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Abstract: Ti-6Al-4V alloys are used in various industrial fields such as aircraft parts due to its
excellent specific strength and mechanical properties. A high-temperature forming technology has
been applied because it is difficult to process complex shapes. During the high-temperature forming
process, the microstructure changes significantly due to temperature, strain rate, reduction ratio,
and other process variables, and mechanical properties of high-temperature molded products are
changed accordingly. Therefore, in this study, a high-temperature compression test was performed
on AMS4928, which is one of Ti-6Al-4V alloys used as a material for aircraft parts, and the severe
plastic deformation and dead zone were confirmed in connection with the processing map. The
changes in microstructure were comparatively analyzed. In addition, it was confirmed that there
was a difference in formability due to grain refinement by dynamic recrystallization, and optimal
high-temperature forming conditions were derived by linking and analyzing the formability and
microstructural factors.
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1. Introduction

AMS4928, one of Ti-6Al-4V alloys, is an o + 3 type alloy and is the most frequently
used alloy among Ti alloys due to its high specific strength, excellent corrosion resistance,
and excellent mechanical properties at high temperatures [1-4]. High-temperature materials
such as titanium alloy and nickel superalloy have been applied in various industries such
as power generation facilities, chemical plants, gas turbines, and jet engines [5-8], but it is
not easy to machine complex shapes. For this reason, many high-temperature processing
methods such as hot rolling, hot forging, and hot forming are applied. In particular, it
is known that a ring-rolling process is generally used in the manufacture of Ti alloys for
aircraft engines [9,10].

This ring-rolling process is greatly related to the microstructure change of Ti alloys,
and shows a difference in mechanical properties. In addition, defects or inhomogeneity of
materials according to process variables such as temperature, strain rate, and reduction rate
in the process cause an increase in production unit costs. It is important to determine the
optimal process conditions and clearly identify the high-temperature deformation behavior
of the material in order to solve this problem [11-16]. Accordingly, research has been
conducted steadily to optimize the forming process at minimal cost and to improve the
quality of the product through considering forming defects and microstructure changes
according to the recent development of the finite element analysis technology [17-20].
To date, there is a dynamic material model proposed by Prasad et al. [21] in order to
predict forming defects during a hot forming process. In addition, different methods such
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as criteria for plastic unstable and stable regions proposed by Ziegler [22], Malas [23],
and Murty [24] have been studied, and their reliabilities have been proven by practical
applications [25]. Although many studies have been conducted according to the importance
of the high-temperature forming, there are not many research results obtained based on
the understanding of microstructures by deriving a process map through a polynomial
regression analysis method according to the proposed dynamic material model. In addition,
it is difficult to apply it to a practical ring-rolling process of 500 bulk material even if it is
based on the microstructure [26-28].

Therefore, in this study, reliable process maps were derived by comparing dynamic
material models according to changes in the temperature and strain rate of AMS4928, which
is one of Ti-6Al-4V alloys, and the process conditions of unstable and stable regions during
the plastic deformation process were analyzed. In addition, microstructural changes were
compared and analyzed through the consideration of the Dead Zone and Severe Plastic
Deformation region according to each condition for the high-temperature formability eval-
uation. The optimal process conditions obtained through the analysis of plastic instability
and energy dispersion efficiency were applied to a practical ring-rolling process to evaluate
the formability.

2. Materials and Methods

The Ti-6Al-4V alloy used in this study is an AMS4928 grade Ti alloy, and its com-
position is Ti-5.50~6.75A1-3.5~4.5V-0.30Fe, which is a bulk material forged to ®500 with
a forging ratio of 1.5~2 after performing VAR (Vacuum Arc Remelting) twice. For observing
the initial microstructure, the as-received material of 500 was divided into four parts, and
high-temperature compression specimens of ®10 x 15 mm were machined in the circum-
ferential direction at an intermediate point of its radius, as shown in Figure 1. Then, one of
them was divided into XY, YZ, and XZ planes, cut, and hot-mounted. Then, macropolishing
was performed using abrasives of #200~#2000, and micropolishing was performed using
abrasives of 6~0.04 um. After polishing, 2 mL of HNOj3; and 2 mL of HF were mixed with
100 mL of H,O to perform an etching process. The microstructure of the etched specimen
was observed at x50~ x 1000 magnification through an optical microscope.

YZ Plane XY Plane

- -

125

Figure 1. Schematic position diagram for the high-temperature compression samples in the as-
received Ti-6Al-4V alloy.
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In addition, Vickers hardness was measured using a Vickers hardness tester (HM-200,
Mitutoyo, Japan) in order to evaluate the mechanical properties at room temperature, and
a room temperature tensile test was conducted using a universal material tester (UTM,
BESTUM-10MD, Ssaul Bestech, Seoul, Korea). The Vickers hardness test measured 12 points
in the direction of crossing the specimen by applying a load of 0.5 kgf for a holding time
of 15 s at 0.25 mm intervals, and calculated the average hardness and standard deviation
excluding the maximum and minimum values. The room temperature tensile test was
conducted at a strain rate of 1 x 1073 /s after processing the specimen in the circumferential
direction (A1, By) and the center direction (A, By) according to the rod-shaped tensile
specimen standard with a grip part of ®10, a marking distance of 24 mm, and a diameter
of ®6 for the measurement section based on the ASTM E8M-16a standard.

To determine the physical properties and deformation behavior of the Ti-6Al-4V
alloy at high temperature, a ©0.5 x 1 mm hole for mounting a thermocouple on the high-
temperature compressed specimen was additionally processed in the center of the specimen.
The high-temperature compression test was conducted using a Gleeble 3500 equipment
in the temperature range of 800~1100 °C with a heating rate of 10 °C/min, a holding
time of 60 s, and air cooling at a reduction rate of 70% maximum according to a total of
7 temperature conditions (800 °C, 850 °C, 900 °C, 950 °C, 1000 °C, 1050 °C, and 1100 °C)
and 3 strain rate conditions (1 x 10°/s, 1 x 1071 /s, and 1 x 10~2/s) with 50 °C inter-
vals. Then, the strain rate sensitivity was presented as a gradient by deriving the flow
stress, and a polynomial regression analysis was performed on the plastic instability and
stability criteria.

Macrostructures and microstructures were observed after cutting the high-temperature
compressed specimen in two parts according to each condition in order to observe these
structures in each zone after applying high-temperature compressing to the specimen.
In addition, an SEM-EBSD analysis was conducted to determine the difference in the
formability caused by the grain refinement according to the dynamic recrystallization.

The ring-rolling process was performed by applying the optimal process conditions
derived from the analysis of the above high-temperature compressive deformation behavior,
and the macrostructure and microstructure of a practical ring-rolling forming product
were observed.

3. Results and Discussion
3.1. Room Temperature Properties

Figure 2 shows the observation of the initial microstructure of the AMS4928 bulk
alloy obtained through a forging process. In all XY, YZ, and XZ planes, a uniform « + 3
Widmanstatten structure was observed throughout the specimen, and no differences in mi-
crostructures according to directionality were observed. During VAR, a number of spherical
fine grains of 5~10 pm were observed due to the grain growth after its recrystallization.

Figure 2. Optical micrographs of the as-received Ti-6Al-4V alloy; (a) XY Plane, (b) YZ Plane,
(c) XZ Plane.
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For verifying the hardness difference according to the directionality of the AMS4928
alloy, the Vickers Hardness was measured in the direction crossing the specimen, and the
result is shown in Figure 3. Based on the measured values where the average hardness of
the XY Plane was 301.29 Hy, the standard deviation was 22.6 Hv, the average hardness of
the YZ Plane was 289.76 Hyv, the standard deviation was 9.58 Hv, the average hardness of
the XZ Plane was 301.88 Hv, and the standard deviation was 13.75 Hyv, the hardness values
were uniform without significant differences according to directionality considering the
standard deviation.

