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Abstract Multistage incremental sheet metal forming (MS-
ISF) is used to produce sheet metal parts with a large forming
angle. Similar to the forming limit diagram (FLD) in stamping,
FLD in MS-ISF is not sufficiently reliable due to the effect of
loading path. To solve this problem, a method to calculate the
forming limit stress diagram (FLSD) from FLD was proposed.
Experiments proved that FLSD is a reliable fracture indicator
that is unaffected by the loading path in MS-ISF.
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1 Introduction

Incremental sheet metal forming (ISF) is a cheap and fast
method of producing sheet metal parts in small batches
[1–3]. A tool with a hemispherical end moves along a series
of counters to deform the sheet metal blank layer by layer. The
maximum deformation in ISF is extremely high due to local-
ized deformation [4, 5]. In current studies on ISF formability,
most achievements focus on single-stage ISF (SS-ISF) [6–8].
The maximum forming angle θmax and forming limit diagram
(FLD) are two indicators of SS-ISF formability [6]. For most

SS-ISF parts, the deformed sheet is in the plane strain state.
The major and minor strains can be described as

ε1 ¼ ln
1

cosθ

� �

ε2 ¼ 0
;

8<
: ð1Þ

where θ is the forming angle. For special cases, such as
those using large tools to form small parts, minor strain ε2 is
not equal zero. For these parts, the maximum forming angle
θmax cannot indicate deformation at the fracture point, and
only FLD can represent formability.

Filice used six different materials to test the formability in
SS-ISF and obtained FLD by forming the conical parts of a
constant forming angle [6]. Hussain proposed two methods,
namely, varying wall angle conical frustum test and varying
wall angle pyramid frustum test, to obtain FLD. Both methods
reduced the steps for testing the formability of SS-ISF [7, 8].

Multistage ISF (MS-ISF) was proposed to produce parts
with a large forming angle [9]. Compared to SS-ISF, deforma-
tion in MS-ISF is significantly more complex, and minor
strain ε2 is not equal zero [9, 10]. Thus, the maximum forming
angle θmax cannot be an indicator in MS-ISF. To solve the
problem, Shi suggested a method to test formability (FLD)
in MS-ISF by forming vertical parts with different stages;
however, the test results showed that the forming limit was
affected by forming stage parameters (i.e., three forming limit
curves (FLCs) were gained from test results for the same ma-
terial) [11]. Such outcome reveals that FLD cannot be
employed as a reliable criterion for MS-ISF. Thus, proposing
a criterion that is unaffected by the forming stage parameters is
important and meaningful for MS-ISF.

FLD should be accurately named as forming limit strain
diagram. Moreover, the FLD that utilizes the major and minor
strains at the fracture points could be used to judge the
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possibility of crack. The problem for FLD is that the loading
path (i.e., the variation in the strain during the forming process)
affects the final test result [12, 13]. To solve this problem,
researchers proposed the FLSD and confirmed it as a reliable
criterion for stamping [14]. Similar to stamping, FLD in MS-
ISF was proven as a loading path-related criterion [11].

To identify a reliable crack criterion, researchers recom-
mended the forming limit stress diagram (FLSD) and discov-
ered that the loading path does not affect FLSD [15, 16]. Thus,
suggesting that FLSD can be employed in MS-ISF is consid-
erably logical.

2 Material property test

Material elongation in ISF is remarkably larger than that in
tensile test, and the property of deformed material should first
be studied. AA1060-O sheet with a thickness of 0.9 mm was
employed for all tests. Pyramid parts of four types with
forming angles of 40°, 45°, 50°, and 60° were formed by
SS-ISF (i.e., equivalent strain is 0.266, 0.346, 0.442, and
0.693, respectively). Then, tensile tests were conducted with
samples cut from the deformed area. Results show that al-
though deformation in ISF is larger than that in tensile

deformation, the property of the deformed material still obeys
the power law (Fig. 1).

3 Method of obtaining FLSD

FLSD is gained from FLD according to the relation between
stress and strain [14, 16]. Mohr’s circle of stress and strain is a
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Fig. 1 Tensile test result

Fig. 2 Location of fracture point

Table 1 Changes in material property before and after ISF

Rolling
direction
before ISF

Vertical
direction
before ISF

Rolling
direction
after ISF

Vertical
direction
after ISF

Yield stress
(MPa)

110.6 108.2 193.2 180.3

Fig. 3 ISF machine developed by NUAA

Table 2 Forming strategy and processing parameters

Test Forming
strategy (°)

Tool diameter
(mm)

Step size
(mm)

Top diameter
(mm)

1 20–90 10 0.5 110
2 30–90

3 40–90

4 50–90

5 60–90

6 20–60–90

7 30–70–90

8 40–60–90

9 40–70–90

10 50–70–90

11 50–60–70–90
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pair of similar shape. In ISF (both SS-ISF and MS-ISF), frac-
ture occurs in the area where the tool and the blank have no
contact with each other (Fig. 2). Hence, the third principle
stress can be defined as zero.

σ3 ¼ 0: ð2Þ

Tensile tests were performed to compare the difference in
material property caused by ISF. Pyramid parts of 60° forming
angle were formed, and tensile samples were cut in the rolling
and vertical directions (Table 1). Test results show that yield
stress increases by work hardening; however, the difference in
rolling and vertical directions is not significant.

Suppose that the material is continuous and isotropic in the
plane of the blank, α is defined as

σ1‐σ2ð Þ
.

σ2‐σ3ð Þ ¼ ε1‐ε2ð Þ
.

ε1‐ε3ð Þ ¼ α: ð3Þ

Thus, the equivalent stress σ is

σ ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ1‐σ2ð Þ2 þ σ2‐σ3ð Þ2 þ σ3‐σ1ð Þ2

q

¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ1‐σ2ð Þ2 þ σ2

2 þ σ2
1

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ α2

2

r
σ2:

ð4Þ

According to Eqs. 3 and 4, major and minor stresses can be
defined as

σ2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2

1þ α2

r
σ

σ1 ¼ 1þ αð Þσ2

8<
: : ð5Þ

As indicated in Fig. 2, the property of deformed material
obeys the power law, and σ in Eq. 5 can be obtained from the
tensile test for the unformed blank. After obtaining the hard-
ening index K and the hardening coefficient n, σ can be de-
fined as follows:

σ ¼ Kε
n
; ð6Þ

where

ε ¼
ffiffiffi
2

p

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1‐ε2ð Þ2 þ ε2‐ε3ð Þ2 þ ε3‐ε1ð Þ2

q
: ð7Þ

Fig. 4 Parts for formability test
of MS-ISF

Fig. 5 Grids near the fracture point

0

0.4

0.8

1.2

1.6

2

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

M
aj

or
 st

ra
in

Minor strain

Fig. 6 FLD of both single-stage ISF and MS-ISF
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4 Experiments

To study the differences between FLD and FLSD, all param-
eters and test method are the same as those in [11].

4.1 Materials and setup

Aluminum alloy AA1060-O sheet of 0.9-mm thickness was
employed. A professional ISF machine developed by the
Nanjing University of Aeronautics and Astronautics was used
to perform the test (Fig. 3).

4.2 Forming strategy and processing parameters

Forming strategy and processing parameters are shown in
Table 2. In all tests, the model used in the last stage is a part
with a vertical wall, and the forming operation was ended as
soon as fracture occurred.

5 Experimental results and discussion

5.1 FLD of MS-ISF

Figure 4 shows the parts used in the test, whereas Fig. 5 shows
the deformed grids after forming. After all parts were formed,
the deformation of grids at fracture points was measured.

Major and minor strains (ε1 and ε2) can be calculated as fol-
lows:

ε1 ¼ ln d1
.
d0

� �
ε2 ¼ ln d2

.
d0

� �
8<
: ; ð8Þ

where d1 and d2 are the dimensions of the long and short
axes of the deformed grid, respectively, and d0 is the initial
diameter of grids.

Figure 6 shows the FLD results of the test, where three
FLCs are clearly present [12]. An important application for
FLD is used as the fracture criteria in finite element analysis
(FEA). The FLD shown in Fig. 6 contains three FLCs.
Determining the optimal choice is difficult for an FEA opera-
tor; thus, FLD cannot be considered as a good fracture crite-
rion in MS-ISF.

