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PROCESSING OF DATA OBTAINED BY THE TESTING OF STEEL
UNDER LOW CYCLIC FATIGUE (PART I)

Summary

The design of mechanical components exposed to fatigue load, at a low number of cycles,
requires knowledge of the behaviour of the material under the impact of variable load in
conditions of controlled strain when cyclic plasticity is present. The aim of testing the quality
of the material of the components exposed to low cycle fatigue (LCF) in many industries:
nuclear, aerospace, mechanical, civil engineering and shipbuilding. In order to ensure the
reliability and consistency of the results from different laboratories, it is necessary to collect all
test data using test and data processing methodologies that are in accordance with a number of
key points of ISO 12106: 2017 and/or ASTM E 606-04 standards. This paper defines a new
data processing methodology after the LCF testing of steel.

Keywords: stabilized hysteresis, low cycle fatigue (LCF), HSLA steel

1. Introduction

European and American standards, ISO 12106:2017 (E) [1] and ASTM E 606-04 [2],
define only the general methodology of the LCF testing of metals. These tests provide huge
amounts of data (see Table 1). Fig. 1 graphically shows the LCF test data of the base metal
(BM) of steel NN-70, high strength low-alloyed steel (HSLA), for only one amplitude level of
regulated strain, Ag/2, which needs to be filtered from a large amount of data needed to define
the characteristic stabilized hysteresis.

The data of characteristic stabilized hysteresis, Ns, for each amplitude level of regulated
strain define low-cycle fatigue curves, which describe the behaviour of steel under load
conditions of low-cycle fatigue. The problem arises related to the objective and subjective
impact in determining the stabilized hysteresis, and then regarding the measured and read values
of the parameters that are further processed. This paper presents the methodology for
determining the characteristic stabilized hysteresis, Ns, for each amplitude level of regulated
strain (characteristic cycles) in LCF testing.
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Table 1 Analysis of the large amount of data obtained by LCF testing of NN-70 steel

LCF NN-70 File analysis EXCEL data
A4 format
Spec. Aégl2, File name —Number of| Number .Number of | Total
p % Number | File size | oo1ymns | of rows |items of data| data
of pages| KB
OM-09-035_1od12_N=1d0749 572 1492 7 32005 224035
OM-09-035 20d12_N=750d01499 572 1502 7 32005 224035
OM-09-035 30d12 N=1500d02253 572 1490 7 32005 224035
OM-09-035_40d12_N=2254d02995 543 995 5 32005 160025
OM-09-035_50d12_N=2996d03738 572 1489 7 32005 224035
OM-09-035_60d12_N=3739d04481 572 1677 7 32005 224035
09 0.35 |OM-09-035 70d12 N=4482d05224 572 1506 7 32005 224035 (2385575
OM-09-035_80d12_N=5225d05967 572 1496 7 32005 224035
OM-09-035_90d12 N=5968d06710 572 1515 7 32005 224035
OM-09-035_100d12_N=6711d07453 572 1496 7 32005 224035
OM-09-035_110d12_N=7454d08196 572 1009 5 32005 160025
OM-09-035_120d12_N=8197d08429 179 316 5 9842 49210
by 6422 | 15983 2385575
OM-03-050_1lod3 N=1do742 582 991 5 32005 160025
OM-03-050 20d3 N=743d01485 582 990 5 32005 160025
03 0.50 OM-03-050_30d3_N=1486d01619 106 324 5 5800 29000 349050
by 1270 2305 349050
OM-06-060_lod1_N=1do655 480 867 5 27801 139005
06 0.60 5 450 867 139005 139005
08 0.80 |OM-08-080 lodl N=1do248 192 501 5 10544 52720
52720
by 192 501 52720
hX 17 files 8384 | 19656 2926350 (2926350

Fig.1 Large amount of data to be processed (Specimen 08, Ag/2=0.80 %, from Table 1)
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2. Failure criteria for the LCF testing of steel - Excerpt from standard ISO 12106: 2017

The failure criteria are usually based on the occurrence, presence or intensification of a
phenomenon observed or recorded that indicates serious damage to or imminent failure of the
sample. The number of cycles to failure, N, can be defined as the number of cycles that meet
the following failure criteria:

a) complete separation of the sample into two different parts;

b) a certain percentage of change in the maximum tensile stress in relation to the level
determined during the test;

c) a certain change in the ratio of the modulus of elasticity in the tension and pressure
part of the hysteresis loop; most often, E7/Ec = 0.5 is used to define failure
(see Fig. 2a);

d) acertain percentage of change in the maximum tensile stress relative to the maximum
tensile stress.

