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Abstract: The biocompatibility of orthopedic implants is closely related to their elastic modulus and surface properties.
The objective of this study was to determine the effects of cold rolling, recrystallization and laser surface melting
(LSM) on the microstructure and mechanical properties of a biphase (a"+f) Ti—30Nb—4Sn alloy. X-ray diffraction
(XRD) texture analysis of the cold-rolled substrate revealed the [302],//ND texture component, while analysis of the
recrystallized substrate showed the [302],//ND and [110],-//ND components. The f-phase texture could not be directly
measured by XRD, but the presence of the [111]4//ND texture component was successfully predicted by considering the
orientation relationship between the o” and § phases. Nanoindentation measurements showed that the elastic modulus of
the cold-rolled substrate (63 GPa) was lower than that of the recrystallized substrate (74 GPa). Based on the available
literature and the results presented here, it is suggested that this difference is caused by the introduction of crystal
defects during cold deformation. The combined nanoindentation/EBSD analysis showed that the nanoindentation results
are not affected by crystal orientation. LSM of the deformed alloy produced changes in hardness, elastic modulus and
crystallographic texture similar to those produced by recrystallization heat treatment, creating a stiffness gradient
between surface and substrate.
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tissues. Among the most common metal alloys used

1 Introduction

Titanium and its alloys have high corrosion
resistance in aqueous media, high specific strength
and low elastic modulus, making them attractive
applications. Because of its good
biocompatibility and relatively low elastic modulus,
titanium is one of the preferred materials for use in
the manufacture of medical implants to replace hard

for many

to produce implants, S-type titanium alloys possess
the lowest elastic modulus (about 60 GPa) [1].
However, this value is still at least twice the
stiffness of bone [2], and the load is therefore not
properly transferred between the bone and implant.
Because of this phenomenon, known as the stress
shielding effect [3], the bone receives insufficient
mechanical stimulus and may therefore become
less dense. On the other hand, implants with a low
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elastic modulus have been identified as the cause of
micromotion at the interface between the bone and
implant, leading to the growth of fibrous tissues
and potentially causing premature failure [4,5].
Although stress shielding and interface micro-
motion are issues that require conflicting solutions,
finite element simulations have shown that in the
case of femoral hip implants a good compromise
can be achieved by having variable stiffness and a
higher elastic modulus in the proximal region [6]. A
stiffness gradient allows optimized load transfer
between implant and bone, minimizing both stress
shielding and interface micromotion [4].

Despite good biocompatibility of titanium, the
problem of implant rejection has to be completely
solved. In addition, titanium is known to have poor
wear performance [7] because of its high friction
coefficient. As biocompatibility and wear resistance
are properties related to the surface of a material, a
number of surface modifications have been
proposed for titanium alloys [8]. BALLA et al [9]
found that laser surface melting (LSM) provides
improved wear and corrosion resistances for
Ti—-6Al-4V alloys. LSM can also improve
biocompatibility by creating a surface roughness
that favors cell adhesion and is less time-consuming
and cleaner than other surface texturing techniques
such as chemical etching and anodization, as
pointed out by PRODANOV et al [10].

The control of the preferred orientation of
grains (crystallographic texture) is a recognized
approach for enhancing the properties of metal
alloys. The crystallographic texture of a material
depends on its processing route and can be
modified by four main processes: (i) solidification,
(i1) hot or cold working, (iii) recrystallization and
(iv) phase transformation [11]. It has been shown
that crystallographic texture can be an important
factor affecting surface-related properties of
titanium alloys such as wettability, corrosion
resistance and biocompatibility [12]. Because the
surface energy of lattice planes depends on the
atomic density, the surface properties of these alloys
depend on the particular plane that is exposed on
the surface [13]. Texture also induces anisotropy of
mechanical properties, such as strength and elastic
modulus [14].

Like other Ti—Nb alloys [15,16], Ti—30Nb—
4Sn alloy has low elastic modulus (60—80 GPa) [17]
and contains no toxic elements, making it a good

candidate for using in the production of orthopedic
implants. When the alloy is quenched from
temperatures above the p-transus, the f phase
partially transforms to the a” phase by a martensitic
(diffusionless) phase transition. The final micro-
structure of the alloy is composed of a matrix of f
(body-centered cubic crystal lattice) grains
enclosing a" (orthorhombic crystal lattice)
plates [18]. Although the g — a” phase trans-
formation can also be strain-induced [19] during
cold rolling, it is not clear if this transformation can
cause significant changes to the elastic modulus.
Some studies suggest that the increase in o” content
could reduce the elastic modulus [20,21]. However,
the study of LEE et al [22] on Ti—Nb alloys with
different Nb contents demonstrated that the bending
modulus of an alloy composed mostly of " phase
(Ti—20Nb) was close to that of a full-f alloy
(Ti—35Nb).

