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Material

The disc springs investigated in this work 
were made of stainless steel AISI 304 
(X5CrNi18-10, 1.4301). This stainless, met-
astable austenitic steel is commonly used 
for disc springs. Furthermore, the incre-
mentally formed disc springs were com-
pared with commercial conventionally pro-
duced springs and sheet metal made of 
stainless steel AISI 301 (X10CrNi18-8, 
1.4310), which is also commonly used for 
disc springs. The chemical composition for 
both materials is shown in Table 1.

Manufacturing

The residual stress state of conventional 
disc springs is controlled by scragging and 

more, in case of metastable austenitic 
steels, deformation-induced formation of 
martensite is associated with a volume 
increase and therefore induces residual 
stresses [3] and causes material strength-
ening [4]. Residual stress measurements 
based on conventional hole drilling meth-
ods are known to be inaccurate for thin 
disc springs. Hence, measurement meth-
ods that allow a fast control of spring 
properties are required. This paper shows 
the feasibility of detecting the selective 
martensite formation induced by incre-
mental forming processes using micro-
magnetic methods such as feritscope 
measurements and Barkhausen noise 
analysis. The results are supported by re-
sidual stress measurements and metallo-
graphic investigations.

Disc springs have to fulfill highest de-
mands regarding stability of spring char-
acteristics and fatigue life. Compressive 
residual stresses induced on the tensile 
loaded underside of the springs can im-
prove the spring characteristics signifi-
cantly [1, 2]. These stresses are com-
monly induced by a shot peening process, 
which follows the spring forming proce-
dure and is a very cost-intensive, time-
consuming and stochastic process. An in-
cremental forming process, which is capa-
ble of inducing selective residual stresses, 
can substitute the shot peening process, 
which would increase the economic effi-
ciency of high performance disc springs 
significantly. These stresses should be 
induced by an incremental forming pro-
cess equivalent to shot peening. Further-
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shot peening. To avoid relaxation during 
operation, the springs are completely com-
pressed and released prior to service. On 
the upside (see Figure 1, line I-IV), tensile 
stresses are created at the load application 
point, which counteracts the service load 
[6]. These tensile stresses are critical for 
dynamically loaded springs, which are 
purposely additionally shot-peened [7]. In 
this case, compressive stresses are prefer-
ably applied at the underside of the disc 
spring, where tensile stresses are active 
during loading [8].

The residual stress behavior of conven-
tional disc springs, which were partially 
shot-peened, was examined as reference. 
Two kinds of disc springs made of  
AISI 301 (X10CrNi18-8) were purchased. 
Both springs have a thickness of 1 mm. 
The outer diameter of the spring named 
D40 is 40 mm, the inner diameter is 
20 mm. The outer and inner diameter of 
the D99 spring is 99 mm and 70 mm, re-
spectively. For the peening process, cy-
lindrical steel wire grain was used. The 
peening time per side was 1 min at a 
pressure of 2 bar. The residuals stress 

conditions of the purchased and peened 
springs were measured. 

To determine the possibility to adjust 
the residual stress directly in a new disc 
spring forming process, different variants 
of incremental forming methods were in-
vestigated. Therefore, springs with an 
outer diameter of 85 mm, an inner diame-
ter of 50 mm and a thickness of 0.8 mm 
were produced. Incremental forming of 
the springs D85 was performed on a CNC 
machining center. A rigid spherical tool 
incrementally forms the sheet into a posi-
tive or negative mold and subsequently 
performs a deep rolling operation by 
pressing the sheet onto the mold (see Fig-
ure 2, on the right). This way, either the 
upside or the underside of the disc spring 
is deep-rolled as soon as the spring geom-
etry has been formed. This treatment 
serves the purpose of selectively inducing 
residual stresses and is intended to re-
place the stochastic shot peening process. 
The incrementally formed springs were 
compared with conventionally formed 
springs, which were formed on a press 
(see Figure 2, on the left).