400
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250 —-
200 —-
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Vickers Hardness (Hv)

100

50 4

0+
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Figure 3. Average Vickers hardness of the as-received Ti-6Al-4V alloy.

In order to evaluate the internal and external strength properties of the AMS4928 bulk
alloy in the as-received state, the room temperature tensile strengths in the circumferential
and central directions of the specimen were measured, and the resulting stress—strain curve
is shown in Figure 4. As a result of the tensile test, the average yield strength, tensile
strength, and elongation in the circumferential direction (Aj, B;) were 933 MPa, 990 MPa,
and 9.5%, respectively, and the average yield strength, tensile strength, and elongation in
the central direction (A, B) were 890 MPa, 945 MPa, and 5%, respectively. There were
differences of the yield strength and tensile strength of about 50 MPa, respectively, and
elongation of about 5% according to the direction. This result is because the microstructure
of the external has a narrower lath spacing than the internal due to the difference in cooling
rates between the internal and external after VAR processing of the ®500 bulk material.

1200
—Ti-6AI-4V A ——Ti-6A-4V A,

—Ti-6Al-4V B, —— Ti-6Al-4V B,

1100

1000
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Figure 4. Tensile stress-strain curves circumferential and central directions of as-received
Ti-6Al-4V alloy.



Appl. Sci. 2022,12,7621

50f 15

Stress (MPa)

-300

-250

-200

-150

-100

3.2. High Temperature Properties
3.2.1. Hot Compression Test

Figure 5 shows the stress—strain curve according to the high-temperature compression
test. As shown in Figure 5, the strain rate hardening effect and the flow softening curve,
which increase in strength according to increases in the strain rate, and the strength tend
to decrease as the temperature increases. The high-temperature compression strength
represented the lowest value of 14 MPa at 1100 °C and 1 x 1072 /s, and the highest strength
value of 232 MPa at 800 °C and 1 x 10°/s. In addition, rapid stress reduction and vibration
are observed under low temperature conditions in the early high-temperature compression
stage. It is known to occur when the plastic deformation of materials is unstable or locally
concentrated [29]. The change in microstructures that occurs during a high-temperature
forming process directly affects the behavior of high-temperature deformation, and optimal
forming conditions can be derived by presenting a process capable of controlling the
final microstructure.
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Figure 5. True stress—strain curves of Ti-6Al-4V alloy at various temperatures and strain rates;
(a) strain rate 1 x 1072 /s, (b) strain rate 1 x 1071 /s, (c) strain rate 1 x 109/s.

3.2.2. Processing Map

The model considered for the evaluation of the formability of the AMS4928 alloy in this
study is a dynamic material model, which was proposed by Prasad and Gegle [21]. This is
based on the energy (G) used by the material plastic deformation and the energy (J) used to
generate a change in microstructures when the plastic deformation is performed according
to temperatures and strain rates given to the material. In order to express this model
quantitatively, the energy dispersion efficiency (1) is presented as shown in Equation (1).

n=2m/(m+1) 1

In order to increase the reliability of the strain rate sensitivity coefficient (m), it is ex-
pressed in Equation (2) as a polynomial regression equation through the polynomial fit, and
accordingly, the newly defined strain rate sensitivity coefficient is shown in Equation (3).
Then, the flow stress at a reduction rate of 60% is shown in Figure 6.

