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Abstract
The paper presents a novel methodology to form disc springs made of metastable austenitic stainless steel using incremental 
sheet forming (ISF), which is also used to generate compressive residual stresses. The research aims at replacing the shot 
peening process which has various disadvantages such as a change in disc spring geometry and replacing it with a method 
that allows a better control of spring properties. Two different methodologies were developed. Firstly, ISF was used to selec-
tively induce the residual stresses in conventionally formed disc springs. Secondly, ISF was used to form the disc spring and 
to induce the residual stresses during the actual forming process. Residual stresses were measured using bore-hole-drilling. 
For both methodologies, ISF induces higher compressive residual stresses in the disc spring and a higher spring force in 
comparison to conventional disc springs. The changes in the spring properties is due to the formation of deformation-induced 
martensite, which is characterized by using metallurgical investigations and disc compression test. Hence, the strategies 
developed using ISF can be employed as an alternative forming process for disc springs with integrated surface treatment.

Keywords Metastable austenitic stainless steel (MASS) · Disc spring · Incremental sheet forming (ISF)

1 Introduction

Metastable austenitic stainless steels (MASS) are classified 
as transformation induced plasticity (TRIP) steels since the 
plastic deformation, either during the forming process or 
during service loads can cause a strain-induced austenite-to-
martensite transformation. This is due to fact that the aus-
tenite phase is not thermodynamically stable at room tem-
perature. Two types of martensite transformation may occur 
in the austenitic steels, i.e., γ to ε and γ to α′. The γ-phase 
is the parent face centred cubic (fcc) austenitic phase. The 

ε-martensite has a hexagonal closed packed (hcp) crystallo-
graphic structure, whereas the α′-martensite has a body-cen-
tered tetragonal (BCT) structure. These transformation act as 
a strengthening mechanism for these steels and make them a 
suitable candidate for various applications. The α-martensite 
is of interest, as it increases the work-hardening and affects 
the ductility of the steels. Due to their unique combination 
of strength, ductility, corrosion resistance and resistance to 
stress relaxation, MASS are a common choice for the manu-
facturing of disc springs [1, 2].

Disc springs are an important and common part in the 
field of mechanical engineering and find applications in 
cases where a high spring force is needed in a limited instal-
lation space [3]. They must meet high demands on the stabil-
ity of the spring characteristics i.e. avoiding stress relaxation 
and having high fatigue strength during operation. Possible 
applications of disc springs are limited by the development 
of tensile residual stresses during loading. Hence, to increase 
the operating limits of a disc spring, compressive residual 
stresses are generated using shot peening [4]. In shot peen-
ing, small metal balls are shot onto the metal components 
to generate high compressive residual stresses and in turn 
surface hardening, which prevents the nucleation of fatigue 
cracks [5, 6]. Shot peening is currently the most extensively 
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utilized surface treatment technique. It improves the fatigue 
resistance of the components by generating residual com-
pressive stresses in the surface [7]. The production sequence 
for conventional manufacturing of disc springs followed by 
shot peening is presented in Fig. 1.

Shot peening is an expensive, time consuming and sto-
chastic process, with the outcome of the process being 
highly dependent on the values of the process parameters 
[8]. Shot peening can produce adverse effects such as an 
increase in surface roughness and a decrease in the fatigue 
resistance of the components for excessively shot peened 
components [9, 10]. Further, Doman et al. [4] analysed the 
residual stresses in ashot-peened diaphragm spring and 
noted a meaningful change in the free height of the spring 
after the shot peening treatments. This occurs due to the fact 
that the magnitude of the residual stresses induced by shot 
peening is almost constant in the radial and the circumfer-
ential direction. Compressive stresses in the radial direction 
are not desired, because they change the spring shape, i.e., 
the free height, and its characteristics. Hence, the optimal 
conditions for the generation of residual stresses in the disc 
springs is that circumferential stresses should be highest 
with radial stresses as low as possible. This control is not 
possible with the shot peen treatment.

