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ABSTRACT

As is well known, an interaction effect arises on crack propagation when a
specimen or a component is subjected to variable amplitude fatigue loading.
Depending on the applied load sequence, a certain amount of retardation or
acceleration can then be observed, on the fatigue crack growth rate, with
respect to the constant amplitude case. In the case of structural ductile
materials, the interaction phenomenon is mainly addressed by the local
plasticity at the crack tip and can be explained, from a global point of view, by
adopting the crack closure concept. From this point of view, in the present
research, load interaction effects in a medium strength steel for railway axles
are analyzed. An experimental campaign was carried on this material, using
SE(T) specimens, in order to understand and quantify the interaction effects
arising from relevant load sequences derived from service. The experimental
outcomes were then modeled adopting both a simple no-interaction approach
and a more sophisticated strip-yield model in order to quantify the possible
interaction effects. The modeling was carried out considering different
experimental techniques for deriving the crack growth and threshold behaviors
of the material, i.e., the traditional AK-decreasing technique and the
compression pre-cracking one.

Keywords
crack propagation, variable amplitude loading, EA4T steel, compression pre-cracking,
railway axles
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Introduction

Railway axles are usually designed against fatigue limit [1,2], but, due to their very
long service life (30 years or even more on European lines) and to in-service damage
like corrosion or ballast impacts, the approach has moved to damage tolerance
[3-5]. From this point of view, the presence of cracks in axles is accepted and they
must be periodically inspected using non-destructive techniques. The problem so
moves to the determination of appropriate maintenance inspection intervals
based on crack growth life predictions and the adopted non-destructive testing
technique [6].

Considering the former aspect of inspection intervals, it is well known from the
literature that an interaction effect on crack propagation arises when a specimen or
a component is subjected to variable amplitude (VA) fatigue loading, like railway
axles. Depending on the applied load sequence, a certain amount of retardation or
acceleration in fatigue crack growth rate can then be observed if compared to the
constant amplitude (CA) case. In the case of structural ductile materials, this interac-
tion phenomenon is mainly addressed by the local plasticity at the crack tip and can
be explained, from a global point of view, by adopting the “plasticity-induced crack
closure” concept [7,8]. For example, a good correlation between crack growth inter-
action effects under variable amplitude loading and the amount of plasticity-induced
crack closure has been previously derived by the authors [9], relatively to the stand-
ardized European EA1N steel (a normalized C40 grade) for railway axles [10].

A second critical aspect of crack growth predictions deals with the proper exper-
imental procedure for generating threshold stress intensity factor (SIF) ranges. In
particular, the traditional procedures are reported in the ASTM E647-05 standard
[11] and are known as “AK-decreasing” and “constant K,,,,”. Such procedures have
been challenged [12,13] because it seems they influence the experimental results
they generate. In order to fix these problems mainly related to the application of a
load reduction technique, a different experimental procedure [12] is being increas-
ingly adopted. It is based first on the pre-cracking of fracture mechanics specimens
under cyclic compression [14], then on a stabilization step of crack growth. Finally,
specimens are tested adopting proper load programs able to generate threshold val-
ues in conditions where load interaction effects are minimized due to the applied
pre-cracking procedure. Such proper load programs are: (i) “compression pre-
cracking constant amplitude” (CPCA), and (ii) “compression pre-cracking load
reduction” (CPLR), where the load reduction technique is carried out so to minimize
the interaction effects. In order to check which is the correct experimental approach
for the EA1N steel, the authors compared (Fig. 1, [15]) the AKy;, data generated using
different procedures [15,16] with the results obtained from fatigue limit experiments
on small defects and arranged in terms of the so called “Kitagawa-Takahashi” dia-
gram (derived in Ref. [17] for the EAIN steel). As can be clearly seen, the correct
estimation of the crack growth threshold seems to be, at least for the considered
steel, the threshold SIF range obtained by compression pre-cracking techniques.

Another important topic regards the capability of traditional small-scale fracture
mechanics specimens to describe crack propagation in full-scale axles. In addition,
this subject has been studied by the authors, who defined [18] a modified thick ver-
sion of the SE(T) specimen characterized by the same constraint found at the crack
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FIG. 1

Thresholds obtained by
different techniques for the
EAIN steel grade.
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tip in axles and, consequently, able to compensate for the scale effect and to provide
the same crack growth curves. Indeed, such a modified SE(T) specimen can be
adopted as a “companion specimen” for full-scale axles.

