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ARTICLE INFO ABSTRACT

An impressive strengthening ability of Laves phases is favorable to develop titanium alloys with an improved
trade-off between strength and plasticity. Therefore, the Ti-xZr-7Fe-ySn (x = 25, 30, 35wt% and y = 1, 2 wt%)
alloys were first designed in such a manner that a Laves phase would precipitate in these alloys and then the
investigated alloys were produced by cold crucible levitation melting. A hexagonal close-packed C14 type Laves
phase along with a dominant fraction of body-centered cubic 3 phase are formed in all the as-cast Ti-xZr-7Fe-ySn
alloys except in Ti-25Zr-7Fe-2Sn. The volume fraction of the Laves-C14 phase is found to be sensitive to the
quantities of Zr and Sn. Amongst all the investigated alloys, Ti-35Zr-7Fe-2Sn shows a better dislocation-pinning
ability in terms of dislocation density (3.96 x 10'°m™?2), yield strength (1359 MPa) and hardness (437 HV),
whereas Ti-25Zr-7Fe-1Sn shows a better deformation ability in terms of compressive strain at failure (36.2%)
and plastic strain (31.9%). Crack propagation, regions of dimples and deformation bands are examined in the
fracture analyses. Moreover, in this work, Ti-25Zr-7Fe-1Sn exhibits the best strength and plasticity trade-off in
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terms of a product of ultimate strength and compressive strain at failure (77.4 GPa %).

1. Introduction

Laves phases are intermetallic compounds which form in AB,-type
alloy compositions, where interestingly, more than 1400 different Laves
phases (comprising different elements and melting points from 7 °C to
more than 2000 °C) have been reported to date since the 1950s [1].
However, in the last decade, investigations on Laves phases as a re-
inforcement agent have greatly increased because Laves phases de-
monstrate superior strength, hardness, creep properties and very good
corrosion and oxidation resistance [2]. Therefore, Laves phase alloys
are suitable for many high-strength applications in aerospace, petro-
chemical, nuclear and automobile industries [3]. C14, C15 and C36 are
the three most basic types of Laves phases and the prototype structures
of C14, C15 and C36 types of Laves phases remain hexagonal close-
packed (hcp) MgZn,, face-centered cubic (fcc) MgCu, and dihexagonal
MgNi, respectively [4,5]. Laves phases are usually considered as brittle
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phases [6-8]. However, recently many researches have demonstrated
that Laves phase alloys exhibit improved toughness and plasticity when
Laves phase precipitates in a body-centered cubic (bcc) matrix. This is
because a bcc matrix comprises a greater number of slip systems and
the more slip systems present in a matrix can improve bulk toughness
and plasticity of Laves phase alloys [5,9,10].

As far as the bce matrix is concerned, 3 type titanium (Ti) alloys are
well-recognized to demonstrate a bec matrix in microstructure with
excellent mechanical properties such as high strength, hardness and
plasticity along with superior corrosion, wear and fatigue properties
[11-16]. Elements such as manganese (Mn), iron (Fe) and chromium
(Cr) are inexpensive and strong P stabilizers which increase the stability
of B phase even when small quantities of these elements are added to Ti
alloys [17-19]. These inexpensive [ stabilizers work as solute con-
stituents to increase the yield strength (0p,) and hardness (H) of Ti
alloys [20,21]. Furthermore, although zirconium (Zr) and tin (Sn) are
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recognized as neutral elements, Zr and Sn can also improve the me-
chanical and corrosion properties when alloyed with Ti [22-25]. Ad-
ditionally, Sn work as a  stabilizer even when only small quantities of
Sn are added to Ti alloys [22,26].

The strength and plasticity trade-off is a well-known vital phe-
nomenon for high-strength metallic materials [27-30]. In Laves phase
alloys, the strength and plasticity trade-off can be achieved by appro-
priately tailoring the volume fraction of the Laves phase [7,9,10].
Nonetheless, firstly, the alloys should be designed such that the Laves
phase forms in the microstructure and therefore, the quantities of al-
loying elements play a key role in the precipitation of Laves phase and
in deciding the Strukturbericht designation (C14/C15/C36) of Laves
phase [4]. The quantities of alloying elements can be selected con-
sidering the corresponding binary and ternary phase diagrams of the
alloying elements. According to the Ti-Zr-Fe ternary phase diagram, the
chances of the Laves phase formation remain higher if the quantities of
Zr and Fe are added above 25 wt% and 5 wt% respectively to Ti alloys
[31,32].

Considering the above points, the quaternary Ti-xZr-7Fe-ySn
(x = 25, 30, 35wt% and y = 1, 2wt%) alloys were chosen in the pre-
sent work with an aim to obtain an improved the trade-off between
strength and plasticity. In the selected Ti-xZr-7Fe-ySn alloys, the
quantities of Fe were kept at 7 wt%, while the quantities Zr and Sn were
varied from 25 wt% to 35 wt% and from 1 wt% to 2 wt% respectively,
in order to examine the effects of compositional quantities on the mi-
crostructure and mechanical properties of the Ti-xZr-7Fe-ySn alloys.
According to the previous work on Ti-Zr-Sn alloys [33,34], the addition
of small quantity of Sn (up to 2 wt% in this work) does not contribute to
the Laves phase formation; therefore, it may enhance the f stability in
the selected Ti-xZr-7Fe-ySn alloys [26]. In addition, for all the Ti-xZr-
7Fe-ySn alloys, fractured-surface morphologies have been investigated
to analyze crack propagation, dimple regions and slip bands. Further-
more, dislocation density after compression testing has been estimated
using the XRD line profile analysis because dislocation density helps to
determine the dislocation-pinning behavior of the investigated alloys.
Moreover, a product of ultimate strength (0,,4,) and compressive strain
at failure (PUSCS) has been used to compare the strength and plasticity
trade-off obtained for all the investigated alloys [35,36], because
PUSCS is useful for alloys to be selected when 0,4 and compressive
deformation are considered for specific applications.

