®

Archive of Applied Mechanics (2021) 91:3465-3487 Check for
https://doi.org/10.1007/s00419-021-01935-z updates

ORIGINAL

Fawad Maqbool - Fabian Maal} - Johannes Buhl -
Marlon Hahn - Ramin Hajavifard - Frank Walther -
A. Erman Tekkaya - Markus Bambach

Targeted residual stress generation in single and two point
incremental sheet forming (ISF)

Received: 22 October 2020 / Accepted: 8 March 2021 / Published online: 3 May 2021
© The Author(s) 2021

Abstract The mechanical properties and the operating life of a formed component are highly dependent on
the residual stress state. There is always a high magnitude of residual stresses in the components formed by
incremental sheet forming (ISF) due to the localized deformation mechanism. Hence, a thorough understanding
of the generation of the residual stresses by ISF is necessary. This study investigates the residual stress
generation mechanism for two process variants of ISF, i.e., Single Point Incremental Forming (SPIF) and
Two Point Incremental Forming (TPIF). This understanding is used to control and targetedly generate the
residual stresses to improve the part performance. In this regard, the residual stress state in a truncated cone
geometry manufactured using SPIF and disc springs manufactured using TPIF was experimentally analyzed.
Validated numerical models for both process variants were developed to study the residual stresses in detail.
The residual stress state in SPIF is such that the tool contact side develops tensile residual stresses and the
non-contact side undergoes compressive residual stresses. The tool step-down variation was used to control
residual stresses and improve the fatigue strength of truncated cones manufactured using SPIF. For TPIF, two
different forming strategies were used to analyze the residual stress generation mechanism and the role of
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major process parameters. The residual stresses for TPIF are pre-dominantly compressive in both directions
of forming tool motion. For both process variants of the ISF process, it is shown that the residual stresses can
be beneficially utilized to improve mechanical properties of the components.

Keywords Incremental sheet forming - Mechanism - Residual stresses

1 Introduction

Incremental sheet forming (ISF) is a flexible sheet metal forming process for small batch production and rapid
prototyping [1]. The two basic configurations of the ISF are Single Point incremental forming (SPIF) and Two
Point Incremental Forming (TPIF) as represented in Fig. 1. SPIF is characterized as the forming of a sheet
blank by a CNC-controlled hemispherical forming tool with sheet blank clamped in non-workpiece specific
tooling without any partial or full tooling. The lack of die ensures high flexibility of the SPIF variant. In the
case of TPIF, a full or partial die is added to the opposite side of the forming tool. The full die can either have
a positive or negative shape [2].

Due to the localized deformation mechanism of the ISF process, the sheet blank is stretched considerably
more than conventional forming processes [3], resulting in a very high magnitude of the residual stresses.
This high magnitude of the residual stresses causes high geometric deviations and can reduce the service life
of the components [4]. Typically, a high magnitude of the residual stresses is avoided and methodologies are
used to decrease residual stress magnitude like post-forming stress-relief annealing [5]. In the current work, an
in-depth analysis of the residual stress generation mechanism by ISF is intended. The developed knowledge
is aimed to be targetedly used to improve the mechanical properties of formed components (Fig. 2).

Although residual stresses have an impact on geometric accuracy of formed components and their service
life, only a limited amount of studies have been reported in the literature that deals with the ISF process and
residual stresses. Furthermore, to the knowledge of authors, no study has been reported in the literature that
focuses on the targeted utilization of the residual stresses of the ISF process other than the recent studies
reported by the authors [6-9]. In the next section, a brief review of the literature dealing with the SPIF process
and the residual stresses is presented. In the case of TPIF, no study has still been presented that investigates
the effect of process parameters on the residual stresses.

Tanaka et al. [10] used numerical analysis to study residual stresses in parts formed by SPIF. They found
that the residual stress decrease by increasing tool diameter and no significant change in the state of the residual
stresses occur by changing the feed rate. Radu et al. [11] used the hole-drilling method to analyze residual
stresses in a cone and a pyramidal part formed by SPIF. They further developed a cause-effect relationship
between residual stresses, geometric accuracy and process parameters of SPIF [12]. It was reported that
increasing tool diameter and spindle speed reduces residual stresses, whereas an increase in tool step-down
and feed rate leads to higher residual stresses. Residual stress in a variable wall angle cone manufactured
by SPIF was analyzed by X-ray diffraction [13]. Shi et al. [14] used hole-drilling method to analyze the
residual stresses in incrementally formed Cu/steel bonded laminates. In all these studies on SPIF, the nature
of the reported residual stresses is such that it creates negative springback, i.e., the upper layer in contact with
the forming tool undergoes tensile residual stresses and the lower non-contact layer undergoes compressive
residual stresses. In a recent study, Magbool and Bambach [15] analyzed the residual stresses in pyramidal parts
by cutting strips along the tool motion and transverse direction. A relationship between process parameters
and geometric accuracy was developed by measuring the curvature of the strips.