5.2 FLSD results

Major and minor stresses were calculated using Eqs. 2–7
(K = 203 MPa, n = 0.18). Figure 7 shows the FLSD results
of MS-ISF. Compared with the FLD result shown in Fig. 6,
the FLSD results in Fig. 7 are remarkably more reliable and
are unaffected by the loading path. Such outcome indicates

(a) Experiment (b) FEA

Fig. 8 Parts gained from
experiment and FEA. a
Experiment. b FEA

(a) Major strain (b) Minor strain

(c) Major stress (d) Minor stress

Fig. 9 FEA results. a Major
strain. b Minor strain. c Major
stress. d Minor stress
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that FLSD can be employed as a fracture criterion with high
accuracy not only for stamping but also for MS-ISF.

6 FEA test

A dynamic code was programmed to simulate the forming
process to prove the application of FLSD in the FEA of MS-
ISF. Shell elements with 0.8-mm average size were employed
to construct the blank. In the FEA model, material property
and processing parameters (except forming speed) are all sim-
ilar to those used in the experiments. Forming speed was set as
20 m/s to save calculation cost. The model used in FEA is a
part formed with 30°–60°–90° forming strategy. An experi-
ment was also conducted to prove the accuracy of FEA.
Figure 8 shows the final shape of parts obtained by the exper-
iments and FEA.

The forming depth of the last stage in FEA was set as
24.8 mm, which is equal to the fracture depth in the experi-
ment. Figure 9 shows the FEA results of the major and minor
strains and major and minor stresses. The maximum values of

these four parameters are located in the area where the blank is
in contact with the tool.

The maximum values of the major and minor strains ob-
tained from FEA are 1.492 and 0.312, respectively, whereas
those obtained from the experiment are 1.531 and 0.291, re-
spectively. Although the FEA results in strain are remarkably
similar to the experimental results, the strain is located in the
area between the second and the third FLCs. Deciding which
FLC should be employed is challenging (Fig. 10a). The max-
imum values of the major and minor stresses are 269 and
210 MPa, respectively, and are located below the forming
limit stress curve (FLSC) (Fig. 10b). However, in the experi-
ments, fracture occurs in this area.

The dynamic method performs poorly in stress calculation.
The strain result of FEA is accurate; thus, it can be used to
calculate stress distribution. Based on strain gained from FEA
and Eqs. 2–7, the major and minor stresses can be considered
as 305 and 196MPa, respectively; these values are only slight-
ly lower than those of the FLSC (Fig. 10b). With this method,
the FLSD of MS-ISF can be employed in the FEA for the
same material. During the calculation, stress can be obtained
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Fig. 11 Application of FLSD in
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based on the strain distribution after each step. Before starting
the next step, a stress judgment should be performed. Only
when the stress distribution is lower than FLSC should the
calculation be continued (Fig. 11).

Three additional materials (i.e., AA3003-O, AA2024-O,
and DC04) were employed in performing the MS-ISF form-
ability test to prove the reliability of the study. According to
the proposed method, FLSD was obtained. FEA calculation
was terminated based on the method shown in Fig. 11. Table 3
shows the depth of fracture points obtained by the experiments
and FEA. Evidently, FEA results based on FLSD criterion are
sufficiently accurate.

7 Conclusions

The main conclusions in this study are as follows:

1. In the formability test of MS-ISF, FLC is affected by the
forming strategy.

2. Using FLD to calculate FLSD is feasible for the formabil-
ity test of MS-ISF.

3. Similar to the formability test of stamping, FLSD is unaf-
fected by the loading path and can be employed as a
reliable criterion in MS-ISF.

4. The FLSD of MS-ISF can be employed as a crack crite-
rion in FEA.
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Table 3 Depth of fracture points obtained by experiments and FEA

Material Forming
strategy (°)

Depth of fracture
points gained by
experiments (mm)

Depth of fracture
points obtained
by FEA (mm)

AA3003-O 45–90 15.6 16.7

45–65–90 21.3 22.4

55–65–75–90 25.8 24.3

AA2024-O 45–90 13.2 14.4

45–65–90 19.6 18.9

55–65–75–90 26.7 26.4

DC04 45–90 17.5 18.3

45–65–90 23.2 24.6

55–65–75–90 28.7 29.4
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