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the formation of a laminar multilayered 
structure with layers of submicron thick-
ness is the lack of common grain at the in-
terfaces between the layers. In particular, a 
starting composition of involved alloys with 
different crystal structure (lattice bcc and 
fcc) ensures the uniform and gradual thin-
ning of layers mechanically by rolling defor-
mation. Therefore, stainless steels AISI 430 
(material A) and AISI 304 (material B), 
schematically shown in the binary phase 
diagrams (see Figure 1), can be used for pro-
ducing a metallic multilayer material.

While results of quasi-static and impact 
energy tests of applied metallic multilayer 

purposes is not very promising because of 
the substantial differences in the physical 
and mechanical properties. The analysis car-
ried out shows that the lamination of a pre-
form made from a single metal such as iron, 
is possible in case of applying the method of 
hot pack rolling [3, 4]. This method is more 
efficient and shows higher performance than 
the accumulative roll bonding (ARB) method, 
used for the formation of submicron struc-
tures in superplastic metals and alloys [5, 6].

One of the principles of metallic multi-
layer materials is the use of the original 
composite billet alloys that have stable crys-
tal lattice [7]. An important prerequisite for 
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materials according to Table 1 were de-
scribed in [8], investigations on fatigue prop-
erties are still missing. A slight increase of 
strength and hardness values (σ0.2 %, σUTS, 
HB) and of the relative reduction of area ψ in 
combination with a decrease in the relative 
elongation δ was determined for multilayer 
materials with 1400 layers.

Multilayer material

For primary preform sheets, 0.5 mm thick 
plates with dimensions of 200 × 50 mm2 
were manufactured from austenitic and fer-
ritic stainless steels with chemical composi-
tions according to Table 2. The experimen-
tal technological route to produce metallic 
multilayer materials is shown in Figure 2 
and comprises a purification of card sur-
faces, an assembly of cards to form a multi-
layer packet, followed by a subsequent plas-
tic deforming due to hot pack rolling in vac-
uum at a temperature of 1000 °C. As a 
result, stripes with dimensions of 
200 × 50 mm2 and a thickness of 2 mm con-
sisting of 100 workpieces are available for 
further sheet cutting and specimen manu-
facturing. Alternatively, the sheets became 
original cards for the next packages pre-
pared for the second process cycle [7].

During the technological process band-
pass blanks consisting of 100 and 1400 lay-
ers were obtained after the first and second 
cycles, respectively. From the blanks ob-
tained after the first and second cycles, 

specimens with the geometry shown in 
Figure 3 were prepared for fatigue testing.

Experimental procedure

To investigate the fatigue behavior of metal-
lic multilayer materials, instrumented step-
wise load increase tests (LIT) in combina-
tion with constant amplitude tests were 
performed at ambient temperature at a 
stress ratio of R = 0.1 and a frequency of 
10 Hz using triangular load-time functions. 
The time-efficient load increase procedure is 
established for characterization of fatigue 
behavior in a wide range of material classes 
[9]. Thereby, the maximum stress of cyclic 
loading is increased stepwise starting at a 
load level, where the material is expected to 
be damage-free, until specimen failure (see 
Figure 4a). For multilayer materials, start-
ing at σmax,start = 200 MPa, the maximum 
stress was increased by Δσmax = 10 MPa 
each ΔN = 104 cycles. The material response 
to cyclic loading was characterized by dis-
placement amplitude sa measured with sys-

tem LVDT, total strain amplitude εa,t, change 
in deformation-induced temperature in-
crease ΔT and change in deformation-in-
duced electrical voltage ΔU [9]. On this ac-
count, strain acquisition was performed us-
ing an extensometer with a gauge length of 
10 mm and the temperature distribution on 
the surface of the specimen was investi-
gated using a thermal imaging camera (ther-
moIMAGER, Micro-Epsilon). The maximum 
change in temperature of the specimen was 
evaluated after testing at the local area of 
crack initiation and fracture in relation to a 
reference position. In addition, the alternat-
ing current potential drop (ACPD) method 
using a CGM-5 crack growth monitor from 
Matelect was applied for measurements of 
change in voltage (ΔU) by referring to the 
initial values at test beginning as a further 
indicator for the state of fatigue damage. 

