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This work is motivated by the frequent occurrence of macro- and microdefects within forged Ti-6Al-4V
turbine blades due to the severely nonuniform strain and temperature distributions. To overcome the
problem of nonuniformity during the blade forging operation, firstly, a 2D coupled thermo-mechanical
finite element approach using the strain-compensated Arrhenius-type constitutive model is employed to
simulate the real movements and processing conditions, and its reliability is verified experimentally. Sec-
ondly, two evaluation indexes, standard deviation of equivalent plastic strain and standard deviation of
temperature, are proposed to evaluate the uniformity characteristics within the forged blade, and the effects
of four process parameters including the forging velocity, friction factor, initial workpiece temperature and
dwell time on the uniformity of strain and temperature distributions are carefully studied. Finally, the
numerically optimized combination of process parameters is validated by the application in a practical
process. The parametric study reveals that a reasonable combination of process parameters considering the
flow resistance, flow localization and the effects of deformation and friction heating is crucial for the
titanium alloy blade forging with uniformity. This work can provide a significant guidance for the design
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and optimization of blade forging processes.
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E Young’s modulus
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Greek Symbols

pn  Poisson’s ratio
n  Emissivity

Abbreviations

DT Dwell time before forging
SDP  Standard deviation of equivalent plastic strain
SDT  Standard deviation of temperature

excessively nonuniform microstructure (Ref 2), additional
tensile stress (Ref 3), but also cause some macro- and
microdefects such as shear bands (Ref 4), void formation
(Ref 5) and triple-point cracking (Ref 6) that eventually lead to
gross failure (Ref 7). In addition, the deformation and
temperature distributions are found to be sensitive to forging
conditions, especially the forging velocity (Ref 8), initial
workpiece temperature (Ref 9), frictional condition (Ref 10)
and dwell time (Ref 11). Hence, to analyze the issue of uniform
deformation and temperature is of great importance for process
optimization and precise control of part performance.

Until now, a large amount of work has been done in blade
forging processes. Focusing on the blade formability, Kang et al.
(Ref 12) optimized the slope angle of the die parting line and
position of the preform within the die by forward loading and
backward tracing simulations to satisfy the final design condition
of the blade flashless forging. Ou et al. (Ref 13) investigated
material flow, forging force history and die stress of different
preform shapes by finite element (FE) simulation. Zhan et al. (Ref
14) investigated the influences of shape and location of the
preform on improving the die filling through a 3D FEM approach.
Ou et al. (Ref 15) and Lu et al. (Ref 16) employed the FEM to
optimize the die profiles for the net-shape forging of aerofoil
blade considering the error compensations of forging dies.
Kocanda et al. (Ref 17) and Luo et al. (Ref 18) employed a 3D
FVM to study the effects of die cavity positioning and frictional
condition on lateral forces during the turbine blade forging
process, respectively. For the analysis of part performance, Hu
etal. (Ref 19) predicted the strain patterns of blade sections using
either 2D or 3D analysis and proposed that the 2D analysis is
more efficient in a local region. But their work lacked a
comprehensive analysis of the influence of forming parameters.
In fact, the issue of nonuniform deformation and temperature, as a
key evaluation index of the part performance, has received
extensive concern. Recent research conducted by Alimirzaloo
et al. (Ref 20), Shao et al. (Ref 21) and Torabi et al. (Ref 22)
employed the 3D FEM to minimize the strain nonuniformity of
the blade by optimizing the preform shape. Their work, however,
ignored the effects of forming parameters. Moreover, the
application of 3D FEM was largely limited in accurate prediction
of the inside nonuniform deformation and temperature of the
blade due to the poor quality of interior meshes.

It is observed that, although previous studies have been
performed from the aspects of blade formability and part
performance to investigate the forming mechanisms using the
numerical simulation, none of them is directly tied to the
comprehensive analysis of the effects of forming parameters,
especially on the inside deformation and temperature unifor-
mity. The benefit of this consideration is that the inside
deformation and temperature uniformity can be directly related
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to the forming quality. Therefore, the purpose of this paper is to
assess the influence of process parameters on the titanium alloy
blade forging process. Specifically, the effects of forging
velocity, friction factor, initial workpiece temperature and dwell
time on inside deformation and temperature uniformity are
investigated based on the 2D coupled thermo-mechanical finite
element simulations and experimental works.