Experimental approach

Changes in mechanical properties can be 
detected by various measurement methods 
like thermometry or resistometry [9]. An-
other indicator, in case of metastable auste-
nitic steels, can be the ferromagnetic frac-
tion. So the upside and underside of the 
manufactured disc springs and the unde-
formed sheet metal made of AISI 304 
(X5CrNi18-10) and AISI 301 (X10CrNi18-8) 
were examined using a feritscope (Fischer-
scope MMS) to determine the ferromag-
netic fraction. The change in the ferromag-
netic fraction can be correlated with the 
deformation-induced phase transformation 
of the base material from paramagnetic 
austenite to ferromagnetic martensite [10]. 
Afterwards, the change in microstructure 
was investigated using transverse micro-
sections for the sheet metal and incremen-
tally formed disc springs made of AISI 304 
(X5CrNi18-10) (negative forming). The mi-
crosections were etched with Beraha-II 
pickle and subsequently examined using a 
light microscope (Zeiss Axio Imager.M1m). 
The results were related to the feritscope 
measurements.

Residual stresses were measured using 
the commercially available hole drilling 
method with a test setup by MTU. This ma-
chine incremently drills a hole into the ma-
terial using a high-speed drill turbine. At the 
same time, a strain gauge rosette measures 
the changing strain and calculates the re-
sidual stresses. The spring characteristics 
were measured using a standard tensile/
compression testing machine (Zwick 1468). 
The displacement was measured using the 
position of the traverse. Every spring was 
compressed and released twenty times in 
order to investigate relaxation.

Finally, Barkhausen noise analysis was 
performed by use of the micromagnetic 
testing system FracDim (“fractal dimen-
sion”) developed by Fraunhofer. The sys-
tem investigates the mechanical properties 
nondestructively by the system response 
on a cyclic magnetization of the specimen 
(see Figure 3). In this work, the maximum 
of Barkhausen envelope (Mmax) and the co-

Alloying elements (wt.-%)

C Si Mn P S Cr Ni Mo N Fe

AISI 304
X5CrNi18-10 0.07 1.0 2.0 0.045 0.03 17.5-

19.5
8.0-
10.5 – 0.1 Balance

AISI 301
X10CrNi18-8

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

Figure 1: Geometrical characteristics  
of a disc spring

Table 1: Chemical composition of investigated stainless steels according to DIN EN 10088-3 [5]

Figure 2: Conventional and incremental disk spring forming (D85, AISI 304 (X5CrNi18-10))
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ercive field strength (Phico), which de-
scribes the area of the highest pulse den-
sity, were contemplated. The resulting val-
ues were correlated with the spring 
characteristics to evaluate the potential of 
the Barkhausen noise analysis to investi-
gate residual stresses in surface layers [11].

Results and discussion

In commercial disc springs made of AISI 
301 (X10CrNi18-8), residual stresses are 
enhanced by large plastic deformation dur-
ing rolling in the sheet metal production 
process, and are increased by disc spring 
forming and subsequent shot peening. By 
using the hole drilling method (see Fig-
ure 4), the residual stresses were meas-
ured on the upper side and lower side in 
the delivery condition and after a shot 
peening treatment.

The measurements confirm compressive 
stresses as a result of the shot peening pro-
cess on the underside (see Figure 4, in the 
middle). It has to be stated, that the bore 
hole method is not suitable for quantitative 
measurements on thin materials. The mini-
mum thickness has to be 3 times the bore 
diameter. For the smallest available drill 
with a diameter of 0.8 mm, the minimum 
thickness has to be 2.4 mm [13]. Hence, 
measured stresses seem to exceed the real 
values. Only a trend of the stresses can be 
estimated for a depth greater than 0.05 mm.

