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Abstract

The folding, die underfilling, rib shifting and average grain size of primary equiaxed a were investigated using five dif-
ferent unequal thickness billets in transitional region of Ti-alloy multi-rib component under isothermal local loading and
compared with integral loading. In terms of the macro deformation, the results show that the material transfers from the
second-loading zone into the first-loading zone and the die underfilling decreases with the initial volume of the first-loading
zone increasing, which reduces the risk of folding and rib shifting. However, that folding and rib shifting did not appear
during the integral loading. Nevertheless, when the initial volume of the first-loading zone reaches a certain value, the die
underfilling is aggravated both in local and integral loading. With respect to the microstructure, as the initial volume of the
first-loading zone increases, the average grain size is decreased after the first-loading step, but increased after the second-
loading step with consideration of one single loading step, which lead to the grain size being barely influenced by different

billet volume distribution under both loading steps.

Keywords Isothermal local loading - Multi-rib component - Transitional region - Unequal-thickness billet

1 Introduction

Large-sized titanium alloy component with multi-rib fea-
tures has been widely used in aviation and aerospace fields
because of its high-performance and light-weight [1, 2]
characteristics. However, in terms of the hard-to-form char-
acteristic of the titanium alloy, irregular distribution of the
inner rib and large projection area of the structure, a heavy-
duty press with large tonnage and high stiffness is required
to form such component by traditional forging technol-
ogy, so as to meet the necessary load capacity. With the
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development of the airliner and new-generation fighter, the
size of manufactured components will increase. Under the
circumstance, the press capacity will be improved to keep up
with the increased component size. To avoid that, it is neces-
sary to develop a new technique for precise plastic forming
that requires less-loading of the large-sized titanium alloy
multi-rib components.

Isothermal forging can reduce the flow stress of the mate-
rial because the workpiece can be formed without die chill-
ing [3, 4]. The local loading forming is a flexible and force-
saving method of changing the loading zones [5, 6], in which
aload is exerted to a part of the billet and finally the integral
component can be formed, as shown in Fig. 1. By combining
the advantages of isothermal forging and local loading, the
isothermal local loading forming (ILLF) is a precise forming
technology requires a less-loading [7], which provides an
efficient method to manufacture large-sized titanium alloy
multi-rib components.

In the ILLF, the transitional region determines the perfor-
mance of the integral large-sized component. Particularly,
the alternation between the loading zone and unloading zone
can result in reciprocating flow of material in the transi-
tional region [8]. This specific characteristic of the ILLF
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Fig. 1 Illustration of the local loading forming [5]

process is called as material transfer here. The transferred
material in the second-loading zone may lead to folding [9],
die underfilling [10] and rib shifting [11]. The complicated
material transfer will intensify the inhomogeneous deforma-
tion, which makes the microstructure in transitional region
hard to control [12]. Therefore, the material transfer plays a
crucial role in the micro and macro forming quality of the
transitional region in ILLF of the large-sized titanium alloy
multi-rib component. So, it is important to reveal the macro
deformation and microstructure response in transitional
region under the ILLF process.

Previous work has been done on deformation analysis in
the transitional region of the ILLF for titanium alloy com-
ponents. Sun et al. [7] suggested a proper positioning of the
die partitioning boundary along the rib that is helpful for the
transferred material filling in the cavity of that rib. Gao et al.
[9] revealed that decreasing the spacer block thickness and
increasing the friction are beneficial to decrease the quantity
of transferred material, which can reduce the risk of fold-
ing. Besides, increasing the fillet radii of the partitioning
rib in the transitional region can also reduce the risk of the
folding. Concerning the microstructure response, Li et al.
[13] pointed out that increasing the width of the adjacent
rib in the transition region result in increased concavity
of the cross ribs and a decrease in the average grain size.
Moreover, with a decrease in forging temperature and an
increase in loading speed, there is a decrease in the average
grain size. In the referenced works, all the investigations
are relative to the transitional region, providing good guid-
ance for improving the forming ability of the transitional
region. Nevertheless, during the bulk forming process, the
billet volume distribution largely determines the material
flow of the cavity-filling of the die [14, 15], especially for
problems with reciprocating flow of the material under the
conditions of multi-step local loading process. Therefore,
further investigation is required to evaluate the influence of
billet volume distribution on macro deformation and micro-
structure response in the transitional region of titanium alloy
multi-rib component under ILLF.

The purpose of this work is to study the macro defor-
mation and microstructure response with consideration of
the influence of the billet volume distribution in transitional
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region under the ILLF process. Firstly, a 3D finite element
(FE) model of a multi-rib eigenstructure was established to
represent the transitional region of the local loading forming.
Then, the FE model was verified by physical experiments of
macroscopic deformation and microstructure. Subsequently,
the geometric parameters of the billet for distributing the
initial volume in transitional region were described. Finally,
the influence of the billet volume distribution on folding,
die underfilling, rib shifting as well as the average grain
size of primary equiaxed a were identified using five differ-
ent UTBs based on FE simulation. This knowledge provides
guidelines for macro deformation and microstructure con-
trol of ILLF for large-sized titanium alloy component with
multi-rib features.

2 FE Modelling and Verification

2.1 Eigenstructure of the Multi-Rib Component
in the Transitional Region

According to the local loading feature of the full-size multi-
rib component, the impact of a loading zone on an unloaded
zone is a short range effect [16, 17], which affects the region
from die partitioning line to its adjacent rib of unloading
region. Therefore, the influence of local loading feature on
the full-size component is among the three adjacent ribs
when the die partitioning line is located on the second one.
In the full-size component, the region near these three ribs
is called transitional region. Thus, due to the structural fea-
tures of the multi-rib component, an eigenstructure which
includes three transverse ribs and two longitudinal ribs is
extracted to represent the transitional region of the ILLF,
as shown in Fig. 2. The whole eigenstructure is the transi-
tional region which can reflect the detailed forming char-
acteristics so as to investigate the macro deformation and
microstructure response in transitional region of full-size
multi-rib component under ILLF. In addition, based on the
deformation analysis of the eigenstructure, detailed forming
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characteristics of the transitional region can be observed and
the FE simulation time can be significantly reduced based
on this eigenstructure rather than the full-size component,
since this work is focus on the transitional region of the
ILLF. To reflect the asymmetric and complex characteristic
of the rib-web component, the thicknesses of some webs, the
distances between each rib and width of the ribs are varied.
The geometric parameters and sizes of the eigenstructure
are given in Table 1.

2.2 FE Modelling

Nowadays, FE simulation is an essential stage during the
analysis of the material forming process because it can
provide various forming information such as the material
flow, the evolution of the defects and the changing process

of the grain size [18-21]. Thus, the FE simulations under a
DEFORM-3D environment were carried out in this work.
Due to symmetry in the center of ribs 4 and 5 of the eigen-
structure, the 1/2 structure was selected to improve calcu-
lating efficiency, thus reduced the simulation time. Then,
the FE model of the transitional region was established, as
shown in Fig. 3a, b. It can be seen from Fig. 3a that the local
loading on the workpiece is achieved by adjusting the rela-
tive position of two bottom dies using a spacer block. Firstly,
the local zone of the workpiece above the spacer block can
be formed during the first-loading step. Then, the exerted
force transfers to the other zone of the workpiece during the
second-loading step, in which the spacer block is removed
and two subparts of the bottom die are coplanar. During the
local loading process, the reduction amount of each loading
step is 14 mm, the accumulative reduction amount of two

Table 1 Geometric parameters

R X Feature Parameter Value Feature Parameter Value
and sizes of the eigenstructure
Rib E1 Width, W, (mm) 15 Web 1 Thickness, T; (mm) 13
Height, H, (mm) 44 Web 2 Thickness, T, (mm) 13
Rib E2 Width, W, (mm) 13 Web 3 Thickness, T; (mm) 14
Height, H, (mm) 43 Web 4 Thickness, 7, (mm) 14
Rib E3 Width, W; (mm) 12 Web 5 Thickness, T (mm) 12
Height, H; (mm) 45 Web 6 Thickness, T (mm) 12
Rib E4 Width, W, (mm) 12 Distance To the left side of rib 1, D;,; (mm) 35
Height, H, (mm) 44 Between ribs 1 and 2, D,, (mm) 60
Rib E5 Width, W5 (mm) 16 Between ribs 2 and 3, D,; (mm) 75
Height, H5 (mm) 45 To the right side of rib 3, D5, (mm) 30

Fig. 3 FE model of eigenstruc-
ture: the first-loading step (a)
and the second-loading step
(b) of the local loading; ¢ the
integral loading
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steps is thus 28 mm. In reference to the result by Gao et al.
[22], a desirable thickness for the spacer block (14 mm) was
chosen in this work.

