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Analysis of the Surface Treatments Effect on the Creep Behavior of Ti-6Al-4V Alloy
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This paper compares the creep behavior of Ti-6Al-4V alloy after different surface treatments, the
plasma nitriding using Plasma Enhanced Chemical Vapor Deposition (PECVD), and the deposition
of SiC thin films with Cr interlayer using High Power Impulse Magnetron Sputtering (HiPIMS). A
microstructural characterization was performed with Scanning Electron Microscopy (SEM), Scanning
and Transmission Electron Microscopy (STEM), and Energy Dispersive Spectroscopy (EDS)
techniques. The creep test was performed at a constant load from 500 to 600 °C and 125 to 319 MPa,
and a fractographic analysis was performed. The EDS analysis of the plasma nitrided layer indicated
the nitrogen presence of the compounds TiN and Ti,N and an increase in the iron concentration. Creep
test results in both conditions indicated an increase in the creep resistance. Plasma nitrided condition
indicated the lowest creep rate and lesser elongation, making it the most suitable in applications that

require a low dimensional distortion.
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1. Introduction

Ti-6Al-4V alloy is one of the most widely used titanium
alloys. It is widely used in the aeronautical industry due to
its good creep resistance'. However, titanium suffers from
oxidation and for high-temperature applications a surface
treatment, that acts as an oxygen diffusion barrier, is indicated
to maintain good mechanical strength**.

Currently, the most frequent difficulties found in the
research of these materials are the adhesion problems during
the thermal cycle and the diffusion of the coating elements in
the substrate®°. Among all technologies considered, surface
modifications with plasma processes have gained prominence
for the relatively low cost and the possibility of application
in complex geometries’.

The Ti-6Al-4V alloy can be heat treated and acquire
microstructures besides equiaxial, such as martensitic, bimodal
and Widmanstitten. Comparing to the other microstructures,
the Widmanstétten microstructure previously studied®!" had
the highest creep resistance in Ti-6Al-4V alloy. This fact can
be attributed to the o/p interfaces that act as obstacles to the
dislocations slip and the larger grain size that reduces the
grain boundary sliding'?.

From the Widmanstétten microstructural condition, this
paper discusses the effect of two different types of surface
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treatments and their effects on the creep behavior of Ti-6Al-
4V alloy. The treatments are the plasma nitriding and SiC
film alloy coating with Cr interlayer by HiPIMS.

Surface treatments of plasma nitriding®" and the application
of Crinterlayer SiC film deposited by HiPIMS'*!> have been
studied by this research group and the objective of this work
is to verify under what conditions each one of them may be
considered more appropriate.

2. Materials and Methods

2.1 Sample preparation

Figure 1 shows the geometry and dimensions of the
specimens applied in the creep tests. The specimens were
made according to the ASTM E139-11'¢ specifications, using
extensometers to measure the creep strain.

2.2 Material heat treatment

The Ti-6Al-4V alloy was heat-treated at 1050 °C for
30 minutes in Argon atmosphere, followed by furnace cooling
to obtain the Widmanstétten microstructure.

2.3 Surface treatment

The material in the form of cylindrical bars was used to
cut small samples with approximately 5 mm of thickness
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Figure 1. Creep specimen (dimensions in mm)".
Table 1. Parameters applied in the plasma nitriding.
Temperature (°C) Atmosphere (Ar/H,/N,) (%) Pressure (Pa) Voltage (V) Electric current (A) Power (W)
690 0.455/0.455/0.090 425 475 2.2 1125
Table 2. Parameters used to deposit the SiC/Cr film on Ti-6Al-4V samples.
Cr SiC

Target / substrate distance
Average Power

Deposition time

Average Power Deposition time

155 mm 200 W

0.5h

300 W 2h

for testing the surface treatment parameters, and to machine
the specimens used in the creep tests.

Two processes were performed: plasma nitriding and
silicon carbide (SiC) deposition with chrome interlayer in
the specimens, which will be described below. In both cases,
it was necessary to develop a specific reactor sample holder
for the treatment of creep specimens.

2.3.1 Plasma nitriding

The plasma nitriding process was carried out in a reactor
consisting of a hermetic chamber of cylindrical shape. This
equipment was developed by the Laboratory of Plasmas and
Processes (LPP) of Technological Institute of Aeronautics
(ITA). The power supply used was the DC current source
from Supplier Electronics (Brazil). The nitriding process
parameters are described in Table 1. Figure 2 shows the
sample holder design, developed for the nitriding of the creep
specimens and the photography of the ten creep specimens
and four pellet-shaped samples after the plasma nitriding.

