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Abstract

Cross wedge rolling (CWR) is one of the most effective plastic deformation methods utilized for the production of shaft parts
or non-shaft preforms with refined grains and improved mechanical properties. The main goal of this work was to study the
influence of CWR process parameters on the microstructure evolution and mechanical properties of a TC6 alloy and deter-
mine the suitable process parameters for a TC6 alloy blade preform fabricated with CWR. The results showed that the volume
fraction of the equiaxed a phase (f, ,) decreased from ~0.38 to~0.04 by increasing the initial deformation temperature, and
the elongation (El) also decreased from~ 19.6 to ~ 11.8% because dislocation slip first started in the equiaxed grains and then
dispersed into the adjacent grains. Thus, additional equiaxed grains contributed to an increased plasticity. Moreover, with
an increasing area reduction, the value of f, , increased from~0.14 to~0.31, and the grain refinement and microstructure
uniformity also increased. In addition, the El was significantly reduced by over 50%, but the ultimate tensile strength (UTS)
and yield strength (YS) increased under WC (water cooling) conditions due to the precipitation of the acicular secondary a
phase and pinning effect of the small equiaxed «a phase. Based on the determined suitable parameters, the TC6 alloy blade
preform was successfully manufactured by CWR, the microstructure was evenly distributed, and the UTS, YS and El were
1120.1 MPa, 1020.9 MPa and 15.2%, respectively, which meet the current technical requirements.
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1 Introduction

Titanium and titanium alloys are highly valued and widely
used in the aerospace, petroleum and chemical industries
due to their excellent specific strength, high operating tem-
perature and corrosion resistance. TC6 is a two-phase tita-
nium alloy that can withstand a working temperature up to
450 °C. Therefore, it is preferentially used in the produc-
tion of compressor discs, drums and other parts, especially
blades in aero-engines [1]. To achieve better mechanical
properties, high-temperature plastic deformation processes
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are commonly used to manufacture aero-engine blades, such
as forging [2—4]. Multiple steps are sequentially required and
collaborated in the production of the blades, and heading/
extrusion or free forging are used for preliminary shape-
forming. Considering the structure inheritance, the micro-
structure and mechanical properties of a preform directly
affect the serviceability of the resulting blade; therefore, the
production of blade preforms is of importance. During extru-
sion, due to the long time and large contact area between the
billet and mould, an excessive amount of deformation heat is
not easy to dissipate, affects the deformed microstructure of
the billet and deteriorates the contact surface of the mould
[5]. Moreover, free forging relies on manual operation, and
the process parameters are not easy to accurately control.
The TC6 alloy has strong temperature and strain rate sen-
sitivities, which worsens the situation. Therefore, a cross
wedge rolling (CWR) process was proposed to manufacture
a preform for a titanium alloy blade.

Cross wedge rolling is one of the most effective plas-
tic deformation methods that is utilized for the production
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of shaft parts with refined grains and improved mechani-
cal properties, such as high-speed railway axles and hollow
valves [6, 7]. Moreover, it also has the characteristics of
high forming efficiency, environmental protection and strong
structural stability, which can effectively compensate for the
shortcomings of the current blade preforming process, and
experience has suggested that CWR can be used for the pro-
duction of preforms, such as crankshafts and hip implants
[8,9].

For two-phase titanium alloys, the phase composition and
morphology are significantly influenced by thermo-mechan-
ical processing (TMP) parameters and cooling methods
[10-12], and a substantial research has been carried out on
this method. Xu et al. [13] investigated the microstructure
evolution of a Ti-17 alloy with a lamellar colony structure
during isothermal forging (IF), and the results showed that
the length of the lamellar alpha phase decreased with strain
and deformation temperature, but the thickness was inde-
pendent of the strain. The results by Ansarian et al. [14]
showed that the mean grain size can be significantly reduced
from 64 to 1 pm by 6 passes during multi directional forg-
ing (MDF). Multi-isothermal direction forging (MDIF)
was also applied to produce Ti—-6Al-4V alloys. A homo-
geneous microstructure with a grain size of approximately
0.5 pm was achieved, and it exhibited a high ultimate ten-
sile strength (UTS) and yield strength (YS) of 1190 MPa
and 1170 MPa, respectively, as well as a good elongation
(El) of 10.4% [15]. In contrast to the above studies, CWR
is a non-isothermal continuous severe plastic deformation
thermo-mechanical process. As the rolls rotate continu-
ously, the billet undergoes periodic radial and axial defor-
mation, which induces a series of metallurgical processes,
such as dislocation motion, dynamic and static recovery, and
dynamic and static recrystallization, leading to changes in
the phase composition, morphology and mechanical prop-
erties [16—-18]. However, there are few studies on the influ-
ence of CWR parameters on the microstructure evolution
and mechanical properties of titanium alloys in the currently
available research.