The present paper deals with the other standardized European steel for railway
axles: the medium strength EA4T [10], a quenched and tempered 25CrMo4 grade.
Two batches of this steel grade were adopted, named, respectively, “batch A” and
“batch B.” Firstly, a CA loading experimental campaign, applying CPLR and CPCA
experimental methodologies was carried out on EA4T batch B, using traditional
small-scale SE(B) specimens, to compare the obtained data to existing AK-decreas-
ing results [19] and to calibrate the parameters of Forman-Mettu equations [20].
Then, VA tests were performed on SE(T) companion specimens from the two
batches. Crack propagation was experimentally measured considering the original
in-service load time history and different equivalent block load sequences defined
from it. This kind of analysis is particularly useful because the typical fatigue
benches used for testing full-scale axles are not able to apply complex load time his-
tories, but only block load sequences and the impact of this simplification should be
known. In addition, a mean stress was eventually superimposed to the block load
sequence in order to simulate the presence of a wheel press-fitted onto the railway
axle and the consequent variation of the applied stress ratio from the typical R=—1
to higher values. Moreover, during each test, the crack closure at the crack tip was
also experimentally measured. Crack growth predictions, using both a simple no-
interaction algorithm and a more sophisticated strip—yield model [21], were finally

carried out and compared to the experimental evidence.

Characterization of the Crack Propagation
Behavior of EA4T Steel

A dedicated experimental campaign was carried out for each batch in order to inves-
tigate the crack propagation behavior of the EA4T grade at constant amplitude
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loading. The near-threshold region was particularly investigated because, typically,
the life of a railway axle is mostly spent within such a region.

Eight traditional SE(B) specimens from batch A and twelve from batch B, hav-
ing a 12 by 24 mm? cross section and an 8 mm initial notch length obtained by
electro-discharge machining (EDM), were tested. Each specimen was pre-cracked
under compression adopting a mono-axial servo-hydraulic facility (maximum load
equal to 100 kN) equipped with a dedicated four point bending device. In order to
obtain a non-propagating and naturally arrested fatigue crack characterized by no
closure effects, 200 000 cycles at bending moment AM = 160 Nm, stress ratio R =10
and 30 Hz were needed. The final length of pre-cracks resulted to be about 0.3 mm.

Crack propagation tests onto SE(B) specimens were then carried out using a
Rumul Craktronic resonant plane bending facility having a capacity equal to 160
Nm and working at a frequency of about 130 Hz. Crack length was measured on ei-
ther side of the crack, using 10 mm crack-gages and a dedicated central unit, by the
potential drop technique. The specimens were tested at different stress ratios ranging
from R=0.7 to R= —2.5. At each considered stress ratio, both the crack growth rate
and the threshold SIF range were investigated, by means of the CPCA and the CPLR
techniques, respectively. At the end of the CPLR tests for threshold determination, if
enough material remained, a CPCA test was carried out in order to complete the da/
dN — AK diagram. AK-decreasing data, for batch B only, were instead previously
derived and are already available in the literature [15].

Figure 2(a) shows the experimental crack growth curves obtained from each
batch, along with their interpolation carried out applying the maximum likelihood
method to the Forman-Mettu equation for crack growth rates [20]:

v 1R

(%)

da _ol(1=f\ak AK

dN 1 Kiax \ 1
Kcrit

where:
C, n, p, and g = the empirical constants,
AKy, = the threshold SIF range,

FIG. 2 Constant amplitude crack growth characterization of the considered EA4T steel: (a) crack growth curves; (b) trend of

thresholds with R.
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Kinax and K,,;, = the maximum and the critical SIF values, respectively,

R = the stress ratio, and

= Sop/Simax=the “Newman’s closure function” [22] describing the plasticity-
induced crack closure phenomenon.

Data were normalized due to their proprietary nature. In spite of the big differ-
ences, between the experimental approaches considered in the threshold region, the
two data sets, from the two experimental methodologies for batch B steel grade, are
in good agreement in the linear region of the da/dN — AK diagram, as was shown by
the authors [19].

Figure 2(b) shows (normalized again), then, the trend of thresholds with stress
ratio R, as derived from the current experimental campaigns, and compares it to
data available in the literature [15] and obtained by the AK-decreasing technique
(batch B only). The figure also shows the interpolation of experimental data, apply-
ing again the maximum likelihood method, by the Forman-Mettu equation for
thresholds [20]:

B (14CuR)
@ AKy, = AK, - | —2 /[ L-f }
a+a,/ [(1—-A4,)(1—-R)

where:

A,=a constant in the formulation of f,

AK, = the threshold value at R =0,

Cy, = an empirical constant,

a = the crack length, and

a, = the El-Haddad parameter [23].

