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Abstract: Ti-6Al-4V alloy has been considered in applications of aeronautical and aerospace industries,
due to its properties such as high specific resistance, good creep resistance and metallurgical stability.
However, its use in applications for high temperatures is restricted due to its great affinity with
the oxygen, which results in the formation of oxide layers and limits its mechanical resistance at
these conditions. Thus, specific treatments have been employed in the material to work as surface
barriers to avoid the oxygen diffusion in the alloy under high temperature conditions. One surface
treatment that can be used is laser nitriding. In the present work, the surface of Ti-6Al-4V alloy with
Widmanstdtten microstructure was nitrided by applying Nd:YAG laser focal with 0.6 mm diameter,
at laser power of 700, 750 and 800 W, process speed of 100 mm/s and 20 L/min of N, flow. Creep
tests were performed at constant load at 600 °C and 125 MPa, to verify the influence of treatment on
the Ti-6Al-4V alloy. Results have indicated a lower stationary creep rate for the titanium alloy with
Widmanstétten laser-nitrided structure when compared to the non-nitriding material. Besides that,
the surface hardness increased from 368 HV of base material to 1000 HV after laser nitriding.

Keywords: laser nitriding; Nd:YAG laser; creep; Ti-6Al-4V alloy

1. Introduction

Titanium and its alloys can be used in the aeronautics, aerospace, chemical biomedical among
other industries, due to the combination of their mechanical resistance, high specific strength, corrosion
resistance, low density, and biocompatibilities [1,2].

In particular, Ti-6Al-4V, with o + 3 phases, is one of the most important of titanium alloys, and
has been widely used in the aeronautical and aerospace industries, particularly in applications that
require resistance at high temperatures such as disks and blades for aircraft turbines and structural
forgings. So, it is important to understand its properties and behavior in deformation under high
temperatures [3,4].
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However, the affinity of titanium alloys for oxygen when exposed to elevated temperatures
during long-term use is one of the major factors for limiting the lifetime of the titanium alloy and for
reducing their mechanical resistance [5,6]. In general, when titanium alloys are heated to temperatures
above 800 °C, oxygen, hydrogen, and nitrogen can diffuse into the material, increasing its hardness
and brittleness and reducing its tenacity [7]. Therefore, to employ these alloys under these conditions,
the diffusion of oxygen must be reduced or controlled [5].

The titanium alloys interaction with oxygen causes loss of weight due to oxide formation and
the embrittlement of the alloy by the dissolution of oxygen in the grain boundaries. This can reduce
the material service lifetime when exposed to a combustion atmosphere composed of hot gases or
corrosive media [6,8].

An alternative to increase Ti-6Al-4V lifetime and its working temperature is to apply coatings
or use surface treatment on the material [9]. Some techniques that can be used for Ti-6Al-4V surface
modification are physical vapor deposition (PVD), chemical vapor deposition (CVD), plasma spray
coating (Thermal Barrier Coating), and plasma or laser surface treatments, including laser nitriding.

Laser nitriding works by melting the material surface. It uses a focused laser beam in a nitrogen
atmosphere in order to form a hard titanium nitride layer on Ti-6Al-4V alloy. From the beam laser
energy absorption, the substrate is heated, and the surface of the material is melted. Due to high
temperature, results from laser-plasma-material interaction, the process of nitrogen ionization and
dissociation can be done in the material. Dissolution of the nitrogen in the melted region allows the
formation of titanium nitride dendrites [10]. It is an attractive technique that provides an excellent
metallurgical bond between the nitride layer and the substrate [11]. Besides that, it can improve its
mechanical and tribological properties, and create a barrier avoiding inward oxygen diffusion and
increase the oxidation resistance of titanium alloys [12].

Ti-6Al-4V alloy exhibits two important types of microstructure. The first one is an equiaxial alpha
structure with -phase in the grain boundaries, obtained after annealing treatment. The other one is
referred to as Widmanstitten, and it is a coarser x-phase lamellar structure formed from the 3-grain
boundaries. This microstructure is obtained after slow cooling into the two-phase region (1050 °C),
leads to nucleation and growth of the alpha-phase in plate form starting from beta-grain contours [13].
Among these microstructures, Widmanstatten presents the greatest creep resistance [14]. This higher
creep resistance of the Ti-6Al-4V alloy with Widmanstatten microstructure can be attributed to the
o/ P interfaces acting as obstacles to the dislocation motion and due to the larger initial average grain
size, which reduces the grain boundary sliding, dislocation sources and the rate of oxygen along the
grain boundaries [13].

An important parameter for materials used as structural components is the creep resistance. This
is a limiting parameter in design under different temperature-stress domains [15]. Ti-6Al-4V creep
researches have been well documented due to its technological importance [8,14,16-18].

