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Abstract. In the present study, the microstructures of five samples of the Ti-6246 alloy were
investigated using SEM and OM devices. Four samples had been examined during different
thermo-mechanical processing and heat treatment (hot plastic deformation and normalizing
heat treatment) in a + B and B field domain respectively. The results demonstrate that the phase
transformations and compositional modifications induced by thermo-mechanical processing
and heat treatment have a dramatic influence on the microstructural characteristics. It was
concluded that all samples present many morphologies textures and orientations. The
microstructures features had improved in the normalizing heat process in comparison with the
parent material and the hot deformation process.
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1. Introduction

Over the past six decades, the titanium (Ti) based alloys have attracted the attention of the authors and
the researchers because it possess unique properties that make it distinct from other alloys. Various
types of Ti-based alloys are available, the Ti-6Al-2Sn-4Zr-6Mo (Ti-6246) alloy is one of the most
popular alloys was developed by Pratt and Whitney (P&W) in the United States around 1966 to
provide high strength alloy. The alloy is widely used in aero-engine components because it has
important features such as low density, high strength, and excellent corrosion resistance to the high
extreme environment [1, 2, 3]. On the other hand, the most flaws of this alloy are the high cost and the
difficulty of extraction and separation of raw materials in spite of many attempts, even nowadays,
these obstacles still exist. Titanium alloys can be categorized as a + [ titanium alloys group from the
alloying elements partitioning viewpoint. o + 3 alloys are rich of both o and B stabilizers, comprising
around 4 to 6% of P stabilizers which make them very desirable to develop high strength alloys. Near-
B or “metastable B alloys have less amount relatively of f -stabilizers that contains approximately
(10% - 15%) in comparison with B alloys includes large quantities of B-stabilizers (around 30%) that
stabilize  phase at an ambient temperature which is considered the very heavily -stabilized alloys.
On the contrary, Ti-alloys type a is single phase alloys i.e. they do not have B-stabilizers elements and
near-o/super o alloys have a slightly higher response to the thermo-mechanical processes (TMPs) than
o alloys. This is because they contain a slight percentage (up to 2 wt. %) of B -stabilizer leads to
enhance their workability, ductility, and strength [4, 5, 6].

Earlier, Boyer [1] has reported that Ti-6246 alloy used essentially in the military aircraft engines
like F-100 and F-119 at a yield stress scale of 1035 MPa, but the properties of damage tolerance for
this alloy are not good in comparison with Ti-6Al-4V and Ti-6Al-2Sn-4Zr-2Mo alloys. Therefore, the
Ti-6246 alloy is not used in commercial engines due to the shorter examination periods that would be
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required. Ti-6246 alloy has a low possibility in taking place the essential imperfections like the gas
porosity which exist as a result of the melting or/and the inclusions of ceramic that may occur
normally in industrial alloys. Moreover, this property makes it more attractive in many methods of
static applications in the chemical processes and aerospace industries [7, 8, 9].

Recently, Pretorius et al. [10] have stated that around 33% of the weight of a civilian aircraft
engines is made up of titanium alloys, whereas was about 50% for the military aero-engines. On the
other hand, Pederson et al. [11] they have mentioned that Ti-6246 alloy is appreciated for the
aerospace industry such as fans and compressor rotors parts which required high loads at intermediate
temperatures. Furthermore, some applications of the Ti-6246 alloy at medium temperatures like jet
engine components, the inner part in gas turbine discs and impellers, in the deep sour well
components, also used as a part of the blades, disc, and seal [7, 10].

The B-transus temperature (TTp) is a central point in the thermo-mechanical processing topic
because it is working to an arrangement and separate of the alpha and beta phases [12]. It can be
defined as the lowest equilibrium temperature at which the material is 100% [ [13, 14]. Several
attempts have been conducted to explore the influence of (TMPs) and heat treatments (HTs) on the
microstructure and mechanical properties of o + B titanium alloys to produce maximum strengths
alloys [15-19]. Generally, o + B alloys required a combination of TMPs and HTs to change the
microstructures and mechanical characteristics in comparison with B alloys that can be changed
dramatically just by HTs [20-22].