2. FE Modeling and Model Validation

2.1 Constitutive Model

A strain-compensated Arrhenius-type constitutive model is
employed to predict the rheological behavior of Ti-6Al-4V
alloy at elevated temperature which can be expressed as follows

(Ref 23):
U o/n 1/2
o
— A Q
7 = éexp {m} o
- 0
&= AF(c)exp {_ (m)] o
G,,/ 0o <0.8
F(o)={ exp(Bo)  a0>12 Y
[sinh(a0)]"  for all o
- 5 (Eq 5)

where & is the flow stress of the material, Z is the modified
Zener-Hollomon parameter, R is the universal gas constant, &
is the strain rate, Q is the activation energy of hot deforma-
tion, and 4, n’, B, o and n are the material constants.
Moreover, in Eq 6, 7, 8, and 9, a fifth-order polynomial is used
to represent the influence of strain on material constants. The values
of n’ and B and the polynomial fit results of o, n, O and In 4 of Ti-
6Al1-4V alloys are obtained from the work of Cai et al. (Ref 24).

o= Co+ Cie+ Cre% + C38° + Cy&* + Cse” (Eq 6)
n = Dy + D& + Dy&* + D3&* + Dye* + Ds&’ (Eq 7)
Q = Ey + Ei& + Ex&% + E3&’ + E48* + Esed (Eq 8)
InA = Fy + Fie + F28? + F3&3 + Fue* + Fs&® (Eq 9)

2.2 Modeling Process

Figure 1(a) presents a 3D schematic diagram of the titanium
alloy turbine blade forging operation, from where a complex
cross section of the blade body is selected for establishing a 2D
coupled thermo-mechanical FE model based on the commercial
software Simufact. Forming, as shown in Fig. 1(b). The blade
material with a length of 1220 mm used in the model is Ti-6Al-
4V. A type of circular preform shape for forging the blade
section is adopted, and its diameter can be designed by the
following formula (Ref 25):
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Fig. 1 3D geometry model of Ti-6Al-4V turbine blade forging (a) and the blade section selected for establishing 2D FE model (b)

Table 1 Chemical composition of Ti-6Al-4V alloy (mass fraction, %)

Al \% Fe C H o Ti
6.02 3.78 0.08 0.007 0.0082 0.074 Bal.
Table 2 Important parameters for FE model

v (mm/s) Sy (mm) m DT (s) Ty (°C) T, (°C) T, (°C)
500 (Ref 20) 59.6 0.4 (Ref 28) 0 250 (Ref 7) 950 (Ref 20) 20

m p (kg/mm®) K, [N/(s mm? °C)] h [N/(s mm? °C)] o (1/°C) n

0.342 443 x 10°° 5 (Ref 20) 0.02 (Ref 29) 1.05 X 107° (Ref 29) 0.7 (Ref 20)

Fig. 2 Initial position and element type of the workpiece
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Fig. 4 Mesh details of the forged blade (a) and comparison of the forged blade section with FEM and experimental results (b)
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(Eq 10)

where D is the diameter of the preform blade and S, and S,
represent the cross-section areas of the forged blade and flash,
respectively. S, is often given by Altan et al. (Ref 25)
Se =Ny X S, (Eq 11)

In Eq 11, N, ranges from 5 to 15%, and in this paper, a value
of 10% is selected to calculate S.. For the given model, the
value of S, is known as 5828.62 mm?; hence, D is calculated as

experimental results (b)

0.65 1 T T 1 T 1 T 50
0.60 | {45
2
& 0.5 {40 &
3 3
i . 1
0.50 —aspp 135
—e—SDT
0.45
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Fig. 5 SDP and SDT variations vs. forging velocity
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L
Fig. 6 Distributions of effective strain vs. forging velocity

4828—Volume 25(11) November 2016

’

9

’
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5828.62 + 582.862
A

p. (Eq 12)

It is of evidence that friction and its formulation in the
numerical simulation greatly influence the accurate prediction
of the material deformation. In this paper, the friction at the
workpiece-dies interface is assumed to be shear type and
expressed as (Ref 26)

T =mk (Eq 13)

where 7 is the frictional stress, m is the friction factor and &
is the shear yield stress.

The chemical composition of as-received Ti-6Al-4V is listed
in Table 1 (Ref 23).

The temperature-dependent Young’s modulus £ (Ref 27),
thermal conductivity K, (Ref 20) and heat capacity C (Ref 20)
of the blade material can be obtained by Eq 14, 15, and 16,
respectively.

E =104.94 — 0.052079 x T (Eq 14)
K, =0.0131 x T + 6.45 (Eq 15)
C=236+3x10*xT+2x107°x 77 (Eq 16)

where T denotes the forging temperature of the Ti-6Al-4V
blade.

Furthermore, the other important parameters for the FE
model are shown in Table 2.

