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Abstract

Fatigue crack propagation is studied in thin wires of about 1 mm in diameter of an ultra high strength steel (0, > 2400MPa).
Tests are performed on an electro linear testing machine at a frequency of 20Hz in ambient air. Crack growth is optically
monitored by mean of a long distance microscope with numerical acquisition of crack images. Threshold tests are run in
accordance with the load shedding technique with special new requirements to account for the specimen geometry. The influence
of load ratio R = 0.4 or 0.7 and variable R at constant K, is examined. The results support a substantial effect of atmosphere
especially on near-threshold propagation and on the threshold of the stress intensity factor range. A substantial contribution of
crack closure is put in light. The propagation data are compared to previous data on conventional high strength steels tested in air
and in high vacuum with closure correction. Crack path and crack surface morphology microscopic observations allow the
identification of the fatigue crack propagation mechanisms.

(© 2010 Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
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1. Introduction

Drawn pearlitic steel wires are known to be extremely strong. Ultimate tensile strength o, as high as 3000 MPa
can be reached this is almost ten times the tensile strength of annealed mild steel. Two main reasons can be put
forward for this high strength (Verpoest et al. [1]). Pearlitic steel wires are particularly suited for industrial
applications as all types of springs, reinforcements of tyres and hoses, ropes or cables.... In most of these
applications, cyclic loads or deformations are predominant, and consequently it is of primary importance to study
the cyclic performance of these ultra high strength steels or, in other words, their fatigue properties. Most of the
papers of the available literature on that topic are devoted to high cycle fatigue behaviour of cold drawn pearlitic
steel [2-9] and to corrosion fatigue [10-15], with some of them focused on the role of the microstructure with respect
to the degree of cold drawing on the fatigue life. But few papers are dedicated to fatigue crack propagation and
fatigue threshold [16-20], most studies being conducted on wires having a diameter of about 5 to 10 mm [17-20].
Only a very little number of studies have been carried on thin wires with diameter of about 1.5 to 2 mm [1, 15].A
major obstacle is the difficulties to perform valuable experiments for the characterisation of the near-threshold
fatigue crack propagation and thus for the evaluation of the fatigue threshold AK,,. On the one hand, pearlite has an
intrinsically strong microstructure since it can be viewed as a lamellar composite of randomly oriented, strong but
brittle cementite plates, and weak but ductile
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Nomenclature

a crack depth K, stress intensity factor for mode I
Dy* intrinsic cumulative plastic displacement Kpax maximum of stress intensity factor
D* cumulative plastic displacement R load ratio resistance

da/dN  crack growth rate R, cyclic plastic zone size

AK stress intensity factor range Oiax ultimate

AK,,  threshold stress intensity factor range o, yield strength

AK o, i, effective threshold stress intensity factor range w specimen width

ferrite interlayers [1,8,21-23]. The cementite lamellac are assumed acting as efficient barriers for the moving
dislocations in the ferrite. On the other hand, cold deformation during wire drawing has been shown to harden the
ferrite and reduce the interlamellar spacing. Moreover, the cementite lamellae gradually change their orientation, so
that at a true strain £ = 1.5 or higher, they are almost all parallel to the wire axis; cold drawn pearlite has then
become like an oriented lamellar composite, with an optimized strengthening efficiency of the cementite plates
associated to a < 110> fibre texture. Moreover, as reported by Verpoest et al.[1], drawn steel wires always have a
very rough surface (pits, scratches, grooves, overlaps ...). These authors underlined that initial works by De Bondt
[24] identified local decarburisation spots, pickling pits, broken martensite layers and inclusions as main fatigue
crack starters in drawn pearlitic steel wire. Later it the importance of inclusions in this steels was emphasized [25].
Hence, Verpoest et al., [1] postulated that, in accordance with basic works done by K. Miller et al.[26] on surface
microcrack propagation, fatigue cracks in drawn pearlitic steel wires always grow from pre-existing surface defects;
consequently, they suggested that the limit between growth and non-growth of cracks, which corresponds to the
fatigue limit, is determined by the threshold stress intensity range 4K ;. Therefore, if the pre-existing surface defects
could be treated as cracks, the fatigue threshold would indicate whether or not, at an applied cyclic stress amplitude
G, these cracks will propagate. From the general formula

AK,, = Ao, Vra 1)
Then the condition for non propagation of a pre-existing crack aj is:
0, < AK ; /(2 atVira) 2)

The present research program on thin steel wires (diameter of about 1 mm) was carried out in order to obtain an
experimental determination of the near threshold fatigue crack propagation behaviour and an evaluation of the
fatigue threshold to determine condition for the absence of any crack propagation on ultra high strength pearlitic
steel.