Accordingly, the present work aims to investigate the
microstructure evolution and mechanical properties of a TC6
alloy during the CWR process, and the underlying mecha-
nism for the impact of the phase composition and morphol-
ogy on the mechanical properties was analysed. Based on
this foundation, the suitable process parameters for a TC6
alloy during CWR processing were determined and used to
guide the practical production of blade preforms. Moreover,
the microstructure and tensile properties of the TC6 blade
preform at room temperature were tested.
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2 Materials and experimental procedures
2.1 Materials

The material used in this work was a TC6 alloy whose initial
microstructure mainly consisted of a strip-like a phase and a
couple of equiaxed a phase and a couple of equiaxed phases
dispersed throughout the matrix, as shown in Fig. 1. The
beta transus temperature was 985 °C via the metallographic
method, and the details of the experiment are in a previous
work [19].

2.2 Experimental procedures

To investigate the influence of the process parameters on
the microstructure of the TC6 alloy during CWR, experi-
ments under different process conditions were carried out. In
a previous study, the influence of all the process parameters
was investigated, and the results showed that mould param-
eters, including the forming angle and stretching angle, are
non-significant influencing factors [20]. Therefore, the initial
deformation temperature (IDF), area reduction and cooling
methods were studied. In this paper, the IDFs varied from
850 °C to 930 °C with an interval of 20 °C; the area reduc-
tion was 20%, 30%, 40%, 50% and 60%; and the cooling
methods were water cooling (WC) and air cooling (AC). The
studied process parameters are shown in Table 1.

A corresponding finite element (FE) model was estab-
lished to provide the supporting analysis, such as the distri-
bution of the strain and instantaneous temperature. Figure 2
shows the geometric model used for the FE simulation that
includes CWR rolls, guide plates and billets. To ensure the
correctness of the simulation results, the strain—stress curves
obtained from the isothermal compression were imported
into the software material library, and the boundary

Fig. 1 The initial microstructure of the as-received TC6 alloy
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Table 1 The detailed process parameters

Serial no. IDF/°C Area reduction Cooling method
1 850, 870, 50% AC

890, 910,

930
2 890 20%, 30%, 40%, 50%, AC

60%

3 870, 930 50% WC, AC

,7‘9"

/
—Top roll
\ Guide plate
S ——— :
N T T
Billet
— Bottom roll
N
Fig.2 Geometric model of the CWR process
Table 2 The parameters used in the FE simulation
Parameter Value
Forming angle of tools (°) 25
Stretching angle of tools (°) 7.5
Tools temperature (°C) 20
Tools speed (r m™) 8
Friction coefficient 0.9
Convection coefficient between ambient air and billet 20
(Wm™' K™

Contact heat transfer coefficient between the tools and billet 10
kW m™2 K™

conditions were set as in the previous research, which was
verified [20]. Specifically, half of the geometrical model was
used to define the symmetry boundary, all parts were defined
as rigid bodies except for the billet, and a shear model was
used to model the friction between the contact bodies. The
simulation parameters were identical to those of the cross
wedge rolling experiments, and other parameters are shown
in Table 2.

After being rolled, the TC6 parts were cut into sym-
metrical sections along the axial direction. Optical micros-
copy (OM) and scanning electron microscopy (SEM) were

performed at room temperature to observe the microstruc-
ture. The sample preparation for OM and SEM included
mechanical grinding and polishing with a fine abrasive and
then chemical etching with Kroll’s solution. The values of
fa o Were quantitatively measured by Image Pro-plus soft-
ware. Standard tensile tests at room temperature were carried
out according to GB/T 228.1-2010 to evaluate the mechani-
cal properties, and the samples were taken along the axial
direction at the core of the TC6 rolled parts.