Since the forging process is often accompanied with high
temperature and large deformation, the elastic deformation can
be negligible and the upper and lower dies are treated as rigid
bodies with heat conduction. In addition, the initial position of
workpiece and the Quads element type with 10,252 elements

v =200 [mm/s]

——
————
v =400 [mm/s] ™
—
’
v =600 [mm/s] _

Effective strain

3.00
2.75
2:23
1.74
1.25
0.75
0.24
0.00
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Fig. 7 Distributions of temperature vs. forging velocity
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Fig. 8 SDP and SDT variations vs. friction factor

used for the workpiece are shown in Fig. 2. Finally, a 2D
remeshing criteria considering the element distortion is
employed to solve the severe distortion problem of elements.

2.3 Model Validation

The model is run on a HP Z820 workstation with 2.60GHZ
Intel Xeon CPU and 32 GB RAM, and about 7 h is utilized to
complete the simulation process. As shown in Fig. 3, in order
to verify the effectiveness of the FE model, experiments are
carried out under the same conditions of simulation on a clutch
screw press with the type of SPKA 22400 in Wuxi Turbine
Blade Co., Ltd. The parameter DT is set to 30 s considering the

Journal of Materials Engineering and Performance

v =200 [mm/s]

v =400 [mm/s]

\_

/ v =600 [mm/s]

Temperature[°C]

1030
1005
954
905
854
803
754
730

transit time of workpiece. The blade material and other main
process parameters are the same as shown in Tables 1 and 2.

Figure 4(a) presents the mesh details of the forged blade,
and Fig. 4(b) compares the FEM results of forged blade section
with the experimental ones which are measured by a coordinate
measuring machine (CMM). Based on the FEM and CMM
data, the thickness error on the concave and convex surfaces of
the blade section is investigated by the commercial software
Geomagic Qualify. The average error is found to be only
0.504 mm which is less than 6.3% of the minimum thickness of
the forged blade. Moreover, from the work of Hu et al. (Ref
19), the elongation of the blade is small and a reasonable
correspondence is found between the 2D and 3D FE analyses in
the blade forging operation. Therefore, the 2D FE model is
proved to be reliable. The discrepancy between the 2D and 3D
FE results may be due to the error resulting from the
overconstraint of the metal flow when the forging process is
simplified as a plane strain problem.

3. Results and Discussion

3.1 Simulation Conditions

Employing the established thermo-mechanical FE model,
the nonisothermal forging of Ti-6Al-4V turbine blade is
thoroughly simulated to investigate the effects of forging
velocity ¥, friction factor m, initial workpiece temperature Ty,
and dwell time before forging DT on the inside uniformity of
deformation and temperature distributions. The simulation
conditions characterized by a range of values of v = {100,
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Fig. 9 Distributions of effective strain vs. friction factor

Fig. 10 Distributions of temperature vs. friction factor
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200, 300, 400, 500, 600, 700} (mm/s), m = {0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7}, T, = {800, 830, 860, 890, 920, 950, 980} (°C),
and DT = {0, 10, 20, 30, 40, 50, 60} (s) are selected,
respectively, and the other parameters are kept constant, as
shown in Table 2.

3.2 Evaluation Indexes

To evaluate the uniformity of strain and temperature
distributions in blade forging processes, two indexes are
considered. One is the standard deviation of equivalent plastic
strain (SDP) which is defined as (Ref 30)

0'8 T T T T T T T T T T T T T 70

0.7 F 160
3
a, 0.6 450 &
a a
0.5F 440

1 " 1 n 1 n 1 n 1 " 1 n 1

800 830 860 890 920 950 980
Tw [°C]

Fig. 11 SDP and SDT variations vs. initial workpiece temperature
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— /
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-
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Fig. 12 Distributions of effective strain vs. initial workpiece temperature
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]

SDP = (PEEQ, — PEEQ,)*/(N — 1)

1

N
(Eq 17)

1

N
PEEQ, = ) 'PEEQ;/N (Eq 18)
i=1

where PEEQ, is the average of equivalent plastic strain
(PEEQ), N is the number of elements and PEEQ; is the
PEEQ at element i. Yang et al. (Ref 3) argued that a smaller
SDP value denotes more uniform strain distribution and
microstructure.

The other evaluation index is the standard deviation of
temperature (SDT) defined as (Ref 30)

SDT = (T; = T.)* /(N — 1)

1

(Eq 19)

N
i=

N

T,=> T/N (Eq 20)
i=1

where T, is the average temperature and 7; is the T at element

i. Like the index of SDP, a smaller SDT value corresponds to

more uniform temperature distribution and microstructure.