In the present study, ISF is presented as an alternative 
technique for generating compressive residual stresses in 
disc springs. The major advantage is that ISF can be used 
to control the generation of the residual stresses in radial 
and transverse direction by varying the process parameters 
of ISF. ISF is characterized as localized forming mecha-
nism, where a small tool moves along a pre-defined path 
progressively forming the part to its final shape. This local-
ized deformation mechanism allows the sheet to be stretched 
well beyond the conventional forming limit curves (FLC) 
[11]. Hence, due to high deformation, the process induces 
high residual stresses in the formed components. Until now, 
studies [12–14] are presented in the literature that discuss 
and try to minimize the intensity of these residual stresses 
in SPIF but in the current study, instead of suppression, the 
targeted use of these residual stresses is envisioned.

For the sake of completeness, a brief overview of the 
literature discussing the effects of ISF and shot peening 

on MASS is presented. To the knowledge of authors, only 
a limited number of publications deals with the effect of 
shot peening and ISF on the state of the residual stresses 
in MASS. In this regard, Katajarinne et al. [15] presented a 
novel approach for controlling the material properties, i.e., 
strength and ductility for MASS during incremental sheet 
forming (ISF). The method was based on the modelling and 
control of the formation of strain-induced martensite. Kleber 
and Barroso [16] used shot peening on AISI 304 L samples 
and showed that the highest compressive residual stresses 
are present at the depth where the maximum percentage of 
induced martensite occurs. Further, they determined the 
stress evolution for both the martensite and austenite phase, 
along with the martensite volume fraction. Four different 
mechanical surface treatment techniques were performed on 
AISI 304L by Turski et al. [17]. They performed the residual 
stress analysis and microstructure characterization for these 
techniques and showed near surface compressive stresses 
along with the deformation-induced martensite. Fu et al. 
[18] studied microstructure and surface layer properties of 
18CrNiMo7-6 steel and found that for optimized shot peen-
ing, the maximum compressive stresses are located at the 
depth of 20 µm. Fragas et al. [8] examined the effect of shot 
peening on the behaviour of AISI 301 LN steel in annealed 
and cold-rolled form. They found an extensive plastic defor-
mation and phase transformation in the annealed specimen 
as compared to the cold rolled sample. Further, they found 
an enhanced fatigue limit for the cold-rolled specimen. With 
regards to finite element simulations of the residual stresses 
in MASS, Halilovic et al. [19] proposed the very first numer-
ical simulation of the residual stress state in AISI 304 steel 
with a single laser shot. They stated that the residual stresses 
are mainly due to phase transformations at low temperatures 
whereas, at elevated temperatures, they are due to plastic 
deformation. Further, Guiheux et al. [20] used numerical 
simulation to study the impact of a single spherical shot on 
AISI 301LN sheet. The change in volume fraction of the 
martensite and the residual stresses was analysed.

The targeted use of residual stresses generated by ISF 
has not been discussed in the literature so far. The main 
goal of the present study is to present a novel methodology 
that uses ISF as an integrated forming and surface treatment 

Fig. 1  Production line of the 
conventional disc spring with 
subsequent shot peening opera-
tion
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technique for disc springs made of MASS. In this regard, 
two different strategies are investigated. In the first strategy, 
ISF is used to change the residual stress state of the conven-
tionally formed disc springs by moving the hemispherical 
tool over the surface under pressure. In the second strategy, 
ISF is used to form the disc springs and induce the desired 
residual stresses in the same forming step. The results on the 
changes in microstructure, volume fraction of the martensite 
and the changes in the mechanical properties due to these 
treatments by ISF are presented. Further, the conventionally 
formed disc springs are used as a reference and the com-
parison of the mechanical properties like residual stresses, 
spring force and the martensite content is carried out with 
the surface-treated and incrementally formed disc spring. 
The comparison to the reference disc spring is used to estab-
lish the feasibility of the developed strategies. For strategy 
1, the aim is to use ISF as an alternative surface treatment 
technique. This is verified by comparing the near-surface 
compressive residual stresses and the spring properties of 
reference springs with and without ISF treatment. Strategy 
2 aims at forming the disc spring and inducing the desired 
residual state in the disc spring in single step.

2  Materials and methods

2.1  Material and the disc spring geometry

The sheet blanks and the disc springs examined in the cur-
rent study are made of the stainless steels AISI 301 and AISI 
304. These metastable austenitic stainless steels (MASS) are 
common materials used for commercial disc springs. The 
chemical composition of both the materials is presented in 
the Table 1.