2. Experimentals

The studied material is cold drawn, pearlitic steel wire (2%C < 0.6) with a diameter ¢= 0.95mm. The drawing
strain £1is > 2.0 and the tensile strength is > 2400 MPa. The specimens are machined from 70mm long wires. Two
opposite plane faces are machined by mean of an electrosparkling machine. Machining results in the centre of the
specimen in a rectangular section of about 0.4 mm x 1.2 mm along a length of about 10mm, the two ends remaining
cylindrical for gripping on the testing machine. A semi circular micro notch with a radius of 0.15mm is then
machined in the middle of one side of the specimen giving finally a micro SEN specimen. Finally, the two planar
opposite faces are carefully polished for optical observation, and the remaining thickness is of about 0.3 to 0.35 mm.
Fatigue crack growth experiments are conducted on an electrodynamic testing machine (load capacity of 1000N),
equipped with a load cell having a capacity of 250N. Tests are run under load control at a frequency of 20 Hz, the
load amplitude ranging from 5 to 25N. The load ratio R is of 0.4 or 0.7, and constant K, tests are also run with R
increasing from 0.4 at the beginning of the test up to more than 0.9 in the near threshold region allowing to expect
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the elimination of any crack closure contribution [27]. Hygrometry of the laboratory air was checked at each step of
measurement. Once a crack grew to about 20 um length, a load shedding technique is applied to obtain crack growth
rates as low as some 10™"" m/cycle at final length of 500 to 600um. The crack length is monitored during the test by
mean of a long distance microscope recording digital pictures of the crack at each step of the propagation. The crack
length is measured from these pictures with a resolution of about 1 um. The stress intensity factor AK is evaluated in
LEFM conditions using the geometrical correction factor of SEN specimens of relation (3), forAK ranging below 8
MPam"? when the plastic zone size for such very high strength material is sufficiently small.

ftatw) = 5/ [20-13(atw)-7(a/w)’]" )

This relation has been validated by mean of FEM calculation for 0.2 < a/w < 0.55.

3. Results

3.1. Fatigue crack propagation and threshold

The figures 1a and 1b show results for crack propagation rate evolution with respect to the stress intensity factor
range in a double logarithmic diagram for tests respectively run at R=0.4 and R=0.7 at a frequency of 20 Hz in
laboratory air with a residual humidity ranging between 35% an 55%. In all cases, a typical change of slope in the
curve da/dN vs AK can be observed for da/dN about 10° m/cycle.
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Fig. 1. da/dN vs AK bi logarithmic diagram for propagation data of tests run at 20 Hz in air (35 to 55% RH) on 0.58%C pearlitic thin steel wires
(diameter 0.95mm): (a) R=0.4 and (b) R=0.7.

For greater values of da/dN, whatever the R ratio all the data fall in the same scatter band (figure 2) and the material
follows a power law of the type of the Paris law as:

da/dN = C AK™ 4)

The absence of influence of the R ratio in the upper 4K range of figures 1a and 1b, is consistent with the absence
of closure for R= or > 0.4 in the Paris regime as generally observed on metallic alloys [27].

