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Abstract
Intermittent local loading forming is an important aspect of less-force plastic forming technologies. It has many advantages such
as high flexibility of the forming process, multiplicity of loading way, and multiple controllable degree of freedom, and thus it
shows a good prospect of application in plastic forming for an irregular integral component with a large-size and complicated
structure, such as the large-size rib-web integral component. Up to now, the intermittent local loading methods used to manu-
facture a large-size complicated component can be classified into three categories such as local loading by simple punch, local
loading by bolster plate, and local loading by partial die. The state-of-art of three local loading processes was summarized from
four aspects such as actualization in industry of local loading process, loading state and metal flow during local loading process,
influence of friction on local loading process, and defect and control during local loading process.
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1 Introduction

With the rapid development of aviation, aerospace, and ma-
chinery industries, the demands of performance, reliability,
and lightweight for components are increasing, and then the
components develop towards large-size integration, complex
thin-wall, and making by lightweight material with hard-to-
deform feature [1–5]. Many of these components are rib-web
components, and their materials are mainly aluminum alloy,
magnesium alloy, and titanium alloy. However, these large-
size integrated components have a complicated structure,
large plan view, and hard-to-deformmetal. Thus, the tradition-
al whole forging process needs heavy load and the load goes
beyond the capability of equipment. However, the local

loading process can reduce forging load and expand capability
of equipment.

According to continuities of plastic deformation in space
and time, the local loading forming processes of bulk forming
fall into continuous local loading and intermittent local load-
ing. During the forming cycle of continuous local loading
process, the die (or dies) keeps contact with the workpiece,
and there exists one or more fixed or continuous changed local
deformation zone in space. The representative processes are
cross-wedge rolling [6], roll-forging [7], ring rolling [8], rota-
ry forging [9], spinning [10], thread rolling [11], etc. However,
the die (or dies) contacts with the workpiece intermittently
during the intermittent local loading process, and the contact
and separate between the die (or dies) and workpiece happen
repeatedly. The representative processes are radial forging
[12], rotary swaging [13], open-die forging (or named free
forging) [14, 15], incremental forging [16], spline rolling
[17], etc.

The intermittent local loading forming technology presents
high flexibility of forming process, and multiple controllable
degree of freedom for loading approach. Thus, intermittent local
loading forming technology shows a good prospect of applica-
tion in plastic forming for an irregular integral component with
large-size and complex structure. It is more suitable to manufac-
ture an asymmetric and irregular integral component, such as
large-size integral component with high rib and thin web.
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Since the 1960s, improvement and innovation for the local
loading process have been implemented to break through the
capability of equipment and to manufacture large-size compli-
cated component. With the development of forming technol-
ogy, the physical dimension of forging becomes larger and
larger, and the shape of forging becomes more and more com-
plex. Up to now, the intermittent local loading methods to
manufacture a large-size complicated component can be clas-
sified into three categories according to the publications, such
as local loading by simple punch (LLbSP), local loading by
bolster plate (LLbBP), and local loading by partial die
(LLbPD) [18, 19].

Some reviews on deformation characteristics of local load-
ing process have been reported [20–22], but it did not involve
the above three types of intermittent local loading process.
The local loading by dividing the upper die into several parts
was shortly introduced in the reviewing articles [4, 23].
References [24, 25] summarized some features of local load-
ing by partial die mentioned above. However, some new fea-
tures were explored and many new publications were pub-
lished in recent years. Thus, in this paper, the technical prin-
ciples of three intermittent local loading methods for large-
size complicated component were summarized, and their ap-
plications and manufacture of type of components were
reviewed, and the state-of-art of deformation characteristics
in local loading process was presented. It provides a funda-
mental and applicability of local loading process of large-size
complicated component.

2 Local loading method and its actualization
in industry

Three local loading methods to manufacture large-size com-
plicated component will be introduced in the following sec-
tions. The first method is local loading by simple punch, the
second method is local loading by bolster plate, and the third
method is local loading by partial die. For some complicated
components made by material with narrow processing win-
dow, the local loading process will combine with isothermal
forging.

2.1 Local loading by simple punch (LLbSP)

The upper die is replaced by small simple punch for local
loading by simple punch. During local loading process by
simple punch, only the metal under the simple punch is load-
ed, and the local plastic deformation is accumulated, and then
the integral component is formed. Compared with the other
two local loading methods, the shape of component formed by
this local loading method is relatively simple.

In 1960s, Скородюмов presented an increment forging
technology to manufacture large forging of titanium alloy in

order to solve the problem of inadequate capability of the
hydraulic press [26]. Then, Abramowitz and Sokey investi-
gated the feasibility of small batch die forging by increment
forging, where the rib-web component was adopted as a re-
search object [26]. They declared that the increment forging
technology is suitable to manufacture preform or simple-
shape forging.

The Institute for Metal Forming (Aachen University of
Technology) studied the flexile intermittent local loading tech-
nology since the 1980s [27, 28]. Finally, a local loading
forming process was developed as follows: the simple punch
is controlled accurately to load in local area, and then metal
flows to form rib. Three classes of local loading method can
be available [16], as shown in Fig. 1, and several loading
passes can be adopted to obtain the required rib height.

An aluminum alloy component (360mm× 360mm) with
ribs on one side was formed by using local loading method
shown in Fig. 1b, and 30% of material is saved, and the
forming load is only 10% of the load by using the whole
loading process [27, 28]. The simple punch should be posi-
tioned accurately and forged quickly, so it needs a special type
of press to meet these requirements [16]. Thus, the fuzzy con-
trol and robot were introduced into the forging machine [29].
The simple punch developed into four series such as round,

a

b

c

Fig. 1 Principle of local loading using standard elementary dies: a first
process, b second process, and c third process
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square, rectangular, and triangular after standardizing and se-
rializing. The integral rib-web component was manufactured
by this local loading method with the combination of punch
series, and 45% of material is saved compared with the whole
machined component [16].

A less-force forming process for large Cu-lids was devel-
oped in the study [30], where a bar punch is used to load
locally. The forming process includes two operations: whole
loading operation, as shown in Fig. 2a, the peripheral ring rib-
cavity is under-filling after this operation, and local loading
operation, bar punch is applied to the peripheral local area at
first, and then to the diagonal local area, as shown in Fig. 2b,
and finally, the rib-cavity is filled completely. The lid with
500 mm in diameter was formed with max 4600 t, but tradi-
tional whole forging needs 25,000 t.