X% X%
\ N\

! Ny N¢
Number of cycles Number of cycles
Time
€ I £
| *

Stress-time response N
in strain control

Suess-suamn
hysteresis loop

[
Number of cycles

b) for materials with stable or steady-stable behaviour
after initial hardening then softening

O max

Time X%

Figure 9 — Definitions of tension and compression modulus for determination of failure

N¢
Number of cycles

a) definitions of tension and pressure modules for

.. . c) for materials with continuous softening
determining failure

Fig. 2 Definitions of failure criteria

The use of criteria a) and b) is the most common and any of the above criteria can be used
for failure. The report lists the specific failure criteria used for the series of tests. Fig. 2 (b and
c) shows examples of stress reduction criteria. In this paper, the number of cycles that have to
be applied to achieve a failure, Ny, is defined as the number of cycles corresponding to a stress
reduction of x = 25% extrapolated over the tensile stress curve — the number of cycles when the
stress drops sharply.

This criterion refers to the presence of one (or more) macroscopic cracks in the sample.
In general, the ratio of the crack area to the original cross-sectional area of the sample is the
same size as the stress reduction ratio.
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3. LCF testing of steel

The behaviour of the material under low-cycle fatigue is tested experimentally, in
accordance with ISO 12106: 2017 (E) [1] and/or ASTM E 606-04 [2]. For this purpose, smooth
specimens are used which are exposed to low-cycle fatigue at several levels of regulated strain,
with a cycle asymmetry factor, R.=&mnin/&Emax = -1, at room, elevated, or reduced temperatures
[3, 4]. The stress-strain response at low-cycle fatigue has the shape of idealized hysteresis loops
[3-8] shown in Fig. 3. The strain range of strain A¢ corresponds to the overall loop width, and
the stress range Ao corresponds to its overall height. The stress amplitude is equal to the stress
half-range, Ao72.

_ Ag,/2 — plastic strain amplitudes
Ag,/2 — elastic strain amplitudes

Aepl2 Agp/2 Ac=AF/A,

o — tension or compression stress in MPa

F — tensile or compressive load in kN

A, — initial cross-section of the test specimen in mm?

Yo
Ac

Aggl2

A

»
>

Fig. 3 Idealized hysteresis loop [3, 4]

Most materials, at low cyclic fatigue, achieve a so-called stabilized condition at a certain
level of regulated strain. This is the condition when the height of the hysteresis loop expressed
over the range of the load force or stress changes slightly and is called the stabilization area
(Fig. 4a-d). For the analysis at R.= -1, it is sufficient to consider the positive part of the F-N
curve (Fig. 4b) [9-24]. Detailed data (the shape, dimensions of the test specimen and regime of
the controlled strain) have been presented in papers [9-15] in order to obtain a wider picture of
the experiment which produced the results used in this paper.

The hysteresis for the Ns cycle in the stabilization region, which is close to or equal to
half the number of cycles to crack initiation Ny, is called the characteristic stabilized hysteresis
[3-8]. The choice of stabilized hysteresis from a wide range of stabilized hysteresis, which best
characterizes the behaviour of the material for a certain level of strain, is very important. It is
representative of all hysteresis and serves to describe the procedure of low-cycle fatigue
loading. All necessary data are read by stabilized hysteresis to determine the characteristic
curves of low-cycle fatigue, the cyclic stress-strain curve (CSSC) (Fig. 4c and Fig. 4e), and the
basic curves of low-cycle fatigue (BCLCF) (Fig. 4d and Fig. 4f).