3.3 Effects of Main Process Parameters

3.3.1 Effects of the Forging Velocity. Figure 5 shows the
variations of SDP and SDT versus the forging velocity. It can
be found that, in the defined scope, the SDP becomes not
sensitive and tends to stabilize at the level of 0.54 after a sharp
decrease when the forging velocity enhances to a medium value
of 400 mm/s. This finding indicates that appropriately enhanc-
ing the forging velocity of the upper die greatly contributes to

T, =830 [°C] —
\ _ g
7, =890 [°C] —
o y
\\\A.
T, =950 [°C] =

Effective strain

3.00
2.75
2:23
1.74
1.25
0.75
0.24
0n0n
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Fig. 13 Distributions of temperature vs. initial workpiece temperature
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Fig. 14 SDP and SDT variations vs. dwell time

more uniform deformation distribution, as shown in Fig. 6.
This is because the larger forging velocity shortens the forming
time, leading to less heat loss outside of workpiece in
nonisothermal forging process. This view has been supported
by Sun et al. (Ref 30) who verified that appropriately enhancing
the loading speed can make the deformation more uniform. In
contrast, after a slight decrease, the SDT shows a dramatic rise
especially when the forging velocity excesses 300 mm/s. This
can be explained by such a fact that larger forging velocity
strengthens the deformation and friction heating effects, and
this will increase the temperature gap between inside and
outside of the workpiece and makes the workpiece temperature
distribution less uniform, as shown in Fig. 7.
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3.3.2 Effects of the Friction Factor. Figure 8 shows the
variations of SDP and SDT versus the friction factor. Both the
SDP and SDT are observed to show an increasing trend with
the increment of the friction factor, corresponding to the
tendency of augmented nonuniformity. This indicates that
lubrication conditions should be fully considered in the blade
forging process to improve the uniformity of deformation and
temperature distributions. Furthermore, the inside inhomogene-
ity of the strain distribution is more evident when the friction
factor excesses 0.3. This finding is in quite agreement with the
work by Hu et al. (Ref 10). Specifically, the increased friction
factor brings greater flow resistance at the workpiece-dies
interface in forging operation; thus, the deformation nonuni-
formity between the surface layer and the inside of the
workpiece becomes more severity, as shown in Fig. 9. This
explanation has been fully supported by Yu et al. (Ref 31). For
the temperature aspect, the intensive friction increases the heat
generation on the workpiece surface caused by the friction
heating effect. Moreover, the intensive friction decreases the
inside uniformity of the temperature distribution owing to the
nonuniformity of the deformation heat distribution generated
by the inhomogeneous plastic deformation. The combined
effects of these aspects raise the temperature and make the
temperature distribution in the forged blade more nonuniform
with the enhanced friction factor, as shown in Fig. 10.

3.3.3 Effects of the Initial Workpiece Tempera-
ture. Figure 11 shows the variations of SDP and SDT versus
the initial workpiece temperature. Unlike the friction factor, the
initial workpiece temperature shows an opposite influence on
the SDP and SDT, and higher temperature values can make the
deformation and temperature distributions more uniform. This
is because the flow localization of titanium alloys is prone to
occur when the deformation is conducted at low temperature,
leading to increasing the degree of deformation nonuniformity.

Journal of Materials Engineering and Performance
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Fig. 15 Distributions of effective strain vs. dwell time

This view can be directly supported by the investigation of Fan
et al. (Ref 32) which reveals the mechanism of flow softening
in subtransus hot working of two-phase titanium alloy with
equiaxed structure. Moreover, enhancing the initial workpiece
temperature decreases the flow stress and further improves the
flowability of blade materials. As a consequence, the deforma-
tion region expands and the deformation becomes more
uniform, as shown in Fig. 12. In addition, by comparing the
linear decreasing tendency of SDT in the present work with the
finding of linear increasing one in Sun et al. (Ref 30), the lower
thermal conductivity of titanium materials and heat transfer
coefficient between workpiece and dies are considered to play
decisive roles in causing the greater temperature difference than
steel materials. On the other hand, the enhanced workpiece
temperature improves the plasticity of workpiece and further
weakens the thermal effect resulting of deformation; thus, the
temperature in the core of the workpiece becomes more
uniform. The combined effects of above aspects make the
temperature distribution in forging blade more uniform with the
increase in initial workpiece temperature, as shown in Fig. 13.

