ingots of
each investigated alloy. The Ti-33Zr-xFe-yCr alloys are now onwards abbreviated as the TZFC
alloys. The multiple cylindrical rods were cut from the core of the ingots using wire electrical
discharge machining. The cylindrical rods of each investigated alloy were sectioned (as per the
requirement of analyses used in the present work) using a Buehler Isomet High Speed Pro

precision cutting machine.

For microstructure analyses and hardness testing, the samples of each investigated alloy were
first ground using SiC papers (subsequently up to 4000 grits) and then, polished using a Struers
MD-Chem cloth and by adding a Struers OP-S colloidal silica liquid on the polishing cloth.
Scanning electron microscopy (SEM) was performed with a backscattered electron detector
using a FEI Verios XHR 460 scanning electron microscope. The volume fraction of each phase
present in the investigated alloys were estimated using a threshold function of ImageJ software.
The mechanical compression tests were performed on at least three samples of each
investigated alloy at a crosshead speed of 0.1 mm/min using an Instron 5982 universal
mechanical testing machine. For the TZFC alloys, true compressive stress and true compressive
strain were calculated using Eqgs. (1) and (2) respectively [26].

Errue = — In(1—€) @)

OTrue = OEng ' (1-¢) 2



where €r,,¢ IS true strain, € is engineering strain, o, IS true stress, og,, is engineering
stress. Vickers micro-hardness testing was executed for each investigated alloy at three
different loads: 3 kgf (HV3), 10 kgf (HV10) and 30 kgf (HV30) and a holding time of 20 s
using a Zwick Roell ZHU hardness tester. At least eight micro-indents at all the three loads
were taken for each investigated alloy and the average hardness values were considered.
Optical microscopy was executed using a Zeiss Axiocam optical microscope to capture the
morphologies of hardness indentations for each investigated alloy. ImageJ software was used
to measure lamellar spacing, crack-length and the size of the deformation zones (around the
indentations).

3. Results and discussion

Phase and microstructure analyses have already been carried out for the investigated TZFC
alloys in our previous finding (Ref. [10]), which reveal the C15 type Laves (fcc structure from
a space group: Fd-3m) and  phases (bcc structure from a space group: Im-3m) in the TZ52,
TZ54, TZ72 and TZ74 alloys. Fig. 1 shows the microstructural morphologies of the as-cast
TZFC alloys including the white precipitated C15 type Laves phase in the  matrix (dark grey).
C15 type Laves phase precipitates in the investigated TZFC alloys because Ra/Rg ratio for the
Ti-Zr-Fe-Cr system is greater than 1.200, which is very close to the ideal Ra/Rg value (1.225)
for the precipitation of Laves phase in the investigated Ti-33Zr-xFe-yCr alloys [10, 27].
Consequently, C15 type Laves phase precipitates in the investigated alloys due to the atomic

size misfit effect [3].
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Fig. 1. The microstructural (backscattered SEM) morphologies of the investigated TZFC (Ti-33Zr-xFe-yCr)
alloys which are labelled in the form of TZxy. The inset images show the magnified morphologies of C15 type
Laves phase for each investigated alloy.

The formation of C15 type Laves phase in the TZFC alloys also reveal the solubility limit of
Fe and Cr in Ti-33Zr alloys. This phenomenon should be considered while designing titanium-
based alloys using eutectoid type P stabilizers, i.e., Fe and Cr for a specific application.
Furthermore, the volume fraction of the 3 phase (V¢ ) dominates as compared to that of the
C15 phase in the TZFC alloys (Fig. 1). Table 1 summarizes the values of Vi, c1s and V 4 for the
investigated TZFC alloys. The rod/particle-like morphologies can be seen in Fig. 1la and b
insets captured for TZ52 and TZ54 respectively, whereas the eutectic morphologies can be in
Fig. 1c and d insets for TZ72 and TZ74 respectively. It is also clear from Fig. 1 and Table 1
that Laves phases precipitate in the form of rod/particle-like morphologies with low volume
fraction and then, rod-like morphologies transform into eutectic morphologies as the volume

fraction of Laves phase increases due to poor solubility of solute elements.