2.2 Local loading by bolster plate (LLbBP)

The intermediate auxiliary operation, such as a bolster plate
being placed between the upper die and billet, is used to real-
ize local loading for local loading by bolster plate. Some dif-
ferent bolster plates are adopted at different forming stages
according to the structure of the component, where only the
metal under the bolster plate is loaded when the upper die
presses.

In order to reduce the contact area, the bolster plate was
placed between the upper die and billet by Lü et al. [31–33].
Then, the isothermal local loading process for magnesium
alloy upper housing was implemented. They declared that
the local loading area and shape of the local loading tool
(i.e., bolster plate) should be considered together to be smooth
transition between different deformed zones. The process in-
cludes several stages, and different bolster plates (Fig. 3a)
were used, respectively. The cavity filling was improved and

the forming load was decreased by 70%. Figure 3b illustrates
the formed forging with 680 mm in diameter.

Based on these, transitive die plate and annular bolster
plate were adopted by Shan et al. [34–36] to realize local
loading. An aluminum alloy hatch with cross ribs on one
side was manufactured by using this method of local load-
ing combined with isothermal forging. The whole loading
and local loading were alternated during the process, and
the transitive die plate (Fig. 4a) and annular bolster plate
(Fig. 4b) were repeatedly replaced. During the process, the
metal is gathered at the opposite side of rib cavity by
using transitive die plate, and stress state is changed by
using an annular bolster plate. So the fill can be improved
and the folding can be avoided, and the good forging of
aluminum alloy hatch can be obtained, as shown in
Fig. 4c, which was 500 mm in length and 400 mm in
width.

A titanium alloy forging with 360 mm in diameter and 5 in
ratio of rib height to width was manufactured by this local
loading method [37]. Where, the local loading is carried by
using a bolster plate at first, and then whole loading is carried
out after taking out the bolster plate. The folding and flow
lines disturbance in the whole loading process were avoided
by the local loading. And the material utilization increased
from 34% in traditional whole forging to about 80% in hot
forging with local loading.

It is not mentioned that there are some special require-
ments for the press by using this local loading method.
The formed surface of the component contacting with the
bolster plate has a simple shape, and generally is a ma-
chined surface. The local loading method by bolster plate
is also suitable for manufacturing a component with ribs
on one side. The formed components mentioned above are
with rib on one side.

a b
Fig. 2 Workpiece geometry and
forming sequences [30]: a whole
loading and b local loading
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2.3 Local loading by partial die (LLbPD)

During the local loading process by the partial die, only the
partial die is loaded in the local loading step; the integral
component is formed by the coordination and accumulation
of local plastic deformation. Generally, one or several loading
passes are adopted according to total deformation, and two or
more local loading steps are adopted in one loading pass ac-
cording to the capability of the equipment. Compared with the
above two local loading methods (LLbSP and LLbBP), the
processing concept of local loading by partial die is simple,
and its loading path/route is also simple. The large-size com-
ponent with complex shape on both sides can be formed by
this local loading method.

2.3.1 Manufacture of axisymmetric component

The technology of local loading by partial die is developed to
manufacture an axisymmetric component at first. According
to the geometric characteristic of the axisymmetric compo-
nent, a partial upper die and a whole lower die are adopted.
Only part of billet yields and deforms in the local loading step,
and then the upper die or lower die rotates by a certain angle
before the next local loading step, as shown in Fig. 5, to repeat
loading and rotating until the desired shape is obtained. The
partial upper die may be bar, fan-shaped, or other shape, where
the plan view of the die is determined by the capability of the
equipment.

In the 1970s, the local loading method and corresponding
equipment were explored to manufacture a larger

axisymmetric component under the then hydraulic press [38,
39]. The process, die, and equipment for this rotationally local
loading were perfected in the 1990s [40].

Some industrial cases have been reported in China since
2000. A large integral container head was formed by this local
loading method, and the diameter by local loading is 1.5 times
the diameter by whole loading under the same hydraulic press
[41]. The disks with over 1000 mm in diameter for steam
turbine impeller were manufactured by this local loading
method on a 630-kJ hammer [42]. The wheel disk and shroud
disk of the fan impeller were also manufactured by this local
loading method on a 2000-t hydraulic press [43], where diam-
eters of which are more than 1200 mm. Figure 6 illustrates the
formed forging of the shroud disk made by FV520B stainless
steel.

2.3.2 Manufacture of non-axisymmetric component

For local loading technology for non-axisymmetric compo-
nent, the integral upper or lower die is divided into several
sub-dies. Only part (one or multi sub-dies) of the whole die is
loaded in the local loading step, and to continually change the
loading area in different local loading steps. The lower die was
divided into several sub-dies to realize local loading in the
study [44]. In order to implement on an isothermal forging
hydraulic press, isothermal local loading way by dividing
the upper die was developed by Yang's group [4, 5].
Figure 7a illustrates the forming principle developed by
Yang et al., where two loading passes and three local loading
steps in one pass are illustrated in the figure. A large-size

a bFig. 3 Magnesium alloy upper
housing manufactured by local
loading method [33]: a bolster
plate and b forging

a b cFig. 4 Aluminum alloy hatch
manufactured by local loading
method [36]: a transitive die plate,
b annular bolster plate, and c
forging
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titanium alloy bulkhead with cross ribs on both sides was
manufactured by the isothermal local loading process, as
shown in Fig. 7b.

If the axial dimension of the component is much larger
than the other two dimensions and cross section changes
little along the axial direction, only one sub-die can be
adopted, and the billet yields in sequence along the axial
direction [45, 46], as shown in Fig. 8a. The form of local
loading is similar to that in Fig. 1c, but the principle is
different. During multi-passes local loading process by this
method, the center of the loading upper die is positioned
in the center of the region between two local loading
areas in the last pass. The aluminum alloy forgings with
3700 mm [45] and 5000 mm [46] in length were
manufactured by this method, as shown in Fig. 8b, c.
The size of the formed component is much larger than
the size of the workbench of the equipment.

The local loading way shown in Fig. 8a can be imple-
mented on ordinary hydraulic press with axial motion of
the workpiece. However, it needs some complex opera-
tions when the local loading way shown in Fig. 7a is
implemented on the ordinary hydraulic press. Generally,
there exist two approaches to actualize the local loading
way by dividing the upper or lower die in industry, which

are considered from the aspects of the equipment and the
die, respectively. The former requires a special hydraulic
press, and the latter can be carried out on an ordinary
isothermal forging hydraulic press.

The special hydraulic press has two or more slide blocks
(i.e., moving beams), and each slide block is run by its own
hydraulic system (i.e., drive system), and each hydraulic sys-
tem can provide enough forging force for deformation of the
workpiece. Then, the sub-dies are attached to the different
slide blocks, respectively, as shown in Fig. 9, so each sub-
die can move discretionarily.