A variety of different spring geometries are investigated 
in the current study. In total, four different geometries are 
taken into consideration. The notation used for the dimen-
sions of the investigated disc springs are presented in Fig. 2.

D
e
 and D

i
 represent the external and internal diameter of 

the disc spring, respectively, t , l0 and h0 represent the thick-
ness, free height of the disc spring and the cone height. All 
investigated geometries are based on the same schematic 
and are identified by the term D

e
/D

i
/t . Hence, the four inves-

tigated geometries are 40/20.8/1, 99/70/1, 85/50/0.8 and 
80/36/3. All dimensions are in mm. Further, the two faces 
of the disc spring referred to as top-face and bottom-face. 

The latter is the face experiencing tensile circumferential 
stresses during compression of the spring.

2.2  Process mechanism and variant of the ISF 
process

It is important to consider that unlike conventional materi-
als, the strain hardening in MASS is based on the martensite 
transformation of FCC austenite to BCT martensite. Dif-
ferent studies [21, 22] indicate that a significant increase in 
strength for MASS can be achieved by mechanical surface 
hardening processes. For the current work, ISF is used to 
achieve this surface hardening. It is important to consider 
that the basic principle of both proposed strategies is similar 
to deep rolling, where the Hertzian contact stress between 
the tool and the material creates near to the surface an influ-
ence zone, which penetrates up to a certain depth in the 
material. The MASS undergoes martensite transformation 
in this zone, resulting in a strain hardening and generation 
of the compressive residual stresses near the surface. This 
principle for ISF is illustrated in Fig. 3.

A simple 2D simulation employing an isotropic elas-
tic–plastic material model is performed to understand the 
build-up of stresses in the disc springs under normal loading 

Table 1  Chemical composition 
of the investigated steels

Alloying element (wt%)

C Si Mn P S Cr Ni Mo N Fe

AISI 304 0.07 1.0 2.0 0.045 0.03 17.5–19.5 8.0–10.5 – 0.1 Balance
AISI 301 0.05–0.15 2.0 2.0 0.045 0.015 16.0–19.0 6.0–9.5 0.8 0.1 Balance

Fig. 2  Schematic diagram of the investigated disc springs

Fig. 3  Surface hardening of the components by incremental sheet 
forming (ISF)
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conditions. The plot of the stresses in the tangential direction 
in Fig. 4. indicates a build-up of the compressive residual 
stresses on the top surface near the support point I (See 
Fig. 2) and tensile residual stresses on the bottom face near 
the outer support point III (see Fig. 2). Hence, ISF should be 
used to generate compressive residual stresses in the bottom-
face of the disc spring to counteract these tensile stresses 
that determine the operating limits of the disc springs.

Further, the important question that arises is which vari-
ant of the ISF process should be used, i.e., single point incre-
mental sheet forming (SPIF) or two-point incremental form-
ing (TPIF). The problem with SPIF is that the back face of 
the blank being formed is a free unsupported surface and the 
forming mechanism of SPIF results in compressive stresses 
during the forming stage [23]. Further, upon unclamping 
the residual stress state for the SPIF is tension–compres-
sion, with tool contact side under tension and non-contact 
side under compression [24]. Hence, SPIF cannot be used 
to induce the required compressive residual stresses in the 
disc springs. To replicate the deep rolling like effect and 
to induce compressive stresses in the tool contact side of 
the blank, a support in the form of a full die is needed. In 
this regard, two different configurations of TPIF are used 
to assess the feasibility of the approach as indicated in 
Fig. 5. These are termed as positive and negative ISF. Disc 
springs of dimensions 80/50/0.8 were manufactured on a 
3-axis CNC milling machine using the two configurations 
as shown in Fig. 5. Further, disc compression tests were 
performed on a Zwick machine to measure the spring force. 

A conventionally formed disc spring was also tested for ref-
erence. The results (cf. Sect. 3.1) indicate a much greater 
spring force for the negative-ISF. Hence, all further investi-
gations are carried out using the negative ISF.