The physical quantities of material reac-
tion were plotted as cycle- and load-de-
pendent development (see Figure 4b) [10]. 
By determination of the transition from al-
most steady (linear) to significantly in-

Figure 1: Schematic binary phase diagrams  
with the applied initial compositions, bcc (left) 
and fcc (right) [7] 

Alloy

Alloying elements (wt.-%)

C Si Mn Cr Ni Mo Ti Al V Fe
S P Cu

max.

AISI 304 0.02 0.52 1.74 18.60 8.15 0.30 0.05 0.05 0.08 bal. 0.002 0.036 0.3

AISI 430 0.05 0.34 0.24 16.20 0.09 0.05 0.05 0.05 0.03 bal. 0.003 0.020 0.6

Table 2: Chemical compositions of austenitic and ferritic stainless steels applied for  
primary preform sheets

Material
E, × 103 σ0.2 % σUTS δ ψ

HB
(MPa) (%)

AISI 304 + AISI 430
hot rolling at 1000 °C, 100 layers 160 520 780 7.0 43.0 180

AISI 304 + AISI 430
hot rolling at 1000 °C, 1400 layers 170 655 800 4.5 48.0 370

AISI 304 
quenching from 1020-1100 °C in water 196 205 510 40 70.0 170

AISI 430 
quenching from 920 °C in water 200 275 480 20 45.0 170

Table 1: Mechanical properties of the AISI 304 and AISI 430 steels and multilayer specimen  
of the AISI 304 + AISI 430 composition [8]

Figure 3: Specimen geometry for fatigue  
investigations (all dimensions in mm)Figure 2: Schematic of the process to produce metallic multilayer materials [8]
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creasing (exponential) material response 
values, the fatigue strength can be esti-
mated and suitable loading parameters for 
the validation in constant amplitude tests 
can be defined [9, 10]. Figure 5 shows the 
experimental setup for fatigue tests with 
the specimen mounted in a servohydraulic 
Instron testing system 8801 as well as ap-
plied mechanical extensometer, ACPD 
method and thermal imaging camera.

After fatigue testing, microstructures as 
well as fractured surfaces were investi-
gated using light microscopy and scanning 
electron microscopy (SEM). In terms of mi-
crostructure, slices of selected specimens 
were cut off, hot mounted, ground, polished 
and etched (V2A etchant) to analyze cross-
sectional areas of metallic multilayer mate-
rials with 100 and 1400 layers.

Results and discussion

Fatigue behavior. To evaluate the fatigue 
behavior of metallic multilayer materials, 
two stepwise load increase tests (LIT) were 
performed for the batch with 1400 layers. 
The maximum stress was increased step-
wise from starting level σmax,start = 200 MPa 

by Δσmax = 10 MPa each ΔN = 104 cycles 
until failure. Figure 6 shows exemplarily 
the results of a LIT for multilayer materials. 
The progression of maximum stress σmax as 
controlled variable, the total strain and dis-
placement amplitudes εa,t and sa as well as 
the deformation-induced changes in tem-
perature and voltage ΔT and ΔU as meas-
ured values are plotted as functions of load 
cycles N, respectively. 

Within each load level up to 550 MPa, 
data of total strain and displacement ampli-
tude scatter about constant mean values 

which increase linearly with increasing 
stress level (see Figure 6). A higher resolu-
tion in Figure 7 presents a nonlinear defor-
mation behavior within the last two load 
levels of 560 and 570 MPa. Due to the crack 
initiation and fracture outside the 10 mm 
gauge length (see Figure 8), the maximum 
amount of specimen deformation was as-
sessed by the displacement amplitude sa, 
while a decrease in strain is recorded for the 
measuring length by the extensometer.