The local loading way also can be actualized in ordinary
hydraulic press by means of adjusting the die structure and
adding auxiliary device. In general, a spacer block is placed
between loading sub-die(s) and corresponding die bed in order
to support the loading sub-die(s) protruding out along forging
axis, and then the loading sub-die(s) (i.e., protruded sub-
die(s)) transfers the vast majority of forging force to the bil-
let/workpiece, and the constraint is applied to other area of the
billet by not loaded sub-die(s). When partition for the upper
die, a spacer block is placed over the loading sub-die (i.e.,
upper die 1) in order to make it lower than the not loaded
die (i.e., upper die 2), as shown in Fig. 10a; when partition
for the lower die, a spacer block is placed under the loading
sub-die in order to make it higher than the not loaded die.

During the local loading process shown in Fig. 9, the
loading sequence and movement of each sub-die could be
easily controlled, and then the loading region could be
easily changed, and several local loading steps and loading
passes could be implemented by one heating. However, it
needs a type of hydraulic press with two or more main
hydraulic systems both of which can provide a rather large
forging force. However, the double-action press has one
main hydraulic system and one auxiliary hydraulic system
at present, in which the auxiliary hydraulic system only
provides low deformation energy. In general, this double-
action hydraulic press is usually used for sheet forming,
and is not suitable for local loading forging shown in
Fig. 9. A double-action hydraulic system was designed
to solve the problems above [47], which has a capability
of proving a larger energy than the installed power.

There exists no special requirement for hydraulic press
by the way shown in Fig. 10, but it is difficult to adjust
the position of the loading and not loaded dies. In order
to adjust the position, it is unavoidable to remove the
workpiece and cool the die after one local loading step,
and then the sub-dies are repositioned before the next
local loading step. However, it is based on the current
hydraulic press and is prone to be used in industrial ap-
plication. In general, one loading pass with two local load-
ing steps is adopted to simplify the process. The reported
industrial cases are both using this way [4, 44], for exam-
ple, the formed component in Fig. 7b.

Local loading

Lower die

area

Fig. 5 Sketch of local loading by partial die with rotation

Fig. 6 Shroud disk manufactured by local loading with rotational partial
die [43]
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3 Loading state and metal flow

The local loading methods presented in Section 2 are chiefly
used in manufacture of a large-size rib-web component. Thus,
the discussion in this section and following is concerned with
the manufacture of a rib-web component.

For the local loading by bolster plate or partial die, the local
loading presents from the overall situation at first. Thus, the
local loading area near the boundary of the bolster plate or
partial die has always been strongly focused. However, the
whole loading state may appear from partial view, because
of the large loading area with multi-cavity. The deformation
behavior may be various due to the different local loading
states. According to the geometric characteristic of billet and
die, there are one whole loading state and three local loading

states in the local loading process of large-size component
[48], as shown in Fig. 11b–e.

In the local loading area during the local loading process,
there is the zone between two filled cavities with zero or little
stress in the loading direction, and this zone/boundary is de-
fined as free boundarywhich is similar to that in the not loaded
area. There is a free boundary between filled cavities in the
local loading state, and there is no free boundary between
filled cavities in whole loading. The first local loading state
is caused by die partition, and it presents near the die
partitioning boundary and edge of bolster plate, and it exists
through the local loading process. The second loading state is
caused by difference (Δt) of distance between billet and web
cavity, and it will turn into whole loading when the Δt
disappears.

a

b

Billet before local loading Forging after 

1st local loading step

Forging after 

2nd local loading step

Fig. 7 Intermittent local loading
technology of non-axisymmetric
component: a sketch of forming
principle [5] and b forging during
local loading process [4]

B-B

A-A

C

C

C-C

B

B

A

A

a b cFig. 8 Axial local loading by
partial die: a sketch of forming
principle, b T-shaped forging
[45], and c aircraft forging [46]
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The third local loading state is caused by thickness differ-
ence (ΔH) of billet, and it may present in the interior of the
local loading area in the local loading process by bolster plate
or by partial die, and it will turn into whole loading when the
ΔH disappears. For example, this phenomenon appears in the
local loading process by partial die with unequal-thickness
billet (UTB) [48], and presents at the forming stage after gath-
ering metal by transitive die plate in the local loading process
by bolster plate [36].

According to the cause for the loading state, the three local
loading states fall into two categories: the first and second
local loading states are caused by geometric parameters of
die (GPD), and the third local loading state is caused by geo-
metric parameters of billet (GPB). Two local loading process-
es of T-shaped component were put forward and designed to
reflect the local loading characteristic caused by GPD and
GPB [49, 50], respectively, as shown in Fig. 11f, g.

Numerical [51, 52] and experimental [49] studies of the
local loading process (shown in Fig. 11f) of T-shaped compo-
nent were carried out to investigate the deformation behavior.
The numerical results indicated that the upsetting-extrusion
deformation will turn into shearing deformation with decreas-
ing local loading width l. And the experimental results indi-
cated that the shearing deformation will turn into upsetting-
extrusion deformation with decreasing thickness of web in the
loading area, but the shearing deformation dominates the
through-process when the with l is less than a critical value.
Thus, two simplified deformation patterns were established

[49]: shearing deformation pattern, as shown in the left of
Fig. 12a, where all the metal of web in the loading area flows
towards the lateral portion (region II); upsetting-extrusion de-
formation pattern, as shown in the right of Fig. 12a, where part
of metal of web in the loading area flows towards the lateral
portion (region II) and the other metal flows into the cavity
(region III).

The similar characteristic also presents in the local loading
process shown in Fig. 11g [50], as shown in Fig. 12b. The
simple unequal-thickness billet can be divided into two layers,
two simplified deformation patterns, such as shearing defor-
mation pattern and upsetting-extrusion deformation pattern,
also present in layer 1, as shown in Fig. 12b. But the boundary
condition from the not loaded area is different from that in the
local loading state caused by GPD, and the distribution of
metal flowing towards the lateral portion is also different. In
the third local loading state, i.e., state caused byGPB, the local
loading l dynamically changes and is lengthened by the part of
metal flowing towards the lateral portion, and the thickness of
layer 2 is thickened by the other metal flowing outward.

Analytical description of metal flow, such as the descrip-
tion using slab method (SM), has a clear physical insight and
parametric relationship, and is helpful to explore the differ-
ence between different loading states. The analytical models
for the whole loading state and local loading states were
discussed in the studies [48–50], respectively.