The standards do not define the method or methodology for determining the characteristic
stabilized hysteresis, Ns, for each amplitude level of regulated strain.
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a) F-N curve, max-min, for one amplitude level
of strain, Ae/2 [9,13]

b) F-N curve, max only [9,13]

1 —Adjustment of tearing machine; 2 —Adjusting of tearing machine, tools and specimen; 3 —Stabilized state;
3A —Non-destructive testing (NDT) threshold; 4 —Force drop of 25% (ISO 12106: 2017 (E)) [1]; 5 —Force drop
of 50% (ASTM E 606-04) [2]; 6-Force drop to "= 0; 7 —Stopping of tearing machine;

8 —Hysteresis loop height;

Nyars — Test start up, F'=max = Fa; Nps —The beginning of stabilization; N, — End of stabilization; Np.e; —
Force drop by xx%; Negiimaiion — Force drop assessment of an operator; N, —End of test.
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c¢) CSSC- cyclic stress-strain curve [25]
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d) BCLCF- basic curves of low-cycle fatigue [3]

Property

Determination

Oy cyclic yield strength
(0,2 % offset)

n', cyclic strain hardening
exponent

K, cyclic strength
coefficient

Constitutive equation

Slope of Ig o, = g &, plot

Stress intercept at &, = 1 on
Ig o, -9 %pa plot

Relation
0, = K’(Epa)"‘
1Un'
As _ca  (Za|
2 E \x)

e) Table from the standard for defining CSSC [1]

Fig. 4 Initial and final test results of low-cycle fatigue steels
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Property

Determination

Relation

g+, fatigue ductility coefficient

Stress intercept at 2NV, = 1 on
Ig o, - Ig 2N; plot

b, fatigue strength exponent

Slope of Ig (A&./2) - Ig 2N plot
(Specify 2N; range)

Ga = ‘71'(2-\})1’
(Basquin equation)

&, fatigue ductility coefficient

Plastic-strain intercept at 2N, = 1 on
Ig (A5,/2) — Ig 2N; plot

¢, fatigue ductility exponent

Slope of Ig (Aap/2) —Ig 2V; plot
(Specify 2N, range)

Aap/Z = gr(2Ny)°
(Coffin-Manson equation)

Total strain amplitude

Agl2 = Agj2 + Aap/2

Ag/2 = (GplE)(2N,)? + &(2N;)°

f) Table from the standard for defining BCLCF [1]

Fig. 4 Initial and final test results of low-cycle fatigue steels (continued)

4. New LCF steel testing data processing methodology

The simplest way to determine the stabilization area (Fig. 4) is to make a F-N dependency
diagram. The stabilization area is defined by the beginning (N»s) and the end of stabilization
(Nes). The failure cycle (Ny) defined by the standard [1, 2] is read from the F-N diagram, which
defines the characteristic stabilized hysteresis Ns = Ny2. The characteristic stabilized hysteresis
Nsis the data diagram A&-AF for the cycle Ns (Fig. 4b).

A result of low-cycle fatigue testing on one test specimen (one amplitude strain level) is
the record in EXCEL (Fig.5a (Record of data in Excel of testing of NN-70 steel for amplitude strain level,
Ae/20.80%)), which can be further processed according to requirements using the available tools
in EXCEL. Tables 2 [21] and 3 and Fig. 6 and Fig. 7 [21] were derived from this processing.

The results were processed as follows:

1.

64

Only maximum load values for each amplitude level are selected (Fig. 5b (Extraction of
data values of max load forces of LCF test) and Fig. 5c (Extracted values of max load data of LCF
steel NN-70 for amplitude strain level, Ag/2=0.80 %)).