The titanium alloys underwent to the thermo-mechanical processes which affected dramatically in
accordance with the different temperatures used and the type of the thermo-mechanical process
applied to the alloy. The main purpose of the thermo-mechanical processes of titanium alloys is to
create the forms required for use through the primary work (ingot breakdown) and then set it up for the
secondary work (mill operations) such as hot rolling or forging for example. Besides, to improve the
mechanical properties by the control the microstructure during apply different stages of thermo-
mechanical processes [23, 24]. The main objective of the present paper is to examine the changes in
the microstructures development during different steps of TMP and HT.

2. Materials and Methods

The workpiece material is Ti-6246 alloy as-cast was chosen for this paper which has TTg 940°C £5°C
[14, 25-27]. This alloy obtained by Vacuum Arc Remelting (VAR) at Zirom S.A. of Giurgiu,
Romania. Table 1 shows the chemical composition of Ti-6246 alloy (as-cast).

Table 1. The chemical composition of the Ti-6246 alloy as-cast.

Alloy type Components of alloy (wt. %)
. Al Sn Zr Mo Fe Ti
Ti-6246 (5.50) (1.34) (3.60) (5.96)  (0.06) (Balance)

The samples that have been prepared from the as-cast alloy were cut into two parts by using a
precision cutter device model Metkon Micracut 200. The dimension of these parts before deformation
was around 27 mm, 11 mm and 4.2 mm. Five samples were investigated for the microstructures of Ti-
6246 alloy; sample I (as-cast), samples Il and IV were examined for hot plastic deformation process at
temperatures lower than TP up to 800°C and 900°C respectively. Alongside, samples III and V were
inspected to the normalizing heat treatment with a stable temperature slightly higher than T at 950°C.

Two stages were used to process this alloy, the first one is the TMP includes the samples Il and IV
that carried out through upsetting (forging) for the alloy with same potential energy (weight) 117 Kg
and free fall distance (high) 1m to obtain a higher degree of distortion with maintaining the
microstructural integrity throughout the alloy. This process involves deformation below TTp of the Ti-
6246 alloy at temperatures of 800°C and 900°C (time duration, 15 mins) and directly cooled at room
temperature. The last process is normalizing HT contains the samples III and V which performed at
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constant temperature 950°C (time duration, 30 mins), and immediately furnace cooling conditions to
ensure sufficiently slow cooling rate for finalizing the microstructure deformation. Figure 1 shows the
TMP route used for Ti-6246 alloy.
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Figure 1. The TMPs route of the Ti-6246 alloy.

Three microstructures have been investigated, as-cast, deformed and normalized samples. Five
samples were cut and prepared with a very good surface finish using a precision cutter Metkon
Micracut 200. Thereafter, all samples were subjected hot-mounted using a Buehler SimpliMet
mounting press inside the cylindrical sampler. Thence, all samples underwent to grinding and
polishing using a Metkon DIGIPREP Accura (advanced high-end grinding and polishing system).
Eventually, the microstructure was analyzed using scanning electron microscopy (SEM) device model
TESCAN VEGA II-XMU and optical microscopy (OM) respectively.

3. Results and Discussions
The samples dimensions Il and IV have changed after hot plastic deformation process. Table 2

displays the dimensions of samples II and IV after hot plastic deformation process.

Table 2. The dimensions of samples II and IV after hot deformation process.

New dimensions, Samples

(mm) Sample 11 Sample [V
Length 34.4 353
Width 224 234
Thickness 1.8 1.7

The following relation has been used to calculate the deformation degree of samples II and IV:
H-h

Where,

€ - Is the deformation degree (%);
H - Is the initial thickness in (mm);
h - Is the final thickness in (mm).
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The deformation degree of samples II and IV were 56.1% and 59.5% respectively. It is worth
mentioning that the temperature is proportional directly to the deformation degree, where confirm that
the higher the temperature the greater the degree of deformation.

3.1. Alloying elements dispersion

The results of each sample for SEM-BSE and alloying elements dispersion inside the microstructures
are shown in Figures 2 - 6. Once seeing SEM-BSE images that are shown in Figures 2a, 3a, 4a, 5a and
6a, the microstructures can be designated. The microstructure that is shown in Figure 2a comprising o-
lamellar colonies which have independently adapted in different directions with B-phase dispersed
between a-lamellar whereas, the microstructure that shown in Figure 3a includes thick a lamellar
among P phase matrix in addition to a lamellar colonies dispersed within the same [ phase matrix.
Moreover, Figure 4a shows that the microstructure contains o + B lamellar aligned similarly as in the
as-cast material while the microstructure in Figure 5a involves crooked a lamellar into § phase matrix.
Furthermore, the microstructure inside SEM-BSE image (Figure 6a) is a + B acicular lamellar.