The maximum local change in tempera-
ture was determined at the fracture position 

Figure 5: Experimental setup for fatigue  
investigations 

Figure 4: a) Schematic of stepwise load increase test, b) development of material reaction  
in load increase test [11]

Figure 6: Stepwise load increase test of metallic multilayer material with 1400 layers 

Figure 7: Detail of the stepwise load increase test of multilayer material with 1400 layers (see Figure 6)

Figure 8: Fractured specimen of multilayer  
material with 1400 layers after stepwise load in-
crease testing
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in relation to a reference position at the spec-
imen. Basically, the temperature remained 
at a constant level and a significant change 
in temperature was firstly detected about 
300-400 load cycles before failure with max-
imum values of 95.4 K. The temperature dis-
tribution for two conditions of testing with 
local heating in the area of crack initiation is 
shown exemplarily in Figure 9 for multi-
layer materials of 1400 layers. In contrast to 
the temperature measurement, which seems 
to record only macroscopic features, the 
change in voltage determined by the ACPD 

method was able to indicate microstructural 
changes at an early state of fatigue damage. 
Therefore, the progression of change in volt-
age can be described as linear trend up to 
15 × 104 load cycles, which corresponds to a 
maximum stress level of 340 MPa, with fol-
lowing exponential increase until specimen 
fracture at 37.5 × 104 load cycles (Nf). A 
higher resolution in Figure 7 illustrates an 
elevated voltage increase within the last two 
load levels of 560 and 570 MPa, which indi-
cates the advanced state of material damage. 
Thus, the ACPD method is able to announce 
fatigue fracture early at 96 % of fatigue life. 
The material behavior of metallic multilayer 
materials with 1400 layers was confirmed 
with the results of a second LIT. Therefore, 
established maximum stresses at failure 
show a small scatter of 20 MPa with a mean 
value of 580 MPa.

Results of LIT were used to define suita-
ble loading parameters for comparison of 
multilayer materials with 100 and 1400 lay-
ers in constant amplitude tests. With a lim-
ited number of specimens, one load level in 
the range of low cycle fatigue (LCF) was 
investigated and therefore the maximum 
stress of 570 MPa was identified. As an ex-
ample, Figure 10 shows the results of a 
constant amplitude test for multilayer ma-
terials with 1400 layers. The progression 
of maximum stress σmax as controlled vari-
able as well as the results of applied meas-
urement methods, total strain amplitude 
εa,t and displacement amplitude sa change 
in temperature ΔT and change in voltage 
ΔU, respectively, are plotted as functions of 
load cycles N. In accordance with the LIT, 
maximum cyclic deformation and fracture 
outside of the gauge length was established 
reasonably by displacement amplitude sa. 
After slight cyclic softening within the first 
2 × 104 cycles, a stabilized material defor-
mation behavior up to 17 × 104 cycles fol-
lowed by an exponential slope in specimen 
displacement until fracture can be detected. 

In terms of ACPD measurements, the 
progression of change in voltage can be 
characterized, similar to the three sections 
of displacement amplitude progression, as 
a stabilization process within the first 
2 × 104 load cycles, followed by a linear in-
crease passing over to an exponential in-
crease at 17 × 104 load cycles (93 % Nf) un-
til specimen fracture at 18.3 × 104 cycles. 
In contrast to the sensible measurements 
of change in voltage and displacement am-
plitudes, the temperature measurement 
indicates a material damage at a later state 
of fatigue life, only 100-200 cycles before 
fracture with a maximum value of 74.1 K. 