The ILLF process is performed under high temperature
(970 °C) and relatively low speed (0.2 mm/s), and the ther-
mal events are ignored in FE model. The Mises yielding
criteria and the isotropic hardening rule are adopted. The
shear friction model is employed to describe the friction
behavior between the dies and workpiece. The friction factor
is determined to be 0.5 in this work, according to the friction
experiment from Zhang et al. [23]. To meet the simulation
requirement of the severe plastic deformation, the tetrahedral
solid element was adopted and the total number of meshed
elements for the billet is 80,000. Besides, the local mesh
refinement of the plastic deformation zone and mesh auto-
matic redivision were carried out. For better understand on
the macroscopic deformation and microstructure evolution
during the local loading process, the FE model of the inte-
gral loading forming is also established, as shown in Fig. 3c.

Additionally, the combined dies are considered as rigid
bodies due to their stiffness, the elastic deformation of the
workpiece was neglected in this work since its plastic defor-
mation is much larger. Besides, the body force of the work-
piece was also ignored. Therefore, the billet is regarded as
rigid-plastic type, whose material is TA15 titanium alloy
in FE modeling. Similarly, TA15 was also considered as
rigid-plastic material rather than elastic—plastic material in
the work of Fan et al. [2]. The material model is input into
the FE simulation software by the form of discrete points
based on the work of Shen [24], as the stress—strain rela-
tions shown in Fig. 4. The deformation temperature of the
workpiece is 970 °C in the present study and the constitutive
curve of the current temperature can be acquired by auto-

evolution of the TA15 titanium alloy were developed based
on the ISV method, which take the following form [26]:

(5= k\/pé —(kzp & k3p"> exp(=Q,/RT) — k4p5/(1 _5)
d=ayd™ —a,S" d"

S =Prpexp(-Q,/RT)/d

po = e (0,7

y = 0.1+ 91 - S)p/p.,

ey
where P, d, S are the dislocation density, the aver-
age grain size of primary equiaxed a and recrys-
tallization volume fraction, respectively.
ky ~ky, ay, @, v1 ~v3s By Bas Ay, myon, g, Qg O, O,
are the material constant. R is the gas constant, which is
taken as 8.13145 J/(mol K).

The material constants were calculated by Han et al. [26],
as shown in Table 2. The accuracy of the ISV model has
been tested which can meet the needs of the application
requirement. Subsequently, the ISV material model of TA15
titanium alloy was encoded into the DEFORM-3D platform
by the FORTRAN language.

2.3 FE Model Validation

Robinson et al. [27] pointed out that the physical simulation
experiment (PSE) using a softer material provides distinct

Table 2 Material constants for ISV material model [26]

o o . . Material Value Material Value Material Value
matic interpolation in FE simulation software. constant constant constant
The internal state variable (ISV) material model was
established based on the softening mechanism of mate- ki 385.46 . g 19.59 " 0.68
rial deformation and the microstructure evolution law [25], ky 2:51e . 72 0.67 " 2.85 »
which can be adequately used in predicting the microstruc- ks 2.38¢% 73 LI d 1.52¢
. . . ky 69.86 B, 2.76e7 Q. 1.08¢°
ture evolution during a hot forming process. Therefore, s
o . o . a 5.83¢7 p, 3.83¢% Q, 2.04¢’
in this work, a set of equations describing microstructure
a 1.54 A 3.86e Q, 5.78¢°
240 140 100
1ol @) (c)
120 . sol :
leo- 00 100 005 100
& 150 s B < 6ok
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Fig.4 Stress—strain curves of TA15 under different temperatures [24]: a 900 °C; b 950 °C; ¢ 1000 °C
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advantages for metal forming research, such as the cost sav-
ings, easy operating and environment protection. Therefore,
the FE model has been validated by PSE with lead in this
work. The PSE was conducted at room temperature instead
of the titanium alloy at high temperature [28]. Dies and
equal-thickness billet (ETB) for the physical experiment
are shown in Fig. 5 and the material of die was 5SCrNiMo
steel. Consistent grease was used for lubricating the dies
and workpiece. The key forming results of the PSE and FE

simulation are listed in Table 3. Among them, H,.s, H 4410

Fig.5 Dies and billet for physi- (a)
cal experiment [10]: a assemble

bottom die; b top die; ¢ equal-
thicknessbillet

Spacer

block

and H,,p,, represent the height of the rib I, rib 2 and rib 3
on the symmetric plane by local and integral loading, while
Dy, 4 represents the distance between the folding and the
center of rib 2 by local loading, as shown in Fig. 6. Good
agreement on four key sizes between the PSE and simulated
workpiece indicate that the FE model was reliable in study-
ing the macroscopic deformation in the transitional region
of local loading forming.