2.3.2 SiC/Cr film deposition by HiPIMS

For the depositions, a cylindrical reactor produced in
stainless steel was used with a chamber of 500 mm in diameter
and 300 mm in length. It has two magnetron cathodes capable
of storing two targets of 101.6 mm diameter. A pulsed power
source called HiPIMS (High Power Impulse Magnetron
Sputtering), from Solvix-Peoleand Power Electronics
(Switzerland) was used to deposit SiC films, and a DC power
supply to Cr interlayer depositions.

To condition the pellet-shaped sample, the reactor has
a sample holder where the substrate is fixed under a rail

on which it can slide allowing the variation of the distance
between target / substrate.

In the case of creep specimens, it was necessary to develop
and manufacture a new sample holder. It was made in a
cylindrical shape with a threaded fitting so that the specimen
could be threaded and rotated during the deposition. A stepper
motor was coupled to the sample holder so that it rotated
during the process and ensured the deposition homogeneity
throughout the specimen.

Table 2 shows the parameters used for the SiC film
deposition with Cr interlayer on Ti-6Al-4V samples.

Other parameters such as 20 sccm argon flow rate,
0.67 Pa of working pressure, 500 Hz of frequency, 100 pus
of pulse width and 15 minutes of pre sputtering were used
in the SiC depositions.

2.4 Creep tests

The tests were conducted under a constant load of 125,
250, and 319 MPa at temperatures of 500 °C and 600 °C
in a Mayes furnace model. A Linear Variable Differential
Transformer (LVDT) was used to measure the strain and
a thermocouple fixed to the specimen center was used to
measure the temperature.

2.5 Microstructural characterization

The microstructural characterization and observation of
the layers formed after the plasma nitriding and the SiC/Cr
coating were performed in a scanning electron microscope
(SEM). After the creep tests, the fracture surfaces of the
specimens were also analyzed by SEM techniques.

The characterization of the alloy surface was performed
in a Scanning Transmission Electron Microscopy (STEM).
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One lamella of the Ti-6Al-4V sample with the SiC film
and one of the plasma nitrided alloy were produced by
focused ion beam (FIB) technique using a dual-beam
electron microscope model FEI Helios 660 - Nanolab at the
Brazilian Nanotechnology National Laboratory (LNNano)
at the campus of the Brazilian Center Research in Energy
and Materials (CNPEM), in the city of Campinas / SP. This
SEM has an electron gun that allows imaging and a gallium
ion gun that removes sample material (lamella). This makes
it possible to cut, remove and polish the lamella, allowing
for the preparation of extremely thin specimens (lamella
usually with less than 100nm in thickness), which can be
analyzed by transmission or scanning transmission electron
microscopy.

After the preparation of the lamellas by FIB, the samples
were analyzed by the STEM technique. This analysis allowed
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the characterization of the alloy surface with cross-sectional
images of the sample, allowing the view of the Ti-6Al-4V
substrate, Cr interlayer, and SiC film and the nitride layer
and the qualitative analysis of the chemical elements present
via Energy Dispersive Spectroscopy (EDS).

3. Results and Discussion

3.1 Surface layer

After obtaining the Widmanstétten microstructure, part
of'the material was coated with SiC/ Cr and part was plasma
nitrided. Figure 3 shows the images of these two different
layers performed by STEM.

Sugahara et al.'* previously measured the thickness value
of each film in the SiC film with Cr interlayer (Figure 3a).

(b)

Figure 2. (a) Sample holder draw used for plasma nitriding (dimensions in mm) and (b) photograph of the creep specimens after plasma nitriding.

(a)
Figure 3. STEM image (a) of the morphology of the Cr interlayer SiC film and (b) of the layer formed by plasma nitriding.
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The thickness of the SiC film, image darker region, was 0.6 pm
and the Cr interlayer, lighter region just below was 1.05 pm.
It results in a total thickness of approximately 1.67 pm.
The nitrided layer (Figure 3b) has a thickness of
approximately 1.0 pm, it is consistent with the measured
performed by Almeida et al.'® in a SEM micrography of the
same material. This external layer can be called compound
layer. Just below it can be seen part of the second layer that
has approximately 4.0 pm and can be called as diffusion layer.
Lima et al.'” performed a phase identification of the Ti-6Al-4V
samples nitrided layer, nitrided at 700 °C for 4 hours with a
nitrogen concentration of 50%, combining the results from
Rietveld analysis, Grazing incidence x-ray diffraction in multiple
angles (MA-GIXRD), and Nuclear reaction analysis (NRA).
They found an upper fine-grained layer of 3-TiN in a layer
of 0,5 um followed by a layer of ~2 um related to to &-Ti,)N
with the possibility of 3-TiN extending to the lower layer.
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Figure 4. EDS analysis of the layer formed by plasma nitriding of
the sample prepared by FIB.
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Figure 4 shows the EDS analysis of the plasma nitrided
layer. X-axis display the distance in pm and the y-axis display
the intensity in counts per second (cps). When observing the
nitride layer, a reduction in the titanium concentration can be
noticed due to the formation of nitrides. The formed compounds
were identified in previous work by X-ray diffraction and
are the 0-TiN with face centered cubic structure (fcc) and
the &-Ti,N with tetragonal structure. Grill et al.'® report
that the nitrided layer is divided in an compound layer and
a diffusion layer. The compounds layer was formed by the
8-TiN and &-Ti,)N phases, while the diffusion layer was
formed by the &-Ti,N and o’~(Ti,N) phases. Being the o’
phase, a solid solution of nitrogen in titanium.

