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Abstract The deformation inhomogeneity of transitional re-
gion plays a great role in both the macro and micro forming
qualities in the local loading forming. In this work, the depen-
dence of deformation inhomogeneity of transitional region on
the die parameters in the local loading forming of Ti-alloy rib-
web component was studied based on finite element (FE)
simulation. To evaluate the deformation inhomogeneity, an
area-weighted strain inhomogeneity index was employed,
which is calculated through the user subroutine of FE software
(DEFORM-2D). It is found that there exist two kinds of strain
concentration areas contributing to the deformation inhomo-
geneity of transitional region. One kind is the almost symmet-
ric strain concentration area at the non-partitioned ribs, which
is essentially related to the filling of rib. Another kind is the
slant strain concentration area at the partitioned rib, which is
caused by the multi-step loading during local loading forming.
Besides, the effects of die parameters on the deformation in-
homogeneity of transitional region were studied by the com-
bination of orthogonal experiment design and FE simulation.
The results suggest that the draft angle of the right rib is the
most significant factor for both the deformation inhomogene-
ities of the partitioned rib region and whole transitional region.
And, these two deformation inhomogeneities both decrease
with the draft angle of the right rib decreasing. Furthermore,
the relationship between die parameters and deformation in-
homogeneity of transitional region is developed using the re-
sponse surface methodology (RSM). Based on the RSM
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model, the die parameters were optimized to improve the de-
formation homogeneity of transitional region. The results will
provide basis for the design of die parameters to improving the
deformation and microstructure homogeneities in the isother-
mal local loading forming of Ti-alloy rib-web component.

Keywords Local loading forming - Rib-web component -
Transitional region - Die parameters - Deformation
inhomogeneity

1 Introduction

The isothermal local loading forming technology proposed by
Yang et al. [1-4] integrates the advantages of local loading
forming and isothermal forming. It can control the material
flow, reduce the forming load, enhance the formability of ma-
terial, and enlarge the size of component. These advantages
make it a highly attractive way to form the titanium alloy
large-scale complex components with thin web and high rib
(such as bulk head), which have gained increasing applica-
tions in aviation field due to their features of high perfor-
mance, light weight, and high reliability [4—7]. These compo-
nents often serve as the key load-bearing structures under
severe working conditions, so high quality of macroscopically
forming and fine microstructure are both required in the
forming process.

During local loading forming, the load is applied to part of
the billet in one loading step and the component is formed by
changing loading region. The alternation of loading region
results in the loading region, unloading region, and transition-
al region, as shown in Fig. 1 [2]. The transitional region con-
nects the loading region with unloading region and deforms
under the constraints of two adjacent regions. As a result, the
material in transitional region undergoes complex material
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Fig. 1 Illustration of the local loading forming [2]

flow and large uneven deformation. The large and complex
uneven deformation may produce some macro-defects such as
folding. And more importantly, it may lead to non-uniform
microstructure due to the strong microstructure sensitivity of
titanium alloy to deformation amount. Therefore, the defor-
mation inhomogeneity and forming quality of transitional re-
gion need more concern as it may determine the performance
of component during local loading forming.