. A diagram, as in Figure 5d (Making diagrams of max load forces - number of cycles), was made

from the values Fmax of the number of cycles (maximum number and maximum load
forces (force [kN]). It can be seen that in the range between 100 and 150 cycles the curve
is almost linear, so its linearity is determined in a given range (Fig.5e (Linearization of data
max load force — number of cycles in the obvious stabilization range)). The value of R? (R? -
coefficient of determination) is low, the range is expanded towards the lower and higher
number of cycles until the maximum value of R? is obtained. In this example, it is the
cycle range between Nps = 33 = Nis (Fig. 5f,g (Determination of the stabilization start cycle,
Nps=N,s , for max value R?) and Nis = 184 = Nes, (Fig. Sh,1 (Determination of the stabilization end
cycle, Nos=Nis , for max value R?)).

. Based on a certain linearity, we calculated the maximum value of load forces for each

cycle based on the obtained formula. A diagram, as in Fig. 5j (point 1 in the Figure)
(Calculated max load values for each LCF test cycle), was made from the values of the number
of cycles and the calculated values of maximum load forces.

. In the next step, the diagrams obtained as described in points 2 and 3 are overlapped

(the diagram from point 3 is copied to the diagram from point 2) (see Fig.5j (Calculated
max load values for each LCF test cycle)).

. The Nrcycle is defined by the ISO 12106: 2017 (E) [1] standard and represents the

cycle in which significant damage to the LCF specimen occurred and is determined as
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shown in Fig. 5k (Determination of failure cycle, Ny and characteristic stabilization cycle, N),
Nr=208. The 0.75 values Fuax of maximum force in the Nes cycle were calculated and
the minimum difference between the maximum value of force and the 0.75 value of
maximum force for cycles larger than Nes cycle is required. The cycle of the
stabilization curve Ns = Ny2> = 104 is a representative cycle used to read data for the
construction of LCF curves (CSSC and BCLCEF, Fig. 4c and 4d) and is shown in Fig.5k

(Determination of the value of the characteristic stabilization cycle, N).
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Fig. 5 Screenshots of the new methodology for data processing after LCF steel testing
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Fig. 5 Screenshots of the new methodology for data processing after LCF steel testing (continued)

6. Diagrams were established from the values Fnax of Nps = Nbs, Ns, Nks = Nes and Ny
(Fig. 51 (Diagrams of values of max load forces (experimental and calculated) for characteristic
cycles)), which are merged with the diagram from point 2 (Fig. Sm (Merging all
diagrams)).

7. In the next step, the diagrams of Fig. 5n (Linearization of the maximum load force of the
specimen in the LCF test for the amplitude strain level A&/2~0.80% and deviations from the
experimental values of the max load force) were formatted, and the deviations in relation to
the read loads were calculated.

8. When the characteristic stabilized hysteresis, Ns, was determined, a diagram was
constructed from the original test data (Fig. 5o, and Fig. Sp (Diagram of characteristic
stabilized hysteresis in the Ny cycle)).

9. Maximum and minimum values of load F as well as values close to load F' = 0 were
extracted from the data (+ 1 - values along the x axis, needed to determine
A&/2 and A&/2) (Fig.5q (Extraction of values F = max; min, + - along the x-axis and - + along
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the x-axis for the N, cycle)). Finally, a diagram was constructed (see Fig.5r (Constructing a
diagram of the value of F = max, min; + - along the x-axis and - + along the x-axis for the N, cycle)).

10. At the end, the diagrams from points 8 and 9 were merged into one diagram
(Fig.5s (Merging the N, diagram into a single diagram for further processing)), which is
formatted to serve for further data processing for the purpose of defining
characteristic low-cycle fatigue curves (Fig. 4c and Fig. 4d).

5. Results of data processing of LCF steel testing with a new methodology

From the diagram of the dependence of the number of cycles and the calculated load
based on the linearization formulas for the area of stabilized cycles, from Nps to Nes, for all
amplitude strain levels, a unique diagram was constructed showing the load behaviour for all
strain ranges in which the given steel was tested with low cyclic fatigue (Fig. 6).

