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a b s t r a c t

A BCC polycrystalline single phase Armco iron was tested in the Very High Cycle Fatigue (VHCF) régime
using plate specimens and a load ratio of R = �1. Throughout testing until fracture, optical observations of
the specimen surface (on one side) and temperature measurements and recordings (on the other speci-
men side) were performed. After failure, the fracture surfaces were observed via SEM. The macroscopic
observations showed an early occurrence of Persistent Slips Bands (PSBs). The observations of fracture
surfaces clearly revealed an initiation and propagation stage. In the initiation stage, which ranges from
about 200 to 550 lm, the grain traces are visible with intergranular, transgranular and mixed fracture.
The comparison with the thermal recordings leads to the conclusion that the crack initiation stage is
completed near the end of the fatigue life. Interrupted tests show damage in the bulk specimen before
the crack initiation.
1. Introduction

The French National Agency, ANR (Agence Nationale de la
Recherche), supported a research project named DISFAT
(Microplasticity and energy dissipation in very high cycle fatigue)
from 2009 to 2014 in which Claude Bathias had been an active
participant. The aim of the project was to develop a deeper under-
standing of microplasticity mechanisms of crack initiation for duc-
tile materials in the VHCF regime. Microplasticity measurements
were achieved via observations of slip markings on the specimen
surface. We also carried out self-heating measurements which
allows to specify the number of cycles at initiation and to obtain
the dissipative sources. Three materials were studied: two FCC
materials (pure copper and a-brass) and one BCC polycrystalline
single phase material (Armco iron with a small amount of carbon).
Some results concerning pure copper and Armco iron have already
been published [1,19,21,29,30].

This paper is focused on the results obtained on the BCC single
phase Armco iron, as reported in Chong Wang’s doctoral
dissertation [1], and amplified by some new results.

Whatever the fatigue régime (LCF, HCF or VHCF), the crack
mechanism by fatigue includes microstructural changes which
develop into damage stage, followed by a crack initiation stage
(stage 1) and finally a crack propagation stage (stage 2). In the
VHCF régime, if inclusions are present in the material, the crack
initiation site moves from the surface to the interior with the
formation of the so-called ‘‘fish eye” feature [2]. The materials
without inclusions are called ‘‘type I” and those with inclusions
‘‘type II”. The Armco iron investigated here exhibits type I
behavior; all the crack initiation sites were observed on the
specimen surface.

During the damage stage, microstructural changes on the
specimen surface and beneath the surface occur. The to-and-fro
dislocation displacements leads to a cyclic slip irreversibility as
reported by Mughrabi et al. [3–6] measured by a factor denoted
by p and depending on the material. The cyclic slip irreversibility
p is defined as the fraction of microstructurally irreversible cyclic
plastic strain in the total plastic strain (0 < p < 1). When p = 1, the
dislocation slip is totally irreversible (LCF, HCF), whereas p = 0
refers to a completely reversible slip. In the VHCF regime, the fac-
tor p is between 0 and 1. In order to accommodate the imposed
cyclic strain, the dislocation structure must evolve.

In type I materials, in which crack initiation occurs on the
surface, the accumulation of very small but irreversible slips over
very large numbers of cycles results in Slip Markings (SM).

Extensive literature and results on BCC materials mainly pertain
to the HCF regime [4–5,7–15]. The fatigue mechanism in the
damage stage of polycrystalline BCC materials is governed by the
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Fig. 1. S/N curve for Armco iron.
transition temperature To. Below To, at low temperatures and low
strains amplitudes, the screw dislocations are nearly immobile
due to the increase of the thermal stress [4–14]. At low tempera-
ture, the activation of kinks will be absent leading to a much higher
Peierls stress and less mobility. The dislocation gliding occurs
mainly by the quasi-reversible gliding of edge dislocations (except
on the specimen surface). Multiplication of dislocations is largely
suppressed and there is little cyclic hardening. Above To, the glid-
ing of screw dislocations increases. So, the behavior depends on
the fatigue test temperature. Moreover, the temperature To
depends on the strain rate. This To temperature is shifted to higher
temperatures at higher strain rates. At a strain rate of 10�4 s�1, for
a-iron, To lies around room temperature. In the VHCF domain, the
strain rate is around 60–80 s�1 for a-iron and To will increase sub-
stantially. The dislocation behavior in the VHCF regime probably
corresponds to the dislocation behavior observed below To, with
almost no cyclic hardening. Another important point is the pres-
ence of interstitial carbon and nitrogen atoms in Armco iron. These
interstitial atoms are obstacles to edge dislocation glide [4–16].
The dislocation velocities of edge and screw dislocations become
similar those of FCC materials. Then, cross slip of screws becomes
more active and hardening increases. Thus, in this case, clusters of
high (edge) dislocation densities can develop to the extent of
becoming unstable and breaking down locally to form PSBs in
which a slip occurs more easily. At the same time, as the slip
becomes more wavy, the local slip irreversibility increases. Then
PSB in BCC materials may be observed. However, they do not usu-
ally have the classical wall/ladder structure seen in FCC metals.
However, the cyclic strain localizes in narrow bands containing a
dislocation cell structure, while the matrix structure becomes quite
similar to the ‘‘vein” structure in FCC metals.