By now, lots of researches have been conducted on the de-
formation characteristics during integral forging process. For
example, Zhang et al. [8] revealed the production mechanisms
of folding and underfilling defects during the isothermal forging
of aluminum alloy ring seat by FE simulation. Kim et al. [9]
analyzed and predicted the defects during the multistep forging
process of subminiature screws. The formation and avoidance of
bulging and unfilled defects in the cold forging of an AUV blade
pin head were studied by Abdullah et al. [10]. Chan et al. [11]
investigated the effects of tooling geometry parameters on the
formation of folding defect in the forging of axisymmetrical
flanged components. Yang et al. [12] optimized the preform
shapes by the combination of FE simulation and RSM to im-
prove the deformation homogeneity in the forging of a typical
aeroengine disk. On the other hand, some primary studies have
been conducted on the forming characteristics of transitional
region during local loading forming of large-scale rib-web com-
ponents. Zhang et al. [13, 14] found that there exists transverse
material flow in the transitional region due to the local loading
characteristic, which is from the loaded region into the unloaded
region. Gao et al. [15] further revealed the material flow mech-
anism of transitional region quantitatively by FE simulation
combined with a user subroutine. Based on the material flow
laws, the formation mechanisms of forming defects (folding and
cavum) in transitional region are uncovered, and the influence of
processing parameters on forming defects are studied through
the combination of physical experiment and FE simulation [16].
In addition, Gao et al. [17] developed a quick prediction model
for the folding defect of transitional region during local loading
forming of large-scale rib-web component based on folding in-
dex. These works provide good guidance for predicting and
avoiding the forming defects in transitional region.
Nevertheless, the deformation inhomogeneity of transitional re-
gion during local loading forming has not been paid enough
attention in the informed research studies. Sun et al. [18]
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investigated the influence of various processing parameters
(forging mode, friction, and loading pass) on the final inhomo-
geneity of strain distribution on the whole bulk-head component
after local loading forming by FE simulation. However, they do
not consider the deformation inhomogeneity of transitional re-
gion, which is the most outstanding forming feature and closely
related to the local loading characteristic. On the other side, the
die parameters (fillet radius and draft angle) have great influence
on the material flow and deformation behavior in the local load-
ing forming of rib-web component [19]. It may be a feasible way
to decrease the deformation inhomogeneity by adjusting the die
parameters. Therefore, further investigation is required to reveal
the mechanism of deformation inhomogeneity in transitional
region, and its dependence rules on the die parameters during
local loading forming of titanium alloy large-scale rib-web
component.

In this paper, the deformation inhomogeneity of transition-
al region in the local loading forming of TA1S5 alloy large-
scale rib-web component was studied by FE simulation. An
area-weighted strain inhomogeneity index was applied to rep-
resent the deformation inhomogeneity, which is calculated
based on user subroutine of DEFORM-2D. Then, the mecha-
nism of deformation inhomogeneity in transitional region and
its dependence rules on the die parameters were analyzed
quantitatively. Besides, the relationship between the die pa-
rameters and deformation inhomogeneity is established, based
on which the optimal die parameters for improving deforma-
tion homogeneity were determined. The results will provide
basis for improving the homogeneities of deformation and
microstructure in the isothermal local loading forming of tita-
nium alloy large-scale rib-web component.

2 Research method
2.1 FE simulation of the transitional region

FE simulation has been widely applied to analyze the forming
characteristics in metal forming, which can predict the distri-
bution of strain and velocity, and the evolution of defects
during forming process [20—22]. The FE model of transitional
region in the local loading forming of large-scale rib-web
component has been developed in previous studies, as shown
in Fig. 2 [15—17]. It has been successfully applied to study the
mechanisms of material flow and defects formation in transi-
tional region [15, 16]. In the FE model, the lower die is inte-
gral, while the top die is divided into two symmetrical parts:
Top die 1 and Top die 2. The local loading forming is con-
ducted in one loading step including two loading steps. The
local loading on workpiece is achieved by adjusting the rela-
tive position of two top dies using a spacer block, as shown in
Fig. 2. The structural geometry dimensions of die are shown in
Fig. 2a. The billet height (/) is 30 mm. Both of the reduction
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Fig. 2 2D FE model of (a)
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loading forming of large-scale
rib-web component. a The first
loading step. b The second
loading step [15]
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amount and spacer block thickness are 13 mm. In FE model-
ing, the billet is set as rigid-plastic type, whose material model
(TA15 alloy) is input in the form of discrete points based on
the work of Shen [23]. Since the metal flow perpendicular to
die partition boundary is the main deformation, the deforma-
tion in transitional region is simplified as a plane strain prob-
lem. The whole forming process is modeled in isothermal
condition neglecting any thermal events, as the isothermal
local loading is performed under high temperature and low
loading speed. The von Mises yielding criteria and constant
shear friction model are employed. To avoid the meshing-
induced singularity, the automatic remeshing and local refined
meshing techniques are used. The developed FE model has
been verified reliable to simulate the material flow and defor-
mation behavior in transitional region by physical experi-
ments in the author’s works [15—17]. So, this FE model is
applied to predict the deformation inhomogeneity of transi-
tional region in this work. To study the effect of die parame-
ters, the fillet radius () and draft angles (7) of three ribs vary
from 3 to 9 mm and 1 to 3°, respectively. As for the processing
parameters, the deformation temperature, loading speed, and
friction factor are set as 950 °C, 0.1 mm/s, and 0.5, respec-
tively, for all samples.