Creep behavior of Ti-6Al-4V with equiaxed structure nitriding by pulsed Nd:YAG laser was
studied by Reis, A.G., 1012 [17]. Briguente, L. A. N. S. 2011 [14] analyzed creep behavior of Ti-6Al-4V
with Widmanstétten structure and it was found out that this microstructure has higher creep resistance
when compared to equiaxial microstructure, resulting in a steady-state creep rate decrease from 0.0410
to 0.0014 (1/h) at stress of 125 MPa and temperature of 600 °C [14]. However, there is no study related
to the creep behavior of Ti-6Al-4V with Widmanstdtten nitrided-surface structure by Nd:YAG laser
reported in the literature.

The present work aims to study creep behavior of Ti-6Al-4V with Widmanstatten nitrided-surface
structure by continuous Nd:YAG laser. Mechanical tests were performed at 600 °C and 125 MPa,
considering different laser power conditions. Microstructural changes caused by laser nitriding are
evaluated by scanning electron microscopy and energy dispersive X-ray spectroscopy. Titanium
nitride formation was confirmed by X-Ray diffraction and laser effects on surface hardness are still
under investigation.
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2. Experimental Procedures

The material used in this work was a hot-forged 12.7 mm diameter rod of commercial Ti-6Al-4V
alloy. The microstructure of the received material was Widmanstitten microstructure, obtained by
heating the material above (3 transformation temperature and holding at 1050 °C for 30 min, followed
by furnace cooling to 700 °C for 1 h and air cooled to room temperature. This heat treatment was
conducted in argon atmosphere.

The specimens for creep tests were prepared with a gauge length of 18.5 mm and a diameter
of 3.0 mm, according to ASTM E139-06 [19]. To obtain creep elongation measures, it was used a
transducer, type LVDT Schlumberger D 6.50 (Daytronic, Miamisburg, OH, USA). The LVDT output
signal was sent to a processing unit, which converts the signals into deformation and these measures
were sent to a software.

Laser nitriding was carried out using a diode pumped Nd:YAG continuous laser, Rofin DY033
(Plymouth, MI, USA), with 1 um wavelength. The laser nitriding was performed with the laser spot
size, with a diameter of 0.6 mm, focused on surface material, considering laser power of 700, 750 and
800 W, process speed of 100 mm/s and nitrogen at a flow rate of 20 L/min. The laser intensities varied
between 2475.7 and 2828.4 W /mm?. Nitriding was performed without overlapping of the laser beam
on the material surface.

Creep behavior of the laser-nitrided Ti-6Al-4V alloy with Widmanstatten structure was compared
to untreated material by tests conducted in a standard Mayes creep machine, according to ASTM
E139-06 [19]. Constant load creep tests were conducted in air atmosphere at stress level of 125 MPa and a
temperature of 600 °C. Constant creep parameters were considered in this study to evaluate the influence
of laser parameters on the behavior material submitted to creep conditions. The creep parameters
applied in the present study were based on previous works of the authors, such as: [8,13,14,17,18].

After tests, fractographic analysis was performed in a scanning electron microscopy (SEM) (FEI,
Hillsboro, OR, USA) to identify creep fracture mechanism.

Metallographic analysis was done on samples at longitudinal section and cross-sectional by
scanning electron microscopy (SEM) combined to energy dispersive spectroscopy (EDS) using
a TESCAN FEG microscope MIRA 3 model (Tescan, Brno, Czech Republic). Material surface
microhardness (top surface, thermally affected zone and base material) of cross-sectional plane was
measured by a Vickers hardness tester using loads of 50 gf up to 100 gf. Vickers microhardness tests
were conducted in the cross section of creep test sample in regions which cover the melted region, heat
affected zone, grain growth region and base material.

3. Results and Discussion

3.1. Microstructure Evaluation

Ti-6Al-4V Widmanstdtten microstucture is a coarser x-phase lamellar structure formed from the
f3-grain boundaries. Figure 1 shows an optical micrograph of this structure.

Figure 1. Optical micrograph of Widmanstitten microstructure.
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The microstructure of Ti-6Al-4V with Widmanstatten microstructure after laser nitriding is shown
in Figures 2—4 and it is possible to identify a modification of its morphology. The microstructure of
the nitreted surface consists of a laser melted region, a heat affected zone (HAZ), and a region with
an increase of the grain size and the substrate. The microstructure of the laser melted region consists
of a thin layer followed by a growth of TIN dendrites [20]. The Heat affected zone (HAZ) is found
after the melted zone and it is formed by needle-shaped structures called titanium martensite (Ti-”).
This occurs due to the laser-material interaction that increases the temperature up to 3-phase field.
After its quick cooling, the martensitic transformation in this region is observed [9]. An increase of
average grain size in the Heated Affected Zone is also observed, after laser nitriding of the Ti6Al4V
with Widmanstatten microstructure. This can be related to higher temperatures in the material, that
can cause diffusion along the grain boundaries and increase their size. This behavior is beneficial in
the material creep resistance. A smaller grain boundary area, is related to a lower oxygen diffusion
along the grain boundaries [13,14,21].