In the whole loading state, the position (xk) of neutral layer
is at the medium position between two rib cavities; the SM
model of xk can be expressed as follows [48]:

xk ¼ 1

4
l þ bi−biþ1ð Þ þ H2

4m
1

biþ1
−
1

bi

� �
ð1Þ

where l = 2ai, i + 1, ai, i + 1is the distance between rib i and rib
i + 1; biis the width of rib i; bi + 1is the width of rib i + 1; H is
the thickness of the web in the loading area; andm is the shear
friction factor.

Metal within the width of xk flows into the cavity of rib i,
and the metal beyond the width of xk flows into the cavity of
rib i + 1. There is only one deformation pattern similar to
upsetting-extrusion deformation. If both widths of rib are the
same, the xk is half the distance between two ribs in the

Upper die bed 1

Upper die 1

Upper die 2

Upper die bed 2

Lower die

Fig. 9 Sketch of local loading in double-action hydraulic press (two slide
blocks) [18]

Spacer block

Upper die 1

Upper die 2

Upper die bed

Lower die

Upper die 1

Upper die 2

Upper die bed

Lower die

a b

Fig. 10 Sketch of local loading in
ordinary hydraulic press [18]: a
the first two local loading step and
b the second local loading step
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through forming process. If both widths of rib are different,
the xk changes with the change of H in the forming process,
and rib cavity with large width will be filled with more metal.

Three local loading states fall into two categories, and the
metal flow characteristics can be expressed as Eq. (2) in the
local loading state caused by GPD [49] and expressed as

Fig. 11 Loading states in local loading process: a local loading process, b whole loading state, c first local loading state, d second loading state, e third
local loading state, f eigenstructure reflects forming characteristic caused by GPD, and g eigenstructure reflects forming characteristic caused by GPB

a

xb
xk

xl

y

x

H

l

H

b

H

x

y

xb

xl

H

l

xk

b

Layer 2

Layer 1

Fig. 12 Deformation pattern in
local loading state caused by a
GPD and b GPB
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Eq. (3) in the local loading state caused by GPB [50], respec-
tively. The SMmodels can properly describe the metal flow in
the local loading state when l/b > 5, and predicted error de-
crease with increasing width of local loading [49, 50].

xk ¼ b
2

σx
II

����
x¼xb

≤q

xk ¼ 1

4
l þ b−

H2

mb

� �
σx

II

����
x¼xb

> q

σII
x

��
x¼xb

¼ 2K þ mK
H

l−bð Þ

q ¼ 2K 1þ H
2b

� �

8>>>>>>>>>><
>>>>>>>>>>:

ð2Þ

where b is the rib width, l is the width of local loading,H is the
thickness of web in loading area, and K is the shearing yield
strength.

xk ¼ b
2

σx
II

����
x¼xb

≤q

xk ¼ 1

4
l þ bð Þ−ΔH

2m
1þ H þΔH

2b

� �
σx

II

����
x¼xb

> q

σII
x

��
x¼xb

¼ mK
ΔH

l−bð Þ

q ¼ 2K 1þ H þΔH
2b

� �

8>>>>>>>>>><
>>>>>>>>>>:

ð3Þ

where b is the rib width, l is the width of local loading, and
ΔH is the thickness difference of the variable-thickness region
of billet (VTRB), i.e., the thickness of layer 1, H is the thick-
ness of layer 2, as shown in Fig. 12b.

The constrained conditions of the not loaded area for two
categories of local loading state are different, and then the
critical condition of switch between shearing deformation pat-
tern and upsetting-extrusion deformation is different. The crit-
ical condition of switch was summarized in the study [53], as
listed in Table 1.

The initial parameters to avoid shearing deformation in the
local loading state caused byGPB are much harsher than those
in the local loading state caused by GPD. However, the local
loading width will increase sharply in the process with the
local loading state caused by GPB, and the shearing deforma-
tion pattern will turn into an upsetting-extrusion deformation
pattern quickly. In the local loading process, the extent of
variation of xk in the local loading state caused by GPB is
much greater than that in the local loading state caused by
GPD.

To analyze the cavity filling and second metal distribution,
the analytical solution can be obtained by using Eqs. (1) and
(2), but it is difficult to obtain an analytical solution by using
Eq. (3) due to the nonlinear and dynamical variation of l and
H. The partial least squares (PLS) regression method was

introduced and used to develop the predicted model for the
dynamic l in order to reduce sample size and regress multi-
variables in one time [50]. The PLS regression method can
model multi-response variables simultaneously with strong
multi-collinear data, small sample size, and numerous predic-
tor variables [54, 55].

Then, the H and metal inside of xk in process with the local
loading state caused by GPB can be solved by using the nu-
merical method. The evolution of transition condition of
VTRB was modeled in the study [56], and then the dynamic
unrestricted portion of VTRB can be considered in Eq. (3).
Based on these works, a semi-analytic fast analysis code for
the multi-rib component was developed in the study [57],
where the loading area is divided into finite elements accord-
ing to the geometric parameters and contact condition and
then the SM model Eqs. (1) to (3) are used in each element.
The difference between the semi-analytic method and finite
element method (FEM) is less than 10%, generally, but the
consumed CPU time of the semi-analytic method is only 10−5

− 10−4of that of FEM.

4 Friction and its influence

4.1 Friction model and friction condition

The friction model and friction condition are the key parame-
ters in the analytical and numerical analysis of the metal
forming process. The Coulomb friction model, Tresca friction
model (i.e., shear friction model), and Coulomb-Tresca fric-
tion model (i.e., hybrid friction model) are widely used in bulk
metal forming [58–62]. The friction models are generally
expressed by Eqs. (4) to (6), respectively. In some situations,
full sticking condition (m = 1) was adopted for the Coulomb-
Tresca friction model, such as rotating compression forming
[63]:

τ ¼ μp ð4Þ

τ ¼ mK ð5Þ

τ ¼ μp μp < mK
mK μp≥mK

�
ð6Þ

where τis the friction shear stress, μis the Coulomb friction
coefficient, p is the normal pressure, m is the Tresca friction
factor, and K is the shear yield stress.

The above expressions can be used in SM, but the
velocity-dependent friction models are used in the FEM
due to abrupt changes of friction stress in the neutral
point or region. The velocity-dependent Coulomb fric-
tion model and Tresca friction model are expressed by
Eqs. (7) and (8), respectively, and combination of
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Eqs. (7) and (8) is used to describe the Coulomb-Tresca
friction model in FEM [19, 64, 65]:

τ ¼ μp
2

π
arctan

jurj
u0

� �� �
ur
jurj ð7Þ

τ ¼ mK
2

π
arctan

jurj
u0

� �� �
ur
jurj ð8Þ

where ur is the relative velocity and u0 is an arbitrary constant
much smaller than relative velocity.