2.2 Evaluation of the deformation inhomogeneity

in the middle of two adjacent ribs. Regions A—C are divided
according to their different deformation histories in the local
loading forming. The material in Region A undergoes large
deformation in first loading step but small deformation in
second loading step. The material in Region B undergoes
moderate deformation under the constraints of Regions A
and C in both two loading steps. However, the material in
Region C undergoes small deformation in first loading step
but large deformation in second loading step. Different defor-
mation histories may lead to different characteristics of defor-
mation inhomogeneity, thus the deformation inhomogeneities
of Regions A—C are all calculated and analyzed in this work.
The deformation inhomogeneity of Regions A, B, and C and
the whole workpiece are noted as ¢4, @, @, and @z
respectively.

In the informed researches, the deformation inhomogeneity
of forging workpiece is usually evaluated by the following
indexes [12, 24]:

In this work, the deformation inhomogeneity of transitional ~ ¥#3 = Emax ~Emin (3)

regions is evaluated in the whole workpiece and different local N o N N N

regions, as marked Regions A-C in Fig. 3. Two regional ¢, = Z\;(El *Eave> / Z\g B :ZVIE[ /th (4)

boundaries (red lines) are parallel to vertical axis and locate i=1 i=1 i=1 i=1
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Fig. 4 The variation of deformation inhomogeneity during the local
loading forming process

where £ ; and v; are the effective strain and volume of element
i, respectively, € max and € i, are the maximum and minimum
effective strain, respectively. The indexes of Egs. (1)—(3) are
all calculated based on the strain and number of elements.
While, the volume of element is also considered in the index
of Eq. (4). Here, the element volume is aiming at 3D FE
simulation, which can be changed to element area in the 2D
FE simulation. In this work, the element area may change with
region and sample due to the uncertainty of element meshing
in FE simulation. Moreover, there exist great differences on
the number of elements and total area among different con-
cerned regions. Therefore, the area-weighted inhomogeneity
index Eq. (5) was applied to guarantee the comparability of
inhomogeneity index among various regions and samples.

. . p— . .
where s; is the area of element 7, £ is the area-weighted

average effective strain of all elements represented by
" N

. N
Cave = 21 Sisi/Azl Sit
i= i=

The strain inhomogeneity indexes of different regions are
calculated via user subroutine of DEFORM-2D in this work.
In the subroutine, the effective strain of each element can be
acquired directly from the subroutine, while the areas of each
element and region are calculated by a previous proposed
method by the authors [15]. The strain inhomogeneity indexes
©Yas PBs o, and @7 at each solution step are calculated and
saved to analyze the evolution of deformation inhomogeneity.

3 Analysis of the deformation inhomogeneity
in transitional region

In this section, the evolution and mechanisms of deformation
inhomogeneity in transitional region are analyzed through a
typical sample with the same fillet radius () of 6 mm and draft
angle (y) of 2° for three ribs. The billet height (H) and reduc-
tion amount are 30 and 13 mm, respectively.