The dependence of AKy, with R is controlled through the Cy, parameter: differ-
ent values of Cy, (namely Cy,, and Cy,_) have to be considered for positives and
negatives R-values. It is worth noticing that Eq 2 is generally valid in the range
—2 < R<0.7: outside these limits, thresholds are usually considered constant. This
behavior is here: (i) rather evident considering compression pre-cracking data, but
not AK-decreasing results; (ii) supported by the observation that data obtained at
R=—-25 along the linear region superimpose very well with those obtained at
R=—2. The empirical parameters determined by interpolating experimental data
were then AKy, Cy, 1, and Cy, : it is evident that the compression pre-cracking tech-
nique results in lower thresholds when compared to the traditional approach, espe-
cially considering the lowest stress ratios. This is in accordance to what was found
for the EA1N steel [15]. The threshold trend line of EA4T batch A is higher over the
whole stress ratio R range, as in Fig. 2(b).

Since it was not possible to carry out threshold experiments on EA4T batch A
steel grade adopting the AK—decreasing methodology, the increase of AKy, at
R=—1, for prospective crack growth simulations adopting the threshold trend from
AK-decreasing, was estimated to be approximately 15 %, as for EA4T batch B data.

Variable Amplitude Loading Experiments

A new type [18] of SE(T) specimen (width equal to 50 mm and thickness equal to

20 mm, Fig. 3(a)), having the same crack tip “constraint” of cracks in real axles, was
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FIG. 3 Experimental setup for variable amplitude loading tests: (a) geometry of the adopted SE(T) specimen:; (b) example of
generated non-propagating and closure-free crack after “razor sliding” and compression pre-cracking: final length equal
to 0.096 mm; (¢) detail of a specimen instrumented by crack-gages, clip-gage and strain-gages.

2 Tip of EDM
notch

Razor
sliding

adopted for the variable amplitude loading experiments as companion specimen for
full-scale axles. The initial notch, 6 mm deep and obtained by EDM, was extended
by sliding a razor blade into the material. By this technique, it was possible to get
extremely sharp notches: the sharper the notch, the smaller the load to initiate a pre-
crack at the notch root and the smaller the required length of the pre-crack to elimi-
nate notch effects. Tests were then performed by a mono-axial servo-hydraulic
Schenck facility with 250 kKN maximum load. First, the specimens were pre-cracked
under compression in order to obtain, similar to the small-scale SE(B) specimens, a
non-propagating and naturally arrested fatigue crack characterized by no closure
effects. About 200 000 cycles at AF =124 kN, R= 10 and 20 Hz were needed for this
purpose. The final length of all pre-cracks was documented by optical microscopy
and resulted to be about 0.1 mm (Fig. 3¢(b) shows an example).

After compression pre-cracking, each specimen was instrumented by two
20 mm crack-gages, one on either side, for the real-time crack length monitoring by
a potential drop technique. A clip-gage, located across the crack mouth, and the
“compliance offset” methodology described in ASTM E647 [11] allowed performing
the evaluation of crack closure. Moreover, before starting each test, eight strain gages
were glued on each specimen, as visible in Fig. 3¢c), in order to verify the correct
alignment of the load axis.

Experimental crack growth data obtained from each test were post-processed by
the secant method [11] and the applied SIF range was calculated using Eq 3, which
was obtained by a finite element analysis during previous activities [18]:
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TABLE1

©  AK=|Ag- (315107 a? 4363107 - a+1.09) - /7 a/1000]

where:

AK is in (MPa,/m),

Ag is the applied axial stress range (MPa), and “a” is the measured crack length
(expressed in millimeter).

The finite element analysis was required for the adopted specimen, characterized by
constrained ends, because it is not included in the ASTM E647 standard [11].

The first two SE(T) specimens (EA4T batch B steel grade) were tested (Table 1)
with the aim to check the crack propagation behavior of the material subjected to a
load-time history and to an equivalent block load sequence derived from the time
history itself. These experiments were also performed because the typical fatigue
benches used for testing full-scale axles are not able to apply load time histories, but
only block load sequences and the possible differences in the response could be
checked. The applied load-time history is representative of 57 000 km of service and
was derived by in-line measurements onto a high-speed train. Figure 4(a) shows the
load spectrum of the load-time history and compares it to its equivalent block loads:
the blocks were rearranged according to a Gassner sequence [24] typically adopted
by some European railway operators for the homologation of axles and defined as
“long blocks” (Fig. 4¢(b)). The amplitudes of both the load-time history and the block
load sequence were applied to specimens after being scaled so that their maximum
AK . at the beginning of each test was the same of the one at the tip of a 2.5 mm
deep crack located in the most stressed section along the groove of a real axle.

Figure 5(a) directly compares the crack advance Aa registered during the two
tests. As can be seen, they seem comparable, at least over the initial propagation of
the crack. It is also worth adding that such crack advance was considered for both
tests starting from the stabilization of the closure level, as shown in Figs. 5(b) and
5(c). In particular, after the stabilization, the experimental U= AK/AK value
resulted to be about 0.35 for both tests, in accordance with the indications given by
Schijve [25] for R=—1.

Regarding the tests onto EA4T batch A steel grade, the load spectrum was
amplified, compared to specimens from batch B, by 25 %, and the mean stress of
Fig. 4(a) was also considered. This mean stress value was added to each block of the
load spectrum, then rearranged in the already adopted Gassner sequence, obtaining
the block load sequence shown, again normalized, in Fig. 4(b). It is worth noticing
that, due to the superposition of the constant stress value onto the load spectrum,
the resulting stress ratio moves from the typical value R= —1 (just rotating bend-
ing), to less negative values. The acting stress ratios are between zero and minus one.

Summary of the VA experiments carried out.

Specimen Steel Grade VA Loading Smax!Sy oye AK ax/ AK g,
A4T-SE(T)#1 EAA4T batch A Long blocks (R # —1) 0.21 2.0
A4T-SE(T)#2 EAA4T batch A Short blocks (R # —1) 0.21 2.0
A4T2-SE(T)#4 EAAT batch B Time history (R= —1) 0.20 1.2
A4T2-SE(T)#5 EAAT batch B Long blocks (R=—1) 0.20 1.2
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FIG. 4

Normalized stress amplitude

Normalized VA loadings derived from in-line service: (&) equivalent block load spectrum (R=—1); (b) adopted Gassner

block load sequences (R # —1): long blocks (upper figure) against short blocks (lower figure).
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Crack Growth Simulations

load levels, because of the crack tip plasticity induced by the higher ones.

block sequence, while specimen A4T-SE(T)#2 was tested using the shorter one.

Since the aim of this research was to understand the effect of the block length onto
crack propagation, two different block’s lengths were adopted: the “longer” one
(upper plot in Fig. 4(b)), composed of about 5 x 10° cycles, and a “shorter” one,
obtained dividing the number of cycles of each block of the longer one by seven
(lower plot in Fig. 4(b)). Specimen A4T-SE(T)#1 was tested applying the longer

Results of crack propagation on the two tested specimens, both from batch A, are
shown in Fig. 6¢a). As can be seen, both experiments lasted about 25 x 10° cycles and
crack propagation curves match very well. As for EA4T batch B steel grade, there is no
additional interaction effect due to the length of the blocks for the considered material.

The U ratio, recorded during the tests, is shown in Figs. 6(b) and 6(c). As can be
seen, it is higher than expected: the two red dotted lines, representing the extreme val-
ues according to Schijve’s formulation [25] at the involved stress ratios, are lower than
the experimental outcomes, which, anyway, showed comparable trends. This behavior
appears to be due to the fact that at the lower stress amplitudes (when crack advance
is negligible), S,, values remain “frozen” at the values of the higher stress amplitudes,
where a sudden crack advance happens. This higher U ratio should indicate a faster
crack growth, while, in reality, the crack does not propagate at all during the lower

Crack growth simulations were initially carried out using a simple no-interaction
model, adopting both CPLR and AK-decreasing thresholds, in order to quantify how
much the experimental methodology for the definition of the thresholds can affect
the predictions. Then, a more refined attempt to match lifetime predictions to the
experiments consisted in the use of the more sophisticated strip-yield model, as
implemented in the commercial software Nasgro [26]. By the strip-yield model, it is
possible to take into account for interaction effects during propagation due to crack

tip plasticity and the consequent crack closure. The experimental effective crack
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FIG. 5 Experimental results of the tests carried out onto EA4T batch B specimens: (&) comparison of crack propagation
applying time history or equivalent block loading; (b) crack closure measurements during the load-time history test; (¢)
crack closure measurements during the equivalent block load sequence test.
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growth curve (conventionally taken at R=10.7) of each batch of EA4T steel grade,
derived from the CPLR experimental methodology, was provided as input for mate-
rial calculations, as in Fig. 2¢a).