2.3  Strategy 1

Based on the observation made in Sect. 2.2, the most feasible 
configuration to induce compressive residual stresses in con-
ventional disc springs is negative-ISF and the residual stress 
should be induced on the bottom-face of the disc spring to 
counteract the tensile residual stresses created during the 
normal loading conditions. The geometry used for strategy 
1 is 80/36/3 mm. The surface treatment of the conventional 
disc springs using ISF is performed on a 3-axis CNC milling 
machine by using a hemispherical tool of 5 mm diameter. 
The experimental set-up of the negative ISF process used 
to perform this operation is presented in Fig. 6. The spindle 
holding the forming tool allows the tool to rotate freely. The 
forming tool moves at a feed rate of 1000 mm/min for both 
strategies. Further, the spiral tool path is generated using 
the surface finish module of the commercial CAD software 
PTC creo® and the movements of the tool are displacement 
controlled for both strategies. Further, the design of the die 
and the clamping frame is such that the hemispherical tool 
can move over the whole bottom surface of the disc spring. 
The disc springs from AISI 301 are used for this strategy. 
Further, a comparison of the residual stress is carried out 

Fig. 4  Build-up of the tangen-
tial residual stresses in the disc 
springs under normal loading 
conditions

Fig. 5  Two different configura-
tions of the ISF a Negative-ISF, 
b Positive-ISF
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between the conventional and surface-treated disc springs. 
The results are presented in Sect. 3.2.

2.4  Strategy 2

Strategy 2 is based on the generation of residual stresses and 
the forming of the disc spring by ISF in a single step. A rigid 
hemispherical tool not only pushes the sheet metal blank into 
a negative mould, but at the same time, replicates the deep 
rolling effect and induces the residual stresses. To determine 
the feasibility of this strategy, a number of different spring 
geometries are incrementally formed. The sheet blanks from 
AISI 304 are used for this strategy. The experimental-setup 
that is used to manufacture the disc springs is presented in 
the Fig. 7. After completion of the forming process, the 
manufactured disc springs are compared to the conventional 
counterparts in terms of spring force, spring rate, micro-
structure and the generated residual stress state. The forma-
tion of the deformation induced martensite is verified by 
performing ferritoscope measurements and microstructure 
analysis on these springs. The microstructure of the material 
is analysed in the initial state as well as after the completion 
of ISF. The results of the springs force, spring rate, residual 
stress analysis by bore-hole-drilling and the microstructural 
observation are presented in Sect. 3.1.

2.5  Bore‑hole‑drilling‑method

The residual stresses generated in the disc springs for both strat-
egies are measured using the bore-hole-drilling method. The 
bore-hole-drilling method is a well-established method that is 
used to measure the residual stresses in a wide variety of mate-
rials and components [25]. The methodology is based upon 
drilling a small hole into the specimen, i.e., the disc springs. 
The strains that are released during the drilling are recorded 
using a strain-gauge rosette. The recorded strains are then 
converted into stresses. The residual stress analysis in the disc 
springs was carried out at a specified point on the bottom-face 
of the disc spring, which is in contact with the hemispherical 
tool. The strain gauge rosette attached to the sample measures 
the strain in radial and transverse direction (Fig. 8). The drilling 
in the specimen was carried out at room temperature using a 
drill head of 0.8 mm diameter. To ensure that no supplementary 
stresses are created, a high rotational speed of the drilling head, 
i.e. 200,000 rpm, was used. The hole is incrementally drilled, 
and the calculation steps are automatically adjusted along the 
depth of the hole by the system software. This is to minimize 
the measurement errors. A residual stress analyser from the 
company MTU was used. The measured strains are converted 
into stresses using the following relation.

(1)
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Fig. 6  Experimental set-up 
for the generation of residual 
stresses using strategy 1

Fig. 7  Experimental set-up 
for forming of disc spring and 
generation of residual stresses 
in single step for strategy 2
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where E is the elastic modulus and A,B are constants having 
values of − 0.225 and − 0.18803 respectively. �

r
, �

t
 and �

rt
 

are the in-plane strains, where �
r
 is the strain along the radial 

direction, �
t
 is the strain along the tangential direction and 

�
rt
 is the strain at 45° to the tool motion direction, �

r
 and �

t
 

are the in-plane stresses corresponding to �
r
 and �

t
 strains, 

respectively. The out-of-plane stresses along the thickness 
direction cannot be measured by this method and are hence 
neglected. This is also a common simplification for most of 
the sheet forming processes, where the thickness of the sheet 
is normally less than 3 mm.

2.6  Ferritoscope measurements and disc 
compression tests

The ferritoscope was used to determine the ferromagnetic 
material content in the sheet blank in the as-delivered state 
and in the incrementally formed disc springs from strategy 
2. For the ferritoscope measurements, transverse micro-sec-
tions of the sheet metal and the formed disc springs were 
prepared. These transverse micro-sections were then etched 
with a Beraha-II etching agent and the microstructure was 
observed by using an optical light microscope. The respec-
tive ferromagnetic content for each case and for each mate-
rial i.e. AISI 301 and AISI 304 is presented in Tables 2 and 

3. For disc springs, the measurements are carried out on the 
upper-face as well as on the bottom-face (Fig. 2).

It can be seen that there is a significant difference in the 
ferromagnetic material content between the sheet blank and 
the disc spring (Table 1) specially for AISI 301 steel. The 
spring force in N and the spring rate in N mm−1 of the disc 
springs are determined by performing compression test by 
compressing the disc spring between two hydraulically oper-
ated flat plates. These compression tests are performed on 
the Zwick testing machine.

3  Results and discussion

3.1  Feasible process variant and strategy 2

In Sect. 2.2, it was observed with a 2D axis-symmetrical 
model of disc spring compression, that the most feasible 
location for the induction of the residual stresses is the bot-
tom-face due to occurrence of the tensile residual stresses 
during the normal loading condition. Hence, in order to 
experimentally validate this fact, disc springs of the dimen-
sions 85/50/0.8 were manufactured using the positive and 
negative set-ups of the ISF. Further, compression tests 

Fig. 8  a Selected point for the measurement of residual stresses. b Experimental set-up of the bore-hole-drilling method

Table 2  Ferromagnetic content of the sheet blank and conventionally 
formed disc springs of AISI 301

Ferro-
magnetic 
portion 
(vol%)

Sheet 
metal

Disc spring 
− 40/20.8/1

Disc spring 
− 99/70/1

Upper-
face

Bottom-
face

Upper-
face

Bottom-
face

Conven-
tional 
disc 
springs

8.1 13.8 13.7 18.2 19.0

Table 3  Ferromagnetic content of the sheet blank and incrementally 
formed disc springs of AISI 304

Ferro-
magnetic 
portion 
(vol%)

Sheet 
metal

Disc spring 
− 40/20.8/1

Disc spring 
− 85/50/0.8

Upper-
face

Bottom-
face

Upper-
side

Bottom-
face

Incremen-
tally 
formed 
disc 
springs

0.3 0.6 0.8 0.5 1.3
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were performed on these samples to determine the spring 
force and spring rate. The resulting spring force and spring 
rate are presented in the Table 4. The spring rate is deter-
mined at 75% of the displacement needed to fully flatten the 
spring. The force vs. displacement curve for these springs 
is presented in Fig. 9. An increase of spring force of almost 
3.2 times that of the conventional disc springs is achieved 
with the negative-ISF. This validates the observations from 
Sect. 2.2. It is important to mention that the results related 
to the choice of the feasible process variants are presented 
together with the strategy 2. This is due to the fact that these 
disc springs are manufactured according to the strategy 2, 
i.e., springs are formed, and the residual stresses are induced 
in single step.

The disc springs manufactured based on strategy 2 are 
further examined for the residual stresses. The resulting 
distribution of the residual stresses in these discs spring 
is presented in Fig. 10. The measurement confirms high-
est compressive residual stresses on the bottom-face for 
negative-ISF.

The ferromagnetic fractions of the sheet metal as well as 
of the two incrementally formed disc springs made of AISI 
301 steel were investigated by ferritoscope measurements. 

