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a b s t r a c t

Beta-type titanium alloy surfaces (Tie35Nbe10Ta (TNT) and Tie30Nbe4Sn (TNS)) were

modified by laser using a power of 1000W and speed of 6.7 mm/s (Condition A) and a power

of 1500 W with speed of 10 mm/s (Condition B). Increasing laser conditions, the thickness

of the molten layer was also increased. The initial equiaxed grains changes to quite

elongated grains shape. The surfaces were structured under a00 martensite, a and matrix b.

The b phase content decreased slightly and the a00 phase increased for both alloys

increasing the laser conditions. The condition A increased the elastic modulus (E) and

decreased the hardness while condition B did not affect the mechanical properties surface

for the TNT system compared to base metal (BM). In TNS system the laser condition A

decreased the E and increased the hardness while increasing the laser parameters (Con-

dition B) both E and hardness decreased compared to BM. The laser surface treatment was

influenced by the levels of alloying elements present promoting most significant changes

in the microstructure and mechanical properties in the TNS system.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
corrosion resistance with respect to their a and aþb micro-

1. Introduction

In the development of new titanium alloys for biomedical

applications, it is of great interest to achieve a lower elastic

modulus. Such reduction improves osseointegration and

avoids bone atrophy by preventing stress-shielding and bone

resorption [1]. b-Type Ti alloys [2] show the most promising

properties in this respect, yielding also improved strength and
(M.C. Rossi).

by Elsevier B.V. This
structure. They are produced by the addition of b-stabilizing

elements that retain the b-phase when the metal is cooled

rapidly from the b-transus temperature. A large number of

alloying elements can be used as b-stabilizers, being re-

fractory elements as Nb, Mo or V those used in a more sig-

nificant amount. Additions of other elements (Ta, Zr, Sn) are

used to create many ternary or quaternary combinations and
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further tune the properties of the resulting material. Accord-

ing to Niinomi [3] who revised the mechanical properties of

this type of alloys. Among them, much attention has been

paid to those based on the TieNb system, in virtue of its good

biocompatibility, low elastic modulus and shape memory

characteristics. In the work of Tane et al., 2016, the difference

in the elastic modulus of the b TieNbeZreTa alloy during

aging at room temperature [4] was investigated. Other authors

have studied the addition of Fe in the Tie35Nbe10Ta alloy and

b-type Tie35Nbe7Zre6Ta in order to improve the diffusion

process that can be hampered by the presence of refractory

elements [5,6]. Other authors have studied the microstructure

and the deformation mechanisms by load and unloading

mechanisms of the TieNbeTaeZr alloy for biomedical appli-

cation [7].

The incorporation to titanium of a significant number of

refractory elements as mentioned above, as Ta, Mo, or Nb is

complicated and expensive using conventional techniques.

Powder metallurgy (PM) can represent an alternative in the

development of these alloys. It is known its capability to

obtain near-net shape components of new materials that are

not accessible by other routes [8], particularly when the

elemental material composition is significantly reactive, re-

fractory or present difficulties to atomic diffusion. A wide

variety of beta-TieNb alloys have already been processed by

PM techniques which fulfill the requirements in terms of

material performance [4,9]. However, these technologies are

accompanied by an inherent open porosity in the processed

components, which can impair its surface properties in terms

of corrosion and fatigue resistance. This porosity can be

closed, at least in part, by parameter calibration, but it is

common to use surface modification technologies that can, in

addition close the pores on the surface and confer specific

properties [10]. These surface modification methods can be

classified into mechanical such as grinding or blasting,

chemical such as acid etching or anodic oxidation, and

physical methods such as thermal projection coating pro-

cesses. [11,12], mainly by atmospheric plasma, Physical Vapor

Deposition, Ion implantation or glove discharge plasma

treatment [13]. However, in recent years, the application of

lasers as a surface modification technique has acquired a

predominant role, both as surface thermal treatment [14],

texturing of alloy surface to femtosecond laser [15], produc-

tion of specific alloys [16,17], or by coating through direct

powder deposition (laser cladding) [18,19] to obtain from

bioactive to bio-inert coatings. Most of these surface modifi-

cation techniques are done by heat transfer from the laser-

substrate system (metal surface). The energy transfer per-

formed by the laser can be investigated by studying the

physical parameters of the laser, such as energy, speed and

power [20]. These parameters influence the quality of heat

transfer, which also depends on the region being treated, due

to the oscillatory nature of the waves [21]. In order to reduce

the energy loss of a dynamic system, the entropy of a system,

which measures the magnitude of the energy is a studied

parameter [22]. Vilar and Almeida [23] exposes different

techniques of superficial modification by laser, including su-

perficial melting. The laser surface melting (LSM) process, or

laser re-melting according to Zhang et al. [24], consists in

scanning the surface of the material with a high-power and
defocused laser beam to produce the rapid melting and so-

lidification of a thin layer. A dense re-melted material is ob-

tained whose thickness may be controlled by the laser

parameters. The fusion process not only allows to eliminate

surface porosity, adjusting the physical parameters in order to

control the heat transfer [25], but also provides with a better

diffusion of the most refractory elements in PM parts. In

addition, it produces metallurgical variations in the treated

material. Under melting and fast cooling rates, the micro-

structure and phase composition of the surface is frequently

modified to provide with better mechanical or chemical

characteristics, as in works using Tie12Moe6Zre2Fe,

MgeZneDy, TieAleZreMo alloys in which the surface treat-

ment of these materials improved corrosion resistance [26],

increased wettability [27], with microstructural trans-

formations [28] which also influence mechanical properties.

Beta Ti alloys are commonly classified in terms of the weight

percentage of b stabilizer. The molybdenum equivalent Moeq
is usually accepted as a normalizing parameter to describe the

stability of the b (bcc) phase [2]. Alloys with Moeq ranging be-

tween 5% and 10% are called near b while between 10% and

30% are called metastable b. Both are metastable and hence

heat treatable and hardenable. Upon quenching from high

temperature or by mechanical deformation, martensitic (a0,
a00) and other non-equilibrium phases (u) can form which

modify the mechanical properties of the alloy. In recent years

it has been reported that increased a00 martensite contents

could reduce the Young's modulus of these alloys. Reductions

up to ~40 GPa, close to that of cortical bone, are obtained by

cold-rolling or other deformation process [29e32]. Following

these results, the characteristics of metallurgical trans-

formations due to thermal processing and its effects on me-

chanical properties has also been investigated [33,34], in

particular by LSM, in Tie35Nbe2Tae3Zr [35], Tie30Nbe4Sn

[36,37]and Tie30Nbe2Sn [38]. In general, lowering effects in

the value of the elastic modulus has been obtained although it

is not clear how they are affected by the particular alloy type

and the parameters of the treatment. This work evaluates the

microstructural changes and mechanical properties obtained

during the surface modification by laser of two b-Ti alloys: a

near b, with composition Tie30Nbe4Sn (TNS) and a meta-

stable b with composition Tie35Nbe10Ta (TNT). The main

objective of this work was to improve the properties of sur-

faces of metallic alloys that are studied for biomedical appli-

cation. The main drawbacks of biomaterials are the high

elastic modulus and also the microporosity formation on the

surface during the sintering process. The formed micropores

can reduce the load-bearing cross section and consequently

decrease the compressive strength of the samples. Laser

treatment can help to improve the surface conditions of these

materials produced by powder metallurgy. Due to powder

metallurgy, the microporosity formed is difficult to eliminate

completely. However, as it is a technique that has excellent

advantages in the production of materials for orthopedic

application, such as the use of temperatures below the

melting point of the alloy elements, low production cost, and

the production of a high number of samples in a short period

of time, it is still widely used. Surface treatments can be a

viable option in order to make these materials more appli-

cable, by the quickmeltingesolidification of the surface. In the

https://doi.org/10.1016/j.jmrt.2021.07.037
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Table 1 e Test parameters used in the LSM process.

Treatment
condition

Laser
power P (W)

Scan speed v
(mm/s)

Specific energy E
(J/mm2)

A 1000 6.67 75

B 1500 10 75
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design of prostheses, aspects that must be considered are:

adequate mechanical properties, use of materials that do not

change with time (wear-resistant) and compatible production

cost. The laser treatment was performed with two different

parameter configurations, applying the same specific energy

at different scanning speeds so to assess the effect of the

variation of the cooling rate (determined by the scan speed) on

the final results.
2. Materials and methods

TNT and TNS samples were manufactured by the press-and-

sinter powder metallurgy process. Elemental powders of ti-

tanium (99.7% purity; size d (0.5) ¼ 29 mm), niobium (99.9%;

16 mm), tantalum (99.9%; 4.3 mm) and tin (99.8%; 44 mm) were

used as precursor materials. Powders were weighed according

to the nominal composition of the alloys, i.e., Tie35Nbe10Ta

(wt.%) and Tie30Nbe4Sn (wt.%). Then they were mixed by an

Inversina 2LTM turbine from Biocomponents, for one hour.

After mixing, they were compacted in an INSTRON 1343 hy-

draulic press at 600 MPa, using a 30 � 12 mm floating die to

obtain a thickness around 5mm. The specimens in greenwere

sintered in a high vacuum furnace (<10�4 mbar) Carbolite HVT

15/75/450, at a heating rate of 10 �C/min, up to 1250 �C. After a
dwell time of 3 h, they were cooled into the furnace.

The LSM process was carried out by a Nd: YAG Rofin-Sinar

laser pumped by DY-022 diodes, with maximum power

2200 W guided by optical fiber and mounted on a 6-axis ABB

robotic arm, controlled by customized software that allows

movement according to the trajectories scheduled. The laser

beam was defocused in order to obtain a beam diameter

d ¼ 2 mm on the work surface. The laser was run in contin-

uous mode and l ¼ 1064 nm was used to fuse the surface.

Helium was used as a shielding gas at a flow rate of 20 L/min.

The LSM used in this work is outlined in Fig. 1. Two sets of

processing parameters, namely laser power P and scan speed

v, were applied which are listed in Table 1 and labeled as

condition A and B.

The parameter values were adjusted to give the same

specific energy input E per unit surface but at different scan-

ning speeds v. Specific energy, E, was defined by equation (1).
Fig. 1 e Scheme of the surface modification of the beta-type allo

the sintered sample, modifying the texture pattern. b) Thermal

assuming a gaussian beam traveling on a semi-infinite media.

Based on these graphs cooling rates are in the range of 103 �C/s
the material cools down.
E¼ P
d$v

(1)

A semi-analytical approach [39] was used to estimate the

thermal cycles at the material due to the different parameter

settings, as depicted in Fig. 1b). For the calculation, custom

user routines were programmed in Matlab platform. A laser

absorptivity of 30% into the material was assumed.

Remelted surface areas about 25 � 10 mm2 were obtained

on each sample (see in Fig. 2) by performing successive laser

scans with a 1 mm distance (corresponding to a 50% over-

lapping ratio).

Microstructure characterization was performed by Optical

Microscopy (OM) and Field Emission Scanning Electron Mi-

croscopy (FE-SEM). A Nikon Eclipse LV100 microscope was

used to evaluate the general microstructural features of the

processed samples. Phase and elemental composition were

analyzed with an Auriga Compact microscope from Zeiss,

equipped with X-ray dispersive energy detector (EDS) and

Diffraction of Backscattered Electrons (EBSD) from Oxford

Instruments Ltda. For the EBSD analysis, cross sections of the

samples have been prepared according to standard metallo-

graphic techniques with a final polish, prior to analysis, for

approximately 5 h with non-dried OPS solution in a vibratory

polisher, to remove the surface layer deformed by cutting and

metallographic preparation. The EBSD has been carried out in

an Aztec HKL Max System, under an acceleration voltage of

20 kV with a step size of 450 nm, selecting the three possible

phases to be analyzed, b-Ti, a-Ti and a00-martensite. The co-

ordinate axes of the molten layer are shown in Fig. 1, with the

X axis in the transverse direction of the beads, the Y axis in the

direction of the laser and the Z axis perpendicular to the

sample surface, being the study plane of the XZ. The patterns

were analyzed using the Channel 5 software, after a 7%

refinement of the EBSD data to reduce the non-indexed points,
ys used. a) Interaction of the laser beam with the surface of

cycles obtained by solving a heat conduction equation

This media was described with pure titanium properties.

being larger at higher scan speeds and becoming similar as

https://doi.org/10.1016/j.jmrt.2021.07.037
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Fig. 2 e LSM at different test conditions. TNT: a) Condition A and b) Condition B; TNS: c) Condition A and d) Condition B.
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obtaining a final indexing around 92% in the different sam-

ples. The grain detection angle to define the grains has been

10�. X-ray diffraction (XRD) was carried out in a Bruker

D2PHASER equipment using 30 kV and 15mA (30� to 90� (2q) in
0.05� steps every 10 s).

Mechanical properties were obtained by nanoindentation

tests, with an Agilent Nano G200 nanoindentator. Data was

collected by the Continuous Stiffness Measurement (CSM)

method with a Berkovich point, and was made an average of

the values between 400 and 800 nm. A Poisson's coefficient of

0.3811was applied to obtain the elasticmodulus and hardness

after the LSM. Indentations have been done at different re-

gions of the material, both at themelted and the heat affected

areas.
3. Results and discussion

3.1. Microstructure

Fig. 3 shows cross sectional views, perpendicular to laser

scanning direction, of the LSM processed samples. The gen-

eral features of the original sintered material are seen at the

upper part of each image. Under backscattered electron (BSE)

inspection, porosity (95.7% relative density) is visible in all

samples together with brighter regions which are related to a
Fig. 3 e Cross-sectional view by FE-SEM (BSE) of sintered and L

sintered zone; 2: pores located in sintered zone; 3: enriched Nb
higher content of heavier elements and were identified as

niobium. Many Nb particles remain un-melted after the sin-

tering process and those melted diffuse locally yielding

enriched Nb regions.

Their presence is more significant in the TNT samples

likely due to its higher Nbweight ratio as compared to the TNS

alloy. Un-melted tantalum particles in the TNT samples are

hardly detected, probably due to the smaller size of the Ta

powder as with respect to the Nb, thus easing the fusion

process. One of the causes that disadvantages and makes

particle fusion difficult is its size. Larger particles can reduce

laser penetration [40]. A proportion of the laser beam, during

the surface treatment process, is reflected from the upper

surface of the material layer. This phenomenon leads to

insufficient absorption of thermal energy in the area of action.

In this way, the heat generated is insufficient to melt particles

of the powder, which during the sintering process was not

possible. However, the purpose of the surface treatment was

not to melt the samples, but only improve the surface condi-

tions, like closing the open pores. The melting layer after the

LSM process is visible at the bottom of the images where the

overlapping of successive melting pools is clearly distin-

guished. After laser melting, and independently of the test

conditions, the material appears fully dense, free of porosity

or undissolved particles, with amore homogeneous elemental

distribution. An effective melting depth for the LSM layer was
SM under condition B. 1: un-melted Nb particles located in

regions located in sintered zone.

https://doi.org/10.1016/j.jmrt.2021.07.037
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Table 2 e LSM mean melted depth, under different
conditions tested.

TNT-A TNS-A TNT-B TNS-B

Mean depth (mm) 118 ± 53 186 ± 34 213 ± 31 191 ± 68
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defined by averaging the maximum and minimum thickness

values as measured on the images. Results are listed in Table 2

where the errors just denote the half difference between the

two values. Depth differences arise in terms of samplematerial

and testing condition: the depth of the melting layer is higher

in the TNS than in the TNT samples and appears to increase

with the scanning speed of the laser treatment. Assuming the

same laser absorptivity for the two materials (there may be

minor differences due to surface roughness or elemental

composition) the reduced melting efficiency of the TNT sam-

ples could be explained by its higher content on refractory el-

ements, which require a greater energy to reach their melting

temperature (2080 �C in TNT alloy [41] and 1810 �C in TNS alloy

[42]). To understand the effect of the test condition, it should be

recalled that the laser energy absorbed at the surface is

partially employed in rising the temperature of the material

(eventually leading to melting) and partially dissipated by heat

conduction to the bulk of the sample (despite the low thermal

conductivity of titanium alloys, around 7 W/(m$K)). On laser
Fig. 4 e LSM microstructure of TNT under condition B a) indica

fusion line (FL) indicating the re-melted zone by the arrow b) FL r

TNS under condition B d) indicated the thermally affected zone

arrow and the heat transfer region indicated by the arrows e) FL

FZ. All samples were studied under FE-SEM inspection.
scanning, heat dissipation diminishes on increasing the scan

speed, as less interaction time is available for conduction. Heat

energy is therefore more effectively employed in rising the

temperature of the material, leading to larger melt pool size

and hence, a deeper melting layer.

Fig. 4 displays a closer view to the material microstructure

after LSM, which presents three distinct regions: the heat

affected zone (HAZ), a narrow area along the melt pool

solideliquid interface (FL) corresponding to themushyzoneand,

finally, the region of molted material within the melt pool, the

fusion zone (FZ). The characteristic dendritic pattern associated

to the high cooling rates imposed by laser melting process is

visible, with dendrites growing in the direction of heat transfer.

The microstructure changes from columnar to columnar

dendritic and equiaxed dendritic from the FL interface to the

center of the FZ. This feature has extensively been studied

[43,44] and is caused by differences in the thermal gradient G

and the growth rate V of the solideliquid interface at different

locations of the solidification front created by the moving

laser heat source. The FL represent the regionwith the highest

thermal gradients and higher G/V ratio, resulting in columnar

grains. The FZ correspond to points with higher solidification

rates and lower G/V ratios, giving equiaxed dendrites. FL ap-

pears thicker for the TNS than for the TNT alloy, 125 ± 10 mm

and 70 ± 20 mm respectively as measured on the image. As the
ted the thermally affected zone (HAZ), fusion zone (FZ) and

egion details, c) details of the dendritic region located in FZ.

(HAZ) fusion zone (FZ), and fusion line (FL) indicated by the

region details, f) FZ details of the dendritic region located in

https://doi.org/10.1016/j.jmrt.2021.07.037
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thickness of the mushy zone on solidification is mainly

determined by the melting range and local thermal gradients

[37], this seems a result of the different effect of the alloying

elements on the base Ti metal thermal properties.

An example of the EDS elemental maps obtained for the

TNT and TNS alloys after LSM is presented in Figs. 5 and 6.

Aside from the presence of small un-dissolved particles, all the

samples analyzed display a rather uniform distribution of the

alloying elements. However, a clear dendritic pattern is
Fig. 5 e Elemental distribution maps for sample TNT processed

and d) distribution map of the elements Ti, Nb and Ta. Un-diss

between the HAZ and FZ at c) and d) respectively.

Fig. 6 e Elemental distribution maps for sample TNS processed

and d) distribution map of the elements Ti, Nb and Sn.
perceptible, indicating micro-segregation phenomena during

solidification. Inspection of the images reveals an enrichment

of refractory elements Nb and Ta at the dendrites, while the

interdendritic spacebecomesNbandTadepletedandenriched

in Ti. This type of micro-segregation issues are common to

many alloys under fast solidification which, specifically in the

caseofTi alloys, havealreadybeendescribed indetail [45,46]. It

can be understood in terms of the diffusion ability of the

elementandthe local coolingrate.Uponsolidprecipitationand
under condition A. a) image of band contrast by EBSD. b), c)

olved Nb and Ta particles can be clearly distinguished

under condition A. a) image of band contrast by EBSD. b), c)

https://doi.org/10.1016/j.jmrt.2021.07.037
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growth of the primary b phase, b formers as Nb and Ta become

retained leading to the solute segregation in the interdendritic

region. The low extent for diffusion of these element and the

action of high cooling rates prevent their migration and solid-

ification as in equilibrium conditions. Other elements show a

more neutral behavior in virtue of their highermobility within

theb-matrixanddonotpromotesegregationeffects.This is the

case for Sn which, as shown in Fig. 5, appears uniformly

distributed without dendriteeinterdendrite inhomogeneities.

The grain morphology after LSM processing can be exam-

ined in Fig. 7, where EBSD images of TNS and TNT samples

and their corresponding Euler orientationmaps are displayed.

The initial equiaxed grain shape of the as-sintered micro-

structure (partially visible in the HAZ) changes to quite elon-

gated grains in the FZ zone. Elongation nearly spans thewhole

melt layer thickness, and has the direction of the heat trans-

fer, this is, perpendicular to the boundary of the melt pool in

the direction of the thermal gradient. Grains are continuous

over this boundary, indicating an epitaxial growth on solidi-

fication of themoltenmaterial. Thismeans that atoms inmelt

pool accommodate to the preexisting lattices in the adjacent

solid phase rather than arranging around nucleation sites. As

a consequence of the epitaxial growth, the size and crystal-

lographic orientation of the grains at the FZ are determined by

those of the HAZ grains. Some noise is visible in both orien-

tation maps, particularly in the TNS sample, with many un-

indexed points. This could be an indication of deformation or

the presence of small microstructural transformation or sec-

ondary phases. Unindexed black pixels in the HAZ correspond

to porosity in the as sintered materials.

3.2. Phase composition

XRD diffraction patterns in Fig. 8 shown the predominance of

b phase formation for both TNT and TNS after the sintering

process. The presence of a phase is also detected in the two
Fig. 7 e BSD (left) a), c) and EBSD euler image (right)
materials, with a higher intensity in the TNS case. By the

quantitative analysis, b/a percentages of 98.3/1.7 and 76.7/23.3

were obtained for the TNT and TNS respectively, revealing the

near b character of the TNS alloy and too much higher extent

of the TNT, which actually could be considered as b. These

results confirm a sintered microstructure composed of b

grains with a platelet precipitates, as described in previous

works [5,38]. After LSM processing, the a signal appears largely

suppressed in both samples and evidence of a00 is obtained in

the TNS diffractogram, more obvious in condition B. It implies

a clear metallurgical transformation after the laser treatment,

whereby the material was heated above the b-transus and

formed the a00 orthorhombic metastable phase upon cooling.

The fraction of retained martensite seems to be influenced by

the cooling rate of the process, in view of the more intense a00

peaks at larger scanning speed (condition B). By contrast, no

evidence of martensitic transformation, in any of the laser

treatment conditions, is found for the TNT sample, as no

distinct a00 related peak can be identified. Anyway, it could be

hindered by the intensity of the b signal if the amount of

transformed martensite is low. An interesting feature of the

XRD inspection is that, while the sintering samples display

standard b peak intensity ratios, the LSMprocessed ones show

a significant intensified peak related to the (200b) plane. This

indicates some kind of texturing in the treated material, with

a preferred crystallographic orientation. Deformation, after

rolling process for example, has been established as the

reason for this texturing in b-Ti alloys [47]. But probably it is

the strong growth of b grains in the direction of the thermal

gradients what is behind this effect, as often seen in other

processes involving laser melting [35,48].

A more clarifying picture of phase composition and dis-

tribution is obtained bymeans of EBSD phasemaps presented

in Fig. 9. It is seen that the b phase (in red) dominates the

composition of TNT samples while the presence of a00

martensite (in green) is extensive in the TNS ones. The maps
b), d) of the TNT (up) and TNS (down) samples.

https://doi.org/10.1016/j.jmrt.2021.07.037
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Fig. 8 e XRD profile of TNT (up) and TNS (down) samples as-sintered (blue curve) and after LSM (red and black curves)

processing. The peak detail referring to the (100) plane of bcc structure, located at 2 theta¼ 38� is indicated in the upper right

corner of each XRD pattern.
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span over the FZ and the HAZ region, and the presence of the

stable a phase (in blue) is hardly detected, thus confirming its

suppression after the LSM process. The volume fractions

measured in the maps are listed in Table 3.

The large faction of un-indexed pixels does not permit a

rigorous quantification of the phases; however, it may be

derived that the amount of a00 martensite in TNS nearly triples

that of TNT. The change in laser scanning speed seems to

have a modest effect on the metallurgical transformation as

the a00 ratio increases in about 5% from condition A to B in both

materials. Corresponding Image Pole Figure in its direction Z

(IPF-Z) maps are shown at the left of each image, by which

variations in the rate of martensitic transformation of prior b

grains can be noticed. Some show an almost complete

martensitic transformation while others are only partially

transformed.

As noted in the introduction, quenching of the b phase

from elevated temperatures can in result in diffuseless pre-

cipitation of different metastable phases. Martensitic a0 (hex-
agonal), a00 (orthorhombic) and u phase (hexagonal) can be

observed in ratios which mainly depend on the cooling rate

and the amount of b stabilizers of the alloy. a0 transformation
shifts to a00 and u precipitation with increasing the b alloying

elements [2]. As b stabilizers are added, the martensite start

(Ms) temperature decreases between 380 K [49] and 423 K [50]

and therefore the chance for martensite formation. As the

critical concentration for full retention of the b phase is

reached, a00 and u phase precipitation become competitive

process, being a00 promoted at high cooling rates. In TieNb

alloys a0 martensite is typically found below 15% Nb content,

a00 is predominant between 15% and 25% and u may be

observed up to 35%, above which the b phase is completely

retained [51]. Similarly, in TieMo alloys a00 is predominant

above 4% Mo while above 10% Mo the structure is completely

retained b [52]. Our results verify such observations. The

amount of b phase stabilizers in the TNT alloy (Nb,Ta) result in

a Mo equivalent of 12 while in TNS the reduced Nb content

and the neutral contribution of Sn count to a Mo equivalent of

7. So, a higher rate of martensite transformation could be

predicted for TNS as to TNT after the LSM treatment. Similar

results were obtained on water quenched TieFeeTa alloys at

different Ta additions [53]. However, the resulting a00 contents
seem somewhat higher than expected based on the b alloying

percentages mentioned above, which were evaluated in

https://doi.org/10.1016/j.jmrt.2021.07.037
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Fig. 9 e EBSD phase analysis of LSM processed samples. a), c), e) and g) EBSD phase images and b), d), f) and h) corresponding

IPF-Z maps.

Table 3 e Phase composition obtained under different
laser conditions. *By XRD **By EBSD volume fraction
analysis. For the HAZ by LSM were obtained by XRD. It
should be considered that in addition to the FZ, a part of
the base material that presents an important
transformation to the a00 phase has also been analyzed.

As-
sintered*

LSM**

Condition A Condition B

TNT TNS TNT TNS TNT TNS

b phase 98.3 76.7 72.90 40.49 73.04 38.51

a phase 1.7 23.3 0.22 0.98 0.23 2.02

a00 phase e e 13.86 33.20 16.49 40.45

Zero solutions 13.02 25.34 10.24 19.01

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 4 : 1 2 2 2e1 2 3 41230
conventional air and water quenching process. Possibly, the

higher cooling rates associated to laser treatments, in the

range 103 K s�1 to 105 K s�1 [23], may have strengthen the

diffuseless transformation. Furthermore, they must have

suppressed u phase precipitation in favor of a00. Though not

detected in this study possibly due to limitations of the

applied techniques, u precipitation seems to be residual

compared to a00. Several studies point to the attenuation of u

phase precipitation with increasing cooling rate and b stabi-

lizers [54,55]. Finally, the role of interstitial elements (O, N, C

and H) should also be considered. A higher fraction of

martensite transformation is observed in TieNb alloys at

higher interstitial elements content [51], apparently due to the

stabilizing the metastable a00 phase. The preexistent porosity

of the LSM samples could rise the amount of dissolved oxygen

https://doi.org/10.1016/j.jmrt.2021.07.037
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into the melt pool and thus have an important effect in the

range of martensitic transformations.

The laser-fused zone was characterized by the presence of

b columnar grains formed in both treatment conditions

(Condition A and B) and in both TNS and TNT systems. It is

noted that with the increase in the laser power and speed

(Condition B), the systems presented grains less homoge-

neous and more elongated. It is clear that the morphology of

the grains present in the FZ is affected by the heat flow during

the rapid solidification process. The growth of b grains

occurred in the FL region, close to HAZ, and clearly shows the

influence of the laser condition applied to the increase of grain

growth. In the condition of less power and less speed laser

(condition A), the grains are larger and less elongated,

regardless of the system. As the laser flow and power increase

(Condition B), the grains becomemore elongated and smaller.

This change in the sizes and morphology of b grains with the

increase in laser conditions was more evident in the TNT

system. Note that in FZ, the grains are smaller compared to

the TNS system in condition B. This may be related to the

amount of b-stabilizer elements contained in the TNT system.

Columnar type grains were created towards the maximum

temperature gradient. This microstructural change in regions

close to HAZ, where high cooling rates occur, due to energy

input, may have produced a transformation from b to the a00

phase, corroborating with the data found in the diffraction

pattern.
Fig. 10 e Surface elastic moduli of TNT and TNS samples by na

displacements up to 800 nm on the surface of each material un

Fig. 11 e Hardness of LSM of the TNT and TNS material by nan

displacements up to 800 nm on the surface of each material un
3.3. Mechanical properties

Curves for nanoindentation tests of LSM materials are dis-

played in Figs. 9 and 10. The nanoindentation has been carried

out by the continuous Stiffness method that gives a value of

the hardness and elastic modulus at different depths. In this

way it is possible to determine thin layers and the strength of

small grains. As can be seen in Figs. 10 and 11, for the

TieNbeTa alloy, the modulus hardly shows any variation for

the two conditions analyzed. The hardness if greater, at any

depth, in condition A. This equilibrium can therefore be

determined for depths between 300 nm and 700e800 nm,

which can be considered as the intrinsic properties of the

material and independent of the surface preparation carried

out and necessary to carry out the test. However, in the

TieNbeSn alloy, and despite the fact that the behavior in the

first nanometers is very different, the values tend to stabilize

after 400 nm. Therefore, and considering the indicated mea-

surement ranges, we obtain Table 4 with the values compared

for the sintered material and with the laser surface treatment

in the two conditions tested. Both hardness H and elastic

modulus E show two different stages along the penetration

depth of the tip. Measurements evolve in the first 200 nm until

stable values are obtained up to 800 nm. Softening and hard-

ening effects at small penetration depths are often encoun-

tered and attributed to different causes as surface conditions

of the samples (residual stress, roughness, oxide film) [56],
noindentation. The analysis was performed with

der each condition.