In(c) = a + blné +c(In &) @)
m = b +2cln¢ 3)

The strain rate sensitivity coefficient (m) obtained through this process is an indicator
that this is the criterion for the stability and instability in its plastic deformation, and the
contour map for the energy dispersion efficiency (1) is shown in Figure 7. The energy
dispersion efficiency tends to increase as the strain rate is lower, and the energy dispersion
efficiency (n) is relatively high under the strain rate of 1 x 10~2/s at temperatures of
800~850 °C and 1050~1100 °C, which means that microstructural changes in the material
are active. The contour map through the energy dispersion efficiency may be used to derive
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optimal forming conditions, but it is difficult to use the contour map as a criterion for
evaluating the stability during the high-temperature forming process [25]. Therefore, the
methods proposed by Ziegler [22], Malas [23], and Murty and Rao [24] were used to predict
the possible forming defects during the high-temperature forming process.
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Figure 6. Flow stress curves at different temperatures as a function of strain rate (¢ = 0.6).
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Figure 7. Deformation contour map shown by temperature-log(strain rate) relation of Ti-6Al-4V alloy

(e = 0.6) indicating the efficiency of power dissipation.

First, the criterion for plastic instability proposed by Ziegler [22] is shown in Equation (4).

a(é)zaln[ma/lr(lmé—i-l)]_'_m <0 )

where ¢ is an index of flow instability and is a dimensionless value. If it represents
anegative value as a function of temperature and strain rate, it is defined as an unsta-
ble region during the plastic processing. If it is defined through a polynomial regression
equation, it can be expressed as Equation (5). Then, the following unstable region is shown
in Figure 8. This showed a value of £(¢) < 0 under the strain rate conditions of 1 x 1072 /s
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and 1 x 10~1/s at 800~850 °C and all strain rate conditions at 950 °C. It is expected to result
in unstable plastic processing in this region.

. 2c
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Figure 8. Deformation contour map shown by temperature-log(strain rate) relation of Ti-6Al-4V alloy
(¢ =0.6) by Ziegler’s instability criterion (&).

Meanwhile, Malas [23] introduced the criteria for the strain rate sensitivity coefficient
(m) and temperature sensitivity coefficient (s) based on the Lyapunov function, and ex-
pressed it as a function for 1/T as shown in Equation (6) in order to interpret the relationship
to the temperature sensitivity coefficient. Figure 9 shows the result of fitting, and the plastic
stable region is expressed in four different conditions, as shown in Equations (7)—(10). Here,
each region means whether energy is consumed as a stable or an unstable mechanism, and
the contour map of each condition is shown in Figure 10.

In(0) = a+b'(1/T) +c'(1/T)? 6)
0<m<1 7)
m’ =0m/d(In¢) <0 8)

v o2
s'=0s/(dlné) <0 (10)

Accordingly, the plastic unstable region defined by Malas [19] showed unstable regions
under strain rate conditions of 1 x 10°/s at 800 °C according to the strain rate sensitivity
coefficient (m), and all the conditions at 900 °C and 1000 °C according to the value of m'.
In addition, it showed unstable regions under the temperature conditions of 1050~1100 °C
according to the temperature sensitivity coefficient (s) and the temperature conditions of
800~925 °C according to the value of s'.
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Figure 9. In(strain rate) variation as a function of inverse temperature.
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alloy (e = 0.6) by Malas’s instability criterion (&); (a) strain rate sensitivity (m), (b) m’, (c) deformation
temperature sensitivity (s), (d) s'.

Figure 11 shows the plastic unstable contour map proposed by Ziegler [22], and
Malas [23] calculated one processing map through the polynomial regression equation and
the contour map of the energy dispersion efficiency of the strain rate sensitivity coefficient.
In the finally derived processing map, the hatched area represents a plastic unstable
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Log(Strain Rate, /s

region, which can cause the formation of defects such as local shear band generation and
internal and external cracks. It is expected that the most stable forming can be performed
uniformly under the conditions of 1050 °C and 1 x 10~2/s, which do not belong to any
unstable region.

oz (D)
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Figure 11. Complex processing map showing the stable and unstable deformation region
(e = 0.6); (a) Ziegler’s instability criterion, (b) Malas’s instability criterion. Shaded area means the
unstable region.