Furthermore, in order to validate the reliability of the FE
model for the microstructure development of the ILLF, the

Table 3 Comparison of forming results between FE simulation and experiment [10]

Local loading Integral loading

Hyf (mm) H pjgqre (mm) Hijgp (mm) Dyy1q(mm) Hyoq (mm) Higq1e (mm) Hijgp, (mm)
Experiment 38.7 429 40.0 30.5 42.1 429 42.7
FE simulation 414 43.0 43.0 27.8 43.0 43.0 43.0
Relatively error (%) 6.52 0.23 6.98 8.85 2.09 0.23 0.70

(a) | First-loading region ,

0.80
Underfilling 60 l

0.00

(b)

Minimum  (c)
distance(mm)

4.0
36
32
28

24 g

20 o
o
12

Underfilling

Fig.6 Simulated result (a) and experimental result (b) of the local loading [10]; simulated result (¢) and experimental result (d) of the integral

loading

@ Springer KE;E



1928

International Journal of Precision Engineering and Manufacturing (2021) 22:1923-1936

experiment of the local loading with an isothermal condi-
tion was carried out by Han et al. [26]. During the experi-
ment, the forming temperature was 950 °C and the loading
speed of top die was 1 mm/s. After two loading steps, the
microstructure morphology of the different loading zones
can be observed in literature [26]. The comparison of the
experimental results and FE simulation is given in Table 4. It
was found that the FE model predictions are very close to the
experiment. Therefore, Eq. (1) indicated a good prediction
in the FE simulation on the microstructure response during
the ILLF process.

3 Geometric Parameters Description
of the Billet Volume Distribution

The billet volume distribution was adjusted by the unequal-
thickness billet (UTB), which is simple and convenient to
manufacture, as shown in Fig. 7a. For better implementation
of the reasonable initial volume distribution under the prin-
ciple of constant volume, the UTB was divided into three
parts rather than two parts. According to the research by
Zhang et al. [29], it was better to adopt a beveling type in
variable-thickness regions of the UTB, so as to meet the
requirements of easy manufacturing and to reduce the pos-
sibility of folding in that region, as shown by the shaded
area in Fig. 7a. The quantitative index of the beveling can
be defined as:

R, = Al/AH @)

where Al and AH are the lengths of beveling and thickness
differences of adjoining parts. According to the recom-
mended value by literature [29], the value 2 is suggested
for R,.

It can be seen from Fig. 7a that the initial volume of the
UTB can be effectively distributed by five size parameters:
H,, Hy, Hy, | and L. To realize the volume difference
of the billet in different loading zone under the constant-
volume principle, H, is defined as an independent vari-
able, while Hj; is defined as a dependent variable. The rest
are fixed values. The value of H, is changed based on UG
softeware, then five UTBs with different volume percentages
(Exp-1 to Exp-5) were designed for arranging the single fac-
torial experiments. The detailed size parameters are listed in
Table 5 and five volume percentages of the UTBs (Exp-1 to
Exp-5) are shown in Fig. 7b. In summary, as H, increased,
the initial distributed volume in the first-loading zone also
increased. Therefore, the initial volume distribution in the
transitional region can be actively adjusted and controlled
by the size of H,. Subsequently, a parametric study was car-
ried out via numerical simulation to investigate the effects
of billet volume distribution on macro deformation and

Table 5 Variable and fixed values for geometric parameters of UTB
under single-factor experiment

Variable Exp-1 Exp-2 Exp-3 Exp-4 Exp-5
Table4 Comparison of average grain size of primary equiaxial a H,/H, 0.75 0.85 0.95 1.05 115
[26] Volume percentage under 38.11 40.80 43.69 46.77 50.05
E - p—— the first-loading step (%)
Xperiment imulation HyH, | | | 1 |
First-loading zone 7.86 pm 7.38 pm ettt 0.6 0.6 0.6 0.6 0.6
Second-loading zone 7.45 pm 7.29 pm Liight/Lrigne 0.6 0.6 0.6 0.6 0.6
(@) (b)
°:°, 7 Under the first-loading zone
£ Under the second-loading zone w
= <
> 60f S %
© N
EINN N &\
St
- N © e
& O A N N L
: NN N | C—
7
E FTISEE NN 7\ 7\\ N\ N
7 o 7 \ N ’ N
! : NN \ | —
S 30 \M7
> Exp-1 Exp-2 Exp-3 Exp-4 Exp-5

Fig.7 Geometric parameters description of the UTB: a the section of the UTB; b billet volume distribution in the different loading zones of the

transitional region
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Fig. 8 Influence of the different volume distributions of the billet on M, and folding in the second-loading step of the transitional region

Fig.9 The workpieces after the (a)
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(b) N

microstructure response in transitional region of Ti-alloy
multi-rib component under ILLF.