2. Materials and methods

The Ti-xZr-7Fe-ySn (x = 25, 30, 35wt% and y = 1, 2wt%) alloys
were cast (in the form of ingot) under an argon atmosphere using al-
loying elements with 99.9% purity in a cold crucible levitation melting
furnace. The cast ingots of the Ti-xZr-7Fe-ySn alloys were then rapidly
quenched in a water-cooled copper crucible. The cylindrical rods from
each cast ingot were produced from the core of the ingot with ~4.5 mm
in diameter using wire electrical discharge machining and then, the
cylindrical rods of the Ti-xZr-7Fe-ySn alloys were cut using a Buehler
Isomet 1000. The abbreviated names in the form of TxSy for all the Ti-
xZr-7Fe-ySn alloys were used, e.g., T2551 was used to abbreviate Ti-
257Zr-7Fe-1Sn, T35S2 was used to abbreviate Ti-35Zr-7Fe-2Sn and the
similar abbreviation pattern was used to abbreviate the remaining Ti-
xZr-7Fe-ySn alloys.

For all the investigated Ti-xZr-7Fe-ySn alloys, grinding and pol-
ishing operations were executed (as per the requirement of the specific
analysis) according to standard metallographic procedures for pre-
paring samples for phase and microstructure analyses as well as for
mechanical testing. Scanning electron microscopy (SEM) was executed
using a FEI Verios XHR 460 microscope to carry out the microstructure
analyses. For all the investigated alloys, energy dispersive X-ray spec-
troscopy (EDX) was employed using an Oxford Instruments X-Max SDD
detector (attached with a FEI Verios XHR 460 microscope) to obtain the
compositional quantities and the EDX mapping images of alloying
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elements.

A PANalytical EMPYREAN X-ray diffractometer with a cobalt source
(Co-Ka with a wavelength, A of 0.1789 nm) was used to carry out the X-
ray diffraction (XRD) tests in the present work. For all the investigated
alloys, XRD tests were performed at a scan speed of 0.011°/s and at a
step size of 0.003° between the 26 angles of 30° and 110° for the phase
characterization of the investigated alloys before and after compression
testing. The XRD line profile analyses were carried out to estimate
dislocation density of the  phase after compression testing using Eq.
(1) which was derived based on the Williamson-Smallman method
[37-39].

_23¢
= "pp ¢))

where p, is dislocation density, £ is lattice strain, D is crystallite size and
b is burgers vector, b = (a/2)vh?* + k? + [> for bcc and fcc crystal
structures (where a is lattice parameter and h, k and [ are miller indices)
[40]. The lattice parameter of the  phase (ag) was calculated for each
alloy in the as-cast condition as well as after compression testing using a
Nelson-Riley's extrapolation function: (cos?0/sinf) + (cos20/0)
[9,41,42]. The values of lattice strain and crystallite size were esti-
mated using Eq. (2) suggested by Williamson and Hall [43-46] based
on the broadening of XRD peaks.

Bg;-cos0 = % + 2&-sinb @
where Bg, is broadening of XRD peaks that has occurred due to lattice
strain and crystallite size, 6 is diffraction angle of a peak, k is constant
(~1), D is crystallite size and & is lattice strain. The broadening of peaks
can usually be measured in terms of a full-width half maximum, FWHM,
which is a width of a peak (in radians) at the half of the maximum
intensity of a peak. However, the total broadening of XRD peaks usually
occurs due to crystallite size, lattice strain as well as due to the in-
strument used in a XRD test according to Eq. (3) [44,45].

Bo = Bs; + By 3

where B is the observed/total broadening of peaks, B, is the broad-
ening of peaks that occurs due to lattice strain and crystallite size and By
is the broadening of peaks that occurs due to the instrument used. This
means that B; should be subtracted from By in order to obtain the value
of Bg;. The value of B; can be obtained from the observed peak broad-
ening that occurs in a standard LaBg sample provided by the manu-
facturer of the diffractometer. The values of Bg in the present work
were obtained directly from Highscore software provided by the man-
ufacturer of the diffractometer, which gives the values of B after
subtracting B;. According to the Williamson-Hall plot [43-45], the va-
lues of Bg-cos® were plotted against the values of 2sinf for the peaks
associated with the B phase. The crystallite size was then estimated
using the value of y-intercept and the lattice strain was estimated from
the slope of the Williamson-Hall plot [44,45]. The dislocation densities
in the [3 phase for each alloy (after compression testing) were estimated
considering the burgers vector, b = (a/2) < 111 > [47].

As the features of microstructure correlate directly with the me-
chanical properties of a material [48-52], mechanical compression tests
were performed according to ASTM E9 on at least 3 samples of each
alloy using an Instron 5982 at a crosshead speed of 0.1 mm/min. Note
that 0p 2, Omax, compressive strain at failure (e and plastic strain (e,)
were calculated from the stress versus strain curves of the investigated
alloys. All the aforementioned mechanical properties were reported
with their corresponding average values. Compression tests were em-
ployed to determine the intrinsic deformation behavior of the alloys
when the load in compression was applied to them, which is useful for
high-strength materials especially used in compression-loading appli-
cations [53]. The values of true compressive stress and true compres-
sive strain for the investigated alloys were calculated using Egs. (4) and
(5) respectively [54].
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Fig. 1. The XRD profiles of the investigated Ti-xZr-7Fe-ySn alloys in the as-cast
condition. Note that the abbreviation pattern in the forms of TxSy is used to
label all the investigated Ti-xZr-7Fe-ySn alloys.

erne = —In(1 — e) @

OTrue = CTEng'(l - e) 5)

where er is true strain, e is engineering strain, oy, is true stress, og,, is
engineering stress.

Moreover, at least 8 microhardness indents were taken using a
Vickers indenter at an applied force of 5 kgf and a holding time of 20 s
on a Zwick Roell ZHU. For fracture analyses, two types of samples for
each alloy were prepared: (i) A sample was sectioned first from the
centre after compression testing, followed by metallographic grinding
and polishing operations to analyze the voids and crack propagation,
(ii) A sample failed in compression testing was carefully cleaned and
examined to analyze the dimple and cleavage regions as well as the
deformation bands. Both types of fracture morphologies were examined
by SEM using a FEI Verios XHR 460 microscope.