For lower values of da/dN, the first characteristic is a large scatter in the results and particularly for the threshold
AK,;, range. From one specimen to the other AK,, can be reduced (or augmented) about 2 times. However, the
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growth rates globally are faster and the threshold is lower at R=0.7 compared to R=0.4. In opposition with the
behavior at higher growth rates indicating a propagation without contribution of crack closure for R = or > 0.4, the
near threshold domain is characterized by a substantial contribution of crack closure, this contribution being variable
from one specimen to the other whatever the R ratio. These results suggest a huge contribution of residual stresses
induced by the cold work process [1, 20] and also by the initial curvature of the specimens which compensated by
the loading. The curvature fine steel wires is the reason why tests must be run at R ratio equal or higher than 0.4
when one want to avoid bending of the specimen during the cyclic loading. To validate this analysis on the
contribution crack closure, a constant K ,,,, test is performed, allowing reaching the near threshold domain with load
ratio of about 0.9. The crack growth data obtained in such conditions are compared in figure 2 to data of figures la
and 1b. Clearly, the constant K, test gives the lower boundary for the resistance of the material against fatigue
crack propagation. The corresponding threshold is the effective threshold range for the atmospheric environment:

AK 5y = 1.1 MPam'”, (5)

When the design of an element or a component of a structure would prevent the propagation of fatigue cracks,
this threshold value has to be considered.
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Figure 3: Crack propagation data for tests run at R=0.7 or at
constant K. at da/dN > 5.10"° m/cycle; the dotted line
corresponds to a ACTOD controlled mechanism with a slope m=2.

Figure 2: Comparison of da/dN vs AK diagram for tests run at
constant K . , R=0.4 and R=0.7

The data of tests run at constant K,,,, and R=0.7 at growth rate higher than 5.10™'° m/cycle are plotted in figure 3.
They are consistent with a propagation law of the type of relation (4) with an exponent m = 2 in accordance with a
Crack Tip Opening Range ACTOD controlled crack propagation as initially described by Pelloux [43].
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3.2. Fracture surface morphology

The fracture surfaces of the fatigue cracks are illustrated in figures 4 and 5 comparing the surface morphology at
the beginning of the threshold tests (figure 4) to that in the near threshold area (figure 5). The fatigue crack grows
across the section of the wire in a plane normal to load axis which is typical of stage Il cracks (figure 4a).

(@) (b)

(©) (d)

Figure 4: SEM observations of the fracture surface for test run at R=0.4: (a) initial propagation at the tip of the notch machined by mean of
electrosparkling; (b) microfractography at AK= 6MPam'?, da/dN= 3.10” m/cycle; (c) final rupture at the end of the fatigue crack path showing

the fibrous axial microstructure; (d) magnification of (b).

The crack initiation seems to correspond to a narrow facetted area (top of figure 4a) corresponding to a localized
initial stage I expending along a depth of about the size of 2 to 3 grains size in the cross section. In the figure 4b, a
micrograph of the beginning of the final rupture just at the end of the fatigue crack path shows the relation between
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the grained aspect of the cross section as shown in figure 4b and the longitudinal fibrous texture of the
microstructure. This figure supports also that the microcracks observed around the grains can result from a
longitudinal delaminating damage process even during the fatigue crack progression before the final rupture. In
figure 4d, a magnification of the crack path in the grained structure is consistent with a crack growth mechanism
resulting from a cumulative plastic deformation and a step by step crack advance, the growth rate being too slow for
a cycle by cycle crack progression with associated striations. In the near threshold domain (da/dN<10"'° m/cycle) the
fracture surface is flat essentially marked by microcracks at the grain boundaries, the stage II transgranular
propagation being essentially featherless. Such smooth surface can be a consequence of low deformation associated
to low stress intensity factor range. But in addition, on the basis of the analysis presented here above supporting a
substantial contribution of crack closure in the near-threshold domain even at R=0.7, such surface aspect can also
result a from drastic reduction of the surface roughness induced by a fretting and erosion process between the two
lips of the crack when it is fully closed at each cycle [17]. The particles pulled out by the friction may fill up the
microcracks and thus accentuate the smoothness of the surface. It is valuable to notice that in such ultra high
strength steel the crack tip opening displacement CTOD for AK=2MPam"? can be estimated from the following
expression [28]:

CTOD =K ;°/0,E (6)

Table 1. CTOD ., and ACTOD versus R ratio for AK =2 MPam'”

R Konax CTOD 0 ACTOD
0.0 2.00 8.34 nm 4.17 nm
0.4 333 23.2 nm 4.17 nm
0.7 6.67 92.7 nm 4.17 nm
0.9 20.00 834 nm 4.17 nm

=i Hm
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(a) (b)
Figure 5: SEM observations of the fracture surface for test run at R=0.4: (a) microfractographic aspect of the near threshold area: da/dN =
3.10"" m/cycle; (b) magnification of (a).