The constraint factor values for strip yield simulations were set for both batches
at o =2.5 according to Nasgro’s user manual [26]. This assumption was first verified
by CA crack growth simulations at stress ratio R = —1, returning in a good descrip-
tion of crack growth curves onto SE(T) specimens [27]. As shown in Fig. 2¢a), simu-
lations by the strip-—yield model calibrated using o = 2.5 are very close to the Nasgro
fitting at the stress ratio R = —1, confirming the validity of the chosen « value.
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FIG. 6 Experimental results of the tests carried out onto EA4T batch A specimens: (&) comparison of crack propagation

U [%]

applying long and short blocks; (b) crack closure measurements during the test with long block sequence; (¢) crack

closure measurements during the test with short block sequence.
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the applied loading program.
Regarding the simulations by the strip-—yield model, a value of « close to 3 was
suggested [28] for the modified SE(T) specimens made of EAIN, but the evidence

A first result, clearly appearing in Figs. 7 and 8, is that, for all the tested speci-
mens, the experiments always lie in between the no-interaction simulations per-
formed by CPLR and AK-decreasing methodologies. In particular, adopting the
CPLR parameters, the simulations always result in conservative predictions, while,
on the contrary, they result in non-conservative predictions when adopting the AK-
decreasing parameters. This is true for both the EA4T batches and for each shape of
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FIG. 7 Crack growth simulations, by no-interaction and strip-yield models, of the tests carried out onto EA4T batch B
specimens: (&) specimen A4T2-SE(T)#4,; (b) specimen A4T2-SE(T)#5.
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for the EA4T steel grade here is in contradictions with this indication, as was shown
for the constant amplitude strip-yield simulations at R = —1 (Fig. 2(a)). A constraint
factor value close to 2.5 was found to be adequate, as stated above, for crack growth
predictions of both EA4T batches; thus remaining on the safe side, as in Figs. 7
and 8. The evidence, regarding the tests under variable amplitude loading, is that a
slight retardation appears due to the interaction between load levels, and this can be
well represented by the strip-yield model. This is also supported by the estimated
numerical values of closure (Figs. 5 and 6), which present a trend reasonably compa-
rable to the experimental ones for all the considered variable amplitude tests. Any-
way, it is worth remarking that the amount of retardation does not rely to the shape

of the applied load sequence.

FIG. 8 Crack growth simulations, by no-interaction and strip-yield models, of the tests carried out onto EA4T batch A
specimens: (@) Specimen A4T-SE(T)#T1; (b) Specimen A4T-SE(T)#2.
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Concluding Remarks

The effect of variable amplitude loading on crack propagation was considered, rela-

tively to two batches of the medium strength steel 25CrMo4 (commercial grade

EAA4T), typically adopted in the railway axles production. The results of the research

can be summarized:

The two bathes of EA4T material resulted in different thresholds, with batch
A showing results higher (up to 10 + 15 %) than batch B, while the linear por-
tion of the Paris diagrams are nearly identical;

Thresholds obtained by CPLR and AK-decreasing methodologies resulted to
be quite different for the EA4T batch B grade, with CPLR being lower, of
about 15 %, at stress ratio R= —1;

No evidence of an interaction effect arose in terms of the shape of the applied
VA loading, for both batches: results derived applying a load-time history ver-
sus an equivalent block load sequence, or long blocks versus short ones, are
always in good agreement; this allows the application of load sequences to
full-scale specimens (where it is not feasible to apply a load-time history)
without affecting the results;

Measurements of crack closure under VA conditions, via the U ratio, were
found to be always higher than expected; this behavior appears to be related
to the fact that almost no propagation happened at lower load levels. The
crack closure remained “frozen” at high levels, not having sufficient crack
advance to stabilize;

The experimental evidence is always in between the no-interaction simula-
tions considering thresholds from CPLR (conservative predictions) and
AK-decreasing (non-conservative predictions);

An evident retardation effect clearly appears with respect to no-interaction
predictions adopting CPLR thresholds; such a retardation effect was justified
and quantified by the performed strip yield simulations.
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