3.2.3. Macrostructure and Microstructure

Figure 12 shows the macrostructures of unstable and stable regions of the cross-
sectioned areas under the process conditions identified in the processing map. Figure 12a—c
represents the plastic unstable regions, and it can be seen that the compression of the
unstable shapes appeared as looking at the shape of the specimen. During the compression,
friction with the die and heat exchange caused a barreling phenomenon, and the Dead Zone
was observed on the top and bottom of the specimen and the Severe Plastic Deformation
region was observed in the center. In addition, it can be seen that the flow localization
band was created at an angle of 45°, and the flow localization band was generated by the
insulation conditions caused by the deformation of the high-temperature compression
and the local reduction of flow stress due to the low thermal conductivity of the Ti-6Al-
4V alloy. As the temperature increases and the strain rate decreases, the strength of the
band decreases, and cracks are likely to occur at an angle of up to 45° [30]. In practice,
cracks occurred along the flow localization band as shown in Figure 12¢, and the unstable
regions defined in Figures 5 and 11 can be confirmed. In Figure 12d,e, however, it can be
seen that a relatively uniform deformation occurred in the Dead Zone and Severe Plastic
Deformation region in a macrostructural manner at a temperature above the 3-transus of
the AMS4928 alloy used in this study.

To observe this in detail, the microstructures under the same conditions are shown
in Figures 13 and 14. First, Figure 13 shows the same Widmanstitten structure as the
initial structure by compressing it at a high-temperature under the temperature below the
B-transus. Figure 13a—c represents the regions belonging to the Dead Zone, and about
10 um of recrystallized grains that could be observed in the initial structure were observed.
In addition, in the case of Figure 13c, it can be seen that the 3 phase fraction increased
because it was compressed at a high-temperature of 850 °C and was relatively close to the
 phase transformation region. In Figure 13d—f, it is possible to observe long elongated
microstructures at the Severe Plastic Deformation region. Figure 6 represents that the
flow stress has opposite values depending on the conditions of the fast strain rate and
temperature, even though the layered interval becomes thinner and the grains become
more elongated. In Figure 13d,e with the same temperature conditions, the flow caused
by diffusion under the slow strain rate determines the overall strain rate. As the space
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between layers in the a-phase is thin, the area of the o/ interface is widened. Then, the
diffusion through the interface is advantageous, and accordingly, it is confirmed that the
deformation is easily performed even under low stress. In accordance with this principle, it
can be found that the stress required for the deformation is further reduced because the
grain of Figure 13f has a thinner layered space. In addition, as the lamellae kink is observed,
there is a possibility of plastic instability [31].

Figure 12. Macrostructures of the cross-sectioned areas according to each condition after high-
temperature compression of Ti-6Al-4V alloy; (a) 800 °C, 1 x 1072/s, (b) 800 °C, 1 x 109/s, (c) 850 °C,
1 x 1072 /s, (d) 1050 °C, 1 x 1072 /s, () 1100 °C, 1 x 102 /s.

lamellaakmk

Figure 13. Microstructures of the cross-sectioned areas according to each condition after high-
temperature compression of Ti-6Al-4V alloy; (a,d) 800 °C, 1 x 1072/s, (b,e) 800 °C, 1 x 109/s,
(c,f) 850 °C, 1 x 1072 /s; (a—c) Dead Zone, (d—f) Severe Plastic Deformation region.
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Figure 14. Microstructures of the cross-sectioned areas according to each condition after high-
temperature compression of Ti-6Al-4V alloy; (a,c) 1050 °C, 1 x 1072/s, (b,d) 1100 °C, 1 x 10~2/s;
(a,b) Dead Zone, (c,d) Severe Plastic Deformation region.