The damage stage leads to the initiation stage followed by the
crack propagation stage. The distinction between the initial dam-
age and the initiation stage is always difficult and somewhat
ambiguous. Distinguishing between the crack initiation and the
crack propagation stages is much clearer owing to the very differ-
ent features which are easily observed and differentiated on the
specimen surface. The transition from initiation to propagation
has been operationally defined as being the point at which linear
elastic fracture mechanics (LEFM) and the Paris law is applicable,
independent of whether the material shows type I or type II
features [17,18]. These models have been verified experimentally
independent of the material type [19,20]. In the VHCF regime,
more than 90% of the total life is consumed in the crack initiation
stage.

In this paper, fatigue damage in Armco Iron was studied in the
VHCF régime by recording the SM occurrence identified as PSB’s
and the temperature field on the specimen surface during testing.
Interrupted tests were also performed to investigate the fracture
damage in the bulk specimen. SEM observations of the PSBs and
fracture surfaces were carried out to provide further information
on damage accumulation.
2. Experimental procedure

Tests were performed using a piezoelectric fatigue machine
designed by Bathias and co-workers [2]. To facilitate surface
temperature measurements using an infra red (IR) camera, a newly
designed 1 mm flat specimen was used for fatigue testing. The
Table 1
Chemical composition of studied material (wt%).

C P Si Mn S Cr

0.008 0.007 0.005 0.048 0.003 0.015
resonance system was tuned to work at 20 kHz and consisted of:
(1) the specimen, (2) special attachments as appropriate and (3)
the piezoelectric fatigue machine. The cyclic loading was tension–
compression at a stress ratio Rr = �1. For some tests, before testing,
both sides of the specimen surfaces were polished. One surface was
electrolytically etched for optical observations, while the other side
was covered by a thin layer of black paint to give a surface emissivity
close to 1.

A CEDIP Orion infrared camera was used to continuously record
the temperature during the test. The frequency of the camera was
50 Hz and the aperture time was 100 ls.

On the other side of the specimen, an in situ 320� optical
microscope with was used to take real time images. In ultrasonic
fatigue loading, the specimen centre is a strain node, and observa-
tion is only possible in a small area located at the specimen centre.

3. Materials

The material that was studied was a polycrystalline a-iron
whose chemical composition is given in Table 1. The carbon
content is 0.008 wt%. The microstructure is ferrite with equiaxed
grains. The ferrite grain size was between 10 and 40 lm and the
yield stress was 240 MPa.

4. Results – discussion

4.1. S–N curves

The S/N curve is shown in Fig. 1 and was obtained under
condition of specimen cooling by a system located at the end of
the horn. The specimen temperature (45–65 �C) was dependent
on the loading amplitude.

4.2. Observation of PSBs at the specimen surface

Observations at the specimen surface were made during the
tests (for 3 tests) by light microscope. These observations showed
that irreversible slip bands (PSBs) were formed at the beginning of
the fatigue loading [1,21]. These slip bands multiplied or grew
within the same grain during subsequent cycle loading. New
irreversible slip bands appeared in another near-by grain with a
different orientation. Any given grain, either with or without slip
Ni Mo Cu Sn Fe

0.014 0.009 0.001 0.002 Balance
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Fig. 2. Appearance of PSBs as observed via SEM.