3. Results
3.1. Phase and microstructure analyses

Fig. 1 shows the XRD profiles obtained in the as-cast condition for
all the investigated alloys. The XRD profile of T25S2 features the peaks
of only a B phase with a bce structure (Space group: Im-3m), whereas
the XRD profiles of T25S1, T30S1, T30S2, T35S1 and T35S2 consist of
the diffraction peaks of a  phase together with a C14 type Laves phase
(Space group: P63/mmc) with an hcp structure. The diffraction angles
of Laves phases usually follow the diffraction angles of their respective
prototype structure. Hence, C14 phase is identified using an ICDD
powder diffraction file of MgZn, (01-071-9623) [4,5,55] which is the
prototype structure of C14 type phases. In Fig. 1, T3552 shows the
highest number of peaks related to the C14 phase, whereas all the in-
vestigated alloys show the same number of peaks related to the 3 phase.
This means that T35S2 should comprise the highest volume fraction of
C14 phase (V, ¢14) amongst all the investigated alloys. Furthermore, the
diffraction angles shift slightly toward the low-angle side as the quan-
tities of Zr and Sn increase in the investigated alloys and therefore, the
lattice parameter of 3 phase (ag) in the as-cast condition decreases as
presented in Table 1. The obtained-values of ag for T25S1, T25S2 and
T30S1 are lower than the typical ag of Ti (0.3306 nm), whereas the
obtained values of ag for T30S2, T35S1 and T35S2 are greater than the
typical ag of Ti (0.3306 nm). This also reveals that the ag increases as
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the quantities of Zr and Sn increase in the investigated alloys [56].

Fig. 2 illustrates the microstructural features of the as-cast Ti-xZr-
7Fe-ySn alloys. The microstructure images of T25S1, T30S1, T30S2,
T35S1 and T35S2 clearly depict the segregated-eutectic morphologies
of the Laves phase (white) and the near-equiaxed morphologies of the 3
phase (dark grey) (Fig. 2). The XRD analyses confirm that the type of
Laves phase (segregated in the T25S1, T30S1, T30S2, T35S1 and T3552
alloys) is C14 type. The B-grain boundary in T25S2 can also be seen in
the inset image of Fig. 2b. In addition, other than the morphologies of 3
and Laves phases, bright-faded morphologies are observed in the back-
scattered SEM images shown in Fig. 2. The bright-faded morphologies
visible in the back-scattered SEM images (Fig. 2) should be the con-
centration of an element having a greater atomic number because an
element with a greater atomic number produces a relatively higher
elastic collision with electrons than an element with a lower atomic
number when a detector of back-scattered electron is used [57]. Con-
sequently, in a back-scattered SEM image, the regions of an element
having a relatively greater atomic number look brighter than the re-
gions of an element having a relatively lower atomic number [57,58].
The further discussion on the bright-faded morphologies will be cov-
ered later in the following sections.

From the SEM images, the values of V; ;4 were estimated using
ImageJ software for the Ti-xZr-7Fe-ySn alloys comprising the eutectic-
Laves phase morphologies. Table 1 presents the values of V ;4 for the
alloys comprising Laves phase (i.e., T25S1, T30S1, T30S2, T35S1 and
T35S2). In the microstructure of the T25S1 alloy (Fig. 2a), the Laves
phase morphologies with Vg ¢74 of only 0.1 + 0.04% are found over
the grain boundary (Fig. 2a inset) and subsequently, as the quantities of
Zr and Sn increase, the values of V; ¢4 increase in the T30S1, T30S2,
T35S1 and T35S2 alloys (Table 1).

Quantitative point analyses using an EDX detector were carried out
over the multiple regions of eutectic-Laves phase morphologies, 3 phase
and bright-faded morphologies. In Fig. 2, the points 1, 4, 6,9, 12 and 15
are marked over the 3 phase and the points 3, 5, 8, 11, 14 and 17 are
marked over the bright-faded morphologies in the T25S1, T25S2,
T30S1, T30S2, T35S1 and T35S2 alloys respectively, whereas the points
2, 7, 10, 13 and 16 are marked over the eutectic-Laves phase
morphologies in the T25S1, T30S1, T30S2, T35S1 and T35S2 alloys
respectively. The average quantities of each alloying element over the
marked (“x”) regions/phases in Fig. 2 are obtained from EDX, which are
presented for each alloy in Table 2. For all the investigated alloys, the
quantities of alloying elements measured over the 3 phase (points 1, 4,
6, 9, 12 and 15) are almost same as their corresponding nominal
quantities (Table 2). In the quantities of alloying elements measured
over the eutectic-Laves phase morphologies (points 2, 7, 10, 13 and 16),
the quantities of Fe are greater than the twofold values of their corre-
sponding nominal quantities. Further, the quantities of Zr are greater
than their corresponding nominal quantities, whereas the quantities of
Ti and Sn are less than their corresponding nominal quantities, in the
T25S1, T30S1, T30S2, T35S1 and T35S2 alloys (Table 2). This de-
monstrates that the Laves (C14 type) phase in the present work is
composed of Fe and Zr. Moreover, the quantities of Zr measured over
the bright-faded morphologies (points 3, 5, 8, 11, 14 and 17) are
greater than their corresponding nominal quantities and less than the
quantities of Zr found over the Laves phase morphologies (points 2, 7,
10, 13 and 16), whereas the quantities of Ti, Fe and Sn over the bright-
faded morphologies are almost same or less than their corresponding
nominal quantities (Table 2).

EDX mapping for all the investigated Ti-xZr-7Fe-ySn alloys were
performed. Fig. 3 depicts the EDX mapping images obtained for T30S2,
as an example, from the corresponding back-scattered SEM image. Note
that identical EDX mapping results (related to the Laves phase and
bright-faded morphologies) are found for the rest of the investigated
alloys. In Fig. 3, the eutectic morphologies of Laves (C14) phase (white)
and the [3 phase (dark grey) are shown in the back-scattered SEM image.
The EDX mapping images shown in Fig. 3 also confirm that Laves (C14)
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Table 1
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Lattice parameter of B phase in the as-cast condition (az*) and after compression testing (az**) along with the microstructural features (in the as-cast condition) such
as the values of volume fraction of B phase (Vf, g) and C14 phase (V, ¢14), lamellar spacing, length and width of Laves phase (C14) morphologies for all the Ti-xZr-7Fe-

ySn alloys.
Alloys  Chemical compositions (Wt%) ag* (nm) ag** (nm) Vj g (%) Vi c14 (%)  Lamellar spacing (nm) Length of Laves phase (um) Width of Laves phase (um)
T2581 Ti-25Zr-7Fe-1Sn 0.3275 0.3290 99.9 + 0.04 0.1 = 0.04 183 = 67 21 = 16 5+5
T25S2 Ti-25Zr-7Fe-2Sn 0.3283 0.3296 100.0 = 0.00 - - -
T30S1 Ti-30Zr-7Fe-1Sn 0.3305 0.3312 99.5 + 0.06 0.5 + 0.06 348 * 155 42 = 30 + 4
T30S2 Ti-30Zr-7Fe-2Sn 0.3309 0.3314 98.4 + 0.40 1.6 £ 0.40 464 = 171 38 + 28 +5
T35S1 Ti-35Zr-7Fe-1Sn 0.3320 0.3324 95.7 + 0.17 4.3 = 0.17 676 * 305 101 * 51 13 + 11
T35S2 Ti-35Zr-7Fe-2Sn 0.3326 0.3329 91.7 + 0.10 83 = 0.10 798 * 324 206 *+ 88 20 *+ 16

= Grain

20 um

/4

V" Grain

boundanys

boundary B

. oGrain
' boundary.

() 73552
# e

Fig. 2. The back-scattered SEM images of the as-cast Ti-xZr-7Fe-ySn alloys. The inset images in (a) to (f) are the corresponding high-magnification images of (a)-(f).
Note that the abbreviation pattern in the forms of TxSy is used to present names of all the investigated alloys.

phase in T30S2 is composed of Fe and Zr as the clear segregations of Fe
and Zr are found in the corresponding EDX mapping images of Fe and
Zr. By contrast, Ti is greatly located at the regions of the 3 phase and
excluded from the regions of Laves phase. Furthermore, Sn is con-
centrated slightly over the Laves phase and uniformly concentrated
over the (3 phase. It is interesting to note that the concentration of only
Zr is found over the bright-faded morphologies, where the other three
elements (i.e., Ti, Fe and Sn) are concentrated in the same way as they
concentrated over the regions of B phase. This indicates that the bright-
faded morphologies present in the microstructures of all the in-
vestigated Ti-xZr-7Fe-ySn alloys are mainly composed of Zr [10]. In this
work, the EDX mapping results shown in Fig. 3 are in good agreement
with the EDX results shown in Table 2. In addition, it is important to
note that the fraction of bright-faded morphologies in T30S2 and T35S2
are less than those found in T30S1 and T35S1 respectively (Fig. 2). This
indicates that the bright-faded regions evolve into a Laves phase if the

required quantities of alloying elements are added to alloys. Therefore,
the values of V;, ¢14 of T30S2 and T35S2 are greater than those of T30S1
and T35S1 respectively.

3.2. Mechanical properties

Fig. 4 presents the engineering and true stress versus strain curves
obtained in compression testing for all the investigated alloys. True
stress versus strain curves of a polycrystalline material in tension and in
compression remain almost identical [59]. As a result, the behavior of a
polycrystalline material in tension can be predicted based on its true
compressive stress versus strain curve [59]. Therefore, true stress versus
strain curves of the investigated alloys are presented in the present
work (Fig. 4b). The engineering and true stress versus strain curves
shown in Fig. 4 reveal that all the Ti-xZr-7Fe-ySn alloys exhibit some
yielding and some level of plastic deformation before failure.
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Table 2
Designed chemical compositions and the quantities of alloying elements measured (over the points marked in Fig. 2) in the EDX point analyses for all the investigated
alloys.
Alloys Chemical compositions (wt%) Points marked in Fig. 2 The quantities of alloying elements
Ti (Wt%) Zr (Wt%) Fe (Wt%) Sn (wt%)
T25S1 Ti-25Zr-7Fe-1Sn 1 68.2 = 0.5 23.4 = 0.8 7.2 = 0.5 1.2 £ 0.2
2 346 = 04 42.1 = 0.6 22.8 = 0.3 05 = 0.3
3 59.8 = 1.4 319 = 1.9 7.6 = 0.6 0.7 £ 0.1
T25S2 Ti-25Zr-7Fe-2Sn 4 67.7 = 0.4 23.2 = 0.3 7.0 £ 0.1 21 = 0.1
5 62.8 = 1.0 283 = 1.1 7.4 £ 0.3 1.5 = 0.1
T30S1 Ti-30Zr-7Fe-1Sn 6 619 = 1.7 29.5 = 1.6 7.3 £ 1.0 1.3 = 0.1
7 37.7 = 1.8 44.5 = 0.7 174 £ 1.1 04 £ 0.1
8 52.7 = 2.3 40.0 = 3.0 6.6 = 0.7 0.7 = 0.1
T30S2 Ti-30Zr-7Fe-2Sn 9 61.4 = 1.8 29.2 = 0.9 71 £ 1.1 23 + 0.2
10 36.1 = 1.1 41.1 = 0.7 221 = 15 0.7 £ 0.1
11 56.7 = 0.2 345 = 0.3 7.4 = 0.2 1.4 £ 0.1
T35S1 Ti-35Zr-7Fe-1Sn 12 57.1 = 3.6 351 = 3.7 6.8 =+ 0.4 1.0 = 0.4
13 383 = 1.7 41.0 = 0.4 20.4 = 1.8 03 = 0.1
14 55.0 = 0.6 37.1 = 0.8 71 = 0.1 0.8 £ 0.1
T35S2 Ti-35Zr-7Fe-2Sn 15 57.2 = 1.3 33.8 = 1.3 7.1 = 0.2 1.9 = 0.2
16 37.3 = 3.6 39.0 = 1.3 231 = 2.7 0.6 = 0.3
17 56.4 = 1.2 353 = 1.2 6.8 £ 0.1 1.5 = 0.1

T30S2

Eutectic
C14-Laves
phase

25 um

25 um

Fig. 3. The EDX mapping images obtained for T30S2 (Ti-30Zr-7Fe-2Sn) from
the corresponding back-scattered SEM image. Identical EDX mapping results
(related to the Laves phase and bright-faded morphologies) are found for the
rest of the investigated alloys.

Table 3 and Table 4 present the mechanical properties which are
obtained from the engineering and true stress versus strain curves re-
spectively for the investigated alloys. In general, as deformation con-
tinues in the plastic zone of a material during compression testing, the

instantaneous cross-sectional area of a sample increases and as a result,
true strain remains higher than engineering strain, whereas true stress
remains lower than engineering stress [56,59]. The similar effects can
be seen for the true stress and true strain values (including true ¢; and
true ¢,) of the investigated alloys (Fig. 4, Tables 3 and 4). Note that
from now onwards, only engineering mechanical properties of the in-
vestigated alloys have been used in the succeeding discussion.

Fig. 5 correlates the values of engineering 0y > and H for all the Ti-
xZr-7Fe-ySn alloys. It can be seen from Figs. 4a and 5 that all the Ti-xZr-
7Fe-ySn alloys demonstrate 0y 2 and H exceeding 1.2 GPa and 375 HV
respectively because of comprising 7 wt% of Fe in their corresponding
alloy compositions. This indicates that such high 0y > and H in the in-
vestigated Ti-xZr-7Fe-ySn alloys are attributed to solid-solution
strengthening produced by the quantity of Fe (7 wt% in all the as-cast
alloys) because Fe acts as a solute constituent and can produce solid-
solution strengthening due to having a lower atomic radius (0.1260 nm)
than Ti (0.1470 nm). On the other hand, the values of 0y, and H in-
crease with an identical trend as the quantities of Zr and Sn increase in
the as-cast alloys (Fig. 5). This demonstrates that the further increase in
0p.2 (above ~ 1.2 GPa) and H (above ~ 375 HV) in the investigated al-
loys occurs due to precipitation strengthening [60] produced by Vi c14
and/or by the bright-faded morphologies. Consequently, T35S2 exhibits
the highest values of 0p» (1359 * 28 MPa) and H (437 * 23 HV),
whereas T25S1 exhibits the lowest values of gy 5 (1207 = 10 MPa) and
H (377 + 14 HV) amongst the as-cast Ti-xZr-7Fe-ySn alloys. Based on
the results presented in Fig. 5, it can be deduced that the maximum
dislocation-pinning should have occurred in T35S2, whereas the
minimum dislocation-pinning should have occurred in T25S1 amongst
all the as-cast alloys. In addition, Table 3 reveals that the (engineering)
values of 0pqy, €f and e, correlate to one another and decrease as the
quantities of Zr and Sn increase in the Ti-xZr-7Fe-ySn alloys. As a
consequence, amongst all the Ti-xZr-7Fe-ySn alloys, T25S1 displays the
highest values of Omqe (2140 * 53 MPa), ¢f (36.2 + 0.5%) and ¢,
(31.9 *= 0.7%), whereas T35S2 displays the lowest values of 0,
(1595 * 45MPa), ¢ (17.5 + 1.3%) and ¢, (12.5 = 1.1%).

3.3. Fracture behavior

Fig. 6 shows the metallographically-prepared fractured surface
morphologies captured in a back-scattered electron mode for the Ti-xZr-
7Fe-ySn alloys to analyze the crack propagation in the investigated
alloys. The bright-faded morphologies are shown as Zr segregation in
Fig. 6 because the bright-faded morphologies are mainly composed
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Fig. 4. (a) Engineering stress versus (vs.). strain and (b) True stress versus (vs.) strain curves obtained in compression testing for all the investigated alloys. Note that
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Table 3

The engineering mechanical properties such as ultimate compressive strength (Omax, ), compressive strain at failure (e; ) and plastic strain (e, g) along with
dislocation density (o;) and a product of 0pqx and ef (PUSCS) for the Ti-xZr-7Fe-ySn alloys.

Alloys Chemical compositions (wt%) Omax, £ (MPa) e £ (%) €p, £ (%) fa ><1()15(m*2) PUSCS (GPa %)
T25S1 Ti-25Zr-7Fe-1Sn 2140 + 53 36.2 = 0.5 319 = 0.7 0.21 77.4
T25S2 Ti-25Zr-7Fe-2Sn 2084 + 52 33.6 = 0.6 28.6 = 0.6 0.24 70.0
T30S1 Ti-30Zr-7Fe-1Sn 2002 + 43 29.7 = 2.0 25.6 = 2.0 2.58 59.5
T30S2 Ti-30Zr-7Fe-2Sn 1851 + 48 25.6 + 2.4 20.4 * 2.6 2.77 47.4
T35S1 Ti-35Zr-7Fe-1Sn 1676 + 57 19.0 = 1.9 14.7 £ 2.0 3.22 31.8
T3552 Ti-35Zr-7Fe-2Sn 1595 + 45 17.5 = 1.3 12,5 * 1.1 3.96 27.9
Table 4 respectively. This indicates that fractures in T25S1 and T25S2 occur

The true mechanical properties such as yield strength (0p2 1), compressive
strain at failure (es 1) and plastic strain (e,, 1) of the investigated alloys.

Alloys  Chemical compositions (Wt%) 05z r (MPa) ¢ 1 (%) €, T (%)
T2551  Ti-25Zr-7Fe-15n 1182 + 24 445 £ 1.0 394 = 1.6
T2582  Ti-25Zr-7Fe-2Sn 1194 + 16  39.7 + 0.6 345 = 0.9
T30S1  Ti-30Zr-7Fe-1Sn 1208 + 18 36.4 = 21 321 + 2.0
T30S2  Ti-30Zr-7Fe-2Sn 1228 + 21 31.6 £ 28 26.0 = 25
T35S1  Ti-35Zr-7Fe-1Sn 1253 + 19 235 + 1.8 192 + 1.7
T3582  Ti-35Zr-7Fe-2Sn 1276 + 40  21.2 * 1.6 162 = 1.8
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Fig. 5. Engineering yield strength (0p, 2) and hardness (H) of the Ti-xZr-7Fe-ySn
alloys. Note that the abbreviation pattern in the forms of TxSy is used to present
names of all the investigated alloys.

with Zr. It has been acknowledged in the literature that nucleation
followed by coalescence of voids occurs before the formation of crack
[61]. Voids and coalescence of voids can be seen along the bright-faded
morphologies (Zr segregation) at many places, which are shown using a
series of yellow arrows in Fig. 6a and b for T25S1 and T25S2

along the Zr segregations. Further, the cracks propagate along the eu-
tectic morphologies of Laves-C14 phase in Fig. 6¢-f captured for T30S1,
T30S2, T35S1 and T35S2 respectively. In addition, the deformation
induced slip bands also form in all the Ti-xZr-7Fe-ySn alloys. The slip
bands in Fig. 6 are shown using multiple series of green arrows.