Figure 11 presents the micrographs of both the sheet metal 
and the incrementally formed disc springs. Figure 11a–c pre-
sents an overview of the microstructure and a detailed image 
of the influenced surface and the subsurface microstructure. 
The martensite fraction corresponds well with the results 
of the ferritoscope measurements (Sect. 2.6, Table 3). No 
sign of plastic deformation is found in the microstructure 
for the initial sheet blank i.e. Fig. 11a. Disc spring of the 
dimension 40/20.8/1 show a twinning structure in Fig. 11b, 
caused by a moderate deformation. On the other hand, disc 
spring 80/50/0.8 in Fig. 11c shows a dark etched area sur-
rounded by distinct twinning caused by a significant amount 
of plastic deformation. These dark etching areas indicate 
the martensite regions caused by the deformation induced 
phase transformation of the MASS. The overview of the 
microstructure in Fig. 11c indicates a periodic arrangement 
of these martensite zones. The distance between the zones 
is about 500 µm, which matches the respective tool step-
down of 0.5 mm, which was used for the manufacturing 
of these disc springs by incremental forming. Hence, the 
localized deformation in incremental sheet forming gener-
ates martensite transformation detected by the microstruc-
tural observations.

3.2  Strategy 1

As mentioned in Sect. 2.3, this strategy is based on the sur-
face treatment of the conventional disc springs by ISF. Disc 
springs made of AISI 301 and dimensions 80/36/3 were 
used. After the surface treatment, the residual stress analy-
sis was performed using the bore-hole-drilling method. The 
results from the analysis are presented in Fig. 12. The results 
indicate a significant amount of the compressive residual 
stresses in the surface-treated disc springs as compared to 
the conventional disc springs.

Table 4  Spring rate and spring force for conventional, positive and 
negative incrementally formed disc springs

Negative forming Positive forming Con-
ven-
tional 
forming

Spring rate R 
(N mm−1)

428.4 250.9 216.9

Max. spring force 
(N)

443.2 123.4 138.2

Fig. 9  a Experimental set-up of disc compression tests. b Spring force vs. displacement for conventionally formed disc springs along with posi-
tive and negative incrementally formed disc springs
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Two different strategies are developed, with forming 
mechanisms similar to the deep rolling process. The com-
pressive residual stresses are induced by the plastic deforma-
tion and the deformation induced martensite transformation. 
The negative-ISF variant was identified as the most suitable 
variant for the selective induction of the residual stresses in 
the disc springs. For strategy 1, an increase in the compres-
sive residual stresses is achieved for the conventional disc 
springs made of AISI 301 steel. For strategy 2, the charac-
teristic curve of the disc springs made of AISI 3014 steel 
showed that the selective induction of the residual stresses 
by using incremental forming produces springs with a bet-
ter performance than conventional disc springs, without the 
need for the additional shot peening. This strategy combines 
forming and generation of the desired residual stresses and 
shortens the process chain to a single step.

4  Conclusion

The current study shows the capability of the ISF process 
as an alternative integrated forming and surface treatment 
technique. For strategy 1, the surface treatment of the disc 

springs carried out using the ISF indicates a significant 
increase in the compressive residual stresses as compared 
to the conventional disc springs. The target of counter-acting 
the tensile residual stresses on the bottom face of the disc 
springs is achieved. Hence, ISF can be employed as an alter-
native surface treatment technique for the disc springs. The 
strategy 2 was developed to integrate the induction of the 
compressive residual stresses in the forming step. The results 
indicate an increase in the spring force of 3.2 times, than 
that of the conventional disc sprigs. Hence, the objective 
to integrate the surface treatment with the forming step is 
achieved. The future work is focused on the parametric study 
for the effect of the process parameters on the spring proper-
ties. Further, the process should be accelerated by design-
ing a rotating tool set-up. Due to the ferromagnetic material 
content (martensite) of the disc spring, the residual stress 
measurements can be used to calibrate the Barkhausen noise 
analysis. Hence, it is also possible to measure the residual 
stresses by using Barkhausen noise analysis. Future research 
efforts are focused on these aspects.

Fig. 10  Estimation of the residual stresses by bore-hole-drilling method in the disc springs manufactured by a Negative-ISF, b Positive-ISF, c 
Conventional
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Fig. 11  Microscopic images of the Beraha-II etched micro-sections of a sheet blank, b disc spring of dimension 40/20.8/1, c disc spring of 
dimension 85/50/0.8

Fig. 12  Estimation of the residual stresses by bore-hole-drilling method in a conventional disc springs, b surface treated disc springs
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