R. ULEWICZ, F. NOVY

ISSN 0543-5846
METABK 56(1-2) 115-118 (2017)
UDC - UDK 6669.15:539.43:620.178.7:620.18:539.375=111

FATIGUE LIFE OF HIGH STRENGTH STEEL FOR COLD FORMING

Received - Primljeno: 2016-04-16
Accepted - Prihvaéeno: 2016-09-10
Original Scientific Paper - Izvorni znanstveni rad

The article presents the results of fatigue tests carried out on STRENX-type high-strength cold forming steel. For
high-cycle fatigue tests carried out using low cycle loading frequencies of around 30 Hz, a ROTOFLEX machine was
used. For ultra high-cycle tests, a KAUP-ZU testing machine was employed, which enables fatigue tests to be per-
formed with symetric specimen loading (R = -1) and at a frequency of f = 20 kHz. The relationships o_ = f(N) were
determined experimentally in the high and ultra high-cycle region for STRENX high-strength steel. To determine the
fatigue crack initiation mechanism, the fractographic analysis of fatigue fractures was made.
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INTRODUCTION

Under the conditions of the operation of parts, as
well as complete structures, failures occur within a
range higher rather than that covered by the low and
high-cycle regions [1]. This is one of the reasons for
which research centres have placed in recent years par-
ticular emphasis on the determination of fatigue proper-
ties in high and ultra-high-cycle regions [2,3]. The
adopted criteria (low-cycle and high-cycle fatigue < 107)
do not meet the requirements for safe usage. The au-
thors of research works [4,5] have found a decrease in
fatigue characteristics (a drop in the stress amplitude o,
with increasing number of cycles) beyond the conven-
tional limit (N_= 107), primarily for more resistant and
surface-strengthened steel grades. The former findings
and discussions on the safe stress and stable fatigue
strength above the conventional number of cycles have
been incomplete and inaccurate. This means that sub-
jects, such as the behaviour of the relationship o, = f(N)
and the mechanisms of fatigue degradation beyond the
conventional cycle limit, still remain open. In the case
of some High Strength Steels (HSS), under axial ten-
sion-compression loading [6,7], the S-N curve is char-
acterized by a continuous decrease of the load magni-
tude with increasing number of cycles.

The authors of published studies [8,9] present pos-
sible behaviours of the relationship o, = f(N) above the
conventional limit of material fatigue. In their publica-
tion [9], C. Bathias, I. Drouillac and P.L. Francois pre-
sent three types of initiation of a fatigue crack, which
may occur in cylindrical polished-surface specimen,
depending on whether this is a low-cycle (10* cycles),
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high-cycle (108 cycles), or ultra-high-cycle (10° cycles)
range. This is not, however, an iron rule. For cracks in a
low-cycle range, initiation locations are often numerous
and occur on the specimen surface; according to the
widespread opinion, at 10° cycles the fatigue crack ini-
tiation is located under the specimen surface [9]. In her
studies [10,11], Murakami and Nishijima have found
that the initiation of a fatigue crack in high-strength
steel occurs on the specimen surface at 10° cycles, and
under the specimen surface at 108 cycles. These results
were obtained from tests using a frequency of both 50
Hz and 20 kHz. Literature data [6] on ultra-high-cycle
fatigue (UHCF) obtained above 107 cycles show that
the classic Wohler relationship has a dual behaviour
(the Duplex S-N curve). This is associated with the
point of fatigue crack initiation at a small number of
cycles. In that case, the location of fatigue crack initia-
tion is the surface, while at a high and ultra-high num-
ber of cycles, the fatigue crack initiation location should
lie under the surface. However, the results obtained
from tests for STRENX steel have shown that the loca-
tion of crack initiation in the high and ultra-high-cycle
region is the specimen surface. This is due to the fact
that what we observe for high-strength steels is a con-
tinuous decrease in the load magnitude with increasing
number of cycles, rather that the dual behaviour of the
curve [12-14].

MATERIAL AND EXPERIMENTAL METHODS

Typical fine grained ferritic structure of cold forming
STRENX high-strength steel is shown in Figure 1. The
properties of the mechanically tested material are given
in Table 1, while its chemical composition, in Table 2.

STRENX steel is characterized by a fine-grained
ferritic microstructure with high amount of small ce-
mentitic (Fe,C) particles and a few isolated titanium
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Figure 1 Typical ferritic structure of STRENX-type high-
strength steel

Table 1 Mechanical properties of STRENX steel
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Table 2 Chemical composition of STRENX steel / wt. %

C Si Mn P S
0,08 0,35 1,67 0,018 0,0037

Al Nb \ Ti Al
0,015 0,06 0,014 0,015 0,015

nitride particles with a regular geometric shape. In the
examined structure, sparse inclusions in the form of
MnS particles were observed. The fatigue tests in the
high-cycle region (VHCF) were carried out using
a loading frequency of 30 Hz at an ambient temperature
of 20 °C + 10 °C. AROTOFLEX testing machine was
used in the tests. A schematic of the testing machine is
shown in Figure 2.