To discuss the difference between the Coulomb friction
model and Tresca friction model, the corresponding friction
coefficient and friction factor should be used. Furthermore,
the corresponding friction coefficient and friction factor are
often used in the Coulomb-Tresca friction model.

The corresponding μ andm can be determined according to
the upper limit ratio of the friction coefficient/factor. The ratio
of μto m is 0.557 for the Von Mises yield criterion and 0.5 for
the Tresca yield criterion. This method was used to determine
the corresponding friction parameters (coefficient/factor) in
the study [19, 62]. The other way to determine the correspond-
ing friction parameters is by comparing load curves [66, 67].

By comparing calibration curves of friction tests such as
the upsetting test [65] and ring compression test [68] to deter-
mine the corresponding friction parameters is also commonly
adopted. The correlate relationship between the Coulomb fric-
tion coefficient and the Tresca friction factor was molded by
using this method in the study [69]; the correlate relationship
in cold and hot forming condition were expressed by Eqs. (9)
and (10), respectively:

μ ¼ km
k ¼ 0:5722−0:44092mþ 0:28119m2; 0 < m < 0:8ð Þ
k ¼ 0:39881þ 7:67533� 10−13exp 26:1783mð Þ; 0:7 < m < 1ð Þ

8<
:

ð9Þ
μ ¼ km
k ¼ 0:56009−0:36544mþ 0:22712m2; 0 < m < 0:8ð Þ
k ¼ 0:41613þ 4:05049� 10−16exp 33:6099mð Þ; 0:7 < m < 1ð Þ

8<
:

ð10Þ

The friction condition evaluated by the ring compression
test can be using in the hot forming analysis of the large-scale
component under local loading [70]. The ring compression
test of Ti-6AL-2Zr-1Mo01V alloy under 950 and 970 °C by

loading speed 0.1–1.0 mm/s indicated that [70]the Tresca fric-
tion factor is 0.7 without lubricant and 0.12–0.5 with lubri-
cant. The Coulomb friction coefficient can be determined by
combining them value and Eq. (10), and the calibration curves
with the determined μ are well matched with the experimental
data [71], as shown in Fig. 13.

4.2 Influence of the friction model on analysis
of the local loading process

SM models described in Section 3 were based on the Tresca
friction model. The SMmodels based on the Coulomb friction
model and Coulomb-Tresca friction model were developed in
the study [19] for the local loading process shown in Fig. 11f
which reflects the local loading state caused by GPD. The SM
model of xk based on the Coulomb friction model can be
expressed by Eq. (11), but the expression based on the
Coulomb-Tresca friction model is complicated due to judg-
ment of the friction model according to magnitude of friction
shear stress:

xk ¼ b
2

σx
II

����
x¼xb

≤q

xk ¼ 1

4
l þ b−

H
μ
ln 1þ H

4b

� �� �
σx

II

����
x¼xb

> q

σII
x

��
x¼xb

¼ 4Ke
μ
H l−bð Þ−2K

q ¼ 2K 1þ H
2b

� �

8>>>>>>>>><
>>>>>>>>>:

ð11Þ

According to stress at interface, the scope of the Coulomb-
Tresca friction model at interface is shown in Fig. 14 [19],
where the critical values xIIm and xIIIm can be solved according
to the SM model with respect to stress based on different
friction models in regions II and III, and can be expressed
by Eqs. (12) and (13), respectively:

xIIm ¼ xl−
H
2μ

ln
m
4μ

� �
ð12Þ

xIIIm ¼ xb þ H
2μ

ln
mb

μ 4bþ Hð Þ
� �

ð13Þ

The ratio of μto m presented in Eqs. (9) and (10) is greater
than 0.4 according to research in the study [69], which is also
supported by other publications [66–68]. If μ/m > 0.25, the

Table 1 Critical geometric parameters of switch between different deformation patterns

Shearing deformation Upsetting-extrusion deformation

Local loading state caused by GPD H
b ≥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m l

b−1
� 	q

H
b <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m l

b−1
� 	q

Local loading state caused by GPB ΔH
b ≥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m l

b−1
� 	q

þ 1þ H
2b

� 	
2− 1þ H

2b

� 	
ΔH
b <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m l

b−1
� 	q

þ 1þ H
2b

� 	
2− 1þ H

2b

� 	
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real solution to Eqs. (12) and (13) are xIIm > xl and xIIIm < xb,
respectively, and thus the Coulomb-Tresca friction model de-
generates into the Tresca friction model in the SMmodel [19].
And the FEM results also indicated that the predicted load-
stroke curve and the predicted distributions of stress and strain
adopted Coulomb-Tresca model are similar to those adopted
Tresca friction model, but are different from those adopted
Coulomb friction model. Figure 15 illustrates the distributions
of effective stress in the local loading state caused by GPD.

It can be found from Fig. 15 that the predicted rib height
adopted Coulomb friction model is higher than that adopted
Tresca friction model. The reasons are that [19] the predicated
range of geometric parameters to avoid shearing deformation
adopted Coulomb friction model is larger than that adopted
Tresca friction model, and the predicated xk adopted Coulomb
friction model is larger than that adopted Tresca friction mod-
el, as shown in Fig. 16.

Deformation characteristics in the local loading state
caused by GPB are similar to that caused by GPD although
there are different constrained boundaries. Thus, influences of
friction models on predicted results are similar. However, the

local loading state caused by GPB will turn into the whole
loading state. The difference of predicted results among dif-
ferent friction models were investigated in the study [71]. And
the results indicated that the Coulomb-Tresca friction model
also degenerates into the Tresca friction model, as shown in
Fig. 17, and predicted rib height adopted Coulomb friction
model is also higher than that adopted Tresca friction model
at the local loading stage.

Compared with the experimental data of T-shaped compo-
nent local loading, the predicted value by the Tresca friction
model is much closer to experimental load [19] and experi-
mental rib height [19, 71]. Thus, the Tresca friction model
may be suitable for analysis of the local loading process.

4.3 Influence of friction condition on the local loading
process

The variation of friction condition will lead to change in load,
deformation pattern, and metal flow. The deformation pattern
and metal flow will influence the cavity filling and forming
defects.