Figs. 7 and 8 illustrate the fractured-surface morphologies of the Ti-
xZr-7Fe-ySn alloys. Dimples usually form over a fractured surface that
possesses a high deformability [62]. As discussed above, the deform-
ability of a bcc phase remains higher than an hcp phase and conse-
quently, bec grains display dimples over the fractured surface [63]. In
the present work, dimples are found over the fractured surfaces of the
Ti-xZr-7Fe-ySn alloys; nonetheless, the cleavage facets increase as the
plastic deformation in terms of e, decreases in the investigated alloys
(Figs. 7e, 8a and 8c and 8e). Hence, the investigated alloys with 25 wt%
of Zr show many regions of dimples and subsequently, the regions of
dimples decrease in the investigated alloys with 30 wt% of Zr, followed
by the investigated alloys with 35 wt% of Zr. Furthermore, fine dimples
can be seen on fractured surfaces of the Ti-xZr-7Fe-ySn alloys including
T35S1 (Fig. 8d) and T35S2 (Fig. 8f) which demonstrate less values of ¢,
compared to the rest of the investigated alloys. This suggests that
dimple morphologies in all the investigated alloys should have formed
over the regions of the  phase which is known to display fine dimples
even at low ¢, values [38].

The features of cracks can also be seen in the fractured surfaces of
T30S1, T30S2, T35S1 and T35S2 (Figs. 7 and 8). The features of the
cracks found in Fig. 8a, 8c and 8e reveal intergranular fracture in the
T30S2, T35S1 and T35S2 alloys respectively. Moreover, slip bands are
also found in the fractured surface morphologies of the Ti-xZr-7Fe-ySn
alloys. The deformation induced slip activities should also have oc-
curred in the regions of the 3 phase in all the Ti-xZr-7Fe-ySn alloys.
Multiple wavy slip bands are shown in Fig. 7d inset for T25S2. Fig. 7d
inset reveals that slip bands are not able to cross the grain boundary and
therefore, slip bands are accumulated near the grain boundary because
grain boundaries possess defects in the atomic sequence as discussed
above [12]. In addition, these multiple wavy slip bands form in the
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different slip planes as well as in the different slip directions depending
on the number of active slip systems and the texture of the grains G1
and G2 shown in Fig. 7d inset [64]. The number of slip bands in grains
Gl and G2 are different because different slip systems possess a dif-
ferent value of Peierls stress [63].

4. Discussion
4.1. Microstructure and mechanical properties

According to the literature, the occurrence of Laves phase segrega-
tion mostly depends on the size misfit that occurs between atoms in an
alloy [65]. Therefore, a Laves phase composed of Zr and Fe usually
forms in the alloying systems comprising the required quantities of Zr
and Fe because there is a significant difference in atomic radii of Zr
(0.1600 nm) and Fe (0.1280 nm). Laves phases composed of Zr and Fe
have been reported in much literature [5,32,66]. The grain boundaries
comprise crystal defects and usually increase Gibbs excess-free energy
in an alloy without a solute constituent [65]. Therefore, alloys without
solute particles usually show coarse grains in the microstructure.
However, the interaction of solute atoms with an elastic strain field
around grain boundaries decrease the Gibbs excess-free energy of a
system and as a consequence, grain boundaries become the preferred
regions for the Laves phase segregation [65]. Therefore, in the present
work, the Laves phase in the T25S1, T30S1, T30S2, T35S1 and T35S2
alloys is mostly precipitated on the grain boundaries (Fig. 2).

The values of V¢ ¢;4 increase as the quantities of Sn increase from
1 wt% in T30S1 and T35S1 to 2 wt% in T30S2 and T35S2. The similar
kind of trend is not noted when the quantity of Sn increases from 1 wt%
in T25S1 to 2 wt% in T25S2 despite the fact that T25S1 comprises the
eutectic-Laves phase morphologies in the microstructure. This possibly
occurs due to the high B stability of T25S2 as compared to T25S1 be-
cause the quantity of Sn improves the 3 stability when added in Ti
alloys [26]. Nonetheless, in T30S2 and T35S2, the {3 stability achieved
due to the addition of 2wt% Sn cannot restrict the precipitation of
Laves phase resulted from higher quantities of Zr (i.e., 30 wt% and
35 wt%) in T30S2 and T35S2. This demonstrates that the quantity of Zr
plays an important role in the Laves phase precipitation in the Ti-xZr-
7Fe-ySn alloys, which can also be confirmed based on the phase dia-
gram of the Ti-Zr-Fe system [31,32].

Previous findings have reported that Laves phase precipitates sub-
sequently in the form of particle-like, rod-like and eutectic morpholo-
gies as the volume fraction of Laves phase increases [9,10,67]. More-
over, the size (including length and width) of eutectic morphologies
along with lamellar spacing inside the eutectic morphologies also in-
crease as the volume fraction of the Laves phase increases [10]. Hence,
in the present work, the approximate length and width of Laves phase
morphologies along with lamellar spacing inside the eutectic
morphologies were measured using ImageJ software for the in-
vestigated Ti-xZr-7Fe-ySn alloys comprising eutectic-Laves phase
morphologies (i.e., T25S1, T30S1, T30S2, T35S1 and T35S2) and the
corresponding results are summarized in Table 1. Note that the multiple
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measurements for the length of Laves phase were taken along the di-
rection in which the Laves phase is precipitated, while the multiple
measurements for the width of the Laves phase were taken across the
direction in which Laves phase is precipitated. Lamellar spacing, length
and width of the Laves phase (C14) were measured because these
parameters directly influence the mechanical properties [10,20].
Table 1 shows that the values of lamellar spacing, length and width of
the Laves phase (C14) increase as the quantities of Zr and Sn increase in
the T25S1, T30S1, T30S2, T35S1 and T35S2 alloys. T25S1 demon-
strates the lowest values of lamellar spacing (183 = 67 nm), length
(21 £ 16um) and width (5 £ 5um) of the Laves phase (C14),
whereas T35S2 demonstrates the highest values of lamellar spacing
(798 = 324nm), length (206 *+ 88 um) and width (20 = 16 um) of
the Laves phase (C14). This indicates that the values of lamellar spacing
as well as length and width of the Laves phase increase as V¢ ¢4 in-
creases in the T25S1, T30S1, T30S2, T35S1 and T35S2 alloys. As a
result, the values of 04, €f and ¢, are also influenced by and related
inversely with the values of lamellar spacing (inside the eutectic-Laves
phase morphologies), length and width of the Laves phase morpholo-
gies (Table 1) in T25S1, T30S1, T30S2, T35S1 and T35S2.