3 Results and discussion
3.1 Effect of the initial deformation temperature

Figure 3 shows the deformed microstructure under different
IDFs for an area reduction of 50% and AC. It is obvious
that the deformed microstructure contained an equiaxed o
phase of different sizes, and the values of f, , decreased
with increasing IDF, as shown by the quantitative results in
Fig. 4d. When the IDF was lower than 890 °C, the value of
S o slightly reduced, but the total content was higher than
0.3. However, when the IDF was higher than 900 °C, the
value of f, , showed a sharp decline, especially when the
IDF was 930 °C. In this paper, the transition from a slight
to sharp decline seemed to be earlier than that in isothermal
compression because CWR is a non-isothermal deformation
method, and the deformation temperature rise was converted
from the intense plastic deformation, leading to a higher
instantaneous temperature and accelerating the phase trans-
formation process.

In the deformed microstructure, the platelet a phase and
residual beta phase comprised the structure of the f trans-
formation. When the rolled parts were cooled from a high
temperature in  + f two-phase or f single-phase regions,
martensite decomposition occurred, and after nucleation and
growth, the platelet a phase was formed. From Fig. 3, it can
be seen that when the IDF was relatively low, for example,
at 850 °C, the platelet a phase was very small without clear
boundaries. However, as the IDF increased, the platelet o
phase began to grow and merged into the coarse « phase, as
shown in Fig. 3e. This is because the martensitic transforma-
tion is a thermal activation process, and insufficient driving
forces are generated at low temperatures. Conversely, high
temperatures provide enough driving force and lead to a sub-
stantial amount of nucleation and fast growth.

The grain boundary a phase, also called the intergranular
a phase, is usually found on the original grain boundaries,
as shown in Fig. 3d, e. It is obvious that the grain bound-
ary a phase was discontinuous initially. However, the grain
boundary a phase became thick and continuous at an IDF
of 930 °C, which means that the instantaneous temperature
exceeded the beta transus temperature. Figure 5 shows the
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Fig. 3 Effect of the IDF on the microstructure of the rolled TC6 parts for an area reduction of 50% and upon AC: a 850 °C, b 870 °C, ¢ 890 °C,

d 910 °C and e 930 °C

instantaneous temperature distribution of the TC6 rolled
parts extracted from the FE simulation under IDFs of 8§90 °C
and 930 °C, which confirms the deduction above.

Figure 4 shows a comparison of the mechanical proper-
ties of rolled TC6 parts at different IDFs. Generally, there is
an inverse relation between the El and strength characteris-
tics. Specifically, the IDFs can be divided into two regions
based on the variation tendency. In the range from 850 to
890 °C, the changes in all the mechanical properties were
negligible. However, a sharp change appeared at an IDF of
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930 °C, where the El significantly decreased to 11.8% and
the UTS and YS increased. In addition, the El decreased
upon increasing the IDF, which is consistent with the f, ,
values. This is because tensile deformation involves the
proliferation, movement and annihilation of dislocations,
and dislocation proliferation is inclined to be generated in
the equiaxed a phase. When subjected to plastic deforma-
tion, dislocation slip first starts in equiaxed grains with the
largest orientation factor and then disperses into adjacent
grains to avoid stress concentrations and ductile fracture;
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Fig.4 Comparison of the mechanical properties for different IDFs: a
UTS,b YS,cElandd f, ,

therefore, equiaxed grains contribute to an improved plastic-
ity [21]. For the microstructure at an IDF of 930 °C, there
were very few equiaxed a phases scattered in the structure
that experienced the f§ transformation, and the platelet a
phase was short, slender and intertwined. When this a phase
was coupled with the continuous intergranular a phase, the
strength properties were improved, but the El trend was the
opposite of this. Therefore, in terms of tensile properties,
IDF improved for the TC6 alloy parts during CWR below
910 °C.