Figure 4 shows the variations of deformation inhomogene-
ities of different regions during forming process. It can be
found that they all increase gradually with the forming process
but present time-changing and different rates. Based on the
variation laws of deformation inhomogeneity and strain dis-
tribution during forming process, the whole local loading pro-
cess can be broadly divided into four forming stages with two
stages in each loading step, as shown in Fig. 4. The represen-
tative strain distribution of each forming stage is given in
Fig. 5. For the first loading step, in stage 1, deformation main-
ly happens in Region A and its deformation inhomogeneity is
also the largest. From Fig. Sa, it can be seen that the left rib

Effective
strain

2.20
-

1.47

0.73

Fig. 5 The representative strain distribution at different forming stages: a stage 1, b stage 2, ¢ stage 3, d stage 4
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Fig. 6 The material flow pattern and grid change of Region A
corresponding to Fig. 5b

was filled to some extent and a strain concentration area pro-
duces at its root in this stage, which is the main reason for the
greater deformation inhomogeneity of Region A. With the
increase of punch stroke, the material in Regions B and C also
deforms to a lager extent (Fig. 5b), and their deformation
inhomogeneities increase (Fig. 4). It can be seen from
Fig. 5b that the strain distribution of Region C is similar to
that of Region A with a strain concentration area at the root
and sides of right rib. Nevertheless, the strain distribution of
Region B is different to Regions A and C. In addition to the
strain concentration area at the root of middle rib, the defor-
mation amount under Top die 1 (red rectangle) is significantly
greater than that under Top die 2 (black rectangle) due to the
feature of local loading forming. This also contributes to the
deformation inhomogeneity of Region B. At the end of first
loading step, the order of deformation inhomogeneities at dif-
ferent regions is >0 7>Pp>@c, as shown in Fig. 4.

For the second loading step, in stage 3, Region A un-
dergoes little deformation and its deformation inhomoge-
neity change little. While, large deformation happens in
Regions B and C, and their deformation inhomogeneities
increase gradually. It should be noted that the deformation
inhomogeneity of Region B increases more quickly than
that of Region C in this stage (Fig. 4). This is because a

Fig. 7 The material flow pattern (a)
and grid change of Region B: a
corresponding to Fig. 5b; b
corresponding to Fig. 5¢

large-scale and significant strain concentration area gener-
ates at the middle rib (ellipse region in Fig. 5¢), which does
not exist in Region C. In the later forming stage, three
regions deform simultaneously and their deformation inho-
mogeneities all increase further (Fig. 4). However, their
strain distribution (Fig. 5d) is similar to those in stage 3
(Fig. 5¢) and change little in this stage. At the end of local
loading forming, the order of deformation inhomogeneities
at different regions is @p>pr>Yc>wa, as given in Fig. 4.

From the above analyses, it can be found that there exist
two kinds of strain concentration area in the forming pro-
cess, both of which play great roles in the deformation
inhomogeneity. One kind is the strain concentration area
at the root and sides of left and right ribs and another kind
is the strain concentration area at the middle rib, as shown
in Fig. 5d. To reveal their formation mechanisms, the ma-
terial flow pattern and grid change of Region A and Region
B are shown in Figs. 6 and 7, respectively. From Fig. 6, it
can be seen that the material flow direction changes greatly
at the fillet of rib root and the grid warps to some extent at
this area. The horizontal grid lines get upwarp with the
filling of rib; concurrently, the surface grids near the fillet
were stretched severely. These suggest that large deforma-
tion happens in this region, which results in the strain con-
centration area at the root and sides of rib; moreover, the
strain decreases from the outer surface to the interior of the
rib, as shown in Fig. 5b.