The nitrogen diffusion in the metallic substrate could
explain the reduction of aluminum in the surface area.
The diffusion into the aluminum, in other words, its removal
out of the diffusing layer in the surface, can cause its absence
not only in the TiN and Ti, N sub-layers but also in the o-Ti
according to Morgiel and Wierzchon®.

It was also possible to visualize a substantial increase
in Fe concentration between the layers, this was also
reported by Raveh et al.?* who classified this as segregated
elements between the layers. Probably this element had its
concentration increased due to the chamber reactor, made
of a Fe-based alloy.

3.2 Creep tests results

Table 3 exhibits the experimental results of the specimens
tested at temperatures of 500 and 600 °C and stresses of
125 MPa, 250 and 319 MPa. All the specimens have a
Widmanstitten microstructure and are identified as Wd?! for
the untreated condition, Wd + NP3 for the plasma nitrided
and Wd + SiC for the samples coated with SiC?. The primary
creep time (tp), secondary creep rate (£,), final creep time
(t), and final strain (&) are detailed.

Figure 5 shows the creep tests experimental curves
at 500 °C and 319 MPa, and at 600 °C with 125, 250 and
319 MPa with Widmanstétten structure comparing the
untreated (Wd)*!, plasma nitrided (Wd + NP)"* and with
SiC coated (Wd + SiC)*.

The secondary creep rate decreases compared to the
untreated condition for both studied conditions, which
indicates that the creep resistance of the material increases due

Table 3. Ti-6Al-4V creep test results in the conditions untreated (Wd)?', plasma nitrided (Wd+NP)" and SiC coated (Wd+SiC)*.

Temperature

©C) Stress (MPa) Conditions tp (h) & (1/h) tf (h) ef (mm/mm)
Wwd 16.000 0.00035 224.00 0.112
500 319 Wd + NP 8.300 0.00008 251.27 0.038
Wd + SiC 28.000 0.00024 199.00 0.071
wd 9.000 0.00140 102.12 0.286
125 Wd + NP 4.000 0.00038 112.56 0.464
wd + SiC 20.000 0.00100 134.00 0.284
wd 0.350 0.03040 2.03 0.098
600 250 Wd + NP 0.417 0.00367 6.03 0.031
Wd + SiC 0.680 0.02000 4.93 0.170
wd 0.067 0.16000 0.62 0.237
319 Wd + NP 0.042 0.02070 1.17 0.056
Wd + SiC 0.150 0.06350 1.40 0.175
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Figure 5. Ti-6Al-4V creep curves with Widmanstétten structure, untreated (Wd)21, plasma nitrided (Wd +NP)" and SiC coated (Wd + SiC)*
under the conditions: (a) 500 °C and 319 MPa, (b) 600 °C and 125 MPa, (c¢) 600 °C and 250 MPa and (d) 600 °C and 319 MPa.

to the surface modifications. This improvement in the creep
resistance is also obtained with other surface treatments>!->,
because they all improve the oxidation resistance.

For the plasma nitrided condition, this rate reduction was
higher than in the SiC coated condition. Figure 6 shows the
comparisons of the secondary creep rate reduction percentage
for the conditions studied.

Regarding the material life, it was found that, under the
test conditions at 600 °C with 125 and 319 MPa, there was a
reduction in the fracture time of nitrided sample compared to
SiC coated, which can be attributed to material embrittlement
caused by the nitride formed. This embrittlement in the
subsurface zone of the component due to oxygen enrichment
is related by Sai Srinadh et al.?, especially in applications at
elevated temperatures, during the long term use.

Figure 7 shows a comparison of the material ductility.
The Ti-6Al1-4V base material with a Widmanstitten
microstructure presents a good ductility. The treatments
applied in this alloy modified the surface hardness, which
influenced its ductility. It is observed that the plasma nitrided
samples suffered the least elongation, which makes it the
most suitable in applications that require a little dimensional
variation. Reis et al.” also associated the lower ductility of
the nitrided samples to the hard surface layer.

