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In terms of mechanical, physical and chemical properties, titanium alloys are an important structural
material for all branches of industry. One of the most important titanium alloys is the Ti6Al4V alloy.
When performing operations associated with long-term heating of workpieces and parts made of titanium
alloys in an air atmosphere, a layer of TiO: is formed on the surface of the product. Ti6Al4V alloy, also
known as Ti64, is a two-phase a+f solid solution alloy in terms of microstructure, which has excellent
corrosion resistance and biocompatibility. Through heat treatment, we can improve the mechanical pro-
perties of the alloy, improve the fracture toughness, influence and reduce the internal stress and influence
the machinability of the material. Surface treatments of alloys by applying micro and nano layers of ma-
terial are also important, which serve to extend the life of products made of this alloy or to improve the
propetties of the alloy. In the article, we analyze the effect of heat treatment at temperatures of 650 °C
and 800 °C and corrosion load with salt fog in the range of 168 to 720 hours on the microstructure and

microhardness of the Ti6Al4V alloy.
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1 Introduction

For the present time, titanium alloys are an im-
portant construction material due to their excellent
physical and chemical properties. They are character-
ized by high strength, good plasticity, corrosion re-
sistance exceeding that of stainless steels in seawater
and a variety of corrosive environments, and other
valuable properties. Due to the polymorphism and
martensitic transformation that occurs during acceler-
ated cooling, a two-phase titanium alloy is formed,
which can be effectively hardened by heat treatment.
Gases, namely oxygen, hydrogen and nitrogen, are ab-
sorbed when titanium and its alloys are heated, which
is why a gas-saturated layer with the structure of an
interstitial solid solution is formed. Inclusions of these
compounds significantly increase the hardness and
sharply reduce the impact strength and ability to plas-
tic deformation [1]. If we expose titanium alloy parts
to long-term exposure to heat in the air, a TiO; layer
forms on the surface. For hot-processed components,
the TiO: layer does not exceed 50-70 um [2]. Layers
saturated with oxygen are called alphated, as oxygen
stabilizes the a-phase in titanium [1, 3,4].

The Ti6Al4V alloy, referred to as Ti64, or commet-
cially Ti GR.5, is an a+f titanium alloy with low den-
sity, high strength, excellent corrosion resistance, and
its biocompatibility is also important [1,2]. The

Ti6Al4V alloy was initially intended to serve as a struc-
tural material for application in the aerospace industry
for aircraft construction. Due to its low weight and
high strength, its application was predestined for jet
engines, gas turbines and many aircraft components
[3-7]. For the aerospace industry, the Ti6AI4V alloy is
constantly important, which also corresponds to the
demand for it [5-8], other application areas in which
these alloys are used ate the automotive, chemical, ma-
rine, energy and biomedical industries. High strength,
low density, high corrosion resistance and biocompat-
ibility are valued properties of the Ti6Al4V alloy for
use as a material for bridges and implants [2,9-13]. It
is the most widespread and most produced titanium
alloy ever, which finds its application in all areas of
human industry, through products of common use,
such as glasses, to body implants used in the field of
biomedicine or the aviation industry [22-24]. More
than 50 % of the world's titanium production is rep-
resented by this alloy [25-27]. This alloy is easily hat-
denable, malleable and easily weldable in the presence
of an inert gas or vacuum. In addition, the alloy does
not cause any reactions with body tissue in the human
organism [28,29] and due to the formation of a pro-
tective TiO coating, its high corrosion resistance is
ensured [30,31].

Due to its high corrosion resistance to most corro-
sive acids and alkalis, its application to the marine
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and chemical industries has rapidly expanded [2,14-
15]. I confirm these results in my study by Klimas et
al. [17] where they found that the action of Ringet's
acid resulted in fragmentation of the structure and the
formation of dendrites. These changes improved cor-
rosion resistance and increased microhardness. There
were no changes in the composition of the phases.