Various systematic studies on the development
of rolling texture in S [23] and o (hexagonal
crystal lattice) titanium alloys [24—26], and studies
on the texture of multiphase titanium alloys,
such as the traditional Ti—6Al-4V (a+p) alloy [27],
intermetallic Ti—Al alloys [28] and Ti—Ni
composite materials [29] can be found in the
literature. For a"™+f titanium alloys, however, less
information is available. To the best of our
knowledge, there are no studies on the
recrystallization texture of a"™+f titanium alloys.
This study aims to investigate the effects of both
recrystallization and LSM on the microstructure,
crystallographic texture, hardness and elastic
modulus of highly deformed Ti—30Nb—4Sn alloy.

2 Experimental

The Ti—30Nb—4Sn alloy used here was
produced in an electric arc furnace with an argon
atmosphere, homogenized at 1000 °C for 8 h and
water quenched. The composition of the alloy,
which was measured by X-ray fluorescence
spectroscopy  (XRF) (Shimadzu EDX 7000
spectrometer), was 29.2 wt.% Nb and 3.9 wt.% Sn
and balance Ti. Oxygen and nitrogen contamination,
which were determined with a LECO (model
TC400) analyzer, were 0.13 wt.% and 0.0045 wt.%,
respectively. The ingot was cold-rolled (at room
temperature) until an 85% reduction in thickness
was achieved. Part of the rolled sample was heat-
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treated at 800 °C (above the f-transus) for 30 min
to promote recrystallization and then quenched in
water. The alloys in the as-deformed state and after
recrystallization (and quenching) will henceforth
be referred to as the deformed and recrystallized
alloys, respectively. The duration of the
recrystallization heat treatment was chosen based
on our experience with similar alloys [18]. To
prevent oxidation during the homogenization and
recrystallization treatments, the specimens were
encapsulated in a quartz tube filled with high-purity
argon (99.999%). For the water quenching, the
quartz tube was removed from the furnace and
immediately broken so that the sample fell into a
container with water. As usual for rolled specimens,
the external reference frame for the deformed and
recrystallized alloys is the normal direction (ND)
(orthogonal to the rolling surface), rolling direction
(RD) and transverse direction (TD).

The rolling surfaces of the deformed and
recrystallized alloys were laser-melted by over-
lapping multiple laser-tracks orthogonal to the RD.
An ytterbium fiber laser source with a wavelength
of 1070 nm and a Gaussian beam was used. The
process was carried out inside a glovebox filled
with argon gas (99.999%) to avoid oxidation. The
distance between the center of one laser track and
the next was 175 pum, and the sample was moved at
a speed of 600 mm/min relative to the laser source.
The laser power was 150 W, and the beam was
focused on the surface of the sample.

For the microscopy analyses, the specimens
were prepared by grinding with SiC abrasive paper
up to 1200 grit, followed by polishing with
diamond paste (9 um) and finally polishing with
colloidal silica suspension (0.05 pum). Visible-light
microscopy (VLM) was performed with a reflected
light differential interference contrast (DIC)
microscope using Kroll’s etchant to reveal the
microstructure. The EBSD analysis was carried out
on a ZEISS (AURIGA Compact) electron micro-
scope equipped with a field-emission electron gun
and an OXFORD EBSD system using AZtecHKL
data-acquisition software.

A G200 nanoindenter from Agilent
Technology (Santa Clara, USA) was used to
determine the hardness and elastic modulus
(Young’s modulus). Measurements were made
as a function of the depth of penetration
using  the stiffness

continuous measurement

(CSM) method [30]. A constant maximum depth of
1500 nm was used, and only measurements
between 1000 and 1500 nm were considered to
calculate the average. A Berkovich-geometry tip
was used, and the indenter shape was calibrated
previously by indenting a sample of fused silica
with a known elastic modulus. The elastic modulus
was calculated from the reduced modulus using a
Poisson ratio of 0.42 obtained from ultrasound
(pulse-echo) measurements.

The experimental pole figures used to evaluate
the crystallographic texture were determined by
XRD with a Panalytical X’Pert Pro diffractometer.
Orientation distribution functions (ODFs) were
calculated from the pole figures with the MTEX
toolbox for MATLAB™ [31]. The pole figure
inversion method used by MTEX to generate the
ODFs has been explained in detail by HIELSCHER
and SCHAEBEN [32]. Only the texture of the a”
phase could be determined by XRD because the
[-phase peaks overlapped with a" peaks and could
not be clearly distinguished in the XRD patterns.
The 022, 110, 112, 113, 130, 131 and 200 pole
figures were measured and used to calculate the
ODF of each sample. Although it was not measured
experimentally, the f-phase texture was predicted
for the recrystallized alloy based on the orientation
relationship (OR) between the a” and f phases. For
the deformed alloy, such a prediction cannot be
used since the textures of the a” and S phases may
have evolved differently during cold rolling, as a
result of which the OR may not apply. The parent
($) and product (a") phases must obey the following
ORs: (100)4/(100), and [011]4/[010],» [33]. In
other words, the texture of the «” phase is a
transformation-type texture inherited from the
texture of the S phase. For the f— a"” phase
transformation, each given orientation of the parent
S phase (considering all symmetrically equivalent
orientations) can generate six different orientations
of " (six variants). For the reverse transformation
(a"—p), only one (unique) orientation of the parent
S phase is possible for any of the six variants [34].
Consequently, the orientation of the parent phase
can be determined given the orientation of any of
the variants. The MTEX toolbox [31] was used to
calculate the ODF of the f phase based on the ODF
of the a" phase previously calculated with
experimental pole figures. The procedure used can
be found on the MTEX Web page [35].
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3 Results and discussion

3.1 Microstructure and crystallographic texture
The microstructures observed by VLM of the
alloy in the deformed and recrystallized conditions
are presented in Fig. 1. Grain boundaries were not
visible in the microstructure of the deformed alloy
(Fig. 1(a)) because of grain refinement. Some
regions showed a wave-like pattern caused by
deformation heterogeneities. Regions with a higher
deformation became harder, and the amount of
material removed during sample preparation
(grinding and polishing) was therefore not
homogeneous. Shear bands could also be observed,
as indicated by an arrow in Fig. 1(a). The
recrystallized alloy (Fig. 1(b)) exhibited well-
defined equiaxed grains with an average grain size
of approximately 30 um, and the martensite laths
were clearly visible inside the grains. The relatively
homogenous grain-size distribution indicates that
recrystallization was complete. As reported by
SALVADOR et al [18], Ti—30Nb—4Sn alloy has a
microstructure composed of a matrix of § phase
with " plates after quenching from temperatures

Fig. 1 VLM images of Ti—30Nb—4Sn alloy in deformed
(a) and recrystallized (b) conditions (Black arrow in (a)
indicates shear band)

above the f-transus. Hence, the recrystallized grains
should correspond to the f-phase grains prior to
quenching and the martensite plates to the a” phase
that formed during cooling.

The o” ODFs for the deformed and the
recrystallized alloys and the f ODF predicted for
the recrystallized alloy are displayed in Fig. 2. The
latter was predicted based on the OR between the
a" and p phases, as previously indicated. The
inverse pole figures (IPFs) showing the crystal
directions aligned to the ND could be seen to
the right of each ODF. The intensity of the ODFs
and IPFs was given by multiples of uniform density
(MUD), also called multiples of random
distribution (MRD), and represents how many times
a certain orientation is more textured than it would
be in a material with a uniform distribution of
orientations (i.e., an untextured material). The IPFs
allow the crystallographic texture components to be
visualized more easily but do not allow a peak-type
texture component to be distinguished from a
fiber-texture one. Dashed lines in the ODFs
indicated the ideal position of the fiber components.
The ODF of the deformed alloy (a” phase)
(Fig. 2(a)) showed only one main texture
component, (101) [OTO]M , which could also be
considered part of an incomplete fiber texture,
[302],//ND.  Recrystallization increased the
intensity of the [302],/ND fiber texture
(Comparing the texture intensities in the ODFs and
IPFs (Figs. 2(a, b))), and a new fiber texture
component, [110],//ND, appeared; this was as
strong as the [302],//ND component. The S-phase
texture predicted for the recrystallized alloy
(Fig. 2(c)) showed the [111]/ND texture
component.

EBSD analysis of a random region of the
recrystallized alloy was carried out. Figure 3 shows
the band contrast (Kikuchi pattern quality) map for
this region and the IPFs of a" and f phases with the
crystal orientations aligned to the ND. The
similarity of the IPFs in Fig. 3 with the IPFs for the
a" and f phases in Figs. 2(b) and (c) indicates that
the result of the EBSD is in accordance with the a”
texture measured experimentally by XRD and the f
texture predicted theoretically. The EBSD technique
could not be used to analyze the deformed alloy as
Kikuchi patterns produced by highly deformed
materials tend to be of poor quality due to
resolution limitation associated with the fact that



396 Leonardo FANTON, et al/Trans. Nonferrous Met. Soc. China 30(2020) 392-404

$,(0-90°)

0° 18° 36° 54° 72°

(a)

90° 108° 126° 144° 162°

@
@ 302]/ND
z’?_ )
101)[0T0]

$,(0-90°)
0° 18° 36° 54° 72° $
¢ ce | |2 [100] MUD
S
[110)/ND
m“ &
(b)
90° 108° 126° 144° 162°
e o8 < i
~ [302)/ND)
B [110]//ND
A e
$,(0-90°)
—_—
0° 9° 18°
D
©

Fig. 2 ODFs of a" phase in deformed (a) and recrystallized (b) alloys calculated from XRD data and ODF of § phase for
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Fig. 3 EBSD band contrast map for recrystallized alloy (a) and IPFs of a” and § phases showing crystal orientations
aligned to ND (b)
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the size of the electron beam interaction volume is
too large compared with the fine-scale micro-
structure [36].

The cold-rolling texture components found in
this study are different from those reported in the
Refs. [37-40] for other a"+f titanium alloys.
HAYAMA et al [37] found the (121)[214],- and
(142)[213] .+ textures for a cold-rolled Ti—35Nb
alloy. MATSUMOTO et al [38,39] studied the
texture of cold-rolled Ti—30Nb—4Sn and Ti—
35Nb—7.9Sn alloys and found the (220)[001],,
(200)[010],-,  (21D)[110]s, ~ (100)[110];  and
(110)[112]s components. No other studies on the
recrystallization texture of recrystallized a"+f
alloys were identified in the literature that could be
used for the purposes of comparison. However, the
[111]4//ND fiber (also known as y fiber) can be
expected as it is commonly found in body-
centered cubic metals after cold rolling and
recrystallization [40]. Table 1 summarizes the main
texture components of the Ti—30Nb—4Sn alloy in
the deformed and recrystallized conditions.

Table 1 Main texture components of Ti—30Nb—4Sn alloy
in deformed and recrystallized conditions using XRD
and EBSD

Main texture

Condition Technique Phase

component

Deformed XRD a"  [302],//ND
» [302],//ND and

XRD *  [110],//ND

Theoretical
) prediction using S [111]4//ND
Recrystallized ~ xRD and OR

» [302],//ND and

EBSD [110],//ND

s [111]4//ND
As already explained in materials and

methods, the f—a" phase transformation can result
in six different orientations (variants) of " phase
for each orientation of § phase. To correlate the a”
variants with the texture found in the recrystallized
alloy, EBSD analysis of a single recrystallized grain
was performed (Fig. 4(a)). This particular grain was
intentionally chosen because it is oriented with the
(111), direction approximately parallel to the ND
and is therefore an example of a grain that
contributes to the [111]4//ND texture component. As
expected, six different orientations (variants) of a”
were found in this grain, and these were named V1,

V2, V3, V4, V5 and V6. The results show that the
[011]g direction is parallel to the [010],~ direction,
and the (100); plane is parallel to the (100),- plane,
in accordance with the OR expected for the a” and
[ phases (related planes and directions are
positioned close to each other in the stereographic
projection). The «” variants also explain how
the [111]g//ND texture component is related to
the [110],//ND and [302],//ND components.
Whenever a parent f grain is oriented with the
[111]; direction aligned to the ND, three of the a”
variants (in this case V1, V3 and V5) will have the
[110],~ direction parallel to the ND, and in other
three variants (V2, V4 and V6) the [302],~ direction
will be parallel to the ND (highlighted region in
Fig. 4(b)).

Orientations (¢, D, ¢,)

B 5. (179°, 50°, 223°)

B« (V1), (1482, 85°, 329°)

: a" (V2), (66°, 146°, 282°)
[ o (V3), (87°, 892, 37°)

B o (V4), (1760, 139°,91°)

4 o' (V5), (282, 94°, 331°)
B o (V6), (111°,32°,276°

OO0y, e 001},
O, e (100},
011)4 (110)a

e (01D a" o (302)

Fig. 4 EBSD analysis of single grain composed of matrix
of f phase and a” martensite laths formed upon rapid
cooling: (a) Colored Euler orientation map for § and a”
phases; (b) Pole figure plots for all identified orientations

3.2 Laser surface melting

Figure 5 shows the microscopy analysis of the
deformed alloy after LSM treatment. The fusion
zone (FZ) has a regular circular shape with an
overlap of about 50% between two subsequent laser
tracks (Fig. 5(a)). The FZ is immediately followed
by the heat-affected zone (HAZ), which undergoes
recrystallization and grain growth. Grain size
decreases progressively as the distance from the FZ
increases until the grains become so small that they
can no longer be seen and the appearance of the
alloy is the same as that of the substrate. The
FZ can be divided into two regions according to the
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Small laths

[001] [010]

[111]MUD

Fig. 5 Microscopy analyses of deformed and laser-surface-melted sample (Dashed lines indicate FZ/HAZ interface):
(a) VLM micrograph showing general view of FZ and HAZ; (b, ¢) VLM (b) and SEM (c) (forward scatter detector)
images of highlighted FZ/HAZ interface; (d) EBSD band contrast map of FZ and HAZ; (e) IPFs of a” and /5 phases

type of solidification growth. Near the FZ/HAZ
interface, where solidification starts, there is a
narrow band (Fig. 5(b)) approximately 10 pm in
width in which solidification growth is planar. From
that point on, the solidification growth in the
FZ is cellular. This behavior can be explained
by phenomenon known as constitutional
undercooling [41]. Titanium is rejected during
solidification, and the liquid close to the
solidification front therefore becomes richer in this

element. This causes the liquidus temperature to
change locally (constitutional undercooling), and
when critical undercooling is achieved, the planar
solidification front becomes unstable, giving rise to
the cellular solidification growth observed here.
Still in Fig. 5(b), a grain that extends over the
boundary between the FZ and HAZ can be
observed, indicating the epitaxial nature of the
solidification process. The martensite (a") laths
cannot be easily observed in the VLM micrographs
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but can be clearly seen when SEM is used with a
forward scatter detector (FSD) (Fig. 5(c)). Many
martensite laths are arranged in a triangular fashion
or delta distribution. The laths are significantly
smaller in the FZ than those in the HAZ. The
presence of the a” phase in the HAZ and FZ
indicates that the cooling rate during LSM is
sufficiently high to activate the martensitic f—a"
transformation.

The texture of the FZ and HAZ in the
deformed alloy was measured by EBSD. The band
contrast (EBSD pattern quality) map and respective
IPFs for o" and g phases are shown in Figs. 5(d)
and (e), respectively. Most of the grains have their
(302)4, (110),+ and (111); directions approximately
aligned to the ND, unlike what was observed for the
substrate (see the IPF of the deformed alloy in
Fig. 2(a)). Five other randomly chosen regions of
the HAZ were analyzed in the same way, and
similar results were observed. This shows that,
despite the short heating time, LSM is able to alter
the texture of the deformed alloy, producing a
change in texture similar to that produced with the
recrystallization process (Comparing Fig. 5(e) with
Fig. 3(b)). This behavior can be explained by the
formation of variants during the p—a” phase
transformation. When the laser heats the surface, a
region is heated above the f-transus temperature
and the a” phase therefore transforms to f phase.
When cooled, this transforms back to a” phase,
which has six variants with different orientations. In
this case, the substrate initially has a [302],//ND
texture component, which transforms to a
[111]g//ND component when heated above the
p-transus, according to the OR between the o”
and S phases. When cooled, the [111]4//ND texture
will originate the [302],//ND and [110],//ND
components since there are six possible variants of
o" for each orientation of the parent f phase, as
explained in Section 3.1 (Fig. 4).

For the recrystallized alloy, no apparent
change was observed in the HAZ, which had the
same grain size and microstructure as the substrate
(Figs. 6(a, b)). EBSD analysis of the FZ and HAZ
showed that the texture components of the modified
surface layer are the same as those of the substrate
(recrystallized condition), as observed in the IPFs
of a” and f phases (Comparing Fig. 6(c) with
Fig. 3(b)).

To reveal more details of the effects of LSM

[111] MUD
6

" ol = \ 4

. | \

3 % J / \‘ 2
2 == I U DL

Fig. 6 Microscopy analysis of recrystallized and

laser-surface-melted sample (Dashed lines indicate

FZ/HAZ interface): (a) VLM micrograph showing

general view of FZ and HAZ; (b) EBSD band contrast

map; (c) Inverse pole figures for a” and f phases

on the microstructure and segregation of elements
in the FZ, EBSD analysis was performed at
higher magnification. Simultaneously, the energy-
dispersive X-ray spectroscopy (EDS) mapping was
carried out to determine whether Ti, Nb and Sn
segregated during solidification. As the results for
the deformed and recrystallized specimens were
similar, only the analysis of the recrystallized alloy
will be shown. The band contrast map (Fig. 7(a))
depicts the microstructure, and the IPF orientation
maps for f (Fig. 7(b)) and a” (Fig. 7(c)) phases
show which crystal directions are aligned to the ND.
The portion of the FZ that underwent planar
solidification consists only of § phase. In addition,
evenly distributed S-phase “pools” surrounded by
o laths can be seen, where cellular solidification
took place. The EDS maps for Ti, Nb and Sn
(Figs. 7(d—f)) show that the regions only composed
of ff phase are enriched with Nb and depleted of Ti.
As Nb is a f-stabilizer element, it prevents the
formation of a” phase during cooling. No apparent
Sn segregation is observed in the EDS map, which
can be explained by the low diffusivity of this
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Fig. 7 EBSD analysis of recrystallized and laser-surface-melted sample: (a) Band contrast (BC) map with FZ/HAZ

interface marked with red dashed line; (b, c¢) Orientation maps for £ (b) and a” (c) phases superimposed on BC map;

(d, e, f) EDS maps for Ti (d), Nb (e) and Sn (f)

element in Ti alloys [42]. Additionally, the IPF
maps show that the crystal orientations of both
phases (f and a") are the same in the HAZ and FZ
(Figs. 7(b) and (c), respectively), corroborating the
epitaxial nature of the solidification already
observed in Fig. 5(b) and indicating that the
crystallographic orientation of the FZ follows that
of the grains in the HAZ. Hence, LSM cannot
change the crystallographic orientations of the
grains in the FZ unless those of the grains in the
HAZ are also changed.

3.3 Hardness and elastic modulus

The hardness and elastic modulus of the
deformed alloy are about 3.1 and 63 GPa,
respectively. After recrystallization, the hardness
decreased to 2.5 GPa while the elastic modulus
increased to 74 GPa. Measurements were
performed in the ND—RD plane using instrumented
indentation (nanoindentation). The higher hardness
of the deformed alloy can be explained by the
well-known strain-hardening effect, which is caused
by the increase in dislocation density after cold
working. Since the number of defects is greatly
reduced during recrystallization, the hardness of the

recrystallized alloy is lower than that of the
deformed alloy. The decrease in elastic modulus
with cold deformation, in turn, has already been
reported in other studies on Ti alloys. LI et al [43]
attributed the reduction in the elastic modulus of
commercially pure titanium alloy after severe
deformation to the increase in lattice defects and
grain boundaries, which weaken the bonding
between atoms. The correlation between elastic
modulus and dislocations was firstly discussed by
MOTT [44]. Later, SAITO [45] reported significant
reductions in elastic modulus after cold deformation
in certain Ti alloys, such as Ti—23Nb—0.7Ta—
27Zr—1.20 (at.%); however, he attributed these
reductions not to dislocations but to the presence of
“giant faults” that originated during deformation.
The effect of LSM on the hardness and elastic
modulus of the deformed and recrystallized alloys
is shown in Fig. 8. The values are shown against the
distance from the fusion zone and, in the case of
the deformed and laser-surface-melted sample
(Fig. 8(a)), exhibiting a clear gradient between the
modified surface region and the substrate, the latter
being harder and more flexible (i.e. it has a lower
elastic modulus) than the thermally treated surface.
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In the FZ, the hardness and elastic modulus are
about 2.6 and 72 GPa, respectively. As the distance
from the FZ increases, there is a gradual increase in
hardness and decrease in elastic modulus until the
values for the substrate are reached. This behavior
can be explained by the fact that the effects of cold
rolling are eliminated in the FZ and HAZ in
proportion to the heat input, which is inversely
proportional to the distance from the surface. The
recrystallized and laser-surface-melted sample
(Fig. 8(b)) did not show any significant difference
in the property between different zones, and the
scatter of the values was significantly greater for
this sample than that for the deformed alloy.