On the other hand, to compute the concentration/content for all alloying elements dispersion, six
random microstructural images were obtained and EDS analyzed. Table 3 reveals the results of
chemical composition data that were statistically estimated for each sample from the as-cast to V
sample. It can be seen that the higher concentration of Ti element is detected in a phase as illustrating
in Figures 2b-6b; also Al element as depicted in Figures 2c-6¢ is considered as a-stabilizer because it
has an obvious influence on o-Ti phase. Besides, the Mo and Fe elements as shown in Figures from
2d, 2g to 6d, 6g were identified as B-stabilizer because they work on promotes B-Ti phase. Normally
both of Zr and Sn elements have a neutral behavior on two phases of Ti (Figures 2e-6e and Figures 2f-
6f), but it was observed Zr element has a strong effect on the  phase by contrast with Sn element that
exhibits a moderate dispersion of both phases, except (Figure 5f), it seems to strengthen a-Ti phase
more than § phase. As noted in Figures 2h — 6h, the existence of Ti, Al, Mo, Zr, Sn and Fe elements,
and there are no other relevant EDS lines being observed [4, 23, 28].
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Figure 2. Alloying elements dispersion inside as-cast sample; a) high magnification BSE image of as-
cast sample microstructure; b) Ti dispersion; ¢) Al dispersion; d) Mo dispersion; ¢) Zr dispersion; f) Sn
dispersion; g) Fe dispersion; h) EDS spectra of the as-cast sample.
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Figure 3. Alloying elements dispersion within the sample II (hot-deformed at 800°C); a) high
magnification BSE image of sample II microstructure; b) Ti dispersion; c¢) Al dispersion; d) Mo
dispersion; e) Zr dispersion; f) Sn dispersion; g) Fe dispersion; h) EDS spectra of sample II.

“LLdd
Figure 4. Alloying elements dispersion inside the sample I1I (hot-deformed at 800°C and normalized
at 950°C); a) high magnification BSE image of sample III microstructure; b) Ti dispersion; c) Al

dispersion; d) Mo dispersion; e) Zr dispersion; f) Sn dispersion; g) Fe dispersion; h) EDS spectra of
sample III.
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Figure 5. Alloying elements dispersion into the sample IV (hot-deformed at 900°C); a) high
magnification BSE image of sample IV microstructure; b) Ti dispersion; ¢) Al dispersion; d) Mo
dispersion; e) Zr dispersion; f) Sn dispersion; g) Fe dispersion; h) EDS spectra of sample IV.
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Figure 6. Alloying elements dispersion within the sample V (hot-deformed at 900°C and normalized
at 950°C); a) high magnification BSE image of sample V microstructure; b) Ti dispersion; ¢) Al
dispersion; d) Mo dispersion; e) Zr dispersion; f) Sn dispersion; g) Fe dispersion; h) EDS spectra of
sample V.

Table 3. Statistical data on the chemical composition of all samples
Absolute Relative