Due to the shot peening and the applied 
compressive residual stresses, the spring ge-
ometry and maximum spring force (see Fig-
ure 4, on the right) change. The unpeened 
spring has an initial height of 2.7 mm and 
can be loaded with a maximum force of 
350 N. The spring which has been peened on 
the underside has a larger structural height 
and shows a maximum force of 540 N, while 
the spring which is peened on the upside 
reaches only 108 N. When both sides are 
peened, the characteristic curve is slightly 
below the one of the unpeened spring. By 
means of these investigations, it can be con-
cluded that compressive stresses applied to 
the upside influence the spring characteris-
tics positively, as the spring shows a higher 
maximum force. On the other hand, com-
pressive internal stresses on both sides or 
just on the underside influence the spring 
characteristic negatively. Since small toler-
ances are required for the spring geometry, 
the preshaping of the spring geometry and 
peening treatment must either be matched 
closely or only a moderate peening treat-
ment can be carried out to comply with the 
geometrical requirements. 

Experiments to investigate the genera-
tion of residual stresses due to the incre-
mental forming process were performed 
with AISI 304 (X5CrNi18-10). This mate-
rial has a lower yield stress than AISI 301 
(X10CrNi18-8) and thus is much easier to 

form. It is also metastable and available as 
rolled material in soft condition. Hence, the 
change in martensitic fraction can be mon-
itored relative to the purely austenitic 
state. The positive and negative incremen-
tal forming significantly influences the ra-

Figure 3: Principle of micromagnetic testing, a) sensor and measurement setup [12],  
b) magnetic hysteresis and Barkhausen envelope [12], c) FracDim sensor applied on a disc spring

Figure 4: Features of conventionally formed and shot-peened spring D99, AISI 301 (X10CrNi18-8), 
stresses measured by hole drilling method at the bottom side of the spring

Figure 5: Features of conventionally and incrementally formed (positive/negative) springs D85,  
AISI 304 (X5CrNi18-10), stresses measured by hole drilling method at the bottom side
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dial and tangential compressive stresses 
near the surface by structural transforma-
tion and plastic deformation similar to 
deep rolling. Each incremental forming 
method generates different characteristic 
stress curves, without the need of addi-
tional shot peening. Residual stresses gen-
erated by incremental forming are much 
higher than in conventional forming (see 
Figure 5). In comparison, incremental 
forming into a negative mold generates bet-
ter results than forming in a positive mold, 
which can be explained by the induction of 
compressive residual stresses on the ten-
sile loaded underside of the disc spring. In 

the case of shot peening, radial and tangen-
tial stresses have comparable magnitudes 
(see Figure 4), but the induction of stresses 
with incremental forming is different. In-
cremental forming seems to produce differ-
ent stress values in radial and tangential 
directions which may be useful for geomet-
ric accuracy, since inducing primarily tan-
gential stresses while reducing radial 
stresses will reduce unwanted shape 
changes occurring during shot peening. 

It has to be noted that shot peening is 
preferably performed on the upside to cre-
ate the residual stresses that increase the 
spring force. Incremental forming and pro-

cess-integrated deep rolling need to be per-
formed on the underside to achieve the de-
sired spring properties. This difference be-
tween shot peening and incremental 
forming may be caused by the fact that 
both the incremental forming process and 
the subsequent surface treatment influ-
ence the residual stress in a characteristic 
way in contrast to shot peening.

The spring rates of the three specimens 
were determined at 75 % of the maximum 
displacement [14]. Furthermore, the maxi-
mum spring forces Fmax were identified. 
The results are shown in Table 2.

Feritscope investigations on sheet metal 
and commercially available disc springs (see 
Table 3) made of AISI 301 (X10CrNi18-8) 
showed significant differences in the ferro-
magnetic fraction. The ferromagnetic frac-
tion in the formed disc spring considerably 
increased compared to the sheet metal. A 
further increase can be noticed for the 
shot-peened disc springs. The ferromag-
netic fraction of disc spring D99 is higher 
than the ferromagnetic fraction of disc 
spring D40. Moreover, the ferromagnetic 
fraction on the underside of both geome-
tries is either the same or higher than on 
the upside in shot-peened and unpeened 
condition. Therefore, a higher martensite 
fraction, accompanied by high residual 
stresses, is expected as a result of an in-
creasing degree of deformation.

The ferromagnetic fractions of the sheet 
metal as well as of the two incrementally 
formed disc springs made of AISI 304 

Negative forming Positive forming Conventional forming

Spring rate R (N × mm-1) 428.4 250.9 216.9

Max. spring force Fmax (N) 443.2 123.4 138.2

Table 2: Spring rates and forces for negative and positive incrementally formed as well as  
conventionally formed disc springs made of AISI 304 (X5CrNi18-10)

Sheet
metal

Disc spring D40 Disc spring D85

Upside Underside Upside Underside

Ferromagnetic  
fraction (vol.-%) 0.3 0.6 0.8 0.5 1.3

Table 4: Ferromagnetic 
fraction of sheet metal 

and incrementally formed 
disc springs made of AISI 

304 (X5CrNi18-10)

Ferromagnetic 
fraction (vol.-%)

Sheet 
metal

Disc spring D40 Disc spring D99

Upside Underside Upside Underside

Unpeened 8.1 13.8 13.7 18.2 19.0

Shot-peened – 15.7 17.0 18.8 19.4

Table 3: Ferromagnetic 
fraction of sheet metal 

and purchased disc 
springs made of AISI 301 

(X10CrNi18-8)

Figure 6: a) and d) Microscopic images of the Beraha-II etched microsections of sheet metal, b) and e) disc spring D40, c) and f) disc spring D85
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(X5CrNi18-10) were investigated by using a 
feritscope. The results are shown in Table 4.

Compared to the sheet metal, an increas-
ing ferromagnetic fraction can be deter-
mined for both disc spring sizes and sides. 
The increase in the spring processed un-
derside is significantly higher than the 
spring processed on the upside. The results 
support the assumption that the incremen-
tal forming process triggers the martensi-
tic transformation under the forming tool 
and therefore generates desired compres-
sive residual stresses on the underside of 
the disc springs. In this case, the difference 
between underside and upside is higher for 
the larger spring geometry.

Afterwards, transverse microsections of 
the sheet metal and the formed springs 
were prepared and the microstructure was 
investigated. Figure 6 shows micrographs 
of the sheet metal and both specimen ge-
ometries determined by light microscopy. 
Figures 6a to 6c show detailed images of 
the influenced surface and subsurface mi-
crostructure and Figures 6d to 6f provide 
an overview of the microstructure.

The martensite fraction corresponds 
with the results of feritscope measure-
ments. The sheet metal (see Figures 6a and 
6d) shows almost no signs of plastic defor-
mation in the microstructure. The disc 
spring D40 in Figure 6b shows a twinning 
structure which is caused by moderate de-
formation. Figure 6c displays dark etching 
areas surrounded by pronounced twinning 
caused by strong plastic deformation. The 
dark etching areas indicate martensite re-
gions caused by deformation-induced phase 
transformation of the metastable austenite. 
The overview in Figure 6d reveals a peri-
odic arrangement of the dark etching 
zones. The distance between the areas is 
approximately 500 µm and corresponds 
well with the feed rate of the incremental 
forming process. Consequently, the local-
ized deformation generates martensite de-
tected in metallographic investigations.

Barkhausen noise analysis was per-
formed for all investigated specimens on the 
underside of the spring, which is loaded in 
tension during service. The magnetization 
frequency was set to 60 Hz and the mag-
netic flux to 1 µVs. The clearest Barkhausen 
noise curve was detected for the negatively 
formed spring, which also showed the 
highest values for the maximum spring 
force Fmax and the spring rate R. This is as-
sumed to be caused by the forming-induced 
martensite formation and transformation-
induced residual stresses. 