TiN
Dendrites

grain growth region

Base material
SEM HV: 22.0 kV WD: 10.31 mm MIRA3 TESCAN

View field: 277 ym SEM MAG: 1.00 kx 50 pm
SEM MAG: 1.00 kx  Date(m/dly): 12/20/17 LAS - INPE

Figure 2. Longitudinal SEM of Widmanstatten microstructure after laser nitriding. Laser Power: 700 W.
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SEM HV: 19.0 kV WD: 10.26 mm MIRA3 TESCAN
View field: 165 um SEM MAG: 1.67 kx 50 um
SEM MAG: 1.67 kx  Date(m/dly): 12/20/17 LAS - INPE

Figure 3. Longitudinal SEM of Widmanstatten microstructure after laser nitriding. Laser Power: 750 W.
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Figure 4. Longitudinal SEM of Widmanstatten microstructure after laser nitriding. Laser Power: 800 W.
3.2. Hardness of Nitrided Material

The hardness at regions of the nitrided material was measured. Figure 5 shows the results obtained
to different process conditions. Increased hardness in the laser melted region could be observed, where
the values found are between 900 and 1000 HV. This behavior can be attributed to TIN layers formed
during the nitriding process, where the higher hardness near the surface is attributed to the higher
nitrogen concentration on the region. In the thermal affected zone, the hardness is reduced to order
675 HV, which can be attributed to the presence of martensitic Ti-o’ phase. The grain growth region has
higher hardness (470 HV on average) when compared to the base material (368 HV on average). This
can be attributed to nitrogen diffusion in small volumetric fraction. However, the nitrogen diffusion in
this region could not be observed by the applied characterization techniques.

ABBOUD, J. H,, et al., 2008 [22] investigated the surface nitriding of a Ti-6Al-4V alloy by the use
of a high-power CO; laser in a flow of nitrogen, and the hardness was about 1350 HV to a shallow
depth 50-80 pum below the surface, and the microhardness decreased to 800 HV for a depth 0.4 mm
below the surface. REIS, 2013, [20] observed higher hardness value in the nitrided Ti-6Al-4V with
equiaxial microstructure with values of 1100 VHN. CHAN, C. W,, et al., 2017 [23] performed a nitriding
using a continuous wave fibre laser in Ti-6Al-4V (TIG5) alloy. The result found was 977 £ 108 HV
for the nitrided area and 652 £ 269 HV. So, the results found in the present work are according to
the literature.
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Figure 5. Cont.
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Figure 5. Hardness profile of Ti-6Al-4V alloy after nitriding process: (A) Melted region; (B) Heat
affected zone; (C) Grain growth region; (D) Base material. (a) Laser Intensity—700 W; (b) Laser
Intensity—750 W; (c) Laser Intensity—800 W.

3.3. Creep Tests

The creep tests were conducted on Ti-6Al-4V alloy for the received Widmanstitten microstructure
specimens and on the laser nitrided specimens, considering the load (125 MPa) and temperature
(600 °C). The creep curves (Figure 6) exhibit normal behavior which consists of well-defined primary,
secondary and tertiary stages. A short initial period with a decrease at the primary creep rate could
be observed, that is associated with the hardening process due to the accumulation of dislocations.
However, a constant creep rate is observed at a larger period of creep life. This can be associated with
a balance between the recovery and hardening process [13].

The results from creep tests are summarized in Table 1, which show the values of the primary
creep time t,,, secondary creep rate &, and the time to rupture (t;). Comparing the results between base
material and nitrided material specimens, a reduction of secondary creep rate for all laser nitriding
conditions is observed. TIN layer act as barrier against oxygen diffusion into the alloy, improving its
creep resistance [12]. Secondary creep rate decreased from 0.0014 to 0.000522 1/h and 0.000465 1/h at
700 W and 800 W laser power respectively.

The final fracture time is higher for the nitrided specimens with 700 W and 750 W when compared
to the fracture time of the base material specimens, which indicates improvement in the material
mechanical behavior. In this case, the final fracture time of the nitrided alloy with power of 750 W was
about two times higher than the fracture time for the untreated alloy. At 800 W the time to fracture is
98.7 h, lower than the other conditions. This can be associated with the thicker nitrided layer, that is
beneficial as a thermal barrier and, therefore, directly influences the secondary creep rate but adversely
increases material hardness in this region and reduces the creep time to fracture.