Samples Element Line [10\/1121;?/?] [1:2&;5] error error
[%] [%]
Titanium (T1) K-Serie  83.45 84.54 2.36 2.79
Aluminium (Al) K-Serie 5.50 9.89 0.29 5.22
As-cast Molybdenum (Mo) L-Serie 5.96 3.02 0.24 3.95
alloy Zirconium (Zr) L-Serie 3.60 1.91 0.16 4.47
(Sample I)  Tin (Sn) L-Serie 1.43 0.58 0.07 4.67
Iron (Fe) K-Serie 0.06 0.05 0.03 44.98
Sum 100 100
Titanium (Ti) K-Serie  83.12  83.91 2.33 2.79
Aluminium (Al) K-Serie 5.93 10.62 0.31 5.19
Molybdenum (Mo) L-Serie 5.55 2.8 0.22 3.98
Sample I  Zirconium (Zr) L-Serie 3.77 2 0.17 4.45
Tin (Sn) L-Serie 1.61 0.65 0.07 4.48
Iron (Fe) K-Serie 0.02 0.02 0 2.7
Sum 100 100
Titanium (T1) K-Serie  83.23  84.32 2.31 2.79
Aluminium (Al) K-Serie 5.61 10.09 0.29 5.22
Molybdenum (Mo) L-Serie 5.97 3.02 0.23 3.96
Sample III ~ Zirconium (Zr) L-Serie 3.62 1.92 0.16 4.48
Tin (Sn) L-Serie 1.54 0.63 0.07 4.57
Iron (Fe) K-Serie 0.02 0.02 0 2.71
Sum 100 100
Titanium (T1) K-Serie 83.3 84.01 2.33 2.79
Aluminium (Al) K-Serie 5.94 10.63 0.31 5.19
Molybdenum (Mo) L-Serie 5.32 2.68 0.21 4.01
Sample IV Zirconium (Zr) L-Serie 3.76 1.99 0.17 4.45
Tin (Sn) L-Serie 1.67 0.68 0.07 4.43
Iron (Fe) K-Serie 0.02 0.02 0 2.71
Sum 100 100
Sample V Titanium (T1) K-Serie 8292  83.85 2.35 2.79
Aluminium (Al) K-Serie 5.89 10.56 0.31 5.19
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Molybdenum (Mo) L-Serie 5.68 2.87 0.23 3.97

Zirconium (Zr) L-Serie 3.72 1.97 0.17 4.45

Tin (Sn) L-Serie 1.76 0.72 0.08 4.34

Iron (Fe) K-Serie 0.03 0.03 0 2.68
Sum 100 100

3.2. Metallographic Analysis

The results of SEM and OM microstructures of the Ti-6246 as-cast alloy (sample 1) with different
magnification factors are shown in Figure 7. It can observe that Figure 7c have a higher magnification
factor and the microstructure of this sample contains two phases. The a phase that refers to the darker
color and the B phase which indicates to the brighter color. The structure of as-cast alloy was alternate
a-lamellar morphology in diverse orientations with a B-phase matrix to forms eventually a + f
lamellar. As well the volume fraction of a phase is higher than the  phase volume fraction (Figures 7a
and 7b). Moreover, Figure 7d presents the results of OM microstructure of the Ti-6246 as-cast alloy
(sample I). As described above, the microstructure of OM has both phases but in contrast with SEM
microstructures, where o phase which indicates to the brighter color and  phase that refers to the
darker color. Furthermore, the microstructure of OM has been determined as a + B lamellar that
crossed with each other aligned similarly in SEM microstructures. One can see in Figure 7d, the form
of the grain is quite large and the high content of o phase between the grains boundaries.

Figure 7. SEM and OM microstructures of the as-cast sample (Sample I).

The microstructures have been examined by SEM and OM in sample II that carried out the hot
plastic deformation at 800°C with time duration of 15 minutes as depicted in Figure 8. The results
revealed that there is an important alter/change in the microstructure that consists of a large quantity of
a phase with a heterogeneous distribution of thick o lamellar morphology along with a much amount
of P phase matrix. Moreover, it was observed that inside the [ phase matrix itself there are
precipitations of the o lamellar colonies (Figure 8c). Furthermore, the slow cooling procedure leads to
increase in the thickness of individual lamellae and various sizes of a lamellar dispersed in different
orientations as shown in Figures 8a and 8b. Whereas in Figure 8d, there is an obvious elongation take
place for the grains in the middle of the sample in different orientations. It was found that the
microstructure comprises a mixture of a and  phases.

Figure 8. SEM andOM microstructures of sample II during the liot“—defoed process at 800°C.
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In the micrographs shown in Figure 9, the results of the microstructures of sample III were
captured through SEM and OM. The hot deformation process and normalized heat treatment were
conducted at temperatures of 800°C and 950°C one by one. Nevertheless, once the sample is heated
again at a temperature slightly above the TP which led to recrystallization occurrence in the
microstructure of both phases and change/alter the structure to the a + f lamellar aligned similarly as
in the as-cast material. One can see in Figure 9b, the formation of slightly large o grains size as a
result of adequately slow cooling and inside these a grains themselves there are o + B lamellar
colonies. While Figure 9c displays the appearance of small grains that represent the site of junctions
between the other bigger grains sizes as a result of the low temperature. The cooling rate used in the
alloy is the essential determiner to the nature of these a colonies textures. The a grains are large/coarse
when the cooling procedure enough slowly. Thereby, these colonies can grow to be quite long
(hundreds of microns) [29]. Once seeing Figure 9d, the microstructure was almost comparable to the
parent sample (small o + B lamellar colonies), apparently, it has realized the prosperity of the small
grains in comparison with the parent sample.