1 For interpretation of color in Figs. 3, 5 and 6, the reader is referred to the web
version of this article.
band can develop new slip bands with continued cyclic loading.
Most of the irreversible slip bands were formed before 108 cycles.
Only a slight evolution occurs by cyclic loading between 108 and
1010 cycles.

Detailed observations of surface irreversible PSBs under via SEM
are given in Fig. 2. The roughnesses of the PSBs are more or less
pronounced depending on the crystallographic orientation of the
grain (compare Fig. 2a, b, c). Sometimes a crack would appear in
the grain boundary (Fig. 2b). Fig. 2d provides details of
intrusions/extrusions which appeared on the surface grain and
which had a mean width of 60 nm

Hempel (1956, cited by Cazaud [22]) showed the occurrence of
SM in Armco iron on the surface of plate specimens fatigued in
bending. The higher the stress amplitude and the longer the test,
the greater the number of SMs. SMs appeared very early. As
expected, the lower the stress amplitude, the later the occurrence.
For Nf = 5.6 � 105, SMs occured as early as 2.4 � 103 cycles (that is
to say at 0.4% of the total life), and for Nf = 2.2 � 106 at 1.12 � 104

cycles (0.51% of the total life).
Klesnil and Lukas [23] have studied the dislocation structure

just beneath the surface in the bulk of Armco iron specimens fati-
gued in tension/compression at 83 Hz at two stress amplitudes
(22 kp/mm2, Nf = 106 cycles; 24.5 kp/mm2, Nf = 5 � 104 cycles).
Their results confirm the early occurrence of SMs. The SM width
is 1 to 2 lm. After removing a thin layer (2 lm by electrolytic
polishing, and etching), these SM remained visible with small
stains, and the authors referred to this as a ‘‘bamboo structure”.
After removing a layer of 6–7 lm, the SM were no longer visible.

The dislocation behavior of BCC metals differs from those of FCC
metals by the slip plane asymmetry: the glide of screw dislocations
occurs on different glide planes in forward and reverse directions
(tension and compression) at low temperatures [4]. From Mugh-
rabi et al. [4,5], ‘‘the fraction f of plastic strain accommodated by
the glide of screw dislocations is in good approximation to the
cyclic slip irreversibility p. The effect of the slip planes asymmetry
leads to incompatible shape changes of neighboring grains which
provoke intergranular cracking”. The effect of the slip plane
asymmetry which leads to incompatible shape changes of
neighboring grains is responsible for the microcracks seen in the
grain boundary, Fig. 2b.
4.3. PSB modeling

A specimen showing pronounced PSBs on three perpendicu-
lar surfaces, Fig. 3a, was investigated by SEM to gain a 3D
understanding of mechanism of PSB formation [21]. The axial
and cross surfaces were mechanically polished and etched with
4% Nital.

On the cross section, Fig. 3b, in one grain, equiaxed voids sepa-
rated (or not) by a thin wall of matrix material (at the nanoscale)
were observed. The voids were linearly distributed as shown by
the yellow1 lines. The voids were equiaxed and were about 0.5 lm
in diameter. The linear dimension of the void rows was about 3 to
5 lm. The distance between void lines was approximately 2 lm.
This feature looks similar to the ‘‘bamboo structure” described by
Klesnil and Lukas [23]. Observation on the axial cutting surface,
Fig. 3c, revealed longitudinal pronounced slots which were parallel
in a given grain. A change in the orientation of the slots of about
90� took place at a grain boundary. It seems reasonable to relate
those slots to PSB formation on the original specimen surface. It
was found that the slots were shallow. It seems these slots are like
cylinders. The width of each individual slot is around 0.5 lm, the
distance between parallel slots varied from 1 lm to 3 lm and the
slot length is between 2 lm and 10 lm. A 3D schematic figure of
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Fig. 3. Observed damage just beneath the surface and schematic model of this damage. (a) shows the planes on which observations were made while (b) and (c) are SEM
micrographs of defects observed on the cross sectional and axial surfaces respectively. (d) is a proposed schematic of the 3D defect structure.