The maximum of the enveloping 
Barkhausen noise curve (Mmax) correlates 
clearly with the spring rate R shown in Ta-
ble 2. Whereby an increasing spring rate 
(R) causes an increasing maximum in the 
enveloping Barkhausen noise curve (Mmax). 
Figure 7 shows the measured data. A simi-
lar connection can be found for the maxi-
mum spring force (Fmax) and Mmax. The coer-
cive field strength (Phico) develops contrary 
to the other curves, Phico decreases with 
higher values of R and Fmax. These results 
lead to the conclusion that the micromag-
netic values can be used for a first approxi-
mation of the spring characteristics. Fur-
ther investigations will be conducted for 
the validation of the qualitative and quanti-
tative relationship between micromagnetic 
information and the spring characteristics. 

Conclusions

This paper demonstrates the capability of 
incremental forming to avoid the shot 
peening process in disc spring production. 
A process which is like deep rolling in-
duces residual stresses by plastic deforma-
tion and deformation-induced martensite 
formation. This was verified by feritscope 
measurements and metallographic investi-
gations. The spring characteristic curve of 
the disc springs made of AISI 304 
(X5CrNi18-10) showed that through the se-
lective induction of residual stresses by 

incremental forming, springs with a better 
performance compared to the conventional 
forming process can be produced, without 
the need for additional shot peening. In 
comparison, incremental forming into a 
negative mold generates better results 
than forming into a positive mold, which 
can be explained by the induction of resid-
ual stresses on the underside of the disc 
spring which is loaded in tension during 
service. The higher ferromagnetic fraction 
in disc springs made of AISI 301 
(X10CrNi18-8) leads to the expectation of 
major improvements of the spring charac-
teristics for this material. Barkhausen 
noise analysis appears to be a fast method 
to evaluate the effect of the forming pro-
cess on the resulting spring characteris-
tics. It could be a fast alternative to more 
time-consuming measurements of the 
spring rate or the residual stress state. 
First results presented underlined a pro-
nounced dependence of the micromagnetic 
values on the spring characteristics. 

Outlook

In future studies, the parameters of the in-
cremental forming process should be var-
ied to analyze the influence on the spring 
properties and the Barkhausen noise anal-
ysis signals. In addition, precise residual 
stress investigations should be realized, for 
example, by X-ray diffraction. These re-
sults could be compared to the Barkhausen 
noise analysis results. With this procedure, 
the Barkhausen noise analysis could be 
qualified for residual stress analysis in the 
transformed surface layer and for estima-
tion of the disc spring characteristics.
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Abstract

Charakterisierung von durch Martensitbildung bei inkrementeller 
Umformung induzierten Eigenspannungen in austenitischen Tellerfe-
dern mittels mikromagnetischer Methoden. Tellerfedern sind weit ver-
breitete, wichtige Bauteile in nahezu allen Bereichen des Maschinenbaus. 
Sie werden eingesetzt, wenn hohe Federkräfte benötigt werden, aber nur 
ein geringer Bauraum zur Verfügung steht. Beispiele sind Kupplungen 
oder der Spielausgleich in Wälzlagern. Durch Kugelstrahlen induzierte 
Eigenspannungen verbessern die Eigenschaften der Tellerfedern signifi-
kant, allerdings ist der Prozess des Kugelstrahlens sehr aufwendig. Diese 
Arbeit beschreibt die Möglichkeit durch inkrementelle Umformprozesse 
in einem Schritt die Feder zu formen und Eigenspannungen gezielt einzu-
stellen. Entscheidend um genaue Bauteilkennwerte zu erzeugen sind, ins-
besondere bei der Einführung neuer Verfahren, genaue Messmethoden. 
Die Möglichkeit mikromagnetische Methoden einzusetzen wurde unter-
sucht. Eine Korrelation zwischen der Federcharakteristik und dem mag-
netischen Barkhausenrauschen wurde aufgestellt. Diese wurde von Ei-
genspannungsmessungen und lichtmikroskopischen Untersuchungen, 
welche durch inkrementelle Umformung induzierte Martensitinseln zei-
gen, unterstützt.