The values of the CTOD for the maximum load, CTOD,,,, and of the CTOD range ACTOD during a loading cycle
are given in Table 1 interlamellar spacing of about 15 nm). It is understandable that roughness induced closure is
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difficult to ovoid, except for high R ratio (= or > 0.9) for which CTOD,,,, becomes about 1 um. For example, for
the threshold test conducted at constant K, the lowest AK is 1.1 MPam"? which means a very small ACTOD of
1.2 nm, but at the same time, with R=0.916, the CTOD,,,.=1.18um and hence the crack is expected to be open
during all the loading cycle. These ACTOD and CTOD,,,, values can be compared to the interlamellar spacing of the
eutectoid pearlitic microstructure which is about 70 nm. It is noticeable that the change in the slope of the
propagation curve, when one reaches the near threshold domain, corresponds to 4K ranging about 3 to 2 MPam'?
(figure 1), and ACTOD ranging about 8 to 18 nm, which means smaller than the interlamellar spacing. The change
in the slope is also expected to correspond to the appearance of a contribution of crack closure. Hence, it could be
postulated that crack closure, suspected to be induced by the surface micro-roughness, can become operative when
the ACTOD is smaller than the interlamellar spacing. On another hand, the cyclic plastic zone size can be estimated
from the following relation [28]:

R, = 8/7(K /) (6)

At the change in the slope of the propagation curves, R, = 50 to 120 nm. In the near threshold domain R, is of the
same size as the interlamellar spacing, and the plastic deformation is well localized within individual grain all along
the crack front. Considering the very small size of the microstructure components and of the plastic zone, these
results do not help in making a decision for the origin of crack closure which could be induced as well by localized
plasticity or by micro-roughness, or a combination of both mechanisms.

3.3. Threshold

In figure 6 are plotted the results obtain for 4K, the threshold stress intensity factor range, with respect to R in
this study and compared to data provided by the literature for pearlitic steels having an ultimate strength higher than
1600 MPa [1, 15, 29, 30]. In conventional pearlitic steels, the two main characteristics of the microstructure which
can affect crack closure are the austenitic grain size and the interlamellar spacing of the pearlite [16, 18]. Large
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Figure 6: AK,, dependence with R (Verpoest et al. [1], Takeuchi et al.[15], Lindley [29 ], Ritchie [30 ]).

austenitic grain sizes as well as high pearlite interlamellar distance produce rougher crack surfaces, increasing the
crack closure effect, leading to quite high threshold ranging between 8 and 10 MPam'” at low R ratio. The scatted is
wide particularly for the lower R ratio. However the general trend is a decrease of AK,, with increasing R as
generally shown for metallic materials [ref] and previously noticed for high strength cold drawn eutectoid steel
wires [1, 16, 18]. For R ratio higher than 0.4 the threshold can be reached without closure, probably because of
residual stresses. A conservative evaluation of the fatigue limit for R < 0.4 can done from the lower boundary
envelop, and for R > 0.4 the effective threshold 4K 5, can be recommended. The value of this effective threshold
is very low as compared to threshold values commonly obtained on pearlitic steels (higher than 5 MPam'?). But
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similar low 4K,z have been reported on various metallic materials including Al and Ti based alloys for tests
conducted in ambient air or in humidified atmosphere in contrast with 4K, 4 in high vacuum which is considered
as a reference for an inert environment [34]. A complete understanding of the near-threshold fatigue crack growth
behaviour of the studied steel requires an insight in the influence of the ambient environment.To document the
atmosphere influence, thorough analyses of the fatigue crack growth rate as a function of environment have been
performed with systematic crack closure correction on various metallic alloys [35], in ambient air, in inert gas with
controlled partial pressure of water vapor, and in high vacuum. Some main characteristics of atmosphere
environment effect on fatigue crack propagation have been brought out:

i) adetrimental effect of atmosphere water vapor on most of metals and metallic alloys;

ii) a pronounced atmosphere effect at low growth rate in the low stress intensity factor range;

iii) a characteristic influence on fracture surface morphology;

iv) acomplexe interrelation between environment and microstructure.