As for the second kind of strain concentration area at the
middle rib, it is closely related to the features of local
loading forming. Figure 7a shows the material flow pattern
and grid change of Region B in the first loading step. It can
be found that the change of material flow direction and
wrap of grids both occurs near the fillet of rib root, which
is similar to the phenomenon in Region A (Fig. 6).
However, due to the feature of local loading forming, the
left fillet is lower than the right fillet in the first loading
step. As a result, the wrap of grids and deformation amount
at the web in Region B is asymmetric distribution, as men-
tioned above. In the second loading step (Fig. 7b), the web

Velocity
(mm/s)

0.6
n

0.4
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Table 1  Factors and levels of orthogonal experiment
Factors Level 1 Level 2 Level 3
Factor A

Draft angle of left rib 7, (°) 1 2 3
Factor B

Radius of left rib 7| (mm) 3 6 9
Factor C

Draft angle of middle rib v, (°) 1 2 3
Factor D

Radius of middle rib r, (mm) 3 6 9
Factor E

Draft angle of right rib 3 (°) 1 2 3
Factor F

Radius of right rib ;3 (mm) 3 6 9

material in Region B fill into the middle rib and move left
at the same time due to the gap between top die 1 and the
workpiece. Concomitantly, a step is formed between the
left rib and middle rib. From Fig. 7b, it can be found that
the grids near the step and rib root get slant wrap seriously
(ellipse region). Thus, a slant strain concentration area was
produced near the step and rib root in Region B, as shown
in Fig. 5c.

4 Effects of die parameters on the deformation
inhomogeneity

4.1 Orthogonal experiment design

The orthogonal experiment design can study the effect of
many factors simultaneously in a single set of experiments
with much fewer experiment units, which has been extensive-
ly used in various fields [25, 26]. In this study, the effect of
fillet radius and draft angles of three ribs in transitional region
is concerned. The OA;g(3”) matrix, which is an orthogonal
array of seven factors and three levels, was employed to assign
the considered factors and levels, as shown in Table 1. The
detailed experiment scheme and calculated results of deforma-
tion inhomogeneity are given in Table 2. According to the
calculated results, the effect law and significance of factors
on the deformation inhomogeneity will be analyzed below.

4.2 Discussion

In the analysis of orthogonal experiment, the range analysis is
usually applied to study the effect significance and law of
factors on the target value [25, 26]. There are two important
parameters in a range analysis, i.e., K; and R;. K}, is defined as
the sum of the indexes of all levels (i, i = 1, 2, 3) in each factor
Jj and Kj; is the average value of Kj; at the same level i. The

Table 2 Orthogonal experiment

schemes and simulated results of No.  Factors Deformation inhomogeneity
deformation inhomogeneity
7 (©) 71 (mm) 72 () 72 (mm) 7 (©) 73 (mm) PA ¥B Yc Pr
1 1 3 1 3 1 3 034 042 031 0.36
2 1 6 2 6 2 6 0.33 040 031 0.35
3 1 9 3 9 3 9 0.33 0.41 034 037
4 2 3 1 6 2 9 0.32 0.43 0.31 0.37
5 2 6 2 9 3 3 0.31 0.41 0.33 0.36
6 2 9 3 3 1 6 029 038 0.31 0.33
7 3 3 2 3 3 6 0.31 0.48 0.35 0.40
8 3 6 3 6 1 9 030 039 032 034
9 3 9 1 9 2 3 0.32 039 031 0.35
10 1 3 3 9 2 6 037 038 0.33 0.37
11 1 6 1 3 3 9 030 044 034 038
12 1 9 2 6 1 3 030 039 031 0.34
13 2 3 2 9 1 9 032 035 030 033
14 2 6 3 3 2 3 030 040 033 0.35
15 2 9 1 6 3 6 030 045 0.32 0.37
16 3 3 3 6 3 3 0.33 047 038 0.40
17 3 6 1 9 1 6 0.31 037 030 034
18 3 9 2 3 2 9 0.31 044 032 0.37
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range value (R)) is the range between the maximum and min-
imum value of K;. R; can be used to evaluate the significance
of factors, i.e., a larger R; means a greater significance of the
factor. Taking the OAg(37) matrix as an example, the calcu-
lations for factor A is as follows:

Ka=Y1+Y2+Y3+Y0+Yu+7Yn

Kop=Y4+Ys+Ys+Yi3+Yiu+Yis

Kiz=Y7+Ys+Yo+VYig+Yi7+ Y3
Ka1 = Ka1/3; Kap = Kaz/3; Kaz = Ka3/3

R; = max | Kyu; —min(KA,->

where K}; is the K value of level i of factor A and Y; is the
result of trial No. i. K values of other factors can be determined
by the same calculation steps.