Figure 9. SEM ar;a OM microstructures of sample III during the h(‘)“t—defoed roes at 800°C and
normalized heat treatment process at 950°C.

The microstructures of sample IV that were analyzed using SEM and OM are shown in Figure 10.
The hot plastic deformation process has been applied at 900°C during the time duration of 15 minutes.
It was detected that the microstructure comprises of also a heterogeneous arrangement of o phase with
morphology looks like crooked a lamellar into B phase matrix. However, it can be seen in Figures 10a
and 10b that the effect of increasing temperature limits the expansion of these o plates and makes them
less intensive and propagation. The significant difference in the microstructure was in the p phase
where became a full massive amount of 8 phase (i.e. there are no o lamellar colonies into B phase itself
as illustrated in Figure 10c) in comparison with the sample that carried out the hot deformation at
800°C (Figure 8c). While in Figure 10d the same procedure appears which previously discussed in
Figure 9d. But manifests the microstructure is more explicit at mid-sample. It produces much more o
and f phases ranges as a comparison to the lower temperature that represented in Figure 8d.
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Figure 10. SEM and OM microstructures of sample IV during the hot-deformed pr:)ces..sb at 900°C.

The micrographs have been explored during SEM and OM; the outcomes of the microstructures for
sample V are shown in Figure 11. The hot deformation process and normalized heat treatment were
performed at temperatures of 900°C and 950°C respectively. As described earlier when the sample is
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heated once again the structure is recrystallized to form somewhat large grains size as seen in Figures
11a and 11b. Despite the size of the grains depends on the cooling rate conditions, but the time
duration for the heating process plays an important role in controlling grains sizes. Therefore, the
cooling rate that used was slow enough to forms large grain size. In contrast, the time duration was not
enough to generate a very fine grain size. Figures 11b and 11c can explain the change that takes place
in the microstructure which consisting of a big content of both phases with a morphology a + f
acicular lamellar, where o phase begins with growth and nucleation to pinned from the grains
boundaries and propagate continuously inside the grains. Whilst in Figure 11d the microstructure was
contained a large of a + B lamellar colonies along with large grains size conversely to the grains that
appear in sample III (Figure 9d).

: Rl il A il e o il O —
Figure 11. SEM and OM microstructures of sample V during the hot-deformed process at 900°C and
normalized heat treatment process at 950°C.

4. Conclusions

The principal purpose of this paper is to detect the effect of the microstructures features (the grains
size, grain boundaries, the thickness of lamellar, and lamellar colonies) that were exposed to a
combination of hot mechanical work and heat treatment in the o + B and f field range sequentially. It
was concluded the most significant variable is the temperature which has a strong effect on the
microstructure evolution, although the temperatures were less than the temperature of recrystallization
for the deformed samples. However, it had provided differently morphologies in the microstructure
analysed by SEM and OM devices in comparison with the other thermo-mechanical variables such as
time duration and cooling rate. Otherwise, the time duration (15 minutes) for both deformed samples
was had no great role in influencing the microstructures like the temperature. Moreover, the slow
cooling rate makes the morphology of a + § lamellar thicker as compared to the parent sample.

For the deformed and normalized samples that examined in the SEM and OM devices, it was
concluded that all heat treatment variables (temperature, time duration and cooling rate) have an
important effect on the microstructures features. Where the temperature became slightly above the
recrystallization temperature along with the cooling rate which was sufficiently slowly led to generate
in somewhat large grains due to the time duration is not long enough (30 minutes), but it small than
the as-cast alloy. From the mechanical viewpoint, the smaller grains are favoured for the mechanical
characteristics. Therefore, the microstructures features were enhanced as compared to the as-cast alloy
and deformed samples. As well it was concluded that the first case of the normalization process
applied to the third sample produced small grains as junction zones between the large grains because
the temperature was not high compared with the second case of the normalization process had
performed on the fifth sample, hence, sample five had created a finer a + [ lamellar textures
morphology than sample three.
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