A resonance machine enables an elastic-plastic
strain to be induced in the smallest specimen cross-sec-
tion. This is the location where the accumulation of fa-
tigue damage occurs, which leads to a fatigue crack for-
mation. A resonance fatigue testing machine (Figure 3)
allows fatigue tests to be performed with symmetrical
cyclic loading (R = - 1), at a frequency of f =~ 20 kHz in
the temperature interval of T =20 + 10 °C.
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Figure 2 The ROTOFLEX testing machine used for rotary
bending tests
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Figure 3 A schematic diagram of the design of the KAUP-ZU
fatigue testing machine

RESULT AND DISCUSSION

During fatigue testing on the ROTOFLEX machine,
the load cycle asymmetry factor was R = - 1, and the
specimens were loaded at a frequency of 30 Hz at an
ambient temperature of 20 °C + 10 °C. The specimen
working part was cooled during testing using fans.
Based on the obtained results, the curve of the applied
load amplitude versus the number of cycles (Figure 4)
to specimen fracture, o, = f(N), was plotted. The ex-
perimentally determined Wholer curve shows a de-
crease in the magnitude of specimen fracture stress am-
plitude with the increase in the number of loading cy-
cles up to the fatigue limit of this material (440 MPa).
The results of the ultra-high-cycle fatigue tests carried
out on the KAUP-ZU high-frequency fatigue testing
machine are presented in Figure 5.

The load amplitude of steel fatigue testing decreased
from s, = 400 MPa (for N = 3,3 x 10° cycles and N =
8,1 x 10°cycles) to s, = 240 MPa (for N=4,1 x 10° cycles,
N = 5,3 x 10° cycles and N = 8,9 x 10° cycles, which
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Figure 4 The fatigue life of STRENX steel; fatigue test, rotary
bending in the high-cycle interval [f = 30 Hz,
T=20°C+10°C,R=-1]
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Figure 5 The fatigue life of STRENX steel; the fatigue test
using high frequency push-pull loading [f = 20 kHz,
T=20°C+10°C,R=-1]

makes a difference in amplitude of Ac,= 160 MPa. Based
on the performed fractographic analysis of fatigue frac- region.before the fir.mal.fracture region with distinctly
tures it was found that the location of fatigue crack initia- ;’gfj“;{;g?,f,ﬂaf cfgrgé'ﬁ,f;: pNS'ia:gse 1 S:ﬁc:)?ci?/rc)llecsraCks
tion was in all cases the specimen surface. The crack ini- e ' '

tiation location was dependent on the surface type (the
degree of development of intrusions and extrusions on
the surface), stress amplitude ., as well as on the number
of cycles to specimen failure, N. On the fatigue fracture
surface of the specimen, there occurs a transcrystalline
fracture of very fine morphology (Figure 6), which is
characteristic for fine-grained steels.

In the region of unstable fatigue crack growth, be-
fore the final fracture region, distinctive radial steps and
secondary cracks occur (Figure 7). The final fracture
region is characterized by a ductile fracture with a dim-
ple morphology (Figure 8).

B e S

Figure 8 Fatigue fracture in the unstable crack growth region
before the final fracture region with distinctly
occurring characteristic steps, large secondary cracks
and striation; 6, =360 MPa, N = 1,51 x 107 cycles

CONCLUSION

The results for the relationship o, = f(N) assume the
classic shape of the Wohler curve with a distinct fatigue
limit. Determined from the experimental results, the
curve shows a decrease in the magnitudes of stress am-
plitude o, with the increase in the number of load cycles
N up to the fatigue fracture. The experimental tests car-
ried out on the ROTOFLEX testing machine determined

Figure 6 Surface fatigue crack initiation; , = 360 MPa, the relationSh_ip 6, = f(N) in the_high'CyCIe region. The
N=1,51x 10 cycles difference  in  load amplitude amounted to
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Ac, = 131 MPa, for the number of cycles ranging from
3,8 x 10* to 1,0 x 107. The results of the tests on the
KAUT-ZU testing machine in the region beyond the
conventional fatigue limit confirmed a continuous de-
crease in o, stress amplitude with the increase in the
number of cycles to specimen fatigue failure. The dif-
ference in fatigue test load amplitude amounted to
Ac, = 160 MPa, for the number of cycles ranging from
8,1 x 10°t0 5,3 x 10°.

The fatigue crack was initiated from the specimen
surface. No preferred fatigue crack initiation locations
were identified. The region of stable fatigue crack prop-
agation has the nature of transcrystalline fatigue.
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