Figure 9: Temperature distribution for two  
conditions of testing for multilayer material  
with 1400 layers 

Figure 13: Microstructure of metallic multilayer materials with a) 100 layers analyzed by  
light microscopy, b) 1400 layers investigated by SEM

Figure 11: Displacement amplitudes in  
constant amplitude tests of multilayer material 
with 100 and 1400 layers 

Figure 12: Number of cycles to failure in  
constant amplitude tests

Figure 10: Constant amplitude test of multilayer material with 1400 layers 
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Concerning the different damage parame-
ters, the measurement of voltage is most 
suitable to determine microstructural 
changes at an early state of fatigue damage 
for multilayer materials in load increase 
and constant amplitude tests.

For each of the batches with 100 and 
1400 layers, two constant amplitude tests 
with maximum stresses of 570 MPa were 
performed. Measured progressions of dis-
placement amplitudes sa as functions of 
load cycles N are presented exemplarily in 
Figure 11 and corresponding numbers of 
cycles to failure Nf are shown in form of a 
bar diagram in Figure 12. Failure cycles 
with a scatter of 41 % within the batch of 
1400 layers imply a wide dispersion of 

measured fatigue properties. It can be as-
sumed that fracture positions in the area of 
specimen transition radius indicate a local 
stress increase as reason for early failures 
and large scattering, leading to conserva-
tive evaluations of the fatigue behavior. As 
expected, the smaller number of load cycles 
for the batch with 100 layers implies in-
creased values of displacement and re-
duced scattering. However, a significant 
improvement by the factor of 3.5 regarding 
the average values of failure cycles can be 
confirmed for metallic multilayer materials 
with 1400 layers in comparison to 100 lay-
ers. Thus, a benefit of the complex produc-
tion process was shown in [8] within quasi-
static tests and can be verified concerning 

the investigated load level in the LCF range.
Microstructure. Polished and etched 

slices of multilayer material with 100 and 
1400 layers were investigated using light 
microscopy and SEM. Figure 13 presents the 
microstructure consisting of a laminated tex-
ture of stainless steels with different chemi-
cal compositions which was analyzed in 
terms of chemical consistence, structure, 
grain size and layer dimensions in detail in 
[8]. The study of the multilayer specimen 
has shown a structure of different layers that 
can be characterized due to the substantial 
inhomogeneity of the chemical composition 
of the austenite, which has been formed at 
the rolling temperature, and due to the re-
tention of islands of original ferritic steel. 
Layers with an increased concentration of 
nickel, which results from the high concen-
tration of nickel in the original blank of the 
AISI 304 steel, undergo an α → γ transforma-
tion during subsequent cooling which is ac-
companied by the formation of lamellar mar-
tensite and retained austenite. In the layers 
with a low concentration of nickel, which 
result from the diffusion processes that oc-
cur at the interfaces of AISI 304 and 
AISI 430, lath (packet) martensite or carbide 
free bainite with a subgrain structure arises 
during cooling. Cross-sectional areas pre-
sented in Figure 14 enable a comparison of 
the layer structure within the approximately 
2 mm thick flat specimen for the two investi-
gated multilayer materials, where laminate 
layers with thicknesses less than 1.5 μm are 
achieved after two production cycles of hot 
pack rolling.

Fractured surfaces were examined by SEM 
to evaluate the damage characteristics. Over-
views of fracture faces are given exemplarily 
for the two investigated batches after load in-
crease testing in Figure 15. The areas of crack 
initiation, assigned by arrows, are surrounded 
by the fatigue fracture areas with a rather brit-
tle material behavior (see Figure 16a). Con-
cerning multilayer materials with 1400 lay-
ers, layer packages are ripped and elongated 
gaps can be observed with proceeding crack 
propagation (see Figure 16a). Residual frac-
ture areas show ductile deformation features 
with rejuvenation over specimen length and 
plastically deformed layer packages in terms 
of 1400 layers (see Figure 16b).