Different studies have been reported in the literature that analyzes the residual stress generation mechanism
for the ISF process. However, a thorough understanding of the residual stresses and their impact on the part
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Fig. 1 Common variants of the ISF process
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Fig. 2 Flow chart depicting the step-by-step procedure to analyze the residual stresses for a TPIF and b SPIF variants

performance has not been reported. The main goal of the current work is to develop an understanding of
the residual stress generation mechanism for SPIF and TPIF. For SPIF, the common benchmark geometry of
a truncated cone was selected. The residual stresses generation mechanism is investigated by changing the
tool step-down. It is shown that the residual stresses can be set by varying tool step-down to adjust residual
stresses and improve the fatigue life of a truncated cone component. A particular focus is put on TPIF as until
now no information is available on the relationship between residual stresses and process parameters. The
selected benchmark geometry was disc springs. The geometric features remain similar to that of truncated
cone geometry, with the only difference being that of the wall angle, which is significantly smaller for disc
spring geometries. For TPIF, two different forming strategies are used to incrementally form and surface treat
the disc springs. Residual stresses are then analyzed in these disc springs by the hole-drilling method. In
addition, strips along the radial and tangential direction are cut from the disc springs to determine the change
in the intensity of the residual stresses due to varying process parameters. It is shown that the residual stresses
can be adjusted and targetedly utilized to improve the mechanical properties of the disc springs by selectively
varying the process parameters. Similarly, for SPIF, In addition, validated numerical models for both ISF
variants are reported that will aid to further extend the results of the current study to new components to
achieve a targeted distribution of the residual stresses.

2 Material and methods

In the current study, two variants of ISF, i.e., SPIF and TPIF are analyzed. The analysis has been carried out by
using different geometries and materials. Therefore, in order to better clarify the adopted procedure for each
variant, a flow chart depicting the step-by-step procedure is first presented. In the following sections, a detail
description of the methodologies is presented.

For the SPIF process, truncated cone geometries made of the aluminum alloy 5053 are analyzed. Geometri-
cally identical cones are manufactured with different tool step-down increments. The residual stress state in the
cone wall is determined experimentally using X-ray diffraction method (XRD) in radial and tangential direc-
tion. The forming process is modeled in Abaqus. The material model is built-in Abaqus non-linear/kinematic
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Fig. 3 a Graphical representation of the investigated disk springs b Process mechanism of TPIF with martensite transformation
in the deformed zone

hardening. The forming process is modeled using Abaqus\Explicit®. To evaluate the residual stress state, the
unclamping process is modeled subsequently using Abaqus\Implicit®. The numerical model is validated by
comparing experimentally and numerically measured residual stresses.

For TPIF, disc springs geometry and two stainless steels AISI 301 and AISI 304 are selected. Further, the
TPIF experiments are performed by varying the process parameters and using two different forming strategies,
referred to as strategy 1 and strategy 2. For strategy 1, TPIF is used as an integrated forming approach, i.e., disk
spring forming and residual stress generation are carried out in a single step by using AISI 304. For strategy
2, TPIF is used as a surface treatment approach, i.e., conventionally formed disc springs from AISI 301 are
procured from a commercial supplier and are surface treated to induce the residual stresses. Further, different
methodologies are used to characterize the mechanical properties and the residual stresses. In addition, a user-
defined material (UMAT) based on non-linear isotropic/kinematic hardening law and coupled Olson-Cohen
model to model the TRIP effect is implemented in Abaqus® standard. The numerical simulation is performed
for strategy 2 using AISI 301. The numerical model is validated by comparing experimentally and numerically
measured residual stresses and martensite content.

2.1 Experimental set-up of TPIF

The selected geometry to be formed by the TPIF variant was disk springs. The material used for the manufac-
turing of the disc springs was AISI 301 and AISI 304 stainless steel. The schematic diagram of a disk spring
representing the major geometric features of the disc springs is presented in Fig. 3. D, and D; represent the
outer and inner diameter of the disk spring, whereas ¢, [y and k¢ are the thickness, free height and the cone
height of the disk spring, respectively. All disk spring geometries are identified by their respective dimensions
according to Fig. 3a and are represented by the term D,/D;/ t. Further, the two sides of the disk springs are
marked as top and bottom face as shown in Fig. 3a.

In a previous publication [7], analysis to targetedly use the residual stress of ISF was carried out by taking
disk spring geometry as a benchmark and it was reported that the TPIF with a negative die is the most suitable
variant to incrementally form the disk springs. Similarly, the goal of the current study is to further extend
the developed knowledge and completely understand the residual stress generation mechanism for the TPIF
variant. In this regard, two different strategies based on TPIF with a negative die are used to form and surface
treat the disk springs.

2.1.1 Set-up of strategy 1

Strategy 1 is based on residual stress generation and disk spring forming by TPIF in a single step. In this strategy,
the deep rolling-like effect is replicated by the forming tool when it pushes the sheet blank into a negative die
(see Fig. 3b). The disk springs of dimension 80/50/0.8 mm were incrementally formed from sheet blanks of
AISI 304.The magnitude of the residual stresses is further aided by martensite transformation in the deformed
zone, as the selected materials for disk spring manufacturing exhibit transformation-induced plasticity (TRIP)
effect. As a result, high compressive residual stresses are generated on the bottom face during TPIF. The
compressive residual stresses have a positive effect on spring forces and fatigue life [16]. A small hole is cut in
the center of the sheet blank for accurate positioning. After forming, a trimming operation using laser cutting
was used to generate the final disk spring geometry. A spherical tool path was used to incrementally form the
disk springs. The schematic of strategy 1 and the experimental setup is presented in Fig. 4a and Fig. 3b.
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Fig. 5 Dimensions of truncated cone geometry

2.1.2 Set-up of strategy 2

Strategy 2 uses ISF as an alternative surface treatment approach. The conventionally formed disk spring is
clamped between a die and a frame by using a centering cut-out, so that the whole surface of the disk spring is
available for the forming tool. However, the areas near to the cut-out cannot be surface treated due to a danger
of collision between the cut-out and forming tool. The schematic and the experimental set-up is presented in
Fig. 4c and d. Disk springs of the material AISI 301 and dimension 112/57/3 mm are surface treated using
this approach. The selected process parameters are a critical factor in determining the end residual stress state.
Therefore, experiments were performed by varying the important process parameters, i.e., tool diameter (5, 10,
12.5 mm), tool step-down (0.05, 0.1, 0.2 mm) and the contact force (400, 800, 1100 N). To realize the variation
of the contact pressure, the same experimental set-up is used with an ABB® IRB6700 robot to achieve the
force-controlled movement of the forming tool.