Generally, the direct influence of friction on load is less
than 5%. However, the friction influences the constraint con-
dition and stress state in the forming process, especially for the
complex component and the local loading forming process.
For the second local loading step of the component shown in
Fig. 7b, discrepancy between the predicted load by FEM with
m = 0.3 and experimental data is greater than 30% [71], where
the Tresca friction factor 0.3 is a recommended upper limit for
hot forming of titanium alloy with glass lubricants [58].
However, the glass lubricants used in the experiment contains
some graphite, and the magnitude of friction is about 0.5 for
the experiment conditions. The relative error of load is less
than 15% when the m = 0.5 was adopted in FEM [72].

It can be found from Table 1 that magnitude of friction
plays an important role on the critical condition of switch
between shearing deformation pattern and upsetting-
extrusion deformation. With the increase of friction, the geo-
metrical parameters to avoid shearing deformation in the local
loading state will be expanded [53], as shown in Fig. 18.

The shear deformation will result in under-filling [53] and
superabundant metal flowing outward will do harm to the
formation of neighbor rib [49]. Increasing magnitude of fric-
tion will reduce shear deformation. Furthermore, the xk in the
upsetting-extrusion deformation pattern increases with the

Fig. 13 Calibration curves under different friction models and
experimental data [71]

Shear friction model0
II

mx
III

mxbx lxkx
Shear friction model

Coulomb friction modelCoulomb friction model

Workpiece

Die

IV III II I

Fig. 14 Coulomb-Tresca friction
model at interface in local loading
state
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increase of friction according to Eqs. (2) and (3). To improve
cavity filling by increasing friction was also proven by the
experiment and FEM, and the increase in xk with increasing
friction was also proven by FEM [53]. Quantitative calcula-
tion of the volume of metal indicated that [73] the transverse-
flowing metal will reduce with increasing friction.

The metal flowing outward, i.e., the transverse-flowing
metal, flows into the not loaded area, and will result in folding
in web and cavum in the rib (as shown in Fig. 19a) [74], and

folding in the formed rib [49], and the piercing rib at the end of
the formed rib [53]. The metal flowing into the not loaded area
will be reduced as friction increases, and then the length of
folding and depth of cavum will decrease (as shown in
Fig. 19b) [74], and thus some defects will be suppressed by
increasing friction.

Metal flow can be controlled by adjusting and controlling
friction in the proper range of friction, and then cavity filling
can be improved and forming defects can be suppressed.

Coulomb friction model Tresca friction model Coulomb-Tresca model

a

Effective 

stress 

MPa

b

c

d

e

Fig. 15 Distributions of effective
stress at chosen stages in the
process shown in Fig. 11f [19],
stroke is a 0.25 mm, b 1.50 mm, c
3.00 mm, d 4.00 mm, and e
5.00 mm

a b
Fig. 16 Deformation characteristics under different friction models [19]: a deformation pattern and b neutral layer
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Figure 20 illustrates some FEM examples for adjusting and
controlling friction in the local area to improve cavity filling
and suppress defects. The friction condition can be controlled
by lubricant or loading speed [70], or preparing the surface of
the die [75]. Combining control of friction with other param-
eters, especially the shape of billet, will lead to a better result.

5 Forming defects and process control

5.1 Typical forming defect

The forming defects such as under-filling, folding, problem of
flow lines in the whole forging [76] also present in the local

loading [31, 36, 49, 53, 77]. The forming defects in the local
loading process are mainly caused by the metal flowing from
the loading area into the not loaded area. A rib-shift (Fig. 21a)
is caused by this metal flow [77, 78] near the die partitioning
boundary. As a result of overabundant rib-shift, folding
(Fig. 21b) occur [77]. The folding defect also occur in the
variable-thickness region of the billet in the third local loading
state due to second metal distribution, as shown in Fig. 21c
[50, 79]. The folding may be avoided by preform design and
parameter control, which will be discussed in the following
sections.

The burr on the partitioning boundary occurs due to toler-
ance clearance between sub-dies [77, 78, 81], as shown in
Fig. 21d, e. Artificial gap between sub-dies can accommodate

Local loading stage Whole loading stage

a

b

c

Effective 

stress 

MPa

Fig. 17 Distributions of effective
stress in different loading states in
the process shown in Fig. 11g
[71]: a Coulomb friction model, b
Tresca friction model, and c
Coulomb-Tresca friction model

a b
Fig. 18 Deformation pattern under different friction conditions [53], local loading patterns caused by a GPD and b GPB
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the transverse-flowing metal to reduce burr, but a bulge
(Fig. 21f) may occur [80], and a haunch-up (Fig. 21g) may
occur [51] when the gap increases even further. Under parti-
tion at the rib, the rib cavity can accommodate the transverse-
flowing metal and burr defect may be avoided [78, 81]; how-
ever, the burr also occurs after complete die filling [77], as
shown in Fig. 21e. The burr (Fig. 21d) is longer and difficult to
clean under partition at web, but the burr on the partitioning
boundary at the rib is small. The phenomenon that much re-
dundant metal flows in one direction is prone to appearing
near the die partitioning boundary. And thus the defects about
metal flow lines, such as flow lines disturbance and fibber
breaking as shown in Fig. 21h, i, are prone to occurrence [77].

5.2 Deformation characteristic of the transitional
deformation zone

Three representative deformation zones are presented in the
local loading process, such as the plastic yield deformation
zone, non-yield deformation zone, and transitional deforma-
tion zone between the first two zones. The transitional defor-
mation zone is a part of the not loaded area, and it is defined as
the region near the plastic yield deformation zone but without

restriction of the die [51, 78, 82, 83], as shown in Fig. 22.
However, the transitional deformation zone is a physical real-
ity, and it coordinates the severe plastic yield state and non-
yield state; the coordinating range is prone to being wider than
the traditional transitional deformation zone, especially the
transitional deformation zone in Fig. 22a.

Thus, the transitional deformation zone is a coordination zone
of deformation from plastic yield deformation to non-yield de-
formation. Its range is larger than the defined zone in Fig. 22, and
depends on the material, loading condition, die geometry, billet
geometry, and so on [18, 79]. Excepting the transitional defor-
mation zone near the die partitioning boundary, which was fo-
cused strongly, the other main is the transitional deformation
zone near the VTRB. In essence, the forming defects are the
coordination product of unequal deformation between the plastic
yield deformation zone and non-yield deformation zone.

5.2.1 Transitional deformation zone near variable-thickness
region of billet

The folding is the main defect in VTRB, and it is developed
from V-shaped cavum such as accumbent V-shaped cavum,
upright V-shaped cavum, and hand-stand V-shaped cavum

a b

 

Fig. 19 Defects in first local
loading zone in second local
loading step [74]: a sketch of
defects and b influence of friction

Fig. 20 Forming quality under
different friction [53]: am = 0.3, b
m = 0.3, and m = 0.5
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[79], as shown in Fig. 23. The transverse flow of metal is
caused by local loading. And the upper and lower flowing
velocities of transverse-flowing metal are different due to the
restriction of the die and not loaded area, and then some metal
builds up and warps to form V-shaped cavum [18, 79].