It is worth noting that despite possessing Laves phase morphologies
in the microstructure, T25S1 demonstrates the greater values of Opax, €f
and ¢, than those of the values obtained for T25S2 (Table 3) because
T25S2 comprises a high fraction of bright-faded morphologies in the
microstructure as compared to T25S1 (Fig. 2). These bright-faded re-
gions in T25S2 are essentially composed of a higher quantity of Zr
(28.3 = 1.1 wt%) than the quantity of Zr present (23.2 * 0.3 wt%) in
the p matrix of T25S2. Further, Zr has a greater atomic radius
(0.1600 nm) than Ti (0.1470 nm) and therefore, due to the size misfit
effect, the arms of bright-faded morphologies act as barriers to the
motion of dislocations and eventually become the high-stress
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Fig. 7. The fractured morphologies of (a) T25S1, (c)
T25S2 and (e) T30S1. (b), (d) and (f) are the high-
magnification images of the regions shown using
yellow-dashed rectangles in (a), (c) and (e) respec-
tively. The inset images in (b), (d) and (f) are the
high-magnification images of the regions shown
using skyblue-dashed rectangles in (a), (c) and (e)
respectively. Note that the abbreviation pattern in
the forms of TxSy is used to present names of the
investigated alloys. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)

concentrated regions due to dislocation pinning. Therefore, T25S2 fails
earlier than T25S1 in compression testing and shows the lower values of
Omax (2084 = 52MPa), ¢ (33.6 = 0.6%) and ¢, (28.6 = 0.6%) and
the higher values of 0y, (1216 = 15MPa) and H (381 * 15 HV) than
those of T25S1.

Fig. 9 depicts the XRD profiles obtained after compression testing
for the Ti-xZr-7Fe-ySn alloys. The number of peaks related to C14 phase
in the XRD profiles obtained after compression testing (Fig. 9) are less
than those obtained in the as-cast condition (Fig. 1). This happens be-
cause the  grains and Laves phase morphologies are compressed
during compression testing and consequently, the area fractions of the
grains and Laves phase morphologies remain less (due to the refinement
of grains) in a sample prepared for an XRD test after compression
testing as compared to a sample prepared for an XRD test in the as-cast
condition. On the other hand, cracks are propagated along the brittle-
Laves phase [9,10], as a result, the regions of Laves phase are covered
by the regions of cracks. Therefore, the area fraction of Laves phase
remains less after compression testing (performed until failure of an
alloy). Therefore, the XRD may not be able to detect all the peaks re-
lated to C14 phase which were present before compression testing [68].
The values of ag after compression testing were calculated and the
corresponding results are summarized in Table 1 to compare the values
of ag in the as-cast condition and after compression testing. Distortion
of lattice and grain-refinement occur when a material undergoes a
rolling operation or a compression testing [38,69] and hence, the va-
lues of ag after compression testing increase for all the Ti-xZr-7Fe-ySn
alloys. It can also be noted that a peak related to C14 phase (at around
40°) is found in the XRD profile of T25S2 (Fig. 9) after compression
testing, which was not evident in the as-cast condition (Fig. 1). This
indicates that the transformation of the Laves-C14 phase (with the little
amount) occurs in T25S2 after compression testing from the 3 phase. A



C.D. Rabadia, et al.

[ ]
*f vC14
— v v ° Ve .
S » 73552,
© v_fv . ve .
g
H T3551
__,z:' vV 1 [} (] [
152} o
2 _ l T30S2
q} v L ] ® L ]
T . T30S1
- V_k . . [
: T2582
v 1 Y e [
T25S81
— T T — T T T

T T g T L
30 40 50 60 70 8 90 100 110
20 (degree)

Fig. 9. The XRD profiles of the Ti-xZr-7Fe-ySn alloys after compression testing.
Note that the abbreviation pattern in the forms of TxSy is used to present names
of all the investigated alloys.

few small-sized (rod-like) morphologies of C14-Laves phase in T2552
are also seen in Fig. 6b, which were not observed in the microstructure
image of T25S2 (shown in Fig. 2). The presence of Cl4-Laves phase
morphologies in T25S2 (Fig. 6b) is also an evidence of deformation
induced phase transformation of Cl14-Laves phase in T25S2. The de-
formation induced Laves phase transformation (with a little amount)
has also been reported in Refs. [70,71]. Moreover, a greater peak
broadening is observed in the XRD profiles presented in Fig. 9 as
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Fig. 8. The fractured morphologies of (a) T30S2, (c)
T35S1 and (e) T35S2. (b) and (f) are the high-
magnification images of the regions shown using
yellow-dashed rectangles in (a) and (e) respectively.
(d) is the high-magnification image of the region
close to the region shown in (c) and the inset image
in (d) is the high-magnification image of the region
in (d). The inset images in (b) and (f) are the high-
magnification images of the regions shown using
skyblue-dashed rectangles in (a) and (e) respec-
tively. Note that the abbreviation pattern in the
forms of TxSy is used to present names of the in-
vestigated alloys. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)

compared to the XRD profiles presented in Fig. 1 for the Ti-xZr-7Fe-ySn
alloys. The broadening of the peaks after compression testing occurs
due to the distortion of lattice and the grain refinement.