3.2 Effect of the area reduction

Figure 6 represents the effect of the area reduction on the
microstructure of rolled TC6 parts at an IDF of 890 °C and
for AC. It was observed that the value of f, , increased
by increasing the area reduction, but the growth slowly
increased and stayed flat. The value of f, , was approxi-
mately 0.15 at an area reduction of 20%, as shown in Fig. 7.
However, the El was almost equal to those under other con-
ditions, which can be attributed to the coarse and relatively
independent a platelet phase. The orderly independent
platelet a phase can reduce the slip resistance and improve

Fig.5 The instantaneous tem- (a)
perature distribution of rolled
TC6 parts at different IDFs: a
890 °C and b 930 °C

Tempera

the plasticity, similar to the contribution of the equiaxed
a phase. However, the coarse platelet @ phase impairs the
strength properties, resulting in poor comprehensive proper-
ties [22]. With an increase in the area reduction, the coarse
platelet a phase was severely distorted and crushed into short
and slender pieces with blurry boundaries [21]. Moreover,
the strength properties decreased after reaching a summit.
In Fig. 7, it can be seen that a larger area reduction was not
conducive to an improvement in the mechanical properties.

During the CWR process, the area reduction is an indi-
cator of the degree of plastic deformation. With the goal of
ensuring that additional deformation defects, such as neck-
ing and fracture, are not formed, and a large area reduction
is conducive to grain refinement. The deformed microstruc-
tures at different positions on the symmetrical cross section
under area reductions of 20% and 30% are shown in Figs. 8
and 9, respectively. Three points were distributed along the
radial direction and are referred to as from the core, mid-
dle and edge. Compared with Fig. 8a, the platelet @ phase
was relatively short and scattered in Fig. 8c because plastic
deformation was mainly experienced by the local material at
the edge and hardly penetrated into the core material when
the degree of deformation was small. Figure 10a shows that
the total strain decreased inward from the edge, and it was
too small to be ignored in the centre of the billet. However,
the non-uniform plastic deformation can be improved by
increasing the area reduction up to 30%, as shown in Fig. 9.
The long platelet and grain boundaries were crushed and
blurred, and the fine equiaxed a phase was indistinguishably
dispersed throughout the cross section. What can be inferred
from the results is that the grains can be further refined,
and the uniformity can be improved, by increasing the area
reduction. For a TC6 alloy during CWR, the minimum lower
limit should not be less than ~30%.

3.3 Effect of the cooling method
The effect of the cooling method on the deformed micro-

structure at IDFs of 870 °C and 930 °C is presented
in Fig. 11. It is evident that the cooling method had a

ture(°C)  (b)

970 l

Temperature(°C)

989.
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Fig.6 Effect of the area reduction on the microstructure of rolled TC6 parts at an IDF of 890 °C and upon AC: a 20%, b 30%, ¢ 40%, d 50% and

e 60%

remarkable influence for the studied IDFs. Under WC condi-
tions, there was only a secondary a phase instead of a trans-
formed S phase due to rapid decomposition of the martensite
and extreme subcooling; the acicular @ phase was regular,
closely arranged and formed colony in the original § phase
boundaries [11]. This type of a phase resisted fatigue crack
growth and improved the strength but significantly reduced
the plastic ductility, as shown in Fig. 12. Another impor-
tant factor responsible for the poor ductility was the small
equiaxed a phase under WC conditions due to the limited
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growing time. However, some of the equiaxed a phase was
located on the original # phase boundaries, resulting in the
phase boundaries that were bent outward. This equiaxed
a phase had a pinning effect on the boundaries, hindering
phase boundary slip and excessive growth. Compared with
the mechanical properties under AC conditions, the El was
significantly reduced, but the strength properties behaved in
the opposite way. Therefore, the WC after plastic deforma-
tion played a role in the work hardening of the TC6 rolled
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parts; if additional plastic deformation is required, fast cool-
ing methods, such as WC, should be avoided.