4 Results and Discussion
4.1 Material Transfer and Folding

In previous studies [9, 10], the results showed that the
folding defect is prone to emerge in the transitional region
during local loading of the multi-rib component. Figure 8
illustrates the variation of material transfer by five different
UTBs. It can be seen that M, (M, represents the percentage
of transferred material) decreased with an increasing initial
volume of the first-loading zone. The explanation of this
phenomenon is that the filling depth of the cavity of the rib
in the first-loading zone is increased with an increase in the
distributed initial volume in the first-loading zone. Accord-
ingly, the distributed initial volume in the second-loading
zone is relatively less, due to the constant-volume principle.
Then, the quantity of the transferred material in the second-
loading zone was decreased. Figure 9 compared the filling
depth of the rib by Exp-1 and Exp-5 after the first-loading
step. It is clearly to see that the formed height of the rib by
Exp-5 is higher than that of Exp-1. Meanwhile, the material
in the second-loading zone by Exp-5 is less than Exp-1.

Table 6 Folding situations by the physical simulation experimental
samples

Experi- Volume percent- M,  Folding Folding

mental age under the generation by  generation by

samples first-loading FEM experiment
step (%)

ETB 45.21 4.55 Yes Yes

UTB 48.42 421 No No

It can be seen in Fig. 8§ that folding is generated by Exp-1
to Exp-4, while folding was avoided by Exp-5. The detailed
evolution process of that folding was observed and discussed
in our previous work [10]. It can be concluded that there
exists a critical value of M,. When the transferred material
exceeds that critical value, folding might occur. How to
acquire the critical value is detailed in Ref. [10]. To verify
that increasing the billet volume of the first-loading zone is
favorable to eliminate folding, a physical simulation experi-
ment of UTB was carried out, in which the billet volume
of the first-loading zone was more than ETB’s. The fold-
ing results of the experiment and FE simulation by ETB
and UTB are summarized in Table 6. The results show that
non-folding was observed in the experimental results of
UTB, as shown in Fig. 8, while folding was generated by
the ETB outcomes, as shown in Fig. 6b. Therefore, it can
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be concluded that increasing the billet volume of the first-
loading zone can decrease the transferred material, which is
beneficial to reduce the risk of folding.

4.2 DieFilling

The previous research showed that the material could flow
into all the die cavities of the ribs in the transitional region
during the second-loading step [10], thus the die filling of
the first-loading zone after first-loading step can be changed
during the second-loading step. Therefore, the analysis of
die filling was only focused on the second-loading step. To
quantitatively analyze the die filling behavior in transitional
region by the billet volume distribution, the die underfilling
rate @, was adopted to depict the cavity-filling capacity of
the rib, which takes the form:

(I)M = (Vunderﬁll/veigen) X 100% (3)

where V,, 4esn 1S the underfilled volume of the eigenstructure
when a certain rib (rib E1 and E4, rib E2 or rib E3 and ES5)
is fully filled before any other ribs during the second-loading
step. Following this rule, as @, approaches zero, better die
filling can be acquired.

Figure 10a illustrates the influence of the rule on cavity-
filling of the rib under different billet volume distributions.
It can be seen that the die underfilling rate @, by two local
loading steps decreases first, then increases with the billet
volume distribution of the first-loading zone increasing. As
the minimum distance shown in Fig. 10b, the cavity-filling
of the rib in the first-loading zone or in the second-loading
zone was fully filled. The reason is that the cavity-filling of
the rib in the second-loading zone can be fully filled before-
hand by Exp-1 to Exp-4, so as more billet volume is dis-
tributed in the first-loading zone, cavity-filling of the rib in

(a) (b)