Table 3 also presents the values of dislocation density and a product
of Omax and e (PUSCS) for the Ti-xZr-7Fe-ySn alloys. The information on
the dislocation-pinning can also be obtained based on the dislocation
density and eventually, the strengthening behavior of the Ti-xZr-7Fe-
ySn alloys can be analyzed. The lowest value of dislocation density is
found in T25S1 (0.21 x 10*® m™?2), whereas the highest value of dis-
location density is found in T35S2 (3.96 x 10 m™2) as T35S2 com-
prises the highest value of V; ¢;4 amongst the investigated Ti-xZr-7Fe-
ySn alloys. The values of dislocation density also suggest that the dis-
location-pinning should have occurred at a minimum level in T25S1
and the dislocation-pinning should have occurred at a maximum level
in T35S2. Although T25S1 comprises the Laves phase morphologies in
the microstructure (Fig. 2), dislocation density of T25S2 is greater than
T25S1. This indicates that the bright-faded morphologies in T25S2 also
contribute in pinning the dislocations.

PUSCS is a quite popular parameter to evaluate the trade-off be-
tween strength and plasticity of a material [35,36]. In this work, as Oy
and ey are directly related to each other, PUSCS follows the same trend
as Omax and e;. Hence, T25S1 demonstrates the highest value of PUSCS
(77.4 GPa%) and T35S2 demonstrates the lowest value of PUSCS
(27.9 GPa %) in the present work (Table 3). Therefore, it can be inferred
based on the results discussed that the precipitation strengthening
features of T35S2 in terms of 0y, (1359 = 28 MPa), H (437 + 23 HV)
and dislocation density (3.96 x 10 m~2) are better than the rest of
the investigated alloys. By contrast, the deformation features including
erand e, of T25S1 are better than the rest of the investigated alloys.
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4.2. Fracture analyses

In T30S1, T30S2, T35S1 and T35S2, other than primary cracks,
voids are found inside the eutectic morphologies of Laves phase, which
can be evidently seen in Fig. 6¢ inset (a series of yellow arrows). These
voids form prior to the crack propagation. Furthermore, a series of
parallel micro-cracks in the eutectic Laves phase can be seen in Fig. 6¢
inset for T30S1, which are indicated by a series of sky-blue arrows.
These parallel micro-cracks in the Laves phase morphologies form due
to slip activities occurring (on a same slip plane) in the nearer [3 grains.
Therefore, these micro-cracks form parallel to each other inside the
Laves phase morphologies. The similar kind of parallel micro-cracks are
also found in the eutectic Laves phase morphologies of T30S2, T35S1
and T35S2 (the inset images of Fig. 6d—f). In general, slip bands form
easily in a phase comprising a bcc structure as compared to a phase
comprising an hep structure because a bec structure comprises a greater
number of slip systems than an hep structure [63,72,73]. Therefore,
Peierls stress or lattice friction stress (the minimum shear stress re-
quired to move a dislocation over a specific matrix/phase) remains low
for a phase with a bcc structure than that for a phase with an hcp
structure [74]. As a result, in the present work, dislocations can easily
move in the 3 (bcc) matrix than in a C14 (hcp) phase. Furthermore, slip
bands in a particular grain form in different slip planes depending on
the number of active slip systems in that grain [74]. However, it is
difficult for slip bands to pass over the grain boundaries and/or second
phase particles (with different crystal structure) because grain bound-
aries comprise detects in atomic sequence and second phase comprise
the different lattice configuration [63]. Therefore, in the present work,
slip bands form only in the 3 grains and dislocation pile up should have
occurred at the phase boundaries of Laves-Cl14 phase because slip
transfer from (3 (bcc) phase to Laves-C14 (hcp) phase remains difficult.
Eventually, the morphologies of Laves-C14 phase fail due to not sus-
taining dislocation-pinning stress produced by dislocations/slip bands
[73]. Consequently, parallel micro-cracks form in the eutectic Laves
phase morphologies of T30S1, T30S2, T35S1 and T35S2. This also in-
fers (based on the results discussed above) that among the f, bright-
faded and Laves phase morphologies shown in this work, the Peierls
stress should be the lowest in the B matrix, followed by the bright-faded
morphologies and the highest in the Laves phase morphologies.
Therefore, the bright-faded morphologies should be harder than the
matrix but softer than the Laves phase morphologies. Finally, it can be
deduced that the results of the mechanical and fracture characteriza-
tions are in good agreement with the features of the microstructure
analyzed in the present work.

5. Conclusions

The quantities of Zr and Sn have been varied to tailor the me-
chanical properties using a C14 type Laves phase in the Ti-xZr-7Fe-ySn
(x = 25, 30, 35wt% and y = 1, 2wt%) alloys. The effects of composi-
tional quantities (i.e., Zr and Sn) on the microstructure, mechanical and
fracture properties for the Ti-xZr-7Fe-ySn alloys have been examined in
this work and following concluding remarks have been made.

® Phase and microstructure analyses detect a C14 type Laves phase
with a hexagonal close-packed structure and a dominant 3 phase
with a body-centered cubic structure in the as-cast condition of all
the investigated alloys except Ti-25Zr-7Fe-2Sn which shows a single
B phase.

e The compositional effects in terms of the quantities of Zr and Sn
greatly influence the volume fraction of the Laves phase.
Furthermore, as the volume fraction of the Laves phase increases the
values of other microstructural features such as lamellar spacing
inside the eutectic-Laves phase morphologies, length and width of
Laves phase morphologies increase.

® As the quantities of Zr and Sn increase, yield strength, hardness and
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dislocation density also increase, whereas ultimate strength, com-
pressive strain at failure and plastic strain decrease in the present
work.

Among all the Ti-xZr-7Fe-ySn alloys analyzed in the present work,
Ti-25Zr-7Fe-1Sn demonstrates the highest values of compressive
strain at failure (36.2%), plastic strain (31.9%) and ultimate
strength (2140 MPa), whereas Ti-35Zr-7Fe-2Sn exhibits the highest
value of yield strength (1359 MPa), hardness (437 HV) and dis-
location density (3.96 x 10'°m™?2). Ti-25Zr-7Fe-1Sn shows the best
trade-off in terms of the product of ultimate strength and plasticity
(77.4 GPa %) in this work.

Ti-25Zr-7Fe-1Sn is suitable for engineering applications where al-
loys are selected considering ultimate strength and compressive
strain at failure; whereas Ti-35Zr-7Fe-2Sn is suitable for engineering
applications where alloys are selected considering yield strength and
hardness.

The results of the microstructure, mechanical and fracture proper-
ties analyzed in this work by varying the quantities of Zr and Sn in Ti
alloys are useful to develop an improved Laves phase alloy.
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