Figure 8 shows the range analysis results on the deforma-
tion inhomogeneity of Region A. Comparing the range values
of different factors (Fig. 8a), it can be found that ; and -, are
two most significant factors for 4. From Fig. 8b, it can be
found that 4 decreases with the increases of 7. As mentioned
above, the deformation inhomogeneity of Region A is mainly
produced by the strain concentration area at the root and sides
of rib. The increase of r; is beneficial to the filling of rib and
can reduce the grid distortion degree at the root and sides of
rib. This would relieve the strain concentration at the root and
sides of rib and then decrease the deformation inhomogeneity.

2115
0.34
Range analysis (b)
0331 L
-
032t
Oy i A
Vom N B
031} ; T
030 P
029l 1| A
33609

As for the influence of 7, ¢4 first decreases and then in-
creases with the increase of ~;, as shown in Fig. 8b. This is
because 7, have two competitive influence mechanisms on the
strain concentration at Region A. One side, increasing 7, can
reduce the direction change degrees of material flow and grid
distortion at the rib root, which is helpful to relieving the strain
concentration and deformation inhomogeneity. On the other
hand, greater v, would increase the flow resistance of surface
material of rib and increases the grid distortion degree at the
sides of the rib. This would increase the strain concentration
and deformation inhomogeneity. At smaller vy, the first mech-
anism plays a greater role, so (4 decreases with the increases
of ~; first. With the increase of 1, the role of second mecha-
nism increases gradually and becomes the leading role, thus
4 increases with ~y; at greater ;.

The results of range analysis on the deformation inhomo-
geneity of Region B (¢p) are given in Fig. 9. It can be seen
from Fig. 9a that the most significant factor for ¢p is 3.
According to the variation of ¢y during the local loading
forming (Fig. 4), we can find that the deformation in the sec-
ond loading step plays a leading role in the final 3. As dem-
onstrated in Section 3, there exists a leftward transverse ma-
terial flow at the web in the second loading step. This would
produce a slant strain concentration area near the step and rib
root in Region B, thus resulting in the increase of ¢g. The
increase of ;3 would suppress the filling of the right rib and
increase the amount of leftward material flow, which would

Fig. 9 Range analysis results on (a)
the deformation inhomogeneity 0.06 -
of Region B: a range values of
different factors; b the
relationship between deformation
inhomogeneity and levels of Ly
different factors <&

0.02

0.00

i h e

Factors

Range analysis
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X041}
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0374
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different factors ™ 0.02f

0.01

0.00

e h 72
Factors

intensify the strain concentration and increase @g. Therefore,
wp increases with the increase of 73, as given in Fig. 9b.
Besides, we can also find that », presents a greater impact on
g, 1.e., pp decreases with the increase of . This is similar to
the influence law of 7 on 4. The increases of r, could relieve
the strain concentration at the root and sides of middle rib and
then decreases 3.

Figure 10 shows the range analysis results on the deforma-
tion inhomogeneity of Region C (). The range values in
Fig. 10a indicate that -3 is the most significant factor for .
As demonstrated in Section 3, the strain concentration feature
of Region C is close to that of Region A due to their similar
deformation behavior. Thus, 73 should also present the com-
petitive influence mechanisms on the strain concentration at
Region C as that of 7, for Region A. It can be seen from
Fig. 10b that ¢ increases with 3 monotonously. This sug-
gests that the second mechanism, i.e., the greater draft angle
increases the grid distortion and strain concentration degree at
the sides of rib, plays the decisive role in .