0.30 4 v Widmanstiften - As received
’ v Widmanstjften 3 - 700 W
®  Widmanstéiten 1 - 750 W
0,25 v ® Widmanstiten 2 - 800 W
E 0,20 v .
E ]
~ v ™ "
£ v n
£, 015+ v e N
= y [ ]
— o, . -
© p "
= - a"
» ® ant
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L
T T T T
100 150 200 250 300
Time [h]

Figure 6. Creep Curves at 600 °C and 125 MPa of Ti-6Al-4V before and after laser nitriding.
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gf (mm/mm) represents the specimen’s deformation after creep tests. This value is related with
the type of fracture in creep tests. A higher value is observed in ductile fracture, as shorter value is
observed at fragile fracture. As can be observed in Table 1, a higher value can be observed in material
as received (no laser treatment). Laser nitriding can be a thermal barrier and decrease oxygen diffusion
but can interfere on material ductility and decrease its deformation after creep tests.

Table 1. Creep data at 600 °C and 125 MPa of Ti-6Al-4V before and after laser nitriding.

Laser Power W t, (h) & (1/h)  t(h) ¢ (mm/mm)

As received 9.00 0.00140  102.12 0.2861
700 2.48 0.00110  124.38 0.1555
750 2.65 0.000522 272.40 0.2348
800 2.83  0.000465 98.70 0.1504

Creep tests conducted in this study are short term creep tests, that evaluate creep behavior in
conditions of high temperatures or stress levels. In these conditions creep behavior of applications that
can occasionally demand short-time exposures is evaluated. Because of this, it is important to have
data on the material creep behavior during these service conditions. All the specimens were tested
until fracture.

An EDS analysis was carried out after creep trials in the fractured specimens and the results are
shown in Tables 2—4. A nitrogen concentration at depth from 8 to 38 um can be observed, and oxygen
can be detected because the analysis was conducted after creep tests, which takes place in an oxidant
environment. The nitrogen presence after creep trials confirm that nitriding process was efficient.

Table 2. EDS data after creep test of Ti6Al4V nitrided with 750 W of laser power.

% of elements (wt.)
Ti Al A (0] N

18um 852 19 20 55 54
24pym 869 41 21 48 21
30um 851 36 31 53 29

Depth

Table 3. EDS data after creep test of Ti6Al4V nitrided with 800 W of laser power.

% of elements (wt.)
Ti Al A (0] N

9um 810 18 22 87 63
1Bum 848 39 35 58 20
17pym 854 40 27 61 18
33pum 863 39 31 49 18

Depth

Table 4. EDS data after creep test of Ti6Al4V nitrided with 700W of laser power.

% of elements (wt.)
Ti Al V (0] N

8um 842 22 23 63 50
18um 842 39 44 55 20
38um 863 30 25 57 25

Depth

3.4. Fracture Surfaces

Post creep test fracture surfaces of Ti-6Al-4V specimens are shown in Figure 7. The fracture
mode has exhibited ductile fracture mechanism with the narrowing phenomenon and development of
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microcavities in the central region of the fractured specimens. The test conditions were characterized
by the formation and coalescence of microcavities with different sizes and shapes, with the deepest
present in the central region of the sample. Specially, in the condition of higher laser power (800 W),
smooth marks of deformation are observed in the edges of the specimen, with fragile characteristics.
This is in accordance with shorter fracture time observed for the highest power condition used for the
laser nitriding process, which reduces the material ductility in this region.

Figure 7. SEM micrographs showing surfaces after creep tests at 600 °C, 125 MPa and laser intensity of
2829 W/mm?. (a) central region of creep test; (b) creep test border.

4. Conclusions

The surface nitriding of a Ti-6Al-4V with Widmanstétten structure was conducted with a
continuous Nd:YAG laser. It can be concluded that surface laser-nitriding techniques can improve the
creep resistance of the Ti-6Al-4V alloy with Widmanstéatten structure.

e  The microstructure of the nitrided surface consisted of a laser melted region, a heat affected zone
(HAZ) formed by needle-shaped structures called titanium martensite (Ti-o), and a region with
an increase of the grain size and the substrate. An improvement in hardness (900-1000 HV) in
comparison to the base material (368 HV) was observed.

e A reduction of secondary creep rate for all laser nitriding conditions was observed. TIN layer
acts as a barrier against oxygen diffusion into the alloy, improving its creep resistance. The final
fracture time is higher for 700 and 750 W laser nitrided specimens when compared to the fracture
time of the base material, which indicates improvement of the material mechanical behavior.
At 800 W, the time to fracture is lower than the other conditions, and this can be associated with
the thicker nitrided layer, that increases material hardness in this region and reduces the creep
time to fracture.

e EDS analysis conducted after creep trials in the fractured specimens showed a nitrogen
concentration at a depth from 8 to 38 um, that can confirm an efficient nitriding process.

e Post creep tests fracture surfaces exhibited ductile fracture mechanism with the narrowing
phenomenon and development of microcavities in the central region of the fractured specimens.
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