——e=0.80%; Fmax (Nps do Nks) =——e=0.60%; Fmax (Nps do Nks) ~——=0.80%; Fmax (Nps do Nks) =——e=0.60%; Fmax (Nps do Nks)
——e=0.50%; Fmax (Nps do Nks) €=0.35%; Fmax (Nps do Nks) ——e=0.50%; Fmax (Nps do Nks) €=0.35%; Fmax (Nps do Nks)
35 35
30 30
=4 =z
4 =<
w w
25 25
20 20
0 2000 4000 6000 8000 10 100 1000 10000
N logN

Fig. 6 Behaviour of maximum calculated load for the area of stabilized cycles, from Ny=N,; to Nes=Nj for all
LCF tested amplitude strain levels in the normal and logarithmic distribution of the number of cycles

Figures 7 a and b show the maximum and minimum values of the specimen load during
the N cycle of exposure to low-cycle fatigue. In Fig. 7 ¢, d, e and f, a linear dependence of the
maximum values of the load (so-called stabilization arca) was established and the characteristic
hysteresis cycles of the beginning of stabilization, Nps, end of stabilization, Nes, and the so-
called characteristic stabilization cycle, Ns (defined by standard [1]) from which all other
characteristics of LCF steel for a given amplitude strain level are determined. The cycle of
significant specimen damage, Ny (defined by standard [1]) was also determined. From the
graphic part of Fig. 6, Table 2 is created.

Table 2 Characteristic processed test data of LCF steel NN-70

LCF NN-70 Stabilization area Characteristic cycles

Specimen | Ag/2,% y=F, kN; x=N R Nos Nes Ny N&= N2
09 0.35 F=-0.0002N+24.319 0.9584 875 7315 8337 4169
03 0.50 | F=-0.0023N+28.659 0.9663 195 1281 1403 702
06 0.60 =-0.0064N+29.859 0.9496 83 426 504 252
08 0.80 | F=-0.0171N+30.949 0.9430 33 184 208 104
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Fig. 7 Graphical processing of LCF base metal (BM) test results, NN-70 steel
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Table 3 shows the results of the fast calculation of the maximum load in the stabilization
area and the results obtained by the slow search and reading of LCF test data from a specific
hysteresis for a certain load cycle.

Table 3 Calculated and read data of max. load in the stabilization area during testing of LCF steel NN-70

LCF NN-70 Calculated data (Cd) Read data (Rd) Devéfgﬁn;;f Fea
Specimen| AZ)Z’ Load cycle y=F, kN; x=N Fea, KN Fra, KN (I_FRd/{;OCd).IOO’
Nis | 875 24.1440 24.3320 20.78
09 | 035 | N, | 4169 | F=-0.0002N+24319 | 23.4852 23.4720 0.06
Ne | 7315 22.8560 22.5665 127
Ny | 195 282105 283824 20,61
03 | 050 | N, | 702 | F=-00023N+28.659 | 27.0444 26.9446 0.37
Ne | 1281 257127 256172 0.37
Nis | 83 29.3278 29.5897 20.89
06 | 0.60 | N, | 252 | F=0.0064N+29.859 | 282462 282461 0.00
N | 426 27.1326 26.8408 1.08
N | 33 30.3847 30.7353 115
08 | 080 | N, | 104 | F=0.0171N+30.949 | 29.1706 29.0964 0.25
Ne | 184 27.8026 27.3957 1.46

6. Conclusion

This paper defines a new data processing methodology obtained after LCF steel testing.
It allows for the rapid determination of characteristic stabilized hysteresis, Ns, from data
obtained by the LCF testing of steel for each amplitude level of regulated strain. The new
methodology of data processing after the LCF testing of steel avoids the problem of objective
and subjective influence in determining stabilized hysteresis. All the data used to define the
characteristic curves of low-cycle fatigue are mathematically determined from the LCF test
data, so there is practically no objective or subjective influence. In addition, the new post-LCF
data processing methodology enables the rapid calculation of the approximate maximum load
force for any stabilization cycle according to certain formulas obtained from the LCF test data.
If the exact value of the maximum load is required, this is read from the test results for a specific
load cycle. The presented new data processing methodology after the LCF testing of steel is
also applicable to the LCF testing of other structural materials. Deviation of the values obtained
by this approximate method is no higher than -1.15% and + 1.46% (see Table 3).
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