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Abstract.

This paper aims at a deeper understanding of microplastic mechanisms leading to crack initiation in
ductile metals in Very High Cycle Fatigue (VHCF). Fatigue tests were conducted using an
ultrasonic technique at loading frequency of 20 kHz. The microplastic mechanisms are revealed via
observations of slip markings at the specimen surface and self-heating measurements due to
intrinsic dissipation. Pure copper and Armco iron (which contains a very low amount of carbon)
were investigated. Both are single-phase ductile materials but the crystallographic structure of
copper is face-centered cubic while it is body centered cubic for Armco iron. A good correlation
was found between slip markings initiation and dissipation for both materials. The dissipation for
both materials is of the same order of magnitude but the location, the morphology and the evolution
over cycles of slip markings were found different.

Introduction

In the field of aeronautic and car industries, many structures are loaded in fatigue and must resist
beyond one billion cycles, corresponding to the so-called "very high cycle fatigue regime" (VHCF
or the gigacycle regime). Accelerated fatigue tests involving ultrasonic facilities with frequencies as
large as few tens of kilohertz now allow studying the field of the very high cycle fatigue in a very
reasonable time span. In parallel, methods based on the interpretation of the energy dissipated by
cycles were developed [1]. The dissipation fields were estimated from temperature measurements
using quantitative infrared techniques. Specimen self-heating is first related to microplasticity, i.e.
the glide of dislocations, and progressively, to damage development. In this paper, pure copper and
Armco iron (which contains a very low amount of carbon) were investigated. Both are single-phase
ductile materials but the crystallographic structure of copper is face-centered cubic while it is body
centered cubic for Armco iron. Both are labelled as type I materials [2] since crack initiation takes
place at the surface owing to accumulation of very small but irreversible slips over very large
numbers of load cycles resulting in slip markings. The term “irreversible” here refers to cyclic slip
processes that cause permanent or irreversible microstructural changes in the bulk leading to
damaging notch-peak geometries at the surface. This paper aims to qualitatively correlate dissipated
energy and slip markings for both materials of interest during fatigue tests conducted using an
ultrasonic technique at loading frequency of 20 kHz and to compare the material responses.


http://dx.doi.org/10.4028/www.scientific.net/KEM.664.33
http://www.ttp.net

Material and experimental procedure

Experimental setup. The fatigue tests were conducted using an ultrasonic fatigue machine at 20
kHz with cylindrical and flat hourglass shaped specimens. The high frequency is about one
thousand times higher than conventional frequencies and allows to reach the VHCF regime in a
reasonable time. Moreover, high frequency loading increases the dissipated energy rate and thus
generates large temperature variations that are easily detectable even by standard thermal
measurement devices.
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Fig. 1: Schematic representation of the piezoelectric system

The experimental setup essentially includes the three components [3-4] shown in Fig. 1:
- a piezoelectric converter, which transforms an electrical signal into a displacement
- a horn, which amplifies this displacement amplitude
- a specimen screwed on the horn and free of stress at its bottom extremity.

This dynamic loading machine and the “elastic” specimen are designed so that the free resonant
frequency of the system in the first longitudinal mode is 20 kHz. This system is then calibrated with
a laser extensometer to obtain the relation between the displacement amplitude on the horn edge and
the input electrical signal. The strain and stress amplitudes along the specimen were estimated by a
one-dimensional elastic calculation for both specimen geometries. The strain amplitude was found
in a good agreement with the experimental measurement obtained by the strain gages. As an
example, the geometry and the stress amplitude distribution in pure copper specimens are presented
in Fig. 2 [5].
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Fig. 2: Ultrasonic fatigue specimens and stress distributions along the specimen axis (a) cylindrical
hourglass shaped specimen (b) flat hourglass shaped specimen [5].

Material. Commercial polycrystalline copper in initial form of a hot rolled plate of 14 mm of
thickness was tested. The specimens were extracted from the center of the plate. The Armco iron
was extracted from extruded bars or sheets. The microstructure of both materials is presented in
Fig. 3. The micrographs were obtained from Electron Back Scattering Diffraction technique. The
mean grain size for both materials was about 30 pm. The copper contained a lot of annealed twins.
Copper specimens were heat treated to relieve the residual stress without change of microstructure:
at 250°C for 60 min. Then, a procedure of mechanical and electrolytical polishing was executed till
remove all hardened layers on surface specimen [5]. As a result, before testing, the specimens were
mirror polished and without residual stresses. The Young modulus in calculations was E4 = 130
GPa [6] for pure copper and Eq = 210 GPa for Armco iron.

50 ym

Fig. 3: Electron Back Scattering Diffraction map of polycrystals: a) pure copper [5] and b) Armco
iron [7]

Experimental procedure. To perform experiments up to the VHCF regime, ultrasonic equipment
at a testing frequency of 20 kHz was used. The S-N curve of the material in the VHCF regime was
first established. The fatigue tests were carried-out with cylindrical specimens for pure copper and
with flat specimens for Armco iