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a b s t r a c t

This work deals with the texture, microstructure and anisotropy in mechanical behaviors of a hot rolled
Ti–16Nb alloy. It exhibits low in-plane anisotropy in terms of yield strength, ultimate tensile strength
and yield locus. Such an isotropy seems to arise owing to fibers present in (0 0 2), (0 2 0) and (1 1 1) pole
ccepted 1 April 2010
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figures. The work hardening behavior of the alloy reveals the presence of two slopes indicating that
two different mechanisms are operative during tensile test. The work hardening curves follow modified
Ludwik equation.

© 2010 Elsevier B.V. All rights reserved.
exture
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. Introduction

Titanium and its alloys, owing to their attractive properties
nd a wide range of applications in aerospace, automotive, chem-

cal and biomedical industries. Many of the components for such
pplications are produced by thermomechanical processing. As a
onsequence of this, typical textures are developed at different
tages of processing. The evolution of textures has been explained
y a combination of active slip systems as well as by the pres-
nce of microstructural anisotropies. The texture and anisotropy
n mechanical properties of titanium and its alloys have been dis-
ussed in Refs. [1,2].

Titanium and its alloys are by and large processed by hot
olling in order to break the cast structure and to produce the
omogeneous microstructure. Hot rolling results in strong texture
ue to low symmetry of the � (closed packed hexagonal (cph))
hase, which in turn induces pronounced anisotropy in mechan-

cal properties. Such an anisotropy of titanium alloys consisting
f � and � + � phases has been studied by several investigators
3–9]. However, similar studies are lacking in alloys comprising �′′

orthorhombic) and � phases. The �′′ phase has been observed dur-

ng thermomechanical processing of several commercial � + � and

titanium alloys [10–12]. Hence, it is necessary to investigate the
elation among texture, microstructure and mechanical behavior
f this phase.
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The Ti–Nb binary alloys are widely used as superconducting
and aerospace applications [13]. Such alloys containing non-toxic
elements have also been considered as potential materials for
biomedical applications. These alloys have attracted extensive
attention of the researchers due to low elastic modulus, shape
memory characteristics as well as for super plasticity [14–17].
Keeping the importance of such class of alloys in view, this
investigation has been taken up. This paper reports texture,
microstructure, and anisotropy in mechanical properties of a hot
rolled Ti–16Nb alloy. It is to be noted that the hot rolled Ti–16Nb
alloy consists of �′′ and small amount of � phases. The yield locus of
the hot rolled specimen has been determined using Knoop hardness
method [18,19]. This paper makes an attempt to establish corre-
lation among texture, mechanical properties and work hardening
behavior of the hot rolled Ti–16Nb alloy.

2. Experimental

Six hundred gram of pancake of the alloy Ti–16Nb was prepared by non-
consumable arc melting. The charge was melted repeatedly for six times to ensure
chemical homogeneity. The analyzed chemistry was found to be Ti 83.6 (atom %), Nb
16.4 (atom %), O 1010 ppm, N 63 ppm and H 26 ppm. The as-cast material was unidi-
rectionally hot rolled at 800 ◦C to attain 80% reduction. The specimen was deformed
5% in each pass and rolling reduction was kept strictly unidirectional. After each
pass, the sample was kept back into the furnace to retain the rolling temperature.
Microstructural characterization of hot rolled specimens was done in three sam-
ple planes i.e. normal direction (ND), transverse direction (TD) and rolling direction
(RD). The specimens were prepared following standard metallographic technique

used for titanium and its alloys. All the samples were etched with Kroll’s reagent.
The X-ray diffraction (XRD) studies of bulk samples were carried out using a Philips
3020 diffractometer with CuK� radiation.

The texture was measured on sheet specimen of the hot rolled material of
25 mm × 15 mm size. The ‘inel G3000’ texture goniometer coupled with curved posi-
tion sensitive detector with CuK� radiation was employed for texture investigation

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:singh_ashok3@rediffmail.com
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Table 1
Mechanical properties of hot rolled Ti–16Nb alloy.