Table 1. The volume fraction of C15 (Vs c1s) and B (Vs 5) phases, engineering yield strength (oo2, g), ultimate
strength (omax, £) and plastic strain (ep, £) along with the average hardness values of the investigated Ti-33Zr-xFe-
yCr alloys. Note that the values of Vi cis, V/ 4, 60.2, , omax, £ and &, £ are taken from the Ref. [10].

Chemical Vi, Laves Vi, g
compositions (%) (%)

Omax, E

(MPa)
TZ52 Ti-33Zr-5Fe-2Cr 0.8 99.2 1128 +13 1830 + 56 248+25 350+0.16

Alloys 602, (MPa) &, € (%0) Havg (GPa)

TZ54 Ti-33Zr-5Fe-4Cr 1.5 98.5 1210+ 10 1711+ 34 220+05 3.69+0.26
TZ72 Ti-33Zr-7Fe-2Cr 4.0 96.0 1239 + 27 1901 + 39 242+26 394+0.24
TZ74 Ti-33Zr-7Fe-2Cr 7.6 92.4 1285 + 42 1566 + 49 87+12 4.08+0.18

Table 1 also summarizes the engineering (compressive) mechanical properties of the
investigated TZFC alloys, which were investigated in our previous finding [10]. However, true
mechanical properties are also important as true compressive mechanical properties are helpful
to predict the tensile behavior of alloys [28]. Therefore, in the present work, true mechanical
properties of the investigated TZFC alloys have been investigated. Fig. 2 shows the true
compressive stress versus strain curves of the investigated TZFC alloys. Table 2 presents the
true mechanical properties obtained from the true stress versus strain curves of the investigated
TZFC alloys. It can be seen from Tables 1 and 2 that the values of true yield strength and
ultimate strength are lower than those of the engineering values of the investigated TZFC
alloys, whereas the values of true plastic strain are greater than the values of engineering plastic
strain for the investigated Ti-33Zr-xFe-yCr alloys [28]. This phenomenon happens because the
cross-sectional area of the sample in compression testing increases as deformation continues
[29]. Nonetheless, the reverse phenomenon occurs in tensile testing where true stress remains
greater than engineering stress and true strain remains lower than engineering strain as the

cross-sectional area of the sample in tensile testing decreases [29].
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Fig. 2. The true compressive stress versus strain curves of the TZFC (Ti-33Zr-xFe-yCr) alloys. Note that the
investigated TZFC (Ti-33Zr-xFe-yCr) alloys are labelled in the form of TZxy.

As the values of Vi cis increases the values of true yield strength increase, whereas the values
of true compressive strain at failure and plastic strain decrease. Consequently, amongst the
investigated TZFC alloys, TZ74 demonstrates the highest true yield strength (1223 + 33 MPa),
whereas TZ52 demonstrates the highest true compressive strain at failure (41.4 £ 2.4%) and
plastic strain (37.0 + 2.6%) as shown in Table 2. Fe and Cr possess low atomic radii than Ti,
Fe and Cr in the investigated Ti-33Zr-xFe-yCr alloys, solid solution strengthening occurs,
which is responsible to increase yield strength as the quantities of Fe and Cr increase in the
TZFC alloys [17, 18]. Other than solid solution strengthening, precipitation strengthening also
occurs in the investigated TZFC alloys due to the presence of C15 type Laves phase in the 3
matrix [10, 28, 30]. Furthermore, lamellar spacing present in the eutectic microstructure
morphologies of Laves phase in TZ72 and TZ74 influences the mechanical properties of these
alloys [10]. The measured values of lamellar spacing for TZ72 and TZ74 are 323 nm and 396
nm respectively. In general, the increase in lamellar spacing results in decreasing plastic strain
and strength of an alloy [10]. Therefore, TZ72 displays large plastic strain and high strength as

compared to TZ74.



Table 2. True yield strength (0.2, 1), ultimate strength (omax, 1), cOmpressive strain at failure (er, 1) and plastic
strain (ep, 1) of the investigated Ti-33Zr-xFe-yCr alloys.