First-loading region

12
Exp-1
7T 7 7] Local loading
9} ' NN
~
S st
e:
3 -
NN
0 N

38 40 42 44 46 48 50
Volume percentage under the first-loading step (%)

transitional region will improve. However, when the billet
volume of the first-loading zone reaches a certain value, the
cavity-filling of the rib in the first-loading zone can be fully
filled beforehand, as the Exp-5 shown in Fig. 10b. Hence,
the die underfilling was aggravated in the second-loading
zone and consequently the cavity-filling of the rib in the
transitional region became worse compared to Exp-4 and
Exp-5. It should be noted that the die underfilling of Exp-3
and Exp-5 was almost the same. Although the similarity
of the die filling in the transitional region can be acquired
by different billet volume distributions, @, is the index of
the quantitative analysis for the die filling behavior, which
means that the material flows into the various cavities of the
rib owing to the feature of the multi-rib component. If one
cavity-filling of the rib becomes better, this may lead to the
other cavity-filling of the rib becoming worse. In this work,
one of the aims was to determine the effect of the billet
volume distribution on die filling in transitional region of
ILLF, so as to optimize that billet for balance and acquire
the optimum die filling. So the influence of the different
volume distribution of the billet on @, and similar results
for the cavity-filling of the rib under different billet volume
distribution are reasonable in this work.

To analyze the effect of transferred material on the cav-
ity-filling of the rib, the die underfilling rate @, by integral
loading is given as a comparison in Fig. 10a and c. The
result shows that there exists a certain discrepancy between
integral loading and local loading, but the variation trend of
the die underfilling rate @, is the same in either case.

From the analysis above, the transferred material may
have an effect on die filling in the transitional region. To fur-
ther study the effect of transferred material on die filling dur-
ing the second-loading step, the quantitative analysis of the
volume percentage variation within the first-loading zone is
given in Fig. 11a. The results show that all the UTBs exhibit

(c)

Minimum

distance (mm)

Fig. 10 Influence of the different volume distributions of the billet on @,: a the variation tendency of @ ; b local loading; ¢ integral loading
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the same tendency. Besides, the material variance in the
first-loading zone can be divided into three stages accord-
ing to the material transfer pattern. In stage 1, the material
variance under the first-loading zone is a continuous dec-
lination throughout the first-loading step since the top die
presses the billet. The reason is that the material in the first-
loading zone is not constrained by the other subpart of the
die, which is located in the unloading zone. Consequently,
the initial distributed material in the first-loading zone was
transferred into the second-loading zone continuously, leads
to decrease of material in the first-loading zone during the
first stage. The second stage starts from the beginning of
the second-loading step. The material in the second-loading
zone was transferred into the first-loading zone, leading to
an increase of material in the first-loading zone during the
second stage. With the top die descending, a neutral layer
is formed when the second stage finished, as shown by the
red vertical line in Fig. 11b. At this moment, the material
in the second-loading zone no longer transferred into the
first-loading zone. In stage 3, the material in the first-loading
zone flowed along both sides of the neutral layer. One part of
the material flowed into the cavity-filling of the rib in first-
loading zone. The other part of the material turned toward
the second-loading zone and flowed into the partitioning rib,
which was the main reason for decreasing material in the
first-loading zone during the third stage.

Notably, there is a transverse red line between 40 and45%
of the volume percentage under the first-loading step in
Fig. 11a, which means the target die filling of the first-
loading zone is 42.7%. So the cavity-filling of the die under
the first-loading zone is fully-filled at 42.7% after two local
loading steps. Therefore, Fig. 11 can further reveals that
Exp-4 has lowest die underfill and Exp-1 has highest die
underfill among Exp-1 to Exp-5.

By scrutinizing the results in Figs. 10 and 11,
the root cause of the difference on cavity-filling of the rib

between the local loading and integral loading was the recip-
rocating material transfer during the first and second-loading
step. Although the quantity of transferred material in the first
and second loading steps are inequality, the variation ten-
dency of the cavity-filling of the rib by local loading and
integral loading are the same, indicating that the material
transfer has little influence on die filling. The cavity-filling
of the rib in the transitional region is essentially dependent
on initial volume distribution.

4.3 Rib Shift

In our previous analysis on the rib shift of local loading,
the affected zone of rib shift is near the root of the formed
rib on the first-loading zone side in transitional region [11].
Therefore, the changing displacement of point D1 in Fig. 12
was chosen as the research object for rib shifting analysis
by different billet volume distribution. It can be seen that

= = P b
> i =
T T T T

Shift in X direction (mm)
>
n

S
>
T

Il 1 1 L 1

0 20 40 60 80 100

The percentage of the stroke in second-loading step (%)

Fig. 12 Changing displacement of point D1 in X direction during the
second-loading step under the different billet volume distributions in
transitional region
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the offset of D1 in the X direction decreased with the billet
volume of the first-loading zone increasing, i.e. the degree of
the rib shifting decreased. The reason is that the transferred
material during the second-loading step decreased with the
initial volume of the billet in first-loading zone increasing.
Subsequently, the compressive stress (caused by the trans-
ferred material), which exerts on the rib shift can also be
decreased. The conclusion can be drawn that a decreased
initial volume of the billet in the second-loading zone is an
effective method to relieve the rib shifting during the local
loading process. Moreover, rib shifting as well as folding did
not appear during the integral loading.