Sample direction 0.02% YS (MPa) UTS (MPa) Elongation (%) YS (MPa) by yield locus

Tensiona Compressiona

Longitudinal (L) 580 ± 9 734 ± 9 12.6 ± 1.5 3065 2975
18.6 ± 1.5 – –
15.0 ± 0.9 3077 3127
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component is located in ϕ2 = 120.0◦ section around ˚ = 60◦ with
nearly 10◦ spread (Fig. 4).

The engineering stress–strain curves of the hot rolled alloy in
all the three directions show that the flow stress continuously
45◦ 579 ± 12 722 ± 11
Transverse (T) 577 ± 10 727 ± 14

a The value of YS and UTS obtained from yield locus plot (Fig. 6).

sing Schultz back reflection technique [20]. For the orthorhombic phase, ten incom-
lete pole figures [(0 2 0), (0 0 2), (1 1 1), (0 2 1), (1 1 2), (0 2 2), (1 3 0), (1 1 3), (0 2 3)
nd (2 2 1)] up to (� = 80◦) were recorded. These pole figures were corrected for
efocusing and absorption using a powder sample of Ti–16Nb alloy consisting of
rthorhombic (�′′) phase. From the pole figure data, the complete orientation dis-
ribution function (ODF) has been calculated with triclinic sample symmetry [21].
he results are presented as ODF plot of constant ϕ2 section (120◦) with iso-intensity
ontours in the Euler space defined by the Euler angles ϕ1, ˚, ϕ2 and (0 0 2), (0 2 0)
nd (1 1 1) pole figures. The tensile properties of the alloy were evaluated on a screw
riven Instron 1185 testing machine in three-test directions namely, the longitu-
inal (L), 45◦ (specimen axis at 45◦ to the rolling direction) and transverse (T). The
ample dimension is shown in Fig. 1. Three specimens were tested in each condition
nd average values of 0.2% yield strength (YS), ultimate tensile strength (UTS) and
longation are reported in Table 1. Tensile fracture surfaces were observed under
canning electron microscope (SEM-Leo 440i) in order to understand the mode of
ailure. A MATSUZAWA (MMT-X7) Knoop hardness tester with 100 g load was used
or the determination of yield locus [18,19].

. Results and discussion

The 3D-Optical microstructure of the hot rolled Ti–16Nb alloy
s shown in Fig. 2 which reveals the presence of both the unre-
rystallised and recrystallised prior � grains oriented along rolling
irection. The volume fraction of recrystallised grains is consid-
rably large. It is well known that hot rolling consists of both
eformation and dynamic recrystallisation. The presence of afore-
aid two types of grains in the microstructure can therefore be
ttributed to deformation and dynamic recrystallisation during hot
olling. The prior � grains consist of very fine distribution of con-
tituent phases. The XRD studies confirm the presence of �′′ and

phases (Fig. 3). The relative intensities of peaks corresponding
o these phases indicate that the specimen consists of mainly �′′

hase with small amount of �. The texture of hot rolled specimen
s shown in Fig. 4. The (0 0 2) and (0 2 0) pole figures display inho-

ogeneous fibers 45◦ and 35◦ away, respectively from the centre
hile the (1 1 1) pole figure exhibits maximum intensity at the cen-

re. The maximum intensity in (0 0 2) pole figure lies at ND-RD axis
◦ ◦
nd a weak basal component (� = 0.0 and � = 0.0 with 1.7 times

andom) is also seen at the centre. The pole figures are asymmet-
ic indicating the presence of triclinic sample symmetry. The main
exture component in ODF lies at ϕ1 = 60.0◦, ˚ = 60.0◦, ϕ2 = 120.0◦

ith f(g) = 21.2 times random. Only ϕ2 = 120.0◦ section of ODF is

ig. 1. A schematic diagram of tensile specimens showing the sample dimension
all are in mm).
Fig. 2. 3D Optical microstructure of the hot rolled Ti–16Nb alloy.