Through heat treatment in the presence of the sur-
rounding atmosphere, a few nanometers thick and sta-
ble TiO; surface layer is gradually formed on the sut-
face of the Ti-6Al-4V alloy. Depending on the pro-
cessing temperature, the resulting surface layer struc-
ture can have three allotropic modifications. Namely
rutile, brookite or anatase. During thermal oxidation,
the surface morphology gradually changes from a thin
adhesive layer to a thicker crystal layer with grains ori-
ented towards the surface. The thickness of the layer
increases with increasing temperature and duration of
oxidation. The mechanical values of the surface also
increase in proportion to it, thus also the corrosion re-
sistance. As can be read from a number of profes-
sional articles, the most frequently used processing
temperatures range from 500 to 800 °C, while the du-
ration of processing at these temperatures ranges from
1 to 60 hours. Garcia-Alonso et al. [18] state in their
work that after only one hour there is a visible influ-
ence on the mechanical properties and an improve-
ment in corrosion resistance. The mentioned tempert-
atures are used in an attempt to influence corrosion
resistance, suitable especially because it is possible to
guarantee the formation of an oxide layer with a pre-
dominant rutile morphology [17-21].

The aim of the presented article is to analyze the
effect of heat treatment at temperatures 650 °C and
800 °C and salt spray corrosion load in the range of
168 to 720 hours on the microstructure and micro-
hardness of the Ti6Al4V alloy.

2 Experimental material and methodology

For experimental purposes, 10 samples of the Ti-
6Al-4V alloy were used, which were prepared from a
rolled rod with a diameter of 12 mm with the chemical
composition: Al-6.25 wt. %, C-0.08 wt.%, Fe-0.25
wt.%, V-4.01 wt.%, H-0.015 wt.%, N-0.05 wt.%, O-
0.2 wt.% . The material was processed and then cut
into cylinders of the same size: length — 30 mm and
diameter — 10 mm (Fig. 1).

For the experiment, two samples were left without
any modifications and the other eight samples were
heat treated. Specifically, the samples were annealed at
650 and 800°C for 2 houts. Subsequently, the samples
were left inside the furnace until they were completely
cooled. The next process was the corrosion load of
such heat-treated samples. The corrosion load was
carried out in accordance with the CSN EN ISO 9227
standard [32]. The prepared samples were placed in
the LIEBISCH corrosion chamber, where they were
in an environment of salt fog, formed by a NaCl

solution. The duration of the corrosion load in the salt
fog was 168, 240, 480 and 720 hours, at a maintained
temperature of 35 °C.

90 G

]
g

3
|

Fig. 1Sample of offcuts from titaninm rod

650°C

800°C

-

Fig. 2 Surface condition of heat-treated samples

For the analysis of the microstructure of the layer
and the base material, 10 samples were metallograph-
ically prepared - by wet grinding and then polishing
with diamond emulsions from Struers. The last me-
chanical-chemical treatment was carried out using an
AlOs suspension with a grain size of 0.3 pm. After
etching with a mixture of nitric and hydrofluoric acids
(Kroll etchant), the structures of the material were ob-
served using light microscopy on a confocal laser mi-
croscope LEXT OLS 5000 from Olympus.

The microhardness test of all samples was per-
formed in accordance with the CSN EN ISO 6507-1
standard on the FUTURE-Tech FM-300 device. A
136° diamond indenter creating a square indentation
was used to measure the microhardness. The load
value established a HV of 0.01 (F = 0.098 N, 10 g),
which acted on the test specimen for 10 s. Due to the
thickness of the layer, emphasis was placed on the se-
lected diagonal of the indenter in order to comply with
the ISO 6507-1 standard.
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From a number of professional articles dealing
with the formation of a surface oxide layer as a result
of thermal oxidation, it can be read that its gradual
growth can already be observed from 500 °C onwards.
At lower processing temperatures, as a rule, lower
thicknesses are achieved, but higher compactness and
better adhesion. Higher temperatures (800 °C and
more) can ensure the formation of a stronger surface
layer, which provides higher values of selected me-
chanical properties, but if the conditions of the entire
process are incorrectly chosen, there is a risk of worse
adhesion of this crystalline layer. For these reasons,
temperatures that cover the entire mentioned range

were chosen for the experiment.