Figure 14 shows the o martensite structure throughout the specimen by compressing
it at a temperature above the 3-transus. This shows that when Ti-6Al-4V alloy with « + 3
microstructure is heated to a temperature higher than the (3-transus, it changes to a fully
B phase, and an « martensite structure grown at the 3 grain boundary was revealed by
the rapid cooling rate. In the EBSD data presented in Figure 15a,c, it was confirmed that
fine grains were observed by dynamic recrystallization. Due to the structure with a thinly
layered space, it may be seen that the stress required for the deformation is reduced due
to the advantageous diffusion described above, and thus, low flow stress is occupied, as
shown in Figure 6. Then, Figure 15b,d shows the reconfiguration of the prior 3 grain based
on Figure 15a,c. In the results of the reconfiguration of the prior 3 grain, small-sized prior
(3 grains were observed in the upper part of the specimen, as shown in Figure 15b, due to
a relatively fast cooling rate and a small deformation energy because of the contact with
the die. On the other hand, in Figure 15d, it was confirmed that the uniform microstructure
deformation occurred without significant differences in the size of the prior  grains.
After the ring-rolling process, however, it is expected that the difference in the grain size
for fabricating actual products will not be significantly affected according to the cutting
and processing of the final dimension and shape calibration. Thus, it is determined that
AMS4928, which is one of Ti-6Al-4V alloys, used in aircraft parts through applying a high-
temperature compression test is suitable for the ring-rolling process under the conditions
0f 1050 °C and 1 x 10~2/s without the plastic unstable region proposed in Figure 11.
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Figure 15. Inverse pole figure map showing (a,c) Dynamic Recrystallization, (b,d) prior beta recon-
structed by EBSD data at (a,b) 1050 °C, 1 x 1072 /s, (c,d) 1100 °C, 1 x 1072 /s.

3.3. Ring-Rolling Process

In the ring-rolling process, a Ti-6Al-4V alloy with an initial dimension, outer diameter
D640, inner diameter $500, and height 205 mm was rolled to an outer diameter ©700,
inner diameter ®457, and height 259 mm. Figure 16 shows the macrostructure of the
cross-sectioned area after applying the ring-rolling process under the conditions of 1050 °C
and 1 x 1072 /s, which are the optimal process conditions based on the results obtained by
the high-temperature compression test. In the results of observing the macrostructure, fine
cracks of about 7 mm occurred in the lower right part of the cross-sectioned corner, but as
described above, it is expected that for the actual product to meet the final dimension, it will
not be largely affected by cutting and processing. In addition, the observed microstructure
is presented in Figure 17 by dividing it into nine areas in order to observe it in more detail,
excluding about 20 x 10 mm of the processing unit. In all nine regions, Widmanstéitten
microstructure was observed, and uniform microstructures were observed throughout
the specimens.

Upper

Mandrel Axial roll

Main roll

Guide roll

Figure 16. Macrostructure after ring-rolling process of Ti-6Al-4V alloy at 1050 °C, 1 x 1072 /s.
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Lower

Figure 17. Microstructures after ring-rolling process of Ti-6A1-4V alloy at 1050 °C, 1 x 1072 /s.

4. Conclusions

In this study, the high-temperature compression deformation behavior of AMS4928,

which is one of Ti-6Al-4V alloys, used as aircraft parts was analyzed in connection with
microstructural changes. This led to the following conclusions.

1.

In the stress—strain curve obtained after the high-temperature compression, a rapid
decrease in stress and vibration with the possibility for unstable plastic deformation
at a relatively low temperature were observed. When substituting it into the energy
dispersion efficiency and the proposed plastic unstable region, it was confirmed to
be consistent.

Although 800 °C and 850 °C show a high energy dispersion efficiency, a flow localiza-
tion band that can lead to 45° cracks and a kink that is likely to be plastically unstable
in the Severe Plastic Deformation region were observed as plastic unstable regions ac-
cording to the results of observing macrostructures and microstructures. In fact, cracks
were observed and were found to be inappropriate for the high-temperature forming.
Both samples at 1050 °C and 1100 °C showed uniform deformations without distinc-
tion between the Dead Zone and the Severe Plastic Deformation region, but did not
belong to any plastic unstable region. In the results of the EBSD analysis, except for
the processing part to meet the final dimension of the actual product, it was confirmed
that the 1050 °C and 1 x 10~2/s conditions representing the uniform size of the prior
B grain are the most suitable conditions for applying the high-temperature forming of
the ring-rolling process.
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