Fig. 4. TEM micrograph showing PSB ladders. After [24], cited by [25].
the slots (pipes) and voids was developed using this information as
shown in Fig. 3d. A presumed Burgers vector is also shown. This
model could be used to illustrate the structure of the irreversible slip
bands within one grain. The mechanism of forming this 3D structure
is related to the gliding of dislocations. According to the grain
orientation, the formation of extrusions/intrusions occurs on the
specimen surface, Fig. 2a, in some cases. The TEM observations of
Klesnil and Lukas [23] on thin foils taken just beneath the surface
(1 to 2 lm) clearly show a dislocation structure with bands
corresponding to the SM observed on the surface. These bands show
regions which have both high and low dislocation densities. In BCC
materials, the Transmission Electron Microscope (TEM) observations
of the PSB structure do not show the classical wall/ladder structure
seen in FCC materials. Never-the-less, with cycling, the strain local-
izes in narrow bands containing a dislocation cell structure while the
matrix structure become quite similar to the vein structure in FCC
metals. However, one case of PSBs with the ladder structure in the
interior of a fatigued low-carbon steel has been reported ([24] cited
by Mughrabi [25]). The PSB ladders revealed by the TEM micrograph
are shown in Fig. 4. In the veins and in the walls, the local dislocation
density is very high; these appear as black clusters. The distance
between two walls in Fig. 4 is about 1.5 lm and is in good agreement
with the distance between longitudinal slots in the 3Dmodel (2 lm).
The wall thickness in Fig. 4 is about 0.3 lm and is in good agreement
with the width of each individual slot (0.5 lm). The longitudinal
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slots may be considered as the walls. With the preceding implica-
tions, the 3D model is consistent with the PSB structure observed
by TEM in the HCF regime.

4.4. Fracture surface observations

The fracture surface and the polished specimen surface onwhich
the temperaturewas recordedwere examined via SEM. Fig. 5a and b
shows the fracture surface of the specimen tested at ra = 178 MPa
and Nf = 3.255 � 107 cycles. Note that for all tests, the observations
were qualitatively similar. Up to point 5, the fracture surfacewas flat
and corresponding to plane strain fatigue cracking.
(a)

200µm

(b)

(c) (

(e)

200µm

4 3 1

2

Fig. 5. SEM observations of the fracture surface of a specimen tested at ra = 178 MPa an
surface while (c) and (d) were taken from the lower part of the specimen and are at hig
Enlargement of the plane strain region, Fig. 5c, shows two main
zones separated by the line at the point 3. After point 3, stage II of
long crack propagation began with striations (Fig. 5e). At the
beginning of stage II, the striations were not well established,
whereas after point 3 (and the corresponding line), the striations
were well defined. The mating surface of the specimen was exam-
ined and results are shown in Fig. 5c and d. On the right side of
Fig. 5c, the crack initiation site is located in the lower edge and
the grain traces are clearly observed, Fig. 5d, whereas after the
point 1, Fig. 5c, the fracture surface appearance changes (Fig. 5f).
Those changes are attributed to the transition from the crack initi-
ation stage (stage I) to a transition zone.
d)

(f)

5 4 3 1

2

d Nf = 3.255 � 107 cycles. (a) and (b) show two different overviews of the fracture
her magnification. Details are discussed in the text.
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Fig. 6. SEM observations of the crack initiation stage. Details of the crack initiation surface: (a) shows intergranular crack, (b) a mixed crack, (c) and (d) a transgranular crack.