By simply visual observation of the heat-treated
samples (see Fig. 2), quite significant surface colora-
tion was detected.

In the case of titanium and its alloys, the change in
color after heat treatment is usually associated with a
change in the thickness of the surface oxide layer and
with a change in the interference of incident light ra-
diation. Depending on the heat treatment temperature
and subjecting the samples to a corrosive environ-
ment, the prepared samples had the markings shown
in tab. 1.

Tab. 1 Marking of samples depending on heat treatment and corrosion load

Heat treatment [°C] / Corrosion loads [hours] Without load 168 240 480 720
0 A - - - -

650 B B1 B2 B3 B4

800 C C1 C2 C3 C4

3 Evaluation of surface layer thickness

In the first part of the experiment, a microscopic
analysis of the thickness of the surface layer was per-
formed using a Vega Tescan 3 electron microscope
with a Bruker analyzer. Fig. 3 shows a reference sam-
ple that was not subjected to corrosion.

BEM MAG: 500 kx Wiew fiold: 1.5 pm !‘ |
Dwi; 56 WD 1577 mm 10 my

WVEGAY TEGTAN
B ol 'y Dol

Fig. 3 The thickness of the surface layer of samples A
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For samples of set B, which were heat treated at a
temperature of 650 °C. For this set of samples, the
material was affected to a depth of approximately 1-2
um from the surface, see Fig. 4, 5. An even and ho-
mogeneous layer was achieved for all samples, which
even after 720 hours of corrosion load showed signs
of integrity, smooth and stable connection with the
underlying material and no obvious signs of damage
were recorded, Fig. 4 — 7.

BEM MAG: 500 kx Wiew fiold: 1.5 pm !. VEGAM TESCAMN

Det: 58 WO 1188 mm | Dem
Dbyl 818
Fig. 4 The thickness of the surface layer of samples BT -
650°C

Farformanes in narcspace

VEGAX TESCAN

BEM MAG: 3.00 kx Wiew field: 41.59 ym i
Dwmt: WD 1284 mm O

Dt iy ) EMETE

Fig. 5 The thickness of the surface layer of samples B2 -
650°C
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Fig. 6 The thickness of the surface layer of samples B3 -
650°C

From the point of view of elemental mapping, Fig.
8 to 11, in the case of oxygen, we can talk about ob-
taining an approximately 2 yum thick oxide layer, which

oum
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shows signs of compactness, regular arrangement and
adhesion to the substrate even after a period of 720
hours, during which the sample was exposed to a cot-
rosion load.

BEM MAG: 500 kx  Wiew field: 41.5 pmi I

Dl S0 WD: 11.72 mm 0 prm
Diate{midiy): G801

VEGAD TESCAN

Parformancs in nandaspace

Fig. 7 The thickness of the surface layer of samples B4 -
650°C

Ti-KA
SE MAG: 3322x MV: 30KV WD: 11.&men
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Fig. 8 Mapping from the example BT
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Fig. 9 Mapping from the example B2
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Fig. 10 Mapping from the example B3

indexced on bitp:/ [ www.webofscience.com and hitp:/ | www.scopus.com




December 2024, 10l. 24, No. 6

ISSN 1213-2489
e-ISSN 2787-9402

MANUFACTURING TECHNOLOGY

AlK 9 pm VKA

SE MAG: 3324x HV: 306V WD: 11 7mm

t 1. SE MAG: 3324x HV: 20kV WD: 11.7mm

8 pm o
SE NAG: 3524x HV: 30&V WOD: 11.7mm

Fig. 11 Mapping from the example B4

The first changes in the layout, from the point of
view of the remaining elements, begin to appear with
aluminum. From the pictures it is possible to see that
due to the heat treatment aluminum starts to diffuse,
which starts to concentrate under the surface of the
sample. This process is most clearly visible on the im-
age of sample B4, shown in Fig. 11.

4 Evaluation of surface layer thickness

The set marked as C1-C4 represented the second
evaluated set of samples, which was heat-treated at a
temperature of 800 °C, i.c. at a temperature which, ac-
cording to the research of expert articles, supports the
intensive formation of a surface oxide layer, which,
however, can lead to separation from the underlying
substrate. Images of the resulting layer are shown in
Fig. 12-15.