3.3.4 Effects of the Dwell Time. Figure 14 shows the
variations of SDP and SDT versus the dwell time. Like the
friction factor, the dwell time brings the similar trend to the
SDP and SDT, and greater dwell time before forging operation
makes the deformation and temperature distributions less
uniform. This phenomenon is attributed not only to the overall
decrease in initial workpiece temperature, but also to the
occurrence of deformation temperature gradients which lead to
the flow stress gradients and then cause the flow localization of
the blade materials. Semiatin and Lahoti (Ref 33) argued that
the dwell time is associated with the occurrence of shear bands,
and a long value makes the shear bands noticeable. Hence,
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decreasing the dwell time can be taken as a means to improve
the severity or degree of flow localization, as shown in Fig. 15.
On the other hand, due to the long dwell time, the outside
temperature of workpiece which cannot be completely com-
pensated by the deformation and friction heating effect is
reduced, as shown in Fig. 16, indicating that the dwell time-
based analysis of forged uniformity should also fully take the
initial workpiece temperature into account.

3.4 Overall Evaluation of Process Parameters

Figures 17 and 18 show the overall evaluation of the effects of
above four process parameters on the SDP and SDT, respectively.
In these charts, each process parameter has been equally
weighted, and the points on the overlapping area constituted by
the four areas represent the optimal combination of process
parameters. A total of seven points, including two from forging
velocity, three from friction factors and two from initial
workpiece temperature, are observed in Fig. 17, indicating that
the optimal combination of process parameters to achieve the
deformation uniformity is {v = 400-500 mm/s, m = 0.1-0.3,
T, = 950-980 °C}. In contrast, the dwell time has little influence
on the optimal solution, and a short dwell time value, however, is
expected to further make the strain distribution more uniform.
Similarly, it is interesting to observe that the optimal combination
of process parameters to achieve the temperature uniformity is the
same with the SDP, as shown in Fig. 18. This finding indicates
that a reasonable combination of process parameters is indeed
existed to achieve the inside deformation and temperature
uniformity in the nonisothermal forging of Ti-6Al-4V turbine
blades and can provide a significant guidance for the design and
optimization of blade forging processes.
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Fig. 16 Distributions of temperature vs. dwell time
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Fig. 17 Opverall evaluation of process parameters effects on SDP

4. Application to a Practical Process

After being convinced by the numerical simulation that the
determined combination of process parameters serves to
promote the forged uniformity without the occurrence of shear
bands, glass lubricant-assisted nonisothermal forging experi-
ments under the process parameters {v =450 mm/s,
T =960 °C, DT = 8 s} are conducted. Figure 19 shows the
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400(0.4, 890, 30)

macrostructure of one section of the forged blade using the
optimized process parameters and microstructures at different
locations of the blade section. Uniform macrostructure is
observed, and the microstructures at all the locations further
demonstrate the stable o + [ structures without macro-mi-
crodefects such as shear bands and internal crack. Thus, the
optimal combination of process parameters determined by
numerical simulations is proved to be reasonable and effective.
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Fig. 19 Macro- and microstructures of the forged blade section

5. Conclusions

Aiming to overcome the nonuniformity in forging processes,
macro- and microscale investigation of the forged Ti-6Al1-4V
blade uniformity is carried out by simulation and experiment in
this paper. The influences of four process parameters on the
inside deformation and temperature uniformity of the blade are
analyzed numerically using the evaluation indexes SDP and
SDT and then assessed experimentally. Following conclusions
are achieved:

1. The SDP and SDT values are found to be positively cor-
related with the friction factor and dwell time and nega-
tively correlated with the initial workpiece temperature,
indicating that smaller friction factor, shorter dwell time
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and higher initial workpiece temperature greatly con-
tribute to the inside deformation and temperature unifor-
mity, respectively. A critical range of forging velocity is
existed to obtain the uniform strain and temperature dis-
tributions.

Essentially, the inside deformation uniformity is attribu-
ted to both the lower flow resistance at the workpiece-
dies interface and the lower flow softening index at high-
er deformation temperature. Moreover, the effects of
deformation and friction heating are mainly responsible
for the temperature uniformity. In addition, a reasonable
combination of process parameters {v = 400-500 mm/s,
m = 0.1-0.3, T,, = 950-980 °C} and the least DT permit-
ted by the production conditions are determined to
achieve the uniform strain and temperature distributions.
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The thermo-mechanical FE model showing the depen-
dence of forged uniformity on the four process variables
is validated by fitting the experimental and numerical
data. In this way, it is possible to implement proper pro-
cess parameters function directly in the FE numerical
code in order to achieve the accurate blade forging simu-
lation with uniformity. This method can also be easily
extended to other workpiece materials and forming opera-
tions.
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