The V-shaped cavum may be planished or result in defect,
which is determined by transition pattern, transition condition,
and located position ofVTRB.Because of the simple pattern and
wide transition condition, the beveling transition pattern should
be selected prior for VTRB, especially for the large thickness of
VTRB or VTRB near the rib cavity or die partitioning boundary
[56, 79]. The transition conditionRbunder the beveling transition
pattern is defined by Eq. (14) [79]:

Rb ¼ Δl
ΔH

ð14Þ

where ΔH is the thickness difference of VTRB and Δlis the
length of beveling.

The VTRB should avoid being set near the rib cavity or die
partitioning boundary, and the large Rb should be adopted if
VTRB is set at these positions [79]. For example, Rb=10 was
adopted for a VTRB that near rib cavity in the study [79], and
a large transition condition also was adopted for VTRB due to
locating near cavity [49], and then the folding was not ob-
served according to FEM results. The located position and
transition condition were adopted according to the recommen-
dations above in the preform design of a large-size bulkhead
of titanium alloy [84, 85].

5.2.2 Transitional deformation zone near the die partitioning
boundary

The transverse metal flow with opposite direction for different
local loading step is a typical characteristic in the transitional
deformation zone near the die partitioning boundary. Various
defects, such as rib-shift, folding, and flow lines defects, may

Fig. 21 Possible forming defects
in local loading process: a rib-
shift [77], b folding in formed rib
[77], c folding in VTRB [79], d
burr on partitioning boundary at
web [77], e burr on partitioning
boundary at rib [77], f bulge in
gap between sub-dies [80], g
haunch-up in gap between sub-
dies [51], h flow lines disturbance
[77], and i fibber breaking [77]

a

Not loaded die

Transitional area

b

Fig. 22 Definition of traditional
transitional deformation zone: a
definition in [51] and b definition
in [82, 83]
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occur in the transitional deformation zone around the die
partitioning boundary due to the transverse flow. However,
the influence of the transverse metal flow is short [78, 86],
the influence mainly presents in the region from the die
partitioning boundary to the first rib in the not loaded area
[77]. And the geometric parameters play an important role
on the forming defects [77, 87].

The die partitioning boundary at the rib is a better
partitioning pattern. In the first local loading step, the cavity
of the partitioning rib is filled after the constraint clearance
between the partitioning boundary and the first rib cavity in
the not loaded area is completely filled [77]. About 40–80% of
transverse-flowing metal (i.e., the metal flowing from the
loading area into the not loaded area) fills the cavity of the
partitioning rib in the second local loading step [87]. And the
ratio (y) of transverse-flowing metal flowing into the cavity
was modeled by the PLS regression method, which are
expressed as follows [87]:

y ¼ 70:3184−12:5083x1−1:8182x2 þ 9:8023x5 ð15Þ
where xi is the geometric parameters about constraint clear-
ance, distance between ribs, rib width, and rib height.

The transverse flow leads to some problem. Thus, based on
DEFORM-2D, a quantitative-calculation subroutine of vol-
ume for flowing metal was developed in the study [73]. The
results indicated that the metal in the not loaded area will
increase notably although the final volume is almost equal to
the initial volume, as shown in Fig. 24.

The final volume in the first or second local loading area is
almost equal to the initial volume. However, the lost volume
in the first local loading area is recovered after cavity filling,
which is needless. Thus, the forming defects often occur in the
first local loading area during the second local loading step
[73, 74]. Especially local loading way on ordinary single-
action hydraulic press shown in Fig. 10 being adopted, root
of partitioning rib is prone to being extruded (region D in
Fig. 25) to form defect at the late forming stage.

The local loading way on the double-action press shown in
Fig. 9 can provide a better forming quality due to the smaller
transverse metal flow [88]. The reason is that the double-
action hydraulic press can provide a smaller constraint clear-
ance on the not loaded area, but the constraint clearance is

from the thickness of the spacer block to zero during the sec-
ond loading step by using the ordinary single-action hydraulic
press. Thus, reducing thickness of the spacer block could
eliminate folding [73, 74].

The geometric parameters of dies and billet play an impor-
tant role on the forming defects such as folding. In order to
control the forming defect in the transitional deformation
zone, it is necessary to predict the magnitude of folding quick-
ly and model the relationship between folding and geometric
parameters. A folding index ϕ expressed by Eq. (16) has been
developed according to the deformation characteristic and
geometrical characteristic in the transitional deformation zone
during the local loading forming process [89]:

ϕ ¼ ∫tfoldt0

1

∫∂Ωfoldzoneds

sref
save

∫∂Ωfoldzoneε
˙ ds

 !
dt ð16Þ

where t0 is the initial time of the second loading step; tfoldis the
time when development of folding finishes; ∂Ωfoldzone is the
free surface in folding zone; sref is the reference area;

save ¼ 1=nbelt
0� 	
∑nbelt

0

1 si, wherenbelt
′is the total number of

free surface elements in folding zone; and siis the area of
element.

Then, relationship between folding index ϕ and geometric
parameters such as distance between ribs, rib width, thickness

a b c d

Fig. 23 V-shaped cavum in VTRB: a VTRB at web [79], b VTRB near die partitioning boundary [79], c VTRB on the side near rib cavity [18], and d
VTRB on the opposite side near rib cavity [18]

1st local loading step

2nd local loading step

1st local

loading area
2nd local 

loading area

Fig. 24 Volume of metal in different areas during local loading forming
process [73]

1442 Int J Adv Manuf Technol (2018) 99:1427–1448



of billet, and thickness of the spacer block has been modeled
by the response surface method (RSM) [89], Kriging
metamodel [90], and back-propagation neural network [91].
Figure 26a illustrates the relationship between value of ϕ and
length of folding, so the critical C1 and C2 can be chosen to
judging folding [89], as shown in Fig. 26b. In practice, the
geometric parameters making ϕ less than C1 should be
adopted.

5.3 Influence of forming parameters on the local
loading process

The reduction during loading pass is determined by the num-
ber of loading pass. Loading sequence during loading pass has
an influence on constraint state in the loading area, especially
for some special loading way and shape of the workpiece. The
research in the study [46] indicated that influence of loading
pass on the forming force is less than the influence of the
loading sequence on the forming force in the local loading
process of aluminum alloy forging shown in Fig. 8c, and the
loading sequence has a notable influence on cavity filling.