As can be seen from the above images, the temper-
ature of 800 °C and the processing time of 2 hours
really promoted the intensive growth of the surface
oxide layer, Fig. 12-15. As a result of the heat treat-
ment, a surface layer with a thickness of about 30 um
was formed, which is more than ten times the thick-
ness compared to the layers obtained with previous
sets. However, despite the use of the onset tempera-
ture curve, which was chosen on the basis of an expert
article (D.S.R. Kryshna [34]), such a layer was not
formed that would be perfectly connected to the

underlying substrate, and it can therefore be assumed
that during the tear adhesion test, which is in also
mentioned in the above article, the upper patt of the
surface layer would be separated from the rest of the
material. This statement is based mainly on the behav-
ior of sample C2, whose image is also shown in Fig.
(13), and in which spontaneous separation of part of
the surface layer occurred, which can be seen in detail
in Fig. 16. Compared to the remaining samples, it is
possible to see here the resulting average thickness of
17.78 um with a standard deviation of 0.43 yum. On
this sample, already after the heat treatment, cracks
were visible to the naked eye, which evenly covered
the entire surface of the test sample.

Figures 17 to 20 present elemental maps of
samples heat treated at 800°C. As can be seen from
the images, due to this temperature, a relatively signif-
icant surface layer of oxide was obtained compared to
the previous variant. Oxygen can be seen on them not
only in the entire extent of the newly formed surface
layer, but also below it, where, as already mentioned,
it dissolves in the basic matrix, thereby strengthening
it. In addition to oxygen, it is also possible to observe
a significant diffusion of aluminum in the surface
layer, which already began to manifest itself with the
previous set. In this case, however, its relatively signif-
icant accumulation was noted in the area below the
surface, approximately to a depth of 2 to 3 pm.
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Fig. 12 The thickness of the surface layer: sample C1 - 8§00
°C
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Fig. 13 The thickness of the surface layer: sample C2 - 800
°C
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L5+ 36.18 pm
L4 = 35.31 pm

L3 33493 ym
L2 = 33.85 ym ‘
L1%34.28 um

SEM MAG: 5.00 kx | View field: 41.5 ym

Det: SE WD: 13.61 mm 10 pm
Date(m/dly): 06/10/22

Fig. 14 The thickness of the surface layer: sample C3 - 800
°C
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Fig. 15 The thickness of the surface layer: sample C4 - 800
°C
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Fig. 16 Pecling of the surface layer — sample C2

Fig. 17 Mapping from the sample C1
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Fig. 19 Mapping from the sample C3
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Fig. 20 Mapping from the sample C4

Furthermore, for the first time, changes in the dis-
tribution of vanadium wetre noted for this set. For
sample C1, see Fig. 17, its incipient diffusion of this
element into the surface layer is very cleatly visible,

The microhardness values of the reference sample A,
i.e. the sample without heat treatment and corrosion
load, ate given in Tab. 2.

The graph below shows the measured microhard-
ness values of sample sets B and C. Fig. 21 shows the
values of the heat-treated sample B, which was not
subjected to corrosion. Figure 22 shows the values of
the samples that were first heat-treated under the same
conditions and then subjected to a corrosion load.

The increase in hardness is caused by the break-

which at higher concentrations of aluminum could
lead to the formation of intermetallics, which are char-
acterized by good corrosion resistance but high brit-
tleness. At lower processing temperatures, no signifi-
cant changes have yet been observed in the case of
vanadium.

down of the martensitic structure, i.e., 0'—=> o +J3.
This happens because the martensite structure is not
formed after heat treatment, the hardness increases
during the aging process probably due to the precipi-

5 Evaluation of hardness according to CSN
EN ISO 6507-1

The hardness of all samples was evaluated accord-
ing to the CSN EN ISO 6507-1 standard [35]. The re-
search was conducted on a FUTURE-Tech FM-300.
A 136° square indentation diamond indenter was used
to measure microhardness, and the load value deter-
mined HV 0.01 (F = 0.098 N, 10 g). The duration of
the load, which acted on the test body, was set at 10 s.

