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Abstract: In order to eliminate forging defects appearing in production, based on the rigid-viscoplastic FEM principle, the

DEFORMS3D software package was employed to simulate the forming process of TC4 alloy mounting part and to optimize the

process parameters. In this simulation, the temperature dependency of the thermal and mechanical properties of material was

considered. Based on the simulation, the metal flow and thermomechanical field variables such as stress and damage are obtained.

The simulation results show that the forging defects are caused by improper die dimension and the optimized die dimension was

proposed. To verify the validity of simulation results, forging experiments were also carried out in a forging plant. The forging

experiments show that the optimized die dimension can ensure the quality of forging part, and it can provide reference to improve

and optimize die design process.
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1 Introduction

The TC4 alloy mounting part is an important part of
aeronautic engine. Currently, these mounting parts are
mainly manufactured by metal cutting, which is
expensive and requires a lot of manufacturing time.
Furthermore, in this way the forging flow lines are cut
off near the root of head and the mechanical properties,
especially the fatigue property decrease obviously. To
overcome the disadvantage of machined parts, die
forging technique is used to manufacture the TC4 alloy
parts, which not only saves processing costs but also
makes the microstructure fine and improves strength of
the parts. However, due to the inhomogeneous metal
flow and non-uniform localized deformation, forging
defects may occur if the die is not appropriately
designed.

Recently, progress has been made by using the finite
element method(FEM) to deal with the forging process
[1-8]. With the development of engineering technology,
FEM can be used to simulate metal forming process and
gain better understanding of material flow within dies, so

as to optimize tooling to eliminate tears, laps and other
forging defects[9—12]. The DEFORM software package
is a professional FEM software, which serves in the
forging and other metal-forming industries for
economical process evaluation and optimization[13—15].

In this study, numerical simulation was conducted
by using DEFORM3D software on the whole forging
process for TC4 alloy mounting parts in an effort to
investigate the metal flow behavior. The forging
experiments were also carried out in a forging plant to
validate the simulation results. This study not only helps
to understand but also to improve and optimize die
design process, which are based on experience combined

with a trial-and-error approach.

2 Forging process of TC4 alloy mounting
parts

Fig.1 shows the sectional scheme of forging process
of TC4 alloy mounting parts. The billet is a cylinder with
a flange head. The upper die has a conical shape bottom.
When the upper die goes down, the metal of billet above
the lower die is upsetted, and then the flange head is
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forged to the conical shape. During the process, only the
top billet over the lower die is the deformation zone.
However, when the die design is not optimized, forging
defects like underfilling and lap may occur. In practical
production, due to the poorly designed die cavity depth
Hp(Fig.1), the underfilling and tear defects happened in
the forging process, as shown in Fig.2. In this research,
the forging process of TC4 alloy mounting parts was
analyzed by the rigid-viscoplastic FEM, and the
optimized die cavity depth Hp to obtain a high-quality
product without any forming defects was suggested.

3 Finite element analysis model

The material of mounting parts is TC4 alloy whose

Hp

o N

Fig.1 Scheme of forging process of TC4 alloy mounting part

Underfilling

chemical compositions are listed in Table 1. Its true
stress—strain curves and thermal physical properties are
obtained from material database in DEFORMS3D. In the
simulation, the billet is a plastic body, whilst the top die
and the lower die are rigid bodies. The geometry models
of the billet and tooling are generated in UG and then
transferred in the STL file format to DEFORM. Friction
between the billet and dies is considered the constant
shear friction and a friction coefficient of 0.7 is applied
to model the dry forging conditions. The die temperature
is 20 ‘C. The velocity of the top die is 40 mm/s. The
process parameters are listed in Table 2. The billet is
divided mnto 27 616 tetrahedral elements and 6 935 nodes,
as shown in Fig.3. Finer mesh is placed at the head area
of the billet where the billet is deformed severely.

4 Results and analysis of numerical simula-
tion

Firstly, the original forging process was simulated,
of which the die cavity depth Hp is equal to 40.0 mm.
Fig4 shows the distribution of axial stress, effective
strain and damage at the end of forging respectively.
According to the distribution of effective strain shown in
Fig.4(b), the deformation is mainly located in the head
area of billet over the lower die, while the deformation of
billet in the die cavity is much smaller. As we all known,
for the metal, the larger the strain is, the smaller the grain

Fig.2 Forging part with some defects Fig.3 FEM mesh of billet
Table 1 Chemical compositions of TC4 alloy (mass fraction, %)
Al \Y Fe C N H O Ti
5.5-6.8 3545 <0.30 <0.10 <0.05 <0.015 <0.20 Bal.
Table 2 Processing parameters used in simulation
Billet Die Die cavity Ram speed/ Friction Heat transfer coefficient/
temperature/ C temperature/'C depth/mm (mm-s ) coefficient N5 mm™C™
850 20 40.0 40 0.7 5
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Fig.4 Distribution of field variables (original process with Hp
01 40.0 mm): (a) Axial stress; (b) Effective strain; (¢) Damage

size is. So the forging technique presented in this
research can make the microstructure fine at the head

area of billet and improve its properties during its service.