4.4 Grain Size

Different strain paths under local loading and integral load-
ing may bring about a diverse microstructure. In order to
reflect the strain and grain size in the transitional region, a
simple ETB was adopted to observe its distribution on the
workpiece after one and two local loading steps, as shown
in Fig. 13a and b. Additionally, the strain distribution of the
formed workpiece by the integral forming is depicted as a
comparison in Fig. 13c. The accumulated strain by two steps
of local loading results in a distinct strain concentration,
and the corresponding zone within this strain concentration
is called the affected zone, which is not observed after the
integral forming.

Based on the established ISV model, the grain size dis-
tribution after the first and second-loading steps are shown
in Fig. 13d and e. Meanwhile, the grain size distribution by
the integral loading is also given as a comparison, as shown
in Fig. 13f. It can be seen from the affected zone by local

(@) | First-loading zone |

Effective
strain
4.00

(b) 3.50
3.00

250
2.00
The affected zone by 1.50

local loading feature
1.00

(C) - 0.500
0.000

(e)

(®

loading features that the grain size is smaller compared to
the integral loading. It is well known that the microstruc-
tural morphology varies with strain: the larger the strain, the
smaller the grain size of the microstructure. Therefore, the
variation of grain size is governed by two reasons:

(1) First, the transferred material would contact the top
and bottom die 1 at the same time during the second-
loading step. Then, the deformation is generated in the
first-loading zone (unloading zone). Accordingly, the
strain would be accumulated in the web that connects
the partitioning rib to its adjacent rib in the unloading
zone. However, that strain is not produced during the
integral loading process due to nonoccurrence of the
material transfer.

(2) Second, the deformation can be generated at the root of
the rib in the first-loading zone (unloading zone) due to
the rib shifting. Similar to the first reason, that strain is
not produced during the integral loading process due
to nonoccurrence of the rib shifting.

Moreover, the grain size distribution out of the affected
zone is basically the same via the local loading and integral
loading. Based on the common causes of the two reasons
given above, in the transitional region of ILLF, the grain size
distribution by the local loading is distinguished from that
of integral loading, and the distribution area that is different
is only in the affected zone.

Figure 14 compares the distribution of the grain size in
the affected zone by a percentage. The results show that
grain sizes less than 7 um reached 89.3% under local load-
ing, while grain sizes less than 7 pm was only up to 60.8%

(d)

Grain size (pm)

100
9.50 I
9.00
8.50

8.00

The affected zone by 180

local loading feature 7.00

6.50

6.00

Fig. 13 Strain distribution after the first a and second b loading step of the local loading; ¢ strain distribution after the integral loading [11];
Grain size after the first d, second e loading step of the local loading; f grain size after the integral loading
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Fig. 14 Percentage distribu-
tion of the grain size in affected
zone: a integral loading; b local
loading

20} @
15

10

15+

10

11—

Percentage in the affected zone (%)

under integral loading. Therefore, the grain size under local
loading is smaller on the whole compared with the grain size
under integral loading, as shown in Fig. 15a. The statistics
of the percentage distribution further reveals the grain size
after local loading is significantly less than that after integral
loading.

Figure 15a illustrates the influence of the billet volume
distribution on the average grain size. After two local load-
ing steps, the average grain size increased first and then
decreased. But it is worth noting that the average grain size
of Exp-1 to Exp-5 formed by the local loading varied from
6.6 to 6.7 microns. Generally speaking, this variance in
average grain size is too small to justify the billet volume
distribution affects the grain size. However, the strain was
accumulated by the first and second loading steps, then the
variation of the grain size inevitably took place during the
single first and single second loading step. Therefore, further
investigation is required to clarify the effect of the grain size
in each single loading step.