shown in Fig. 4 since it consists of the main texture component. A
weak inhomogeneous [0 0 1]||ND fiber which corresponds to basal
component is also seen in all the ϕ2 sections at ˚ = 0◦. Another
inhomogeneous fiber with high intensity, consisting of the main
Fig. 3. The XRD patterns of the hot rolled Ti–16Nb alloy (a) before tensile test show-
ing �′′ and � phases and (b) after tensile test having only �′′ phase peaks. The (2 0 0)
peak of the � phase (a) before and (b) after tensile test is shown as inset.
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It is evident from Table 1 that the yield strengths determined by
Knoop hardness appear to be 5–6 times higher than that of those
obtained by tensile tests. Such a difference is due to the fact that
the exact quantitative determination of the yield strength by the

Table 2
Flow curve parameters of the hot rolled Ti–16Nb alloy.

Sample K1 (MPa) n1 K2 (MPa) −n2 Transition strain Errora
Fig. 4. Texture of the

ncreases till the point of fracture (Fig. 5a). The corresponding true
tress–true strain curves exhibit positive slope indicating work
ardening (Fig. 5b). These curves in three specimen directions are
early identical. The composition of the present alloy is similar
o � type titanium alloys. A class of � also displays low or neg-
tive work hardening rate [22]. The mechanical properties of the
ot rolled Ti–16Nb alloy along three directions namely the lon-
itudinal (L), 45◦ and transverse (T) are summarized in Table 1.
racture surfaces of the tensile specimens are similar in all three-
est directions and exhibit classical ductile features. The hot rolled
lloy exhibits no substantial change in YS and UTS values in dif-
erent sample directions indicating the presence of low in- plane
nisotropy (Fig. 5c). On the other hand, the elongation is least along
ongitudinal direction and maximum along 45◦ (Fig. 5c and Table 1).
ifferential curves of the experimental alloy exhibit similar nature

n all the three sample directions (Fig. 5d). This shows that the
ork hardening rate (d�/dεp) drops rapidly up to 0.4% strain and

hen gradually decreases up to 0.6%. It becomes nearly constant for
urther deformation.

The log true stress vs. log true strain curves are shown in Fig. 5e,
hich display two slopes. The flow curves having two slopes as

bserved in present study (Fig. 5e) have been reported in austen-
te stainless steel and other FCC materials with low stacking fault
nergy [23]. Such a two-slope behavior has been attributed to two
eformation mechanisms. First relates to planar flow of disloca-
ions during initial deformation. The second pertains to cross-slip
nd consequent cell formation with increasing strain. Ludwigson
as modified the Ludwik relation (� = K εn) to describe the plastic
ow of these materials [23]. The modified relation is � = K1εn1 +
K2 en2ε. The K1 and n1 have same meaning as K and n in the Ludwik
elation whereas K2 and n2 are components of a term that describes
he positive departure of flow curve from Ludwik relation at low
trains. The flow curve parameters of the present alloy have been
alculated using modified Ludwik relation and are given in Table 2.
s mentioned above, two slopes observed in Fig. 5e clearly indicate

he occurrence of two mechanisms during tensile test. The initial
echanism transforms to other mode at a particular strain level

alled transition strain (Table 2).

The two-slope flow behavior and associated deformation mech-

nisms, as mentioned above has been reported in single-phase
aterials [23]. As stated earlier, this investigation deals with

i–16Nb alloy having of �′′ phase and small amount of �. The origin
f the two-slope behavior, therefore, needs to be understood on
olled Ti–16Nb alloy.