2.2 Experimental set-up of SPIF

The selected geometry for the SPIF process is a truncated cone geometry. These geometries can be used as
a pedestal or countersunk. The geometric features remain similar to that of disk spring geometry, with the
only difference being that of the wall angle, which is significantly large for truncated cone geometries (¥
= 45°) as compared to disk springs (¥ = 6.1.°). In previous publications during the manufacturing of the
truncated cone geometries, it was noted that the residual stresses are dependent on the used process parameters
and by changing process parameters, residual stress can be adjusted. In the current study, the formation and
development of residual stresses in the SPIF process under the influence of changing process parameters and
the accompanying deformation mechanism is investigated. The goal is to achieve a targeted distribution of
the residual stresses in the truncated cone geometries. In this regard, wrought aluminum alloy AA5083 in
H111 condition with an initial sheet thickness fp = 1 mm was used to manufacture the truncated cones. The
manufactured truncated cones have a cone wall height of 7 = 45 mm. The wall angle is ¥ = 45°, the truncated
cone diameter is D = 140 mm. These geometric parameters are represented in the schematic drawing in Fig. 5.

The single point incremental forming process is carried out using a conventional 5-axis milling machine
DMG Mori® DMU 50. The driven forming tool (01,0 = 300 RPM) with a spherical tool tip and the tool
radius Dty = 15 mm is moved along a bidirectional tool path with a tool feed vy = 1500 mm/min and



3470 F. Magbool et al.

Fig. 6 Single point incremental forming experimental setup

an equidistant tool step-down Az. The edges of the metal sheet are clamped during the forming process. To
generate different residual stress states, experiments were performed by changing tool step-down (1.875, 3.75
and 5.625 mm) and keeping other parameters constant. Deep-drawing oil Castrol® Iloform PN 226 was used
to lubricate the sheet blank surface. The SPIF setup is shown in Fig. 6.

2.3 Residual stress measurements methods

Two methodologies are used to measure the residual stresses in incrementally formed parts from SPIF and
TPIF variants in the current study. A description of each methodology is presented.

2.3.1 Hole-drilling method

The hole-drilling method was used to measure the residual stresses in the disk springs according to ASTM E837-
13a. The method is based on drilling a hole into specimen and measuring the released strain and converting
them into residual stresses. The equipment used for the hole-drilling method consists of a testing rig and
strain acquisition system (Sintech Technology) as shown in Fig. 7b. During testing, it was made sure that all
measurements are taken at a fixed location for all the disk springs as shown in Fig. 7a. A drill bit of 0.8 mm
was used to drill into the specimen and the drilling steps were automatically adjusted by the testing system
software. The released strains are measured using strain-gauge rosette and are converted to stresses by the
system software by using Eq. 1 [14]. A value of — 0.0845 and — 0.0235 was used for A and B, respectively,
as provided by the testing system supplier.

Err+ € 1 2

o, =E rr T (Srr — Syy) + 2871 — (&1 + 8rt)]2
& +E 1

oy = E{—rr4A da E\/(Srr — £1)” + [260 — (er + 5rt)]2}

2.3.2 XRD

The residual stresses in the truncated cones are measured experimentally near the surface using X-ray diffraction
[17]. The residual stresses are evaluated in the selected point in the center of the formed cone wall at a height
of h, = 22.5 mm (middle of the cone wall). The residual stresses are evaluated on the tool side and the
tool-averted side in tangential o; and radial o, direction as in Fig. 8b. The strain analysis is based on the
determination of the interplanar distance dky (hkl-Miller indices) according to the Bragg law as shown in
Fig. 8a.

n-A=2- -dyy-sinb @)

where 7 is the order of diffraction of the interference (hkl), A is the wavelength and 6 is its Bragg angle.
The interplanar grid spacing for different sample orientations is measured according to the tensor character of



Targeted residual stress generation 3471

Selected Point

Fig. 7 a The selected point on the disk springs for residual stress measurement b Experimental set-up of measuring residual
stresses in the disk springs by hole-drilling method

(b)

Selected Point

Fig. 8 a XRD measurement; sin”> ¥ method b Experimental cone geometry with measuring point

strains and stresses. The stresses are calculated using the sin?> ¥ method [18]. Cr-Ka radiation (A = 0,2291 nm)
with a mean penetration depth of T =7 wm is used. The 26 angle has a range of — 42°-42° (£ 3° oscillation).
The exposure time is # = 20 s per step and the collimator diameter is Dcollimator = 2 mm. The reflection profiles
are recorded at 211-plane with for 9 tilts with ¥-inclination angles 0°,419.5°,428.2°,+35.4°,+42°. The
peak evaluation is done using the X3000 V1.2.3 software and cross correlation. The elastic constants are
determined to s1(211) = 2,86 x 10-6 MPa und %2 s2(211) = 10,96 10-6 MPa. Residual stress components in
the measuring point are evaluated in radial and meridional direction (8, = 0°, 8,, = 90°).

2.4 Investigation of the residual stresses by strip cutting
2.4.1 TPIF

To investigate the magnitude of the residual stresses, small strips were cut along the radial and tangential
direction of the disk springs, which were surface treated from strategy 2 by varying the process parameters.
The disk spring was laser cut by using a TRUMPF® GmbH TruLaser Cell 7040 laser cutting center. The
dimension of the radially cut strips was 24 x 10 mm, whereas the tangentially cut strips were 10 mm wide,
with an outer and inner diameter of 90 and 80 mm, respectively. The tangentially cut strips were further
cut along the radial direction. In the case of radial strips, a curvature will appear along the strips, which is
directly proportional to the magnitude of the residual stresses in the strips. The circular strips will open or close
depending on the magnitude of the residual stresses (Fig. 9c). By measuring the curvature of radial strips and
respective opening/closing of the tangential strips, the relation between the process parameters and residual
stresses is analyzed.

Furthermore, disk compression tests were carried out to determine the changes in the spring forces due to
residual stresses. The disk springs were compressed between two flat plates on a universal testing machine.
The spring forces and the residual stress state of the incrementally formed and conventional disk springs were
compared.
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(b)

Fig. 9 a Measurement of the disk spring contour b Radial and ¢ Tangential cut strips from the disk spring

2.5 Numerical modeling
2.5.1 TPIF numerical model

To arrive at an accurate description of the residual stresses, the process mechanics and material response
should be accurately captured by the numerical model and selected constitutive model. The ISF process
involves a constant cyclic bending/unbending deformation mechanism. In addition, the selected stainless steel
AISI 301 exhibits the TRIP effect. Hence, to accurately capture these effects, non-linear isotropic/kinematic
hardening [19] was coupled with the Olson-Cohen model to capture residual stresses accurately by taking into
consideration the TRIP effect. The simulation of the TPIF process is performed for strategy 2. The behavior
of the AISI 301 steel was modeled by using two phases,i.e., austenite and martensite. A linear rule of mixture
was used to calculate the total stresses. Although, it is a simplification, but it provides a solid base to study the
residual stresses in detail. The two phases are as follows:

e volume fraction of austenite represented as (1 — f,/)
e The transformed martensite volume fraction f,/

A user-defined material (UMAT) was developed and implemented in commercial FE-code
Abaqus/Implicit®. The numerically implemented set of equations, i.e., constitutive model to describe the
mixed hardening law and transformation kinetics for the martensitic are presented. In addition, the numerical
set-up of model for TPIF of disk springs and respective material parameter identification scheme is presented.

Constitutive law The flow stress is a combination of each phase calculated as:
Uf =Uyy(1 - fa/)+0'ya/fa/ (3)

where oy, and 0,y are the flow stress of the austenite and martensite phase, respectively. Similarly, the elastic

modulus and poison’s ratio is calculated as a combination of each constituent phase. The Von-Mises yield
criterion combined with a non-linear isotropic/kinematic hardening is used for the elastic—plastic response of
the material. The yield function is described as follows:

F=O’eq—0’()—R @)

in Eq. (4), oeq is the equivalent von-Mises stress, oy is the initial yield stress and R controls the isotropic
hardening. The o, is derived as:

3
Ocq = \/E(Si‘ — Xij) (Sij — Xij) ©
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Here S;;,X represent the deviatoric part of the stresses and kinematic hardening as a function of plastic
p

strain ; i respectively.
R = Qo(l — exp<—bag’q)) (6)
2 p
dX,'j = §Xd8ij — a)X,-jdp (7)

The Q,, b, w and x are the material constants and dp define the cumulated plastic strain. By using the
consistency conditions, the plastic multiplier is calculated as [20]:

[2 3u((Sij — Xij)deij
d = —dg[p;.dg;’j — (S - ij)deij = A;jdeij, H = Qobexp(—beé’q) (8)
3 O'eq(3,l,L+X+H)— QO'eqa)(Sij _Xij)Xij

The stress increment is calculated as

dojj = Cijkl(dgkl — ds,fl)

3 Skt — Xr)
= Cijkl (a'b‘kz —ds——
Oeq
3 (Sk — X))
= Cijkl (dgkl - E—Amngmn 9)
Ocq
With 0;; = lfjpmnd &mn, the mixed hardening model has the elasto-plastic modulus:

3 (Sk — X))

lslpmn = Cijul (Iklmn - Eg—qumn (10)

Martensitic transformation criterion The Olson-Cohen model is the most commonly utilized model to
describe the TRIP effect as a function of plastic strains. The proposed sigmoidal function to model the trans-
formation kinetics is [21]:

for =1 —exp|—po(1 — exp(—&22,) ") | ()

With increasing plastic strain, the shear-band formation rate is governed by the parameter£ . This parameter
in turn is dependent on the stacking fault energy. The possibility of martensite nucleation is controlled by the
parameterfy, which in turn depend on the chemical driving force of the transformation y — o« . The term n
is used as a fitting variable and its value is mostly taken as 2 [4]. The transformation rate for this model is
mathematically represented as:

dfe _ n&( — foln(l — for)

de exp(&ely) — 1 (12)
The implemented incremental formulation to calculate the martensite formation:
fso =& — fsp)ely (13)
M = EBon(fp)"™ (1 = f) (14)
fam = M1 = fum)ély 15)
Vm = Va0 fam (16)

where fsp, fum are the normalized shear band and newly formed martensite volume fraction. The constitutive
framework provides the plastic strain increment.
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Table 1 Identified material parameters for AISI 301

Oyo.y Qo.y by E, Uy voly, Xy wy

850 MPa 302.7 MPa 19.97 188 GPa 0.3 90% 11,680.5 MPa 450
ayo,a/ Qa,a’ bot/ Eot/ Ua’ UOla(f) Xo/ a)o/
1460 MPa 1005 MPa 10.22 217 GPa 0.28 9.5% 11,680.5 MPa 450

Material parameters and set-up of the numerical model To determine the optimized set of material parameters,
online Feritscope measurements were coupled with the tensile tests. In addition, cyclic tension—compression
test was carried out using a dilatometer. The unknown material parameters were determined by inverse FE-
approach. The experimental set-up of the tensile test with online Feritscope measurement is presented in
Fig. 10a. The cyclic tests were carried out in a deformation dilatometer DIL-805A with a especially designed
test specimen to avoid buckling during compression. The dimension of the specimen and the experimental
set-of the cyclic tests is presented in Fig. 10b. For optimization, numerical calculations were carried out
on the single 8-node linear brick element, i.e. C3D8 (full integration), to achieve computational efficiency.
Figure 10 presents a comparison of tensile test data, martensitic evolution and cyclic stress—strain response for
experiments and simulations for the optimized set of parameters. A good match is found.

The martensite evolution in Fig. 10b corresponds to the tension test data, i.e., Fig. 10b. The optimized values
are 3.65, 0.73 and 1.97 for &, By and n, respectively. The calculated material parameters are listed in Table 1.
A Young’s modulus of 217s and 188 MPa is considered for the austenite and martensitic phase, respectively
[22]. Furthermore, an initial volume fraction of martensite was 9.5% measured by Feritscope.

The numerical model according to strategy 2 along with the determined material parameter is presented
in Fig. 11. A rigid material was selected for the die and forming tool of 10 mm diameter. The dimensions of
the disk spring is 112/57/3 mm (D./D;/t). After each loop, the tool moves down 0.4 mm. The commercial
CAD software Pro/e Creo® was used to generate the tool path, which was imported into numerical model as
respective co-ordinates in the x, y and z direction.
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2.5.2 SPIF numerical model

The numerical process model used by the Abaqus simulation software consists of the rigid forming tool and the
elastic—plastic sheet metal meshed with solid elements (C3D8I) of edge length size 1 mm and 5 elements along
the sheet thickness (Fig. 12). An explicit time integration including mass scaling (factor 103) with a stable time
step of 1 x 107% s was used. The material model for the sheet metal is built-in Abaqus® combined hardening
model. The numerical simulation begins with a process simulation in Abaqus/Explicit to evaluate the forming
process, followed by a subsequent implicit simulation to evaluate the residual stresses after unclamping. A
penalty contact is used for the forming tool and sheet.

The combined isotropic-kinematic hardening model also includes the possibility of cyclic hardening, as it
occurs with cyclically loaded parts. The model is based on Lemaitre and Chaboche [23] as described above.
The AA5083 base material was characterized using the in-plane torsion test as shown in Fig. 13. The cyclic
hardening parameters are determined inversely using the cyclic loading test results in a single-element test.
These determined material parameters were shown in Table 2. The parameters are used to set-up a numerical
model. The experimental and numerical results are shown in Fig. 13. The initial flow stress of the material was
determined to be oo = 165 MPa.

3 Results and discussion
3.1 Residual stress generation mechanism
3.1.1 TPIF

In strategy 1, ISF is used as an integrated forming approach. The disk springs of dimension 80/50/0.8 mm
were incrementally formed from sheet blanks of AISI 304. In strategy 2, ISF is used as an alternative surface
treatment approach. The disk springs of dimension 112/57/3 mm and AISI 301 steel were incrementally surface
treated. The hole-drilling method was used to measure the residual stresses in the disk springs. The measured
values of the residual stresses along the depth of the hole generated by hole-drilling method for both strategies
in the radial and transverse directions are plotted in Fig. 14.
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For both strategies, a significant difference in the state of residual stresses is observed in comparison to the
conventionally formed disk springs. A much higher magnitude of the compressive residual stresses in radial
as well as tangential direction occurs toward the tool contact side. This in turn is due to the same deformation
mechanism which replicates the deep-rolling effect for both strategies. The sheet blank and the disk springs
are squeezed between the die and the forming tool, hence resulting in compressive residual stresses. The TRIP
effect exhibited by the investigated steels further aids in the generation of the compressive residual stresses.
Hence, due to the combined effect of plastic straining and martensite transformation, a high magnitude of the
compressive residual stresses is found for the disk springs which are formed and surface treated by ISF in
contrast to the conventional disk spring as can be seen in the Fig. 14.

In the next step, the residual stress generation mechanism was analyzed under the influence of changing
process parameters for the disk springs of thickness 3 mm, which are surface treated using strategy 2. This
is because more accurate residual stress values are obtained from the hole-drilling method for the thicker
specimens. However, as the forming mechanism remains the same for both strategies, therefore, the results for
the influence of the process parameters on the residual stresses will be valid for strategy 1.

3.2 Residual stress generation mechanism vs. process parameters
3.2.1 TPIF: residual stress generation mechanism vs. process parameters

To determine the magnitude of the compressive residual stresses induced by varying the process parameters,
the hole-drilling method was used to analyze the residual stresses in the disk springs of dimension 80/30/3 mm
from strategy 2. The measured residual stress values for varying tool diameter and tool step-down along the
depth of the hole generated by hole-drilling method are presented in Fig. 15. A different contribution of the
radial and tangential residual stresses is obtained by process parameter variation. The radial components of the
residual stresses for surface-treated disk spring is significantly lower than that of the tangential components
and nearly identical for each process parameter. The highest compressive residual stresses in the tangential
direction are obtained for the smallest tool diameter.

Another methodology used to investigate the residual stress generation mechanism is based on cutting
small strips in the radial and tangential direction from the disk springs. The strips cut along the tangential
direction are 10 mm wide and cut from the middle section of the disk springs. The circular strips are further cut
along the radial direction. The tensile and compressive residual stresses will cause the circular strips to either
open or close, respectively. All circular strips close indicating a dominant compressive residual stress state.
The highest geometric deviations,i.e., highest ring-closing corresponds to the highest magnitude of residual
stresses. The magnitude of the ring-closing for different process parameter combinations is plotted in Fig. 16.
It can be seen that residual stresses are highest for the smallest tool diameter and step-down, highest feed rate
and contact force. These observations are in agreement with the hole-drilling measurements from Fig. 15.

Moreover, the curvature of the radially cut strips was measured and is plotted in Fig. 17 for varying tool
diameter and tool step-down. Residual stress values measured using the hole-drilling method indicated a
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similar magnitude of the residual stresses in the radial direction (Fig. 15b). This is validated as no significant
differences between the curvature of the radially cut strips are observed.

3.2.2 SPIF: residual stress generation mechanism vs. process parameters

As described, the residual stresses state of the cone geometries manufactured by single point incremental
forming are experimentally measured by XRD. The residual stresses are measured on both sides of the cone
wall. The cone surface in contact with the forming tool is the bottom-face, the opposite side is the top-face of
the cone. The location of the measuring point at a height of 22.5 mm in the middle of the cone wall is shown in
Fig. 6b. The results of the measurements are shown in Fig. 18 for the bottom-face. Each point represents three
measurements of the same spot. On the bottom-face of the cone wall, tensile residual stresses can be found for
all parameters in the tangential direction (direction of the tool movement) and in the radial direction (transverse
to the tool movement). With increasing step down increment, the amplitudes of tensile residual stresses in radial
direction o, are decreasing (see Fig. 18a). From the highest residual stress value o, = 122 +21 MPa for Az
= 1.875 mm the residual stress amplitudes are continuously decreasing with increasing step-down increment
to a low level of tensile residual stresses o, = 36412 MPa. Regarding the tensile residual stresses in the
tangential direction (see Fig. 18b), they are in the same range as the residual stresses in the radial direction.
The tangential residual stresses are increasing with decreasing step-down increment in an opposing trend. The
change in the residual stress amplitudes with increasing tool step-down is less pronounced in the tangential
direction (Aco; = 50 MPa) than in the radial direction (Ao, = 150 MPa). So, an influence of the process
parameter step-down increment on the residual stress amplitude is measurable on the bottom-face.

The results of the measurement for the top-face are shown in Fig. 19. Compressive residual stresses can be
found for all parameters in the tangential direction. The amplitudes of the compressive residual stress on the
top-face are in the same range as the tensile residual stresses at the bottom-face. The change of residual stresses
with increasing tool step-down is less pronounced on the top-face than on the bottom-face. The compressive
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residual stresses on the top-face in radial direction remain nearly constant with increasing tool step-down (see
Fig. 19a). The same applies to the tangential direction with an amplitude of 175 MPa.

A comparison of the SPIF component geometries manufactured with three different process parameter
sets is done by 3D digitalizer GOM® ATOS II. The geometry of all cone walls is compared to an ideal cone
geometry, the desired CAD geometry. To compare the geometries, the CAD geometry was aligned along the
symmetry axis of the formed component flange edges. The analysis of the geometric deviation is done by the
GOM ® Inspect Software. The geometric deviation is defined as the maximum distance between the ideal cone
wall and the cone wall of the formed component perpendicular to the surface direction. Figure 20 shows the
resulting geometric deviation for the three different process parameter sets. The maximum deviation between
the formed components and the ideal shape is in a range of 4 mm to 5 mm. If the manufactured cone geometries
are compared to each other, the maximum deviation is only 1 mm. It can be thus stated, that a change in the
process parameters in the considered range has no significant influence on the geometry of the final component
formed by SPIF.

3.3 Residual stresses vs. mechanical properties
3.3.1 TPIF: residual stresses vs. mechanical properties

This section analyzes the influence of varying residual stresses on the mechanical properties of the disk springs.
To quantify this, quasi-static disk compression tests were carried out and disk spring geometries were measured
along a section. The spring forces are plotted in Fig. 21 a for the disk springs of dimension 80/36/3 mm, whose
residual stresses were plotted in Fig. 15. The geometry of the disk springs after the surface treatment was
also measured along a section and plotted in Fig. 21b. Based on the results of residual stress measurements,
i.e., Fig. 15 and force—deflection curves, i.e., Fig. 21a, the higher the compressive residual stresses, the higher
the spring force. Hence, there is a positive effect of the induced residual stresses on the spring geometry.
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Furthermore, as no changes in the disk spring geometry are observed, therefore the increase in the spring
forces is entirely due to residual stresses without the effect of geometric stiffness.

The spring forces and geometry of the disk springs surface-treated by varying tool diameter, contact force
and tool step-down are plotted in Fig. 22. Based on the previous observations, the highest spring force should
be for the smallest tool diameter and highest contact force. The smaller tool diameter and higher contact
force lead to higher plastic strains due to a more concentrated deformation zone between the forming tool and
the disk spring. Deformation Induced Martensite Transformation (DIMT) increases with higher plastic strain
levels. Hence, the geometric deviations and spring force are higher for the smallest tool diameter and highest
contact force as represented in Fig. 22. Furthermore, the effect of varying tool step-down is clarified. Although
the measured residual values using the hole-drilling method are the same for different tool step-downs (see
Fig. 15), the geometric deviations and spring force are higher for the smaller tool step-down as can be seen
in Fig. 22. This is because the values provided by the hole-drilling method are measured locally at a point
and not in the whole specimen, while surface treatment by a smaller tool step-down leads to more area being
deformed and hence more global DIMT. This explains higher geometric deviation and spring force values for
smaller tool step-down. Moreover, a difference in the geometry of the conventional and surface treated disk
springs is observed. For all disk springs, an increase in the free height [y of the disk springs and curvature due
to compressive residual stresses toward the bottom face, which was in contact with the forming tool appears.
Therefore, the increase in spring force after ISF is due to the combined effect of induced residual stresses and
changed geometry.

To only obtain the improvement in mechanical properties through residual stresses, an analytical approach
according to DIN 2093 that predicts the spring force by taking the geometric stiffness into account is used. The
free height of the disk spring is increased in an interval of 0.1 mm by keeping other parameters constant. The
maximum spring force predicted by the analytical approach for the new geometries is recorded. The spring
force of the initial geometry with a free height of 6.9 mm is used as a reference. The percentage increase in
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the spring force as a function of free height [y of the disk spring, i.e., only due to geometric stiffness is plotted
in Fig. 23. Furthermore, the quasi-static compression tests in Fig. 13 were so designed that the disk spring is
fully compressed between the two plates. Therefore, by measuring the displacement of each curve in Fig. 22(a,
c, e), the free height of the disk spring is determined. Using the maximum spring force of the conventional
disk spring as a reference, the percentage increase in the spring force for each curve from Fig. 22(a, c, e) is
calculated and plotted against the free height [y in Fig. 23, i.e., the percentage increase in the spring force due
to the combined effect of geometric stiffness and residual stresses. The difference between the curves is the
contribution of the residual stresses. Hence, a significant contribution of the residual stresses in improving the



3482 F. Magbool et al.

(a) 100 (b) 5000
c 90 S AISI 301 - 112/57/1 mm
2 o 80 1l 4000 e Convetional
§°. 70 _ 3000
28 60 -
[0]

%g 4518 = g 2000 ‘
£ b3 L 1000 Stress relief
- 30 = —e— Geometry (Analytical) annealing
g 20 ~*- Geometry + Residual 0 before

10 stresses (Experiment) — after

0 -1000

68 7 72 74 76 78 8 82 0 1 2 3 4 5 6 7 8
Free height of disc spring I, - mm Displacement - mm

Fig. 23 a Percentage increase in the spring force as a function of the free height of disk spring /o due to geometry and combined
effect of geometry and residual stresses b Validation of analytical approach by comparing spring forces before and after SRA

(a)

F. (1)

Fig. 24 a Fatigue test set-up b Fatigue strength of SPIF components (derived from [9])

mechanical properties is achieved. Further, the analytical approach was validated by Stress Relief Annealing
(SRA) the surface-treated disk springs and performing disk compression tests. The force—displacement curves
before and after SRA and for a conventional disk spring are presented in Fig. 22b. The difference between
the before and after spring force curves is the contribution of the residual stresses, which is significant. At
the same time, the spring force after SRA matches with the conventional disk spring. The spring force after
SRA is only due to the geometric stiffness of the disk spring. Hence, the analytical approach is validated. The
small difference between the conventional and after SRA curves is due to geometric changes caused by the
uncontrolled release of elastic strains during SRA.

3.3.2 SPIF

It was shown that the resulting residual stress state of a formed component can be influenced by the process
parameters of the SPIF process. Especially under cyclic loadings, residual stresses can have a significant
influence on the fatigue strength of a component. To evaluate the influence of near-surface residual stresses
induced by SPIF on the mechanical properties of the formed components, a cyclic loading test can be used to
quantify the effect. MaaB et al. [9] performed fatigue tests with truncated cone geometries manufactured by
SPIF. The specimens are cyclically loaded with an applied force of F = 600 N and a frequency of f = 10 Hz
until the specimen fails by crack initiation (Fig. 24a). The used process parameters are in the same range as
the presented parameter sets in this work. Although the geometries analyzed are smaller cone geometries, the
results can be transferred to the findings of this paper. The largest tool step-down leads to the highest fatigue
strength. Compared to this benchmark value, smaller tool step-downs leads to decreased fatigue strength.
When reducing the tool step-down, the performance of the component under cyclic load corresponds to less
than 60% of the components formed with larger step-downs (Fig. 24 b). The process parameters of the SPIF
process therefore significantly influence the mechanical properties of the formed component.
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3.4 Numerical results
3.4.1 TPIF: prediction of the residual stresses

The main aim was to develop a numerical model capable of predicting the accurate residual stress state
for the TPIF process, which involves a complex forming mechanism of continuous bending/unbending and
for selected steel that exhibits the TRIP effect. The results from the numerical model for a single TPIF
simulation according to the model (see Fig. 11) are presented. After the numerical simulation of the disk
springs, respective springback simulation was performed. A cylindrical coordinate system was used to obtain
the radial and tangential components of the residual stresses. The stresses and the martensite content were
plotted on a section placed on the tool contact side as shown in Fig. 25a and b.

Based on the geometrical dimension of the disk spring and the tool step-down of 0.4 mm, the forming
tool produces 9 loops over the disk spring. The results in Fig. 25 show certain peaks and valleys. The peaks
then corresponds to the area over which the forming tool moves and the valleys corresponds to the area,
over which forming tool does not moves. In addition, the displacement-controlled trajectory of the forming
tool produces different plastic deformation in different areas, therefore the respective distribution of residual
stresses and martensitic content is inconsistent. To validate the numerical simulation, the residual stresses
through hole-drilling method and martensitic content through Feritscope was measured at a specified point.
The experimentally measured values are plotted as dotted lines together with numerically determined martensite
content and residual stresses in both directions in Fig. 25a and b. The residual stresses measured at the center
of the bottom face by hole-drilling method are 975 and 600 MPa along the radial and tangential direction. The
martensite content at the same location is found to be 42%. For numerical simulations, the location where the
martensite content is 42%, the respective residuals tress in radial and tangential direction are 960 and 700 MPa.
Hence, for a given martensite content, similar magnitude of residual stresses is found from experiment and
numerical simulation. However, further investigations and comparisons are necessary to completely validate
the numerical model.
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3.4.2 SPIF: prediction of the residual stresses

The numerical model of the SPIF process built-in Abaqus is also used to analyze the near-to-surface residual
stresses of the formed component depending on the process parameters. The evaluation points of the numerical
model should be positioned close to the XRD measurement point to ensure comparability.