However, it can be seen that the underfilling defect
occurs (Fig.4(a)), which is consistent with the
experimental result shown in Fig.2. From Fig.4(a), it can
also be seen that the material in area [ 1s subject to
high tensile stress continually. Under the effect of

continual tensile stress, crack may occur in area [ .
Furthermore, based on the damage value that is often
used for the estimation of crack development (Fig.4(c)),
there is a possibility of developing crack defect. In
practice, cracking is observed at the predicted location.

In the technological design process, the billet
dimension is unchangeable and the height of billet is
40.00 mm. The height of forging parts is not provided
strictly, which is determined by the die cavity depth Hp.
And the final dimension of parts is decided by the
following machining step. Thus, the main objective of
forging process is to ensure the part’s head to meet the
shape requirements. Furthermore, there should be no
defects existing in the head area, such as crack and fold.
In this study, the optimal die cavity depth Ap can be
achieved by virtual trials.

On the basis of the analysis above, due to the poor
die design, the billet does not subject to sufficient
compressive stress during the forming process, which is
the exact reason for underfilling and crack defects.
Therefore, through reducing the die cavity depth Hp,
these defects may be eliminated. Several modified
processes were tried by FE simulation and a plausible
process shown in Fig.5 was selected for an actual trial. In
this process, the die cavity depth was reduced to 35.0
mm. From Fig5, it can be seen that the underfilling
defect is eliminated. What’s more, the principal stress in
area [ isnegative, which is a better stress state because
it can improve the plasticity of the material and avoid
crack defects. Fig.5(b) shows the damage distribution
after forging. It can be seen that the maximum damage
value in area [ 1is only 0.160, which is much smaller
than that of original forging process and can protect the
part from cracking. However, it is predicted by FE
simulation that there is a possibility of developing fold
defect in the area II based on the flow net pattern, as
shown in Fig.6. Through stress analysis shown in Fig.5,
the folding is caused by larger compressive stress and
non-uniform localized deformation in area II. Therefore
this fold defect can be eliminated by increasing die
cavity depth Ay slightly.

It can be seen from the analysis above that the part’s
head cannot meet the shape requirements if the die cavity
depth is too large. At the same time, the crack defect is
caused in area [ due to the high tensile stress and large
damage value. On the contrary, due to the larger
compressive
deformation, the fold defect occurs in area II if the die
cavity depth Hp is too small. In order to eliminate the
fold defect, several modified processes were tried by FE
simulation and an optimized process, of which the die
cavity depth Ap was 36.5 mm, was selected for the final
solution. Fig.7 and Fig.8 show the axial stress distribu-

stress and non-uniform localized
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Fig.5 Distribution of field variables (modified process with Hp
of 35.0 mm): (a) Axial stress; (b) Damage
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Fig.6 Flow net pattern of modified process with Ap of 35.0 mm

tion and flow net pattern after forging according to the
optimized process. As shown in Fig.7, the axial stress in
area [ 1s negative all the time. What’s more, the
maximum damage value in area [ is only 0.208, which
shows that the optimized process can protect the part
from cracking effectively. Compared with the process
above, of which the die cavity depth is 35.00 mm, the
axial compressive stress is much smaller in area II. This
relatively small compressive stress can prevent fold
development, as shown in Fig.8.
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Fig.7 Distribution of field variables (modified process with Hp

o1 36.5 mm): (a) Axial stress; (b) Damage
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Fig.8 Flow net pattern of optimized process with Hp of 36.5

mm
5 Experimental study
In order to verify the optimized process proposed in

this paper and the numerical analysis results, the forging
experiments were conducted in a forging plant. Fig.9(a)
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shows the experimental forging part of the optimized
process. It can be seen that the billet is forged to the
eligible product without underfilling defect. Furthermore,
cracking and folding defects do not occur, based on the
sectional view of the part’s head shown in Fig.9(b).
Through metallographic examination, it is also found
that the grain size in the head area is smaller than that in
the root area, which can improve the strength of the part.

(a)

(b)

Fig.9 Experimental parts produced using optimized process:
(a) Forging part; (b) Sectional view of part’s head

In this case, only two actual trials were conducted
before the final solution was obtained, which might not
be possible without the several virtual trials conducted
by FE simulations.

6 Conclusions

1) Due to the improper die cavity depth in original
forging process, the underfilling defect occurs after
forging. Also continual tensile stress in the forging
process results in cracking problem at the localized
deformation zone.

2) When the die cavity depth is reduced to 35.0 mm,
the underfilling and crack defects are eliminated.
However, owing to the larger compressive stress and
non-uniform localized deformation, a folding problem
happens in this case. Through modifying the die cavity
depth to 36.5 mm, the folding defect is eliminated too
and the product without any defects is obtained.

3) The experiment results agree well with the results
of simulation, which shows that the optimized die design
proposed and the involving simulation results are correct
and reasonable. This can give guidance for selecting
process parameters and optimizing die design, even for
industrial application in order to save the R&D time of
the product.
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