different footing. In this respect, information pertaining to stress
induced � → �′′ transformation [10,24] in � type Ti-based alloys
may be helpful. It appears that the first stage of two-slope behavior
can be understood in terms of (i) � → �′′ transformation and (ii)
deformation of prior �′′ phase. After the transition strain, the sam-
ple displays flow behavior of �′′ phase only. To substantiate our
explanation, the XRD pattern of the sample after tensile test was
recorded. The pattern clearly shows disappearance of (2 0 0) peak of
� phase (see inset (b) in Fig. 3). The second slope thus corresponds
to the overall deformation occurring simultaneously in primary
and transformed orthorhombic martensitic (�′′) phases. The transi-
tion strain is maximum along longitudinal direction and minimum
along transverse direction. The presence of small amount of the �
phase and associated � → �′′ transformation is likely to affect the
deformation of the �′′ phase during tensile test. The sample direc-
tion dependence of transition strain can therefore, be attributed to
orientation of �′′ phase as well as the distribution of � phase in the
hot rolled specimen.

The yield locus of the experimental alloy is shown in Fig. 6. A
best-fit ellipse drawn from all the six points does indicate the pres-
ence of anisotropy since all the experimental points do not lie on
ellipse. The extent of anisotropy is rather small which can be seen
from the sum of the root mean square distances between exper-
imental points and yield locus (0.01 × 107). The yield strengths in
tension and compression calculated from yield locus plot along lon-
gitudinal (�x) and transverse (�y) directions are given in Table 1.
This further confirms the presence of low in-plane anisotropy in
the hot rolled material. This observation is in agreement with the
in-plane anisotropy obtained by the tensile test (Table 1).
Longitudinal (L) 1017 0.092 4.28 97.10 1.46 .008
45◦ 1121 0.140 5.06 56.64 1.33 .030
Transverse (T) 1064 0.118 5.05 57.57 1.26 .030

a The error has been calculated by considering root mean square deviation
between experimental and calculated � values.
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Fig. 5. Tensile properties of the hot rolled Ti–16Nb alloy: (a) Engineering stress–enginee
YS, UTS and elongation with sample direction, (d) differential curves and (e) log true stres

Fig. 6. Yield locus plot of the hot rolled experimental alloy.
ring strain curves up to fracture, (b) True stress–true strain curves, (c) Variation of
s–log true strain curves.

Knoop hardness method is not possible. This method can be used
only to the extent that they are a measure of relative indentation of
the resistance of a material to the specific condition of deformation
[25]. It is also necessary to identify the role of friction and the degree
of localized deformation under the indenter so that the true nature
of measurement can be evaluated. In literature, the yield locus plots
are calibrated with tensile data obtained from the longitudinal and
transverse directions. However, yield stresses are usually measured
in a uniaxial tension/compression tests, which do not constrain the
flow pattern during deformation. As a result, such a test does not
model the situation under an indenter, where complex and highly
constrained flow patterns exist.

Low in-plane anisotropy in hot rolled titanium alloys has been
attributed to development of basal texture in � (cph) phase [3,6,7].
The anisotropy of hot rolled materials can be calculated by % in-

plane anisotropy, which is defined as [26]

%IPA =
[ {2YS(L) − YS(T) − YS(45◦)}

2YS(L)

]
× 100
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The present alloy mainly consists of the �′′ phase, which exhibits
ow % in-plane anisotropy (0.34%). The (0 0 2) pole figure of the
′′ phase consists of basal component corresponding to [0 0 1]||ND
ber and other fiber located in between ˚ = 58 and 68◦. The (0 2 0)
nd (1 1 1) pole figures also display the presence of fibers. The
ow in-plane anisotropy both in terms of YS, UTS and yield locus
bserved in the present study can be attributed to these fibers. It
ppears that the hot rolled Ti–16Nb alloy has good capability for
orming processing due to low in-plane anisotropy with reasonably
igh ductility.

. Summary

A correlation amongst texture, in-plane anisotropy in tensile
roperties and yield locus has been established. It has been shown
hat work hardening curves of the alloy in three different sam-
le directions exhibit two slopes indicating the occurrence of two
ifferent mechanisms during tensile test and follow the modified
udwik equation.
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