Figure 15b illustrates the variation of the average grain
size by a single loading step of the local loading under dif-
ferent billet volume distribution. It is observable that the
average grain size after the first-loading step decreased with
an increasing the initial volume in first-loading zone. On the
contrary, that grain size after the second-loading step
increased. This occurred because increasing the initial vol-
ume of the first-loading zone can lead to more material flow

0 t T t T ¥ T T
60 65 7.0 75 80 85 9.0 95 10.0

Grain size by integral loading (pm)

Percentage in the affected zone (%)

60 65 70 75 80 85 9.0 95 10.0
Grain size by local loading (pm)

into the cavity of the rib in that zone. The corresponding
strain during the first-loading step was thus increased, as
shown in Fig. 16a, in which the Z;Vg is the average strain in
affected zone. During the second-loading step, M, is
decreased with the initial volume distributed in the first-
loading zone increasing (Fig. 16b), and as a result, the strain
induced by the transferred material was reduced. Previous
research shows that transferred material during the second-
loading step is the fundamental reason for strain concentra-
tion [11]: the strain during the second-loading step in the
affected zone is thus decreased, as shown in Fig. 16a.
Furthermore, Fig. 17a presents the variation rate of the
average grain size under different billet volume distributions,
and the corresponding variation rate is given as follows:
d(p) - dinitial % 100% (4)

initial

Ad(p) =

initial 18

where d(p) is the average grain size, p = 1,2,3,4,5;d
the initial grain size, which is 10 wm in this work.

It can be seen that three different variation rates are given.
The whole variation rate of the first loading step and the
second loading step are below the both loading steps. From
the perspective of the numerical magnitude, the maximum
difference of the variation rate by each single loading step is
7.7% and 4.1% for the first and second loading steps. From
grain size distribution in the FE simulation, the grain size

Fig. 15 Influence of the differ- (a)7.4 (b) 8.4
ent billet volume distributions Generated by local loading (two steps) [Z25] Only generated after 1* loading step
on the average grain size of i 72l XX Generated by integral loading i [EEEH Only generated after 2™ loading step
primary equiaxial a: a local P Exp-3  Exp4 ° 8.0 Exp-1 Exp-2 Exp-5
: : o N
loa.dmg and 1ptegra1 loading; % 7ol Exp-2 N Exp-5 »
b single loading step by local 5 Exp-1 c
. .E -a 7_6 -
loading I\ jd
o 68} )
S % 7 S
§ 66 s "
> 0T >
< 7 < E
6.4 u u T T T T 6.8 L T t T N
38 40 42 44 46 48 50 38 40 42 44 46 48 50

Volume percentage under the first-loading step (%)

Volume percentage under the first-loading step (%)
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Fig. 16 Influence of the differ- (a) (b)
ent billet volume distributions L7r 1.2 Exp-1
— . .
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Fig. 17 Influence of the differ- (a) Exp-1  Exp-2 Exp-3 Exp-4 Exp-5

ence billet volume distribution
on average grain size and corre-
sponding grain size distribution:
a variation rate of average grain
size; b—g grain size distribution
by first b, e, single second c,

f, and both d, g loading steps,
respectively
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shows a visible difference in Exp-1 and Exp-5, as shown
by the symbols with red circle in Fig. 17b, c, e and f. How-
ever, that variation rate from both loading steps is less than
1% and the visual of the grain size shows little difference
between Exp-1 and Exp-5. Resultantly, the increased initial
billet volume of the first-loading zone may have little influ-
ence on the average grain size at the end of ILLF.

5 Conclusions
This work focuses on revealing the influence of the billet

volume distribution on folding, die underfilling, rib shift-
ing and average grain size of primary equiaxed a in the
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transitional region of ILLF. The following conclusions were
drawn:

(1) The filling depth of the cavity of the rib in the first-
loading zone increases with the billet volume of the
first-loading increasing, then the transferred material
during the second-loading step is decreased accord-
ingly, which is beneficial to reduce the risk of folding
and relieve rib shifting.

(2) With the billet volume distribution of the first-loading
zone increasing, the die underfilling by two local load-
ing steps decreases first and then increases. Compared
with the integral loading and local loading, the varia-
tion trend of the die underfilling is the same and the
difference on the cavity-filling of the rib is little due to



International Journal of Precision Engineering and Manufacturing (2021) 22:1923-1936

1935

3)

“)

the reciprocating material transfer during the first and
second-loading step.

Comparing with the integral loading, the average grain
size is smaller on the whole after the local loading
owing to the material transfer and rib shift, which result
in strain accumulation during the ILLF process.

With the initial volume in first-loading zone increasing,
the average grain size decreases after the first-loading
step but increases after the second-loading step. Conse-
quently, the increased initial billet volume of the first-
loading zone has little influence on the average grain
size at the end of ILLF.
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