Alloys Chemical compositions 602,71 (MPa) omax. 71 (MPa)  &r7(%) &7 (%)

TZ52 Ti-33Zr-5Fe-2Cr 1083 + 13 1304+10 414+24 37.0%+26
TZ54 Ti-33Zr-5Fe-4Cr 1135+ 8 1290+ 12 348+13 304=%12
TZ72 Ti-33Zr-7Fe-2Cr 1171+ 27 1402+15 31.8+19 272+21
TZ74 Ti-33Zr-7Fe-2Cr 1223 + 33 1337+44 175+10 131+10

Fig. 3 shows the Vickers hardness values measured at three different loads for the investigated
TZFC alloys and the corresponding average hardness values (of the three different loads) are
presented in Table 1. It can be seen in Table 1 that hardness of the investigated TZFC alloys
also increase as the quantities of Fe and Cr as well as the values of Vs, c15 increase. This indicates
that yield strength and hardness in the present work increase because of the solid solution and
precipitation strengthening effects [31]. In addition, Fig. 3 depicts that hardness values of the
investigated TZFC alloys decrease as load in hardness testing increases from 3 kgf (HV3) to
30 kgf (HV30). This phenomenon occurs because of indentation size effects [21, 32]. Further,
it can also be seen in Table 2 that as the content of Cr increases from 2 wt% in TZ52 and TZ72
to 4 wt% in TZ54 and TZ74, true ultimate strength declines, whereas as the content of Fe
increases from 5 wt% in TZ52 and TZ54 to 7 wt% in TZ72 and TZ74, true ultimate strength
increases. This indicates that Fe produces a better strengthening than Cr in the TZFC alloys.
Based on the mechanical properties discussed in this work, it can be inferred that Ti-33Zr-5Fe-
2Cr demonstrates the better combination of strength, plasticity and hardness as compared to

other investigated alloys.



Hardness (GPa)

TZ52 TZ54 TZ72 TZ74
Alloys
Fig. 3. Vickers hardness measured at 3 kgf (HV3), 10kgf (HV10) and 30 kgf (HV30) for the investigated Ti-
33Zr-xFe-yCr alloys. Note that the investigated TZFC (Ti-33Zr-xFe-yCr) alloys are labelled in the form of
TZxy.

Fig. 4 presents the size of the deformation zone around the indents taken at three different
loads. Multiple measurements were taken to obtain the average values of the deformation zone
size for the investigated TZFC alloys. It can be seen in Fig. 4 that the size of the deformation
zone for all the TZFC alloys increases as the indentation load increases. However, among the
investigated TZFC alloys, the size of the deformation zone decreases as the values of Vi, cis
increase. Therefore, the size of the deformation zone is inversely related to yield strength and
hardness and directly related to compressive strain at failure and plastic strain for the TZFC

alloys.
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Fig. 4. The size of the deformation zone around the indents taken at 3 kgf (HV3), 10kgf (HV10) and 30 kgf
(HV30) for the investigated Ti-33Zr-xFe-yCr alloys. Note that the investigated TZFC (Ti-33Zr-xFe-yCr) alloys
are labelled in the form of TZxy.
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Fig. 5 illustrates the optical micrographs of the Vickers indents taken at 30 kgf (HV30) for the
investigated TZFC alloys. TZ52 and TZ54 display a greater number of slip bands as compared
to TZ72 and TZ74 because TZ52 and TZ54 comprise lower values of Vi cis than TZ72 and
TZ74 (Table 1). In fact, the cracks are found around the indentation-vertices of TZ72 and TZ74,
whereas the cracks are not found around the indentation-vertices of TZ52 and TZ54. As TZ74
comprises the highest value of Vs cis, two cracks are found around the indentation-vertices of
TZ74. In general, solute particles produce lattice defect, whereas second phase possesses the
different lattice configuration (crystal structure) [33, 34]. Consequently, solute particles and
second phase morphologies impede the dislocations slip activities, which usually occur along
the slip planes [33, 34]. Hence, TZ52 displays the highest number of slip bands and TZ74
displays the lowest number of slip bands around the micro-hardness indents among the