Figure 11 gives the range analysis results on the deforma-
tion inhomogeneity of the whole workpiece (7). According
to the range values in Fig. 11a, it can be concluded that 5 is
the most significant factor for ¢z which is the same to ¢ and
©wc. Moreover, the influence law of 3 on @ 7is also the same to
those of pp and ¢, i.e., princreases with ;. In addition to -y,
the factors 1, 1, and 7, also influence 7 to some extent but
does not present monotonous changing law.

Range analysis
0.34

0.33
B

0.32

0.31

0.30

73 B

Based on the above analyses, it can be concluded that
the die parameters play great roles in the deformation in-
homogeneity of transitional region in the local loading
forming of rib-web component. The significant influence
factors for different local regions and the whole transitional
region are different. Decreasing the draft angle of the right
rib could improve the deformation homogeneity of the
whole transitional region.

5 Optimization of die parameters to improve
deformation homogeneity

At present, metamodeling techniques have been widely
used to model the computation-intensive FE simulation
with simple analytical models in order to improve effi-
ciency. The metamodel can facilitate the design space ex-
ploration, process optimization and reliability analysis to
a very great extent. RSM is one of the most popular
metamodeling techniques for approximating the time-
consuming FE simulation and the subsequent parameters
optimization [12, 17, 27]. Thus, the optimization of die
parameters based on RSM is applied to improve the de-
formation homogeneity of transitional region in this
section.

The deformation inhomogeneity of transitional region (1)
is correlated with die parameters using RSM based on the

Fig. 11 Range analysis results on 0.05 - 0.39
the deformation inhomogeneity (a) Range analysis -
of the whole workpiece: a range 0.04 ’
values of different factors; b the 57
relationship between deformation 0.03 - ’
inhomogeneity and levels of ¥ 036
different factors >
0.35
0.34
0.33 .

N h 7>
Factors
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Table3 ANOVA analysis for the RSM model

Source Sum of squares df Mean square F value p value
Model 7.62 % 1073 10 7.62x10% 69 <0.0001
Residual 7.73 x 107 7 110x107°

Cortotal 7.70 x 1073 17

R* = 0.9900; adjusted R* = 0.9756

simulation results in Table 2. In the RSM modeling, the poly-
nomial function is usually used as the approximate model for

its simplicity. In this work, the quadratic polynomial is used
with the following formulation:

k k k-1 k
y:ﬂo—&—Zﬁjxj—i-Zﬁﬂij—&-Z Z ﬂ,-jxixj (7)
= =

i=1 j=it1

where y is the response (p7), k is the number of input vari-
ables, x; and x; are the set of model input variables (i, 71, 72,
2, 73, 13), and By, B, B, By represent the regression coeffi-
cients. The stepwise regression method was employed here to
get the final polynomial regression model:

or = 0.456-0.060 x 7,—0.017 x 1—-0.020 x ~7,~0.002 X r; + 0.023 X 73—0.004 x r; ®)
+0.013 x 77 + 0.001 x 7 +0.005 x 73 + 0.002 x 7,73

The ANOVA analysis for response model is shown in
Table 3. It can be found that the response model is significant
as the p value is less than 0.01. The adequacy measures of R
and adjusted R” are in reasonable agreement and are both close
to 1. These suggest that the model is adequate and meaningful.

To validate the developed RSM model, six additional ran-
dom samples were designed within the whole design space
(Section 2.1) by the general Latin Hypercube design through
MATLAB software. Table 4 gives the schemes of random
samples and the corresponding simulated values by FEM,
predicted values by RSM, and the percentage error of RSM
model. It can be observed that the predicted errors are very
small between the simulated and predicted values with the
average error of 3.85 %. It suggests that the developed RSM
model is reliable to predict the deformation inhomogeneity of
transitional region.