4 Application

Based on the investigation results of the microstructure
evolution of a TC6 alloy during the CWR process, suit-
able parameters were determined. Using the CWR process
to fabricate blade preforms made of a TC6 alloy that has
excellent mechanical properties is an innovative challenge
but can be overcome. According to the requirements for
compressor blades used in aero-engines, a reasonable
blade preform was designed and successfully fabricated
by the CWR process. Billets with initial dimensions of
@45 mm were rolled at an IDF of 890 °C and then air-
cooled to room temperature. The deformed microstruc-
ture of the cross section at different positions along the
axial direction is shown in Fig. 13. It is obvious that the
microstructure consisted of an equiaxed « phase, platelet
phase and residual f phase. Moreover, the phase morphol-
ogy and content of the deformed microstructure at three

Fig.8 The deformed microstructure for an area reduction of 20% at different positions on the symmetrical cross section: a core, b middle and ¢

edge

@ Springer



70 Page8of11 Archives of Civil and Mechanical Engineering (2020) 20:70

Fig. 9 The deformed microstructure for an area reduction of 30% at different positions on the symmetrical cross section: a core, b middle and ¢
edge

Fig. 10 The total strain distribu- (a) Total strain
tion of the rolled TC6 parts

under different area reductions:

(b) g Total strain

- - 1‘13l

a20% and b 30%
0.847
‘ ‘ - 10.56

. \ 0.282

- 0.000)
different locations on the same cross section were identi-  the edge. Tensile samples from the core of the rolled parts
cal, as shown in Table 3, which indicates that the entire =~ were prepared to test their mechanical properties, and the
cross section of the material was involved in the deforma- results showed that the UTS, YS and El were 1120.1 MPa,
tion. Nevertheless, there were additional and smaller equi- 1020.9 and 15.2%, respectively. Currently, the technical

axed a phases dispersed throughout the microstructure on  index requires the UTS and EI to be higher than 1030 MPa
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Fig. 11 Effect of the cooling method on the microstructure of the rolled TC6 parts at an IDF of 8§70 °C with a WC and b AC; and at an IDF of

930 °C with: ¢ WC and d AC
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Fig. 12 Comparison of the mechanical properties at IDFs of 870 °C
and 930 °C for different cooling methods

and 8%, respectively. Therefore, the tensile properties of
the TC6 alloy blade preform fully meet the current techni-
cal requirements.

5 Conclusions

1. The deformed microstructure consisted of equiaxed
and platelet @ phases and residual f phase, and the
platelet a phase began to grow and merged into the
coarse phase upon increasing the IDF under AC con-
ditions due to thermal activation. Moreover, the El
decreased from ~ 19.6 to ~ 11.8% by increasing the IDF,
which is consistent with the variation trend for the f, ,
from~0.38 to~0.04. This is because the dislocation slip
first started in the equiaxed grain and then dispersed into
adjacent grains, so additional equiaxed grains contribute
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Fig. 13 Microstructure of the TC6 alloy blade preformed by the CWR process

Table 3 The values of f, , at different points

Point fue Point Joe Point fue

P11 0.307 P21 0.311 P31 0.318
P12 0.313 P22 0.320 P32 0.312
P13 0.311 P23 0.322 P33 0.310

improve the plasticity. However, the intertwined platelet
a phase and continuous intergranular o phase improved
the strength properties when the IDF increased up to
930 °C. To obtain excellent comprehensive properties,
the IDF of TC6 alloy parts during CWR improves at
temperatures lower than 910 °C.

By increasing the area reduction, the values of f, ,
increased from~0.14 to 0.31, and the grain refinement
and microstructure uniformity also increased. However,
there was no remarkable difference in the El, but the
strength properties first increased and then decreased.
The essential reason is that the coarse and relatively
independent platelet @ phase, which was not completely
fractured in the lower area reduction, reduced the slip
resistance, similar to the equiaxed a phase. For the TC6
alloy during CWR, the minimum lower limit of area
reduction should not be less than ~30%.

Under WC conditions, the El was significantly decreased
by over 50%, but the strength properties increased due to
the precipitation of the acicular secondary a phase and
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pinning effect of the smaller equiaxed a phase. If further
plastic deformation is required, fast cooling methods
should be avoided.

4. Based on the determined suitable parameters, the TC6
alloy blade preform was successfully manufactured by
the CWR process, and the results demonstrated that the
microstructure was evenly distributed with values of f, ,
higher than 0.3. The UTS, YS and El were 1120.1 MPa,
1020.9 MPa and 15.2%, respectively, which meet the
current technical requirements.
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