Tab. 2 Microbardness of the sample A podle CSN EN ISO 6507-1

tation of the fine o phase from the 3 phase, i.e., met-
astable 3 — fine a0 + P [35] Fig. 23 -25. The heat-

treated structure showed microhardness values of
around 350 HV compared to the unheated one, which
set - 300 HV.

Distance [pm] 10 25 50 75 100 125 150
Average value 305.1 302.3 305.5 304.0 305.3 307.5 305.2
Standard deviation 3.9 1.8 1.7 3.1 0.8 1.1 2.5
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Fig. 21 Average microbardness values of sample set B
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Fig. 23 Microstructure sample A Fig. 24 Microstructure sample B4
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Fig. 25 Microstructure sample C4

From the top of the figure, it is possible to confirm
the stated results for this variant, that heat treatment
at 650 °C resulted in the formation of an oxide layer,
which compared to reference sample A, caused an ap-
proximately 10% increase in hardness in the area just
below the surface (10 um) and an approximately 10%
increase in the field of basic material. As can be seen
further, as a result of the corrosion action, corrosion
products began to form on the surface, which by their
nature caused a further increase in hardness in close
proximity to the surface. Here, a gradual increase can
be seen depending on the length of the corrosion load,
with the highest values being reached for sample B3.
For sample B4, a decrease has already occurred due to
damage and separation of the surface layer due to cor-
rosion attack. When comparing the corrosion-stressed
samples of this variant with sample B1, which was
only heat-treated, it is possible to observe a slight de-
crease in microhardness. While the non-corroded
sample shows faitly constant values with minimal var-
iance, larger variances of the measured values are visi-
ble in the corroded samples. This dispersion can be
attributed, as reported by Hasan Giilerytiz [35] in his
professional article, to the involvement of softer areas
at greater depths of the tested sample. In contrast, the
decrease in hardness can be attributed to a change in
chemical composition due to aluminum diffusion,
which was observed in the elemental maps. In the case
of samples from set C, which obtained the largest
thickness of the surface layer, there were also the most
significant changes from the point of view of micro-
hardness. From the presented results, a significant in-
crease in hardness is visible in the area of the upper
part of the surface layer and then in the area of the
transition between the layer and the underlying mate-
rial in the case of sample C1 without corrosion. On
the contrary, a considerable decrease is visible in the

middle patt of the layer. However, the opposite trend
is visible in the samples subjected to corrosion, which
indicates both the interaction of the corrosion envi-
ronment with diffused elements and, at the same time,
the penetration of the corrosion environment into the
defects in the middle part of the formed layer, where
corrosion products are formed, which is manifested
externally by a significant increase in hardness.

From the microhardness values, which were ob-
tained from corrosion-stressed samples, and which
were visualized in the following graph, the effect of
corrosion on the heat-treated alloy is very clearly visi-
ble. As a result of the corrosion load, a visible decrease
in hardness occurred just below the surface, i.e. in the
area where the diffusion of aluminum and vanadium
was observed on the elemental maps. This decrease
occurred precisely as a result of the diffusion of the
mentioned elements, which significantly changed the
chemical composition of the given area, due to which
there was a sudden change in corrosion resistance.
However, with continued loading, a significant
amount of hard corrosion products were formed,
which began to form both on the surface and at the
same time in the area with disturbed cohesion of the
surface layer, which was visible in the previous chapter
in Fig. 15. As a result, there was a jump in microhard-
ness in this area, which increased by approx. 300 to
400 HV0.01 depending on the length of corrosion ex-
posure.

6 Conclusion

In the mentioned article, an experiment was con-
ducted that deals with the effect of heat treatment on
selected properties of the Ti6AI4V alloy. During the
experiment, two different heat treatment temperatures
were used: 650 °C and 800 °C with cooling in a closed
furnace. These samples were compared with non-heat
treated samples. After that, the samples were sub-
jected to a corrosion load for 168 to 720 hours.