The differences in properties between different
zones can be related not only to the degree of
deformation, but also to the crystallographic
texture [46,47]. Nevertheless, although some
studies have successfully demonstrated that nano-
indentation measurements are sensitive to crystal
orientation [48-50], this type of analysis is not
straightforward. In nanoindentation tests the
deformation imposed by the indenter is triaxial and
dependent on the tip geometry. In addition,
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depending on how refined the microstructure is, the
affected volume under the indenter may contain
more than one grain or phase, making the
deformation during measurement more complex. To
verify whether texture had some influence on the
nanoindentation results in this study, nano-
indentation measurements were performed over
grains with a known orientation (determined by
EBSD), as shown in Fig. 9. For clarity, only
orientations of the S matrix are shown (if the
[-phase crystal orientations are similar, the
o"-phase orientations are also necessarily similar).
It can be clearly seen that grains with different
orientations have similar values of elastic
modulus (Fig. 9(a)) and hardness (Fig. 9(b)). In
other words, even though the nanoindentation
results may have been affected by texture, no
correlation was found.

Since LSM can cause changes in crystallo-
graphic texture similar to those produced by
recrystallization, as shown in this study, this surface
treatment could be used as an alternative method
for changing the surface properties of alloys, such
as corrosion resistance and biocompatibility [51].
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Fig. 8 Nanoindentation measurements for deformed (a) and recrystallized (b) alloys subjected to LSM
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Fig. 9 Correlation between f-grain orientation (colored EBSD Euler map) and elastic modulus (a) and hardness (b) as
measured by nanoindentation (Locations of indentations are indicated by triangles colored according to respective

values of elastic modulus and hardness)
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The gradient in the elastic modulus observed here is
a feature that has attracted the attention of
researchers recently. As
introduction, some studies have shown that femoral
implants with a higher elastic modulus in the
proximal region and lower modulus in the distal
region can minimize some frequently observed
problems, such as stress shielding and interface
micromotions [6]. FOGAGNOLO et al [52,53],
studying elastic modulus gradients between surface
and substrate as a way of improving fatigue
strength, obtained a stiffness-graded material with a
surface layer of 30% less rigid than, and twice as
hard as, the substrate by controlling the surface
composition with a technique known as laser
surface alloying. They suggested that a more
flexible coating should be able to increase fatigue
strength by lowering tensile stresses on the surface,
where most fatigue cracks usually start. In the
present work, in which previously deformed
Ti—30Nb—4Sn alloy was subjected to LSM, the
stiffness gradient obtained was the opposite
of that reported by FOGAGNOLO et al [52,53],
i.e., the surface layer was stiffer than the substrate.
Higher rigidity on the surface may be advantageous
for implants as it should decrease the effect of
micromotions at the implant/bone interface. Further
studies are required to determine, in practice, the
effects of surface—substrate stiffness gradients on
the biomechanical behavior of implants.

mentioned in the

4 Conclusions

(1) XRD texture analysis of the a” phase
showed that the main texture components of the
deformed alloy were the [302],//ND fiber with its
maximum at (101)[010]. After recrystallization,
the [302],//ND fiber was still present but
with a stronger intensity, and a new component,
[110],//ND, appeared.

(2) Although the S-phase texture could not be
measured by XRD, it was successfully predicted for
the recrystallized alloy ([111]5/ND) by considering
the orientation relationship of which the a” and S
phases must obey. This texture component was
confirmed by EBSD analysis.

(3) The elastic modulus of the Ti—30Nb—4Sn
alloy decreased after cold rolling.

(4) LSM of the deformed alloy produced
changes in the texture of the surface layer affected

by the heat from the laser (FZ and HAZ) similar to
those produced by recrystallization.

(5) LSM produced a surface layer with a
higher elastic modulus and lower hardness on the
previously deformed alloy but produced no change
in the surface layer in the case of the recrystallized
alloy.
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