oindentation. The analysis was performed with

der each condition.
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Table 4 e Hardness values and elastic modulus obtained by nanoindentation for sintered surfaces and LSM under
condition A (LSM A) and condition B (LSM B).

Elastic modulus E (GPa) Hardness H (GPa)

As sintered LSM A LSM B As sintered LLSM A LSM B

TNT 74.0 ± 3.0 76.6 ± 5.5 74.2 ± 2.3 3.3 ± 0.3 3.8 ± 0.4 3.3 ± 0.2

TNS 74.5 ± 2.1 71.4 ± 1.7 68.7 ± 2.1 3.2 ± 0.7 3.5 ± 0.2 3.3 ± 0.2

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 4 : 1 2 2 2e1 2 3 41232
transitions from an elastic to a fully developed plastic

behavior (where only the mean contact pressure represents

the hardness) [57] or indentation size effects (ISE) [58].

Table 4 lists the H and E values averaged over the stable

part of the curves (200e800 nm) for the as-sintered and LSM

processed materials. In the as-sintered condition, both ma-

terials show similar mechanical properties (in terms of H and

E). After LSM, a slight reduction of the elastic modulus is

noticed, which ismore significant in the TNS alloy. A hardness

increase is observed in both materials. These changes could

be understood in terms of the extent of the induced

martensite transformation. The lower reduction effect in the

elastic modulus for the TNT with respect to TNS is explained

by the smaller a00 content after LSM. The presence of the

harder a00 phase also explains the increased hardness for the

two materials, but in this case, no clear correlation is seen

with the amount of martensitic transformation. In the same

way, the effect of the different laser parameters is not clearly

appreciated. Although E values suggest a certain correlation

with the scanning speed (a higher E reduction with increasing

the scanning speed), deviations are consistent with error es-

timations. This is not surprising given themodest effect of the

variation of scanning speed in the resulting a00 volume frac-

tions, as noted in previous section. Overall, results indicate

that LSM processing effectively produces a00 martensitic

transformations, leading to a reduction in the elastic modulus

of the material and increased hardness. However, its effect is

moderate when compared with metallurgical changes caused

bymechanical means. This agrees with observations reported

by other authors as Fanton et al. [36] which on an equivalent

TieNbeSn alloy obtained an E reduction from 74 to 63 GPa and

H increase from 2.5 to 3.1 GPa when cold rolled. With the laser

treatment, it was possible to obtain a dense fused layer of the

sinteredmaterial (as seen in Fig. 3). This dense layer promotes

improvement inmechanical properties, such as an increase in

hardness and decrease the elastic modulus, by the significant

a00 phase formation after LSM,which presents a smaller elastic

modulus than the b phase.

This improvement in mechanical properties is also related

to the closing open pores. It is known that micropores are

formed due to the trapping of gases after the solidification

process [59,60]. These formed pores impair the mechanical

properties by concentrating the stresses in components under

applied load, thus reducing the resistance to fatigue,

compression and elongation [61].
4. Conclusion

LSM was used in Tie35Nbe10Ta (TNT) and Tie30Nbe4Sn

(TNS) applying a specific energy per surface area of 75 J/mm2
in two treatment conditions: 1000W at 6.7mm/s (Condition A)

and 1500 W at 10 mm/s (Condition B). The laser treatment

improved the surface quality of base sintered samples and

produced changes in mechanical properties. The highlighted

conclusions of this process are:

� A dense surface layer is obtained which thickness (average

200 mm) depends on the thermal properties of the material

and the melt pool dynamics of the laser treatment;

� A dendritic microstructure and homogenous elemental

distribution were obtained, despite some micro-

segregation effects;

� The basemicrostructure (b grains with a plate precipitates)

changes to a martensitic structure of a00, a and b matrix;

� The mechanical effects (moderate increase in hardness

and decrease in E) are more noticeable in the near b TNS

alloy. No significant differences were observed in terms of

the different process parameters
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