3.3 Fractographic analysis

Figure 8 shows the Ti-6A1-4V alloy fracture surface after
the creep test at 500 °C and 319 MPa. On the SiC coated
material surface, appears more cleavage facets, evidence of
a more brittle fracture, which is consistent with the shorter

final creep time resulting in this condition when compared
to the others. These facets in the fracture surface could be
attributed to the easier crack propagation parallel to the
lamellar interfaces®.

Figure 9 shows the Ti-6Al-4V alloy fracture surface
creep tested at 600 °C and 125 MPa. Under both treatment
conditions, the fracture surfaces are similar, it is possible
to observe a fracture with more ductile characteristics, with
apparent dimples and displaying a material contraction.
The final creep time of the nitrided sample was shorter
compared to SiC coated sample, in this condition.

Figure 10 shows the Ti-6Al-4V alloy fracture surface
creep tested at 600 °C and 250 MPa. It can be noted that
the fracture of the SiC coated sample is mixed with facets
and dimples, whereas the plasma nitrided sample does not
show many deformation marks.

Katani et al.”’ related a mixed-mode of fracture in
Ti-6Al-4V and a large number of micro-voids nucleation
mainly in boundary regions between two different phases
(a/B). These results are in agreement with those reported
by Oliveira et al."" in similar conditions of temperature and
stress. Seco and Irisarri®® suggest in their work that beta
grain boundary sliding along the colonies of alpha needles
is the operating failure mechanism.

Figure 11 shows the fracture surface of the Ti-6Al-
4V alloy creep tested at 600 °C and 319 MPa. Under this
condition, the SiC coated sample has more dimples than the
plasma nitrided sample.

Briguente?' related in your work that the fractographic
analyzes of Ti-6Al-4V alloy with Widmanstitten microstructure
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Figure 6. Comparison of the Ti-6A1-4V alloy creep rate reduction with Widmanstitten structure untreated (Wd)>*', plasma nitrided (Wd
+NP)" and SiC coated (Wd + SiC)* in the conditions: (a) 500 °C and 319 MPa, (b) 600 °C and 125 MPa, (c) 600 °C and 250 MPa and

(d) 600 °C and 319 MPa.

0.35- = Wwd?
e Wd+NP "™
0301 v Wd+SiC
__0.25-
E | |
£
£ 020
£ - v
£ 0.15
[
? .10 B
0054 o .
[ ]
0.00

T T T T T T T T T 1
100 125 150 175 200 225 250 275 300 325 350
Stress (MPa)

Figure 7. Graph showing strain relationship with stress in the creep test, material ductility calculation at 600 °C.
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Figure 8. The fracture surface of the Ti-6Al-4V alloy creep tested at 500 °C and 319 MPa, (a) plasma nitrided (Wd + NP) and (b) SiC

coated (Wd + SiC).
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Figure 9. The fracture surface of the Ti-6Al-4V alloy creep tested at 600 °C and 125 MPa, (a) plasma nitrided (Wd + NP) and (b) SiC

coated (Wd + SiC).
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Figure 10. The fracture surface of the Ti-6Al-4V alloy creep tested at 600 °C and 250 MPa, (a) plasma nitrided (Wd + NP) and (b) SiC

coated (Wd + SiC).

(a) Wd + NP (b)

Figure 11. The fracture surface of the Ti-6A1-4V alloy creep tested at 600 °C and 319 MPa, (a) plasma nitrided (Wd + NP) and (b) SiC

coated (Wd + SiC).

and without surface treatment indicated that the predominant °

mechanism was characterized by the formation and coalescence
of micro-voids with varying shapes and sizes. The ductile
fracture mechanism was which prevailed.

4. Conclusions .

This work about the effects of plasma nitriding and SiC
coating with Cr interlayer treatments applied in the surface
of the Ti-6Al-4V alloy led to the conclusions below:

EDS analysis of the layer formed by the plasma
nitriding process indicated the presence of nitrogen
from the TiN and Ti,)N compounds and also an increase
in iron concentration. This iron was attributed to the
reactor material where the treatment was performed.

An increase in the creep resistance of the material in
the both conditions of surface treatment compared to
the untreated condition was evident by the decrease
ofthe secondary creep rate. For the plasma nitrided
samples this rate reduction was higher than in the
SiC coated samples.
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*  Regarding the material final creep time, the reduction
in fracture time of nitrided material compared to
SiC coated at 600 °C under 125 and 319 MPa was
attributed to the brittleness of the material caused
by the nitride formed. However, in the case of
the sample tested at 500 °C and 319 MPa and at
600°C and 250 MPa, the fractographic analysis of
the material with SiC coating presents the more
faceted fracture, which explains the shorter final
creep time under these conditions.

»  Concerning the material ductility, the plasma nitrided
samples suffered the smaller elongation, making
them the most suitable in applications that requires
a low dimensional distortion.
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