Area of sub-die has some influences on other aspects ex-
cept loading load. Increasing the area of the middle sub-die
and reducing the area of the side sub-dies may increase the
offset force [86]. Setting an appropriate overlapping loading
area between two local loading areas can eliminate the bulge
and reduce rib-shift [80]. However, it is difficult in the indus-
trial practice.

Some details of geometric parameters, such as draft angle
(γ) and the fillet radius (r), between a rib and web were not
considered in the mentions in the above sections such as
Sections 3, 4, and 5.2. The aerospace and aircraft components
such as rib-web component are with a small even zero draft
angle [92]. However, the fillet radius could be considered. An
analytical SMmodel considering γand r was developed in the
study [93] to describe the local loading process shown in
Fig. 11f. The SM analysis indicated that the fillet radius has
an influence on cavity filling, but draft angle has little influ-
ence on cavity filling, as shown in Fig. 27. Generally, the error
between two SM models is less than 10% in r/b = 0.25–0.75.

Conversely, the draft angle has an influence on final
load, but fillet radius has little influence on final load
although low load with large fillet radius at initial stage
[93]. Considering draft angle 1.5∘, the error of the forming
load between 3D-FEM and the experiment during the sec-
ond local loading step of the component shown in Fig. 7b
dropped from 15 to 10% [93].

There are two kinds of strain concentration presenting in
the transitional deformation zone around the die partitioning
boundary, and one is caused by symmetric filling and one is
caused by transverse metal flow with opposite direction dur-
ing multi-local loading [94]. The relationship between the
inhomogeneity index and geometric parameters such as
γand r was modeled by using RSM, and optimization results
indicated that draft angle of cavity of the partitioning rib
should be larger than others [94]. The forming defects in the
transitional deformation zone around the die partitioning

Fig. 25 Velocity distribution of
metal flow during second local
loading step [74]

Fig. 26 Judging criteria of
folding [89]: a ϕ vs. length of
folding and b prediction of
folding
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boundary occur in the first local loading area during the sec-
ond local loading step. 2D-FE results indicated that [95] only
geometric parameters such as γand r of cavities of the
partitioning rib and rib in the first local loading area present
an influence, and the limit stroke (Lmax) of the die can be
extended with increasing the fillet radius.

5.4 Process control of local loading technology

The proper local loading way can improve the forming itself.
For instance, the cavity filling of peripheral rib was improved
by peripheral local loading [30, 36], and the folding and flow
lines disturbance at the root of the rib were avoided by local
loading [37]. More commonly, combing local loading with
preform design can be used to control the forming process
and to improve the forming quality.

The initial metal distribution can be carried out by simple
UTB with short time and low cost, so the UTB is often used in
industrial practices. According to FEM and physical modeling
experimental results, a UTB was designed to distribute
enough metal for four ear-cavities of magnesium alloy upper
housing forging, and then cavity filling was improved with
local loading way [33], and the folding at ear was also avoided
[32]. The thicknesses of two parts of the billet were deter-
mined according to volume of the easy forming region and
difficult forming region [96], respectively, and there are some
improvements in cavity filling. Considering the local loading
characteristic, a UTB of a large-size titanium ally bulkhead
was designed by the analytical and 3D-FEM hybrid method
[84], where Eqs. (1)–(3) were adopted.

Control of the forming process and elimination of forming
defect also can be done by choosing a suitable forming pa-
rameter according to the principle of forming. The optimiza-
tion methods also can be introduced into the process control
when the forming process or forming parameter is simple.

Based on the sample data provided by FEM, the relationship
between single-object (grain size uniformity or filling capac-
ity) and forming parameters was independently modeled by
RSM, and then the objective function of forming quality in-
cluding two objects was modeled based on linear weighting
method [45]. The suitable temperature of the billet, speed of
press, number of loading pass, and draft angle were deter-
mined according to the objective function. By using RSM
and sample data provided by 3D-FEM, the UTB for the tran-
sitional deformation zone near the die partitioning boundary
was designed by taking deformation homogeneity [97] and
improvement of filling and folding [98] as optimization ob-
jective, respectively.

In general, the process control is carried out by controlling
processing parameters and geometrical parameters.
Isothermal forming with low loading speed is often adopted
to manufacture a complicated component made by hard-to-
deform material. Thus, the ranges of adjusting temperature
and loading speed are narrow, which are determined by mate-
rial parameters. Then, the process control of local loading
technology is mostly carried out by adjusting die partition,
shape of billet, friction condition, etc.

The large-size component has a complicated structure such
as high ribs and thin web, and an extreme size feature such as
5 mm in fillet radius and more than 1000 mm in length and
width [79]. Thus, number of parameters or design variables
for increases greatly, and choosing design variables and
modeling objective function are difficult, and determination
of dynamical boundary condition in backward simulation is
also difficult, and the numerical simulation of the through
forming process by 3D-FEM takes long CPU time [84].

The reasonable range of geometrical and processing pa-
rameters, which is close to the optimal results, can be quickly
determined by an analytical method such as SM. Then, 3D-
FEM is used to search for the optimal results, where the

Fig. 27 Predicted rib heights after
local loading by different SM
model [93]
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number of numerical simulation can be reduced. This analyt-
ical and 3D-FEM hybrid method may be an appropriate ap-
proach to optimize the local loading process of a large-size
complicated component. A UTB was designed by using this
method [84], where modification based on 3D-FEM results is
only twice. The hybrid method can be summarized in Fig. 28.

6 Conclusions

The intermittent local loading technology can reduce forging
load, control metal flow, and expand the size of available
formed component. It is suitable to manufacture an irregular
integral component with large-size. Especially, local loading
combing with isothermal forging provides a feasible approach

to manufacture a large-size complicated component of hard-
to-deform material with less force and lower cost.

From local loading by simple punch to local loading by
bolster plate and to local loading by partial die, the flexibility
of the process is diminishing progressively, and the forming
process is simplified progressively, but the available formed
component is more and more complex progressively. The mi-
crostructure and mechanical properties of the component
manufactured by local loading meet the design requirements.
For instance, the grain sizes of Cu lid formed by LLbSP is
much less than that set by the company, which meets the
requirements [30]; mechanical properties of titanium alloy
forging formed by LLbBP are slightly more than design re-
quirements [37]; mechanical properties of titanium alloy
headbulk formed by LLbPD are close to whole near

No

Metal flow and filling 

law under local loading

Geometric parameters

SM/FEM

Material parameter

Geometric parameter 

Processing parameter
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model
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βforging, and some mechanical properties are superior to
whole α+βforging [25, 99].
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