Conclusions and outlook

The fatigue behavior of metallic multilayer 
materials consisting of austenitic and ferritic 
stainless steels AISI 304 and AISI 430, which 
are produced by a high-performance technol-
ogy of hot pack rolling, can be influenced by 

Figure 16: Detail of fracture surfaces of metallic multilayer materials with 1400 layers in the  
a) fatigue fracture area, b) residual fracture area

Figure 15: Overview of fracture surfaces of metallic multilayer materials with a) 100 layers, b) 1400 layers 

Figure 14: Cross-sectional areas of tested metallic multilayer materials with a) 100 layers, b) 1400 layers 
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the number of layers. A benefit of the complex 
production process leading to 1400 layers was 
verified in relation to 100 layers concerning 
the investigated fatigue load level with a sig-
nificant improvement by the factor of 3.5 and 
therefore corresponds to quasi-static test re-
sults. Appropriate constant amplitude tests 
for an efficient comparison of fatigue proper-
ties can be defined under consideration of in-
strumented stepwise load increase tests. Here, 
the alternating current potential drop method 
is most suitable to detect microstructural 
changes at an early state of fatigue damage for 
multilayer materials. While areas of crack ini-
tiation show a rather brittle material behavior 
with ripped layer packages concerning mate-
rials with 1400 layers, ductile deformation 
features over specimen length can be ob-
served for residual fracture areas. Present re-
sults provide a basis for further studies, e. g., 
to conduct statistically ensured constant am-
plitude tests under consideration of various 
load levels to validate the influence of the 
number of layers on the fatigue properties of 
metallic multilayer materials.
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Abstract

Fertigungs- und mikrostrukturbasierte Bewertung des Ermüdungs-
verhaltens mittels Paket-Warmwalzen hergestellter metallischer 
1.4301/1.4016 Mehrschichtwerkstoffe. Metallische Mehrschichtwerk-
stoffe bestehen aus hunderten oder tausenden Schichten und bieten daher 
ein hohes Potential für den Einsatz in industriellen Anwendungen. Eine suk-
zessive und gleichmäßige Reduzierung der Schichtdicken wird über die Ver-
wendung von Legierungen mit unterschiedlichen Kristallstrukturen in Kombi-
nation mit dem effizienten und leistungsstarken Paket-Warmwalzverfahren 
sichergestellt. Untersuchungen zu den Ermüdungseigenschaften, insbeson-
dere im Hinblick auf den Einfluss der Schichtanzahl, existieren bisher nicht. 
Im Rahmen dieser Studie wurde das Ermüdungsverhalten von metallischen 
Mehrschichtwerkstoffen, die aus 100 und 1400 Schichten der austeniti-
schen und ferritischen Edelstähle 1.4301 und 1.4016 bestehen, auf Basis 
eines effizienten stufenförmigen Laststeigerungsverfahrens charakterisiert. 
Die instrumentierten Laststeigerungsversuche wurden dazu verwendet, um 
geeignete Beanspruchungen für den Vergleich der beiden Mehrschichtwerk-
stoffe in Einstufenversuchen zu definieren. Für das untersuchte Lastniveau 
im LCF-Bereich konnte ein Vorteil des aufwendigeren Verfahrens zur Her-
stellung von 1400 Schichten mit einer signifikanten Erhöhung der Bruch-
lastspielzahlen um den Faktor 3,5 nachgewiesen werden. Es wurde belegt, 
dass die Wechselstrompotentialsonde zur Messung der elektrischen Wech-
selspannung exzellent geeignet ist, um verformungs- und mikrostrukturbe-
dingte Schädigungen der Mehrschichtwerkstoffe durch zyklische Beanspru-
chung frühzeitig zu detektieren. Die Untersuchungen wurden durch licht- 
und rasterelektronenmikroskopische Analysen der Gefüge und Bruchflächen 
ergänzt, um eine Bewertung der mechanischen Eigenschaften sowie des 
Schädigungs- und Rissverhaltens hinsichtlich der zwei Prozessrouten des 
Paket-Warmwalzverfahrens vorzunehmen.
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