For fatigue crack propagation in steels, the stage II mode with the activation of different slip systems leading to
homogeneous deformation and smooth crack path, has been shown predominant as well in active environment as
under vacuum, and three distinct stage II regimes have been identified:

i) in high vacuum the intrinsic stage II prevails, and can be described with a propagation law derived by Petit
et al. [34] from the initial model of Rice [ 37]or Wertmann [38 ] as:

da/dN = A/Dy*[AK ,/E]* )

where 4 is a dimensionless parameter and D * the critical cumulated displacement.
Examples of intrinsic propagation are given in figure 7 for comparison purpose and to evaluate the influence of
environment when the crack grows in air.

ii) in moist atmospheres including ambient air, a stage Il propagation regime assisted by water vapor adsorption
[34, 38-40] which can be described with a relation derived from relation (7) as follows [34,39] where D* is the
cumulative displacement in an active environment:

(da/dN) .4 = A/D*[AKef/E]* ®)

The physical adsorption of water vapor molecule on fresh surfaces at the crack tip diminishes the energy
required for the creation of a new crack surface [26], and thus is assumed to reduce the cumulative plastic
deformation D* within the process zone and thus accelerate the growth rate without changing the basic mechanism.

iii) a hydrogen assisted stage II propagation [34, 38, 41, 42], hydrogen being provided from the chemical
dissociation of adsorbed water vapor molecules. This regime can be described with a relation derived by Petit et al.
[34] from the initial model for ACTOD controlled propagation [43] written as:

da/dN = B[AK .*/EG] )
where B is a dimensionless coefficient and o a strength parameter.

Critical conditions for the occurrence of hydrogen-assisted propagation, depend on hydrogen concentration into
the process zone, and thus depend on a AK range sufficiently low for achieving a quasi stationary crack with a
localized plastic deformation and the attainment of critical values for parameters controlling the number of
molecules of water vapor required to create an instantaneous adsorbed mono-layer (partial pressure in the
surrounding of the specimen, frequency, growth rate, R ratio..). In such conditions, the kinetics of environment
fatigue crack propagation is controlled by crack tip surface chemical reaction to produce oxide-based compounds
plus atomic hydrogen and diffusion of hydrogen in the process zone which means a reaction-controlled mechanism
as described by Wei et al. [41]. On the basis of this modeling framework for atmosphere assisted fatigue crack
propagation, a compilation of data for stage Il propagation in various metallic alloys can be done as illustrated in
figure 7. This diagram shows that the fatigue crack propagation behavior of all metallic material can be rationalized
in term of AK,/E [35, 44].
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Figure 7: da/dN vs AK./E diagram comparing data for various alloys in comparison with modeling of atmosphere assisted stage II

propagation [44, 45].

The studied ultra-high strength pearlitic steel presents a crack propagation behavior in accordance with a full
assistance of the atmosphere, and following this model framework, this assistance can be attributed to hydrogen
provided by atmosphere water vapor, especially when the test is performed at constant K,,,, in condition without
closure. It would be of interest to check out if this sensitivity to atmosphere is related to the pearlitic microstructure
in itself or to some specificity of the fibrous microstructure of cold drawn wires.

4. Conclusions

Fatigue crack growth experiments have been successfully conducted on very thin wires (¢ = 0.95mm) of an ultra
high strength cold drawn pearlitic steel. The following conclusions can be brought out:
- LEFM can be used to describe the propagation rate for AK ranging below 8MPam'?;
- Crack closure contribution is shown substantial even at R ratio > 0.7;
- Near the threshold, the ACTOD range is much smaller than the interlamellar spacing of pearlite; thus, it is
difficult to distinguish roughness- from plasticity-induced closure contribution at such very small scale;

- The effective threshold stress intensity factor range 4K,y determined from at very high R>0.9 in
condition assumed to be without closure is about 1.1 MPam"?.

- The near threshold fatigue crack propagation can be rationalized in term of 4K ; /E, and is in accordance
with a ACTOD controlled propagation assisted by hydrogen provided by the atmospheric water vapor.
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