Then, the constrained optimization of deformation homo-
geneity of transitional region is defined as follows:

Variables  v,,71,%2,72,73,F3

Min @T(%ﬂ’lﬁz,’”zﬂyh) (9)
s.t. 1<71,72,73<3
3<ry, 12,1359

The pattern search method in the optimization toolbox of
MATLARB software is applied to solve the above optimization
problem. The global optimum solutions are v, = 1.64°,
r1 =722 mm, v, =2.04° r, =9 mm, v3 = 1°, r; = 9 mm,
and the minimum ¢z is 0.31. In order to verify the optimiza-
tion result, FE simulation with the optimized die parameters
was conducted. The corresponding simulated ¢z is 0.32,
which is very close to the predicted value by RSM (0.31) with
the error of 3.15 %. This indicates that the optimization result
for the deformation homogeneity of transitional region in local
loading forming is valid.

In the isothermal local loading forming of titanium alloy rib-
web component, the transitional region undergoes complex and
large inhomogeneous deformation, which may lead to some
macro-defects such as folding. Moreover, it may lead to non-
uniform microstructure due to the strong microstructure sensi-
tivity of titanium alloy to deformation amount. On the other
hand, the die parameters have great influence on the deforma-
tion behavior in the local loading forming. Thus, optimizing the
die parameters to decrease the deformation inhomogeneity is of
great significance to control the macro-defects and microstruc-
ture. However, this work is only focused on the influence of die
parameters on the deformation inhomogeneity. Further works

Table 4 Comparisons of the

prediction results obtained by No. 7 rn@mm »E¢ r@mm 3¢ r@@m  er(FEM) o7 (RSM)  Error (%)
RSM and FE simulation

1 2.60 6.96 1.56 5.69 1.24 4.75 0.32 0.35 8.20

2 1.30 5.49 2.25 7.32 2.92 5.26 0.36 0.38 3.84

3 1.38 3.80 2.58 6.95 2.09 8.51 0.35 0.36 2.07

4 1.97 7.14 1.80 8.03 1.56 6.70 0.32 0.33 4.43

5 221 8.42 1.22 3.44 2.55 3.89 0.35 0.37 4.35

6 2.70 492 2.72 4.38 1.72 7.96 0.35 0.35 0.19

Average error 3.85
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should be conducted to correlate the deformation inhomogene-
ity with the macro-defects and microstructure, which is helpful
to improve the macro and micro forming quality during the
isothermal local loading forming of titanium alloy components.

6 Conclusions

In this paper, the formation of deformation inhomogeneity of
transitional region and its dependence on the die parameters in
the local loading forming of Ti-alloy rib-web component were
systematically investigated. The following conclusions can be
drawn:

(1). The area-weighted strain inhomogeneity index is appli-
cable to evaluate the deformation inhomogeneity of
transitional region at different die parameters. The user
subroutine based on FE software (DEFORM-2D) is de-
veloped to calculate the strain inhomogeneity index.

(2). The deformation inhomogeneity of transitional region is
mainly caused by two kinds of strain concentration
areas. One kind is the almost symmetric strain concen-
tration area at the non-partitioned ribs, which can be
essentially ascribed to the filling of rib. Another kind
is the slant strain concentration area at the partitioned
rib, which is related to the multi-step local loading in
the forming process.

(3). The draft angle of the right rib is the most significant
factor for both the deformation inhomogeneities of the
whole transitional region and partitioned rib region.
Moreover, these two deformation inhomogeneities both
decrease with the decrease of draft angle of the right rib.

(4). The deformation inhomogeneity of transitional region
was correlated with the die parameters using the re-
sponse surface method. Based on the developed RSM
model, the optimal die parameters for improving defor-
mation homogeneity of transitional region are deter-
mined as vy; = 1.64°, r; = 7.22 mm, ~, = 2.04°,
=9 mm, y3=1° ;3 =9 mm.
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