The microstructure of the resulting samples did
not show any striking differences. The only difference
was the formation of compact TiO layers. This phe-
nomenon confirmed our expectations and we can fo-
cus on higher temperatures during heat treatment in
the next work.

For samples heat-treated at 650 °C, a visible in-
crease in thickness was observed both in the surface
layer and in the oxygen diffusion zone, which was
manifested by a significant increase in surface and sub-
surface hardness. For the samples heat-treated at 650
°C, due to the formation of hard oxides on the surface
and the dissolution of oxygen below them, there was
an increase in the hardness in the surface area com-
pared to the unheated sample by an average value of
approximately 85 HV0.01. At the same time, a slight
decrease in hardness was possible, which occurred as
a result of the incipient diffusion of aluminum.
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However, in both cases, a positive effect of the heat
treatment on the corrosion behavior was demon-
strated due to the formation of a stable oxide layer,
which is visible in the minimal differences between the
samples loaded for 168 and 720 hours. For the sam-
ples processed at a temperature of 650 °C and loaded
for 720 hours, the smallest dispersion of the measured
values of microhardness was also recorded, which also
indicates the increased stability of the formed oxide
layer. At these temperatures, no significant changes in
the microstructure were also noted, which means that
the equiaxed o+ structure was preserved in both
cases.

In contrast, the temperature of 800 °C contributed,
compared to lower processing temperatures, to the
formation of a very pronounced surface layer, the
thickness of which was around 30 pm. This tempera-
ture also caused visible changes from the point of view
of the microstructure, where a greater content of the
B phase was obtained in the structure, due to the dif-
fusion of aluminum as a stabilizer of the alpha phase
into the surface layer. As a result of the diffusion of
aluminum into the surface layer, the formation of
AlOj can also be assumed at the interface between air
and oxide, which, according to some expert articles,
acts as a barrier and causes a decrease in the amount
of dissolved oxygen under the oxide layer.

Despite the use of the start-up temperature curve,
which was expected to have a positive effect on ob-
taining a homogeneous layer with good adhesion to
the substrate, it was not possible to support the
growth of a defect-free layer. Defects were noted on
all samples, which had a very significant effect on the
corrosion behavior itself, as the corrosion environ-
ment penetrated these defects and subsequently sepa-
rated part of the layer. The formation of corrosion
products in the place of defects is also very visible on
the measured values of microhardness, where there is
a sudden increase of 300 to 400 HV0.01.

From the point of view of the influence of heat
treatment on corrosion behavior and microstructure,
it is therefore possible to say that the temperature of
650 °C proved to be more unfavorable in this experi-
ment. At this temperature, a homogeneous and per-
fectly adherent oxide layer was achieved, where no de-
fects were visible and it was not damaged even as a
result of corrosion stress. This layer, together with the
oxygen diffusion area, contributed to an increase in
hardness not only in the surface but also in the sub-
surface layer, while the average value of this increase
was around 80 HV0.01 in the surface and around 50
HVO0.01 in the subsurface layer. No changes in the mi-
crostructure of the base material were also noted at
this temperature. After heat treatment and corrosion
stress, the equiaxed o+f structure with a uniform and
regular distribution of both phases was still preserved.

Such a structure is characterized by relatively high sta-
bility, strength and good corrosion resistance, which
was further supported by a newly formed surface layer
of oxides, which, among other things, contributed to
an increase in microhardness.

Higher temperatures contributed to obtaining a
thicker surface layer for the same length of oxidation,
whichindicates an increase in the rate of oxidation.
This fact confirms the importance of temperature dur-
ing thermalprocessing, as a determining factor in the
rate of oxidation. At the same time, however, it is nec-
essary to take into accountthat acceleration of oxida-
tion due to higher temperatures can bring the entire
newly formed layer tometastable state due to internal
and warm effects. The creation of such a structureit
allows oxidation in an uncontrolled mannet.

On the basis of the experiment carried out, it is
possible to come to the conclusion and give the as-
sumption that a further increase in temperature during
heat treatment will cause an increase in both micro-
hardness and other mechanical properties (strength,
hardness, etc.).
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