investigated TZFC alloys (Fig. 5).
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Fig. 5. Optical micrographs of the Vickers micro-indents taken at 30 kgf (HV30) for the investigated Ti-33Zr-
xFe-yCr alloys. Note that the investigated TZFC (Ti-33Zr-xFe-yCr) alloys are labelled in the form of TZxy.
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When an indenter penetrates the surface of a material, the underlying matter either flows away
(pile-up) from the indenter-tip or flows down (sink-in) towards the indenter-tip [35]. Pile-up
and sink-in phenomena affect the true contact area of indentation-impression and therefore, the
actual area of indentation-impression remains different than the true contact area [35]. This
tendency should be taken into consideration when estimating mechanical properties based on
the area of indentation-impression. The pile-up and sink-in phenomena depend on the type of
the indenter, underlying microstructure and dislocation motion that occurs in a specific grain
[36, 37]. Pile-up usually happens in matrices with high plastic deformability and sink-in usually
happens in matrices with low plastic deformability [35]. However, in case of multi-phase
alloys, as dislocation activities remain different in each phase depending on the crystal
structures of different phases, pile-up and sink-in phenomena take place differently over
individual phases depending on the location of indentation. In the present work, pile-up occurs
in some portions of the indentation-edges which are over  phase, whereas sink-in occurs in
some portions of the indentation-edges which are over the Laves C15 phase. Small sky-blue
and green colored arrows are used to show pile-up and sink-in respectively at indentation-edges
in Fig. 5b for TZ54 as an example. Pile-up and sink-in morphologies indicate that dislocation

activities in § phase should have occurred more than those in Laves C15 phase.

There are two types of cracks that usually form around indentation: Palmgqvist and
radial/median. The geometries of Palmquvist and radial/median cracks are shown in Fig. 6 [38].
Fracture toughness of brittle crystalline and amorphous materials can be estimated from the
length of the cracks based on several models suggested by researchers depending on the type
of crack formed [24, 25]. A specific type of crack around the indentation can be recognized
based on its c/a value, where c is crack-length measured from indenter-tip and a is half of the
diagonal length of indenter. The value of c/a remains < 2.5 for Palmqvist cracks, whereas c/a

remains > 2.5 for radial/median cracks [24, 25]. In the present work, the cracks are found
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around the indents of TZ72 and TZ74. The values of c/a for TZ72 and TZ74 are 2.19 and 2.68
respectively. This indicates that the type of crack is Palmquvist in TZ72 and is radial/median in

TZ74.

The various models, suitable for Palmqvist cracks, suggested by Shetty et al. [38, 39], Laugier
[40], Casellas [41], Niihara et al. [39] and Lankford [39], have been used to estimate the
indentation-based fracture toughness of TZ72 in this work. On the other hand, the various
models, suitable for radial/median cracks, suggested by Anstis [41, 42], Evans & Charles [43],
Tanaka [43], Laugier [44], Niihara et al. [45] and Lankford [39] have been used to estimate the
indentation-based fracture toughness of TZ74 in this work. The corresponding equations of
above-mentioned models are presented in Table 3.

(a) (b)

N
el g

a i 2a i a

W/U Cross;sizs\zt\on al \(

Palmqvist
crack Radial/median

crack \

Fig. 6. The geometries of (a) Palmqvist and (b) radial/median cracks [38].

Table 3. Various models related to the Palmqvist and radial/median cracks to estimate the indentation-based
fracture toughness. F is indentation load, a is half of the diagonal length of indenter, | is total length of crack/s
measured from indentation vertices, ¢ is crack-length measured from indenter-tip, E is elastic modulus (in GPa),
H is Vickers hardness (in GPa).

Type of Crack Models Equations Ref.
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710

Palmqvist Laugier K.. = 0015 - (L> : (5)0.67 . <£>_0.5 [40]
fe =™ c15) \H a
. F\ (E\°
Palmqvist Casellas K, = 0.024 - (C1—5> : <ﬁ) [41]
_ ) K,c = 0.0089 - (—)04 : (L>
Palmqvist Niihara et al. H a- 1% [39]

for0.25<1/a<25

Palmqvist and _ 05y (EN* (c\7156
RadialiMedian SN0 Kie = 00782 -a*)- (5) - () T 139
: . : F E\%® [41,
Radial/Median Anstis K, = 0.016 - (c1_5> . <ﬁ) 2]
: . Evans & F
Radial/Median 0> K = 00752+ () [43]
. . F
Radial/Median  Tanaka K. = 0.0725 - (?> [43]
oL
: , . E\’* (F
Radial/Median Laugier K. = 0.022 - (E) : (C1—5> [44]
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Fig. 7 shows the fracture toughness of TZ72 and TZ74. Lankford model suggested in Table 3
can be used for both the kinds of cracks, i.e., Palmqvist and radial/median. Niihara et al. [39,
45] and Laugier [40, 44] have suggested different models for each type of crack (Table 3).
Among the various model used in this work, Lankford model estimates the lowest value of
fracture toughness for TZ72 (4.43 MPa m*?) and TZ74 (3.19 MPa m*?). Further, the Laugier
model estimates the highest value of fracture toughness (10.76 MPa m*?) among the models
used for TZ72, whereas the model suggested by Niihara et al. [45] estimates the highest value
of fracture toughness (6.58 MPa m*?) among the models used for TZ74. It is clear from Fig. 7
that, TZ72 exhibits the higher fracture toughness values than TZ74. This also indicates that the
fracture toughness of an alloy (TZ74) comprising radial/median crack/s remains lower than

that of an alloy (TZ72) comprising Palmqvist crack/s. It can be deduced based on the results
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shown in Fig. 7 that fracture toughness of an alloy directly correlates to the volume fraction of

Laves phase of an alloy.

(i) (b)

§12 §\7-TZ74 N
; ) .
< o -1 \ *\
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N
Shetty etal.  Laugier Casellas Niiharaetal. Lankford Anstis Evans Tanaka  Laugier Niihara et al. Lankford

Models &Charles  Models

5

Fig. 7. Vickers indentation-based fracture toughness measured based on the various models for (a) TZ72 (Ti-
33Zr-7Fe-2Cr) and (b) TZ74 (Ti-33Zr-7Fe-4Cr).

4. Conclusions

The microstructures, the true mechanical properties, the deformation and crack features around
the hardness indents of the Ti-33Zr-xFe-yCr (x =5, 7 wt% and y = 2, 4 wt%) alloys have been
evaluated along with the indentation-based fracture toughness of Ti-33Zr-7Fe-2Cr and Ti-

33Zr-7Fe-4Cr. The followings are the concluding remarks of the present work.

e The volume fraction of C15 phase increases as the quantities of Fe and Cr in the Ti-33Zr-
xFe-yCr alloys increase.

e Among the investigated Ti-33Zr-xFe-yCr alloys, Ti-33Zr-7Fe-4Cr demonstrates the highest
true yield strength (1223 + 33 MPa) and hardness (4.08 + 0.18 GPa), whereas Ti-33Zr-5Fe-
2Cr shows the highest true compressive strain at failure (41.4 + 2.4%) and true plastic strain
(37.0 £ 2.6%).

e The variation in the volume fraction of C15 type Laves phase is effective in tailoring the

mechanical properties of the investigated Ti-33Zr-xFe-yCr alloys.

15



e The size of deformation zone relates inversely with the volume fraction of the C15 type
Laves phase, which reveals the superior strengthening ability of the C15 type Laves phase.

e Palmqvist crack is found in Ti-33Zr-7Fe-2Cr, whereas radial/median crack is found in Ti-
33Zr-7Fe-4Cr. Hence, Ti-33Zr-7Fe-2Cr displays a better fracture toughness than Ti-33Zr-
7Fe-2Cr.

e Among the investigated Ti-33Zr-xFe-yCr alloys, Ti-33Zr-5Fe-2Cr comprises a better

combination of strength, plasticity and hardness.
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