Fig. 7. Schematic model for the crack initiation stage.
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Fig. 8. Evolution of the crack initiation stage length with the stress amplitude. The
line was obtained from a least squares fit.
In the initiation area, three types of patterns were found: (1)
intergranular, (2) transgranular and (3) mixed. The intergranular
pattern is seen in Fig. 6a. This intergranular crack surface appears
not smooth, but presents a very fine linear structure on the grain
surface which is believed to be related to slip planes intersection
with the fracture surface. Moreover, two rows of voids about
2 lm distant are visible. The type of mixed transgranular/inter-
granular crack surface is shown in Fig. 6b in an area of grain
intersections such as triple points. Mixed transgranular/intergran-
ular fracture surface through grain 1 is present as a staircase (blue
arrows) in Fig. 6b. The distance between two steps is about 2 lm.
The yellow arrows on the middle right side of Fig. 6b indicate pat-
terns similar to those found in Fig. 6a in the intergranularly
cracked grain. A transgranular crack surface is shown in Fig. 6c.
In this case, the fracture surface is composed of longitudinal slots
arranged side by side. The diameter of the slots is 0.5 lm in aver-
age. A mechanistic approach at the crack initiation stage was pro-
vided based on the fracture surface pattern and the 3D model of
Fig. 3d is suggested. An illustration of this fracture mechanism is
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schematically shown in Fig. 7. The staircase structure shown in
Fig. 6b, is probably a fracture occurring partially on the pipes,
and crossing over the pipes just below. The distance between
two steps is about 2 lm which is in good agreement with the
distance between two planes of the pipes. In the case of the trans-
granular pattern Fig. 6c, the crack path is entirely going through
the pipes in the same slip plane. The characteristic dimension of
a pipe diameter is about 0.5 lm. The line of hollows (separated
by a distance of about 2 lm) present on the intergranular crack
as in Fig. 6a and on the cross section as in Fig. 6d are probably
the end of pipes at grain boundary (in good agreement with the
distance between two neighbored pipe planes).

On Fig. 5c, consistent with all the SEM observations, the transi-
tion between stage I and the transition crack propagation zone on
the fracture surface is shown. For the Armco iron tested on flat
specimens, the crack initiation site was located either at a corner,
Fig. 9. Evolution of the temperature recording on the specimen surface at different locati
text).

Fig. 10. Temperature profile a
as shown previously, or on the specimen side. For each specimen,
the crack initiation site dimensions were determined and the stress
intensity factors were calculated using the method previously
reported [26]. Assuming that for R = �1, DKeff � Kmax, the calcula-
tion of DKeff at the transition between the initiation and transition
propagation stage according to the fatigue stress amplitude and
crack initiation length shows that this crack propagation threshold
is constant and equals to �4 MPa

p
m whatever the number of

cycles. The model of Paris et al. [17] for crack growth in the case
of a surface initiation is based on the Paris Hertzberg law [27].
Based on this working on crack growth and threshold, the thresh-
old corner is set at da/dN = b and DKeff/E

p
b = 1 (b is the Burgers

vector and E is Young Modulus). For steels, E
p
b = 3.25 MPa

p
m

which is close to the value of 4 MPa
p
m computed above.

In the HCF regime, the crack length at the end of the initiation
stage varies as a function of fatigue life, from 2 to 3 lm close to
ons during a fatigue test. (b) shows the cycle scale expanded to bring out details (see

long the specimen width.
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Table 2
Experimental conditions of the interrupted tests.

Specimen Stress
amplitude

Number of
cycles

Cooling Damage

FF3-15 176 1.41 � 109 Yes Yes
FF3-18 131 1.3 � 109 Yes No
FF4-04 146 1.4 � 109 Yes, but interrupted

during 1 h
Yes
the fatigue limit. In the LCF range, it varies from 0.1 to 1 lm [6,28].
In the test reported above in the VHCF domain, the crack initiation
stage involved about 10 grains and measured about 300 lm. The
formula for the stress intensity factor, is a function of the applied
stress, the crack size, and the geometry. Typically, when ra

decreases, the crack length at the end of the initiation stage must
increase to keep DKtransition constant. Here, in the VHCF domain,
where ra decreases from 200 to 100 MPa, the crack length at the
end of the initiation stage goes from 200 to 550 lm in the Armco
iron, Fig. 8.

4.5. Thermal results

Independent of the frequency in the fatigue tests, the major part
of the mechanical energy is converted into heat. It has been shown
that the PSBs are the specific heat sources leading to an increase in
the specimen temperature during the test [29]. The thermal results
reported here have been extensively explained previously [19]. The
main results needed for understanding and modeling of the crack
initiation are reported here.