According to the XRD measurements, the near-to-surface residual stress components are output on the top
and bottom faces of the truncated cone geometries. Figure 26a presents the results for the tool-face perpendicular
to the tool movement. With increasing tool step-down the tensile residual stresses decrease. For larger tool-step
downs the residual stresses in the radial direction almost disappear. In an opposing trend, the residual stresses
in tool direction (see Fig. 26b) increase with increasing tool-step down. The numerically evaluated amounts
of residual stresses are qualitatively and quantitatively in good accordance with the experimental results (see
Fig. 18).

Regarding the numerical results on the tool-averted top-face of the truncated cone, the numerical results are
presented in Fig. 27. They are also in good accordance with the experimental results (compare Fig. 19). Similar
to the experimental results, the stress amplitudes in the radial direction slightly increase in a small range. The
stress amplitudes in the tangential direction are stationary. In summary, the residual stress prediction of the
used numerical procedure is accurate. The overall difference between the numerical and experimental results
can is 14%, which is less than the experimentally observed scatter.

4 Discussion

The main aim of this chapter was to provide an analysis of the targeted generation and utilization of the residual
stresses for the two most commonly utilized variants of the ISF, i.e., SPIF and TPIF. In addition, numerical
models to accurately predict the residual stresses for these two ISF variants were to be developed.



Targeted residual stress generation 3485

In the case of TPIF with a negative die, it is found that due to the deep-rolling effect created by the
squeezing of the sheet blank between the die and the forming tool, the compressive residual stress state is the
dominant state for TPIF. Further, irrespective of the TPIF variant, i.e., with a positive or negative die, it can
be stated based on the forming mechanism that a high magnitude of the compressive residual stresses will
occur toward the tool contact side. However, this cannot be stated for the TPIF variant with a partial die as
no double-sided contact is present for this variant and as no squeezing or deep rolling-like effect is produced.
The benchmark geometry of the disk springs was intentionally selected to not only study the residual stress
generation mechanism but also to prove that the high residual stresses of ISF can be positively utilized to
improve the mechanical properties. By using ISF as integrated forming and surface treatment technique, it
is shown that the residual stresses can be targetedly controlled and utilized to improve the part performance.
The investigations on the residual stress generation mechanism indicate a significant presence of the residual
stresses and their contribution to improving the mechanical properties is proved. These observations open new
windows for ISF to be applied as an alternative surface treatment and integrated forming approach. These
observations in combination with control of the ISF process can be used to achieve localized properties on a
global scale, for example, localized hardening in the selected areas or control over radial or tangential residual
stress components to achieve stiffness in the desired direction, for examples, as required by the disk springs
used in the vibration actuators [24].

In terms of numerical simulation of TPIF, an accurate prediction of martensite content and the residual
stresses is obtained. The model can further be employed to investigate the austenite and martensite phase dis-
tribution and their effect on the resulting residual stresses. However, previous forming operation involved from
manufacturing to final rolling of the sheet blanks also significantly control the properties like microstructure
and residual stress gradients. This effect must also be taken into consideration to further improve the numerical
model. This is possible by initializing variables such as initial martensite content, stress gradients and plastic
strain for the initial sheet blank in numerical simulation and then carrying out ISF simulation. This allows
recording complete loading histories and their effect on mechanical properties and microstructure. This can
then used to accurately predict and control part properties, for example, disk spring properties like spring force
and fatigue life.

In the case of SPIF, the initially residual stress-free material develops a significant amount of residual
stresses. It is found that, depending on the used process parameters, the near-to-surface residual stresses can
be adjusted. On the tool-face of the formed cone geometry, tensile residual stresses are generated. On the tool-
averted face, compressive residual stresses occur. Regarding the analyzed single-phase material aluminum
alloy 5083, the residual stress state of a formed component can be adjusted in a wide range. The amplitude on
the tool-face can be varied between no significant residual stresses to values near the initial yield stress of the
material. Depending on the achieved residual stress state, the mechanical properties of the formed component
are significantly influenced.

5 Summary and conclusion

The main aim of the current study was to provide an in-depth analysis of the targeted generation and utilization
of the forming induced residual stresses by SPIF and TPIF variants of the ISF process. The main conclusions
for each variant are:

5.1 TPIF

e The dominant residual stress state generated by the TPIF variant is the compressive residual stress state in
both directions of tool motion.

e Two different strategies are used to provide an in-depth analysis of the residual stress generation mechanism
for TPIF. The effect of different process parameters is analyzed. The smallest tool diameter and tool step-
down and highest contact force and feed rate produce the highest compressive residual stresses.

e Animprovement in the mechanical properties of the disk springs is recorded. Hence, the compressive residual
stresses generated by TPIF can be used to improve the mechanical properties.

e Developed knowledge can be used to produce parts with localized properties on a global scale. For example,
localized hardening or control over the radial or tangential residual stress components to achieve stiffness
in the desired direction
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e A numerical model is presented and validated which can be used to accurately simulate the TRIP effect as
well it provides a quantitative validation of the residual stresses.

5.2 SPIF

e The dominant residual stress state generated by the SPIF variant is the compressive residual stress state on
the tool-averted face and tensile residual stresses on the tool-face.

e It is shown that the near-to-surface residual stress state can be adjusted by the selected tool step-down in
SPIF.

e Depending on the generated residual stress state by SPIF the mechanical properties of the formed parts can
be improved.

e A numerical model for the SPIF process is presented and validated, which can be used to accurately simulate
the residual stress development.

e This knowledge can be used to produce a part with localized properties on a global scale especially regarding
residual stress cased failure in cyclic loaded parts.
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