The specimen surface temperature is shown in Fig. 9a and b
(which is an enlargement of the end of Fig. 9a). It corresponds to
ra = 175 MPa and Nf = 3.21 � 107 cycles. From these data, the tem-
perature profile across the specimen width was taken from the last
(a) (

((c)

Fig. 11. Fracture surface observations of interrupted fatigue specimens fractured unde
168 frames captured by the IR camera before fracture (Fig. 10). The
red line (Fig. 10) is the location where the temperature is maxi-
mum along the profile. The location where the temperature
reaches its highest point along the profile, moves from the initia-
tion stage (in the corner) to the final fracture. The IR camera reso-
lution is such that the location of the crack tip at different times
can be determined by the maximum temperature location. The
study shows six points where the temperature had changed signif-
icantly. The corresponding number of cycles of these six points is
reported in Fig. 9b. Each location where there is a large tempera-
ture change can be compared with the fractographic observations
in Fig. 5c. The yellow lines in these figures are the locations of
the points where the temperature maximum has an obvious inflec-
tion. Location 1 correspond to the end of the crack initiation stage
on the side where the temperature field is recorded. After the
occurrence of point 1, the temperature does not change until it
reaches point 2 as seen in Fig. 10. Probably, this time is consumed
to coalesce the damage due to PSB between the specimen sides
from point 1 to 2, (Fig. 5c).

The comparison between the fracture surface observations and
the IR camera results demonstrates that more than 99% (in this
test) of the total life is spent in the crack initiation stage.
4.6. Specimen subsurface damage from interrupted tests

For three specimens, fatigue tests were stopped before fracture
and subsequently fractured under tensile loading. Table 2 gives the
experimental conditions for these tests.

Before loading to failure, no crack was visible on the side
surface of the specimens. After tensile tests, the fracture surfaces
were observed by SEM. For the test at ra = 131 MPa, the overall
surface was ductile. For the 2 others tests, the majority of the
fracture surface is equally ductile, but some new features become
10 µm

b)

d)

r monotonic tensile loading. ((a), (b): specimen FF3-15, (c), (d): specimen FF4-04).
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evident, Fig. 11. Fig. 11a shows part of the fracture surface at low
magnification. Due to the reduction of area during tensile test,
the specimen thickness is much reduced. On the side of the
specimens slip bands were seen. On some grains on the fracture
surface, (Fig. 11b) circular contiguous holes appear. On specimen
FF4-04, where the cooling system was switched off for about 1 h,
the damage process is more pronounced, and near these holes a
transgranular fracture surface is visible similar to that shown in
Fig. 6c. These features appear to be the first damage in the
specimen. In Fig. 11c, 2 lines of the end pipes (as in Fig. 3b) are
visible. Due to the reduction of area, it is difficult to rigorously
compare the characteristic lengths, but the sizes are of the same
order of magnitude as discussed previously. The first damage
appears as the occurrence of pipes (empty walls) in the matrix.
For these thin specimens, the subsurface damage seen in the bulk
specimen substantiates the thermal assumptions. Between points
1 and 2, Fig. 9b, the initiation stage starts and is due to the
coalescence of all accumulated damage. Probably damage begins
very early as the occurrence of PSBs on the specimen surface
during fatigue tests.

When the stress is decreased (FF3-18, ra = 131 MPa), no
damage is visible, even after 1.3 � 109 cycles, raising the question
of whether there is a fatigue limit. More tests are necessary at
different stresses, possibly requiring different specimen designs,
to answer this question.
5. Conclusions

In the VHCF domain, a study of the surface crack initiation
mechanism, using different observations and techniques for
polycrystalline, single phase, BCC Armco leads to the following
conclusions:

– The macroscopic observations on the specimen surface show, as
in the HCF regime, an early occurrence of SMs or PSBs for this
Armco iron containing 0.008% of carbon.

– The microscopic observations just beneath the PSB provides a
basis to propose a schematic 3D model of these PSBs. The model
appears to be in good agreement with the dislocation
arrangements seen in PSBs in the HCF regime in literature.

– Fracture surface observations by SEM clearly reveals crack initi-
ation and propagation stages. The initiation crack length is
longer than in the HCF régime and spreads over many grains.
A mechanism from the 3D model of PSB is proposed to explain
the fractures surface pattern in the initiation stage.

– Temperature measurements on the specimen side during test-
ing and correlated with the fracture surface observations, reveal
that the crack initiation consumes the vast majority of the life
(i.e. �90%).

– In agreement with the early occurrence of PSB even in the VHCF
domain, the interrupted tests for this Armco iron type I material
suggest the existence of damage even in subsurface before the
number of cycles at initiation.

– At a stress amplitude 25% below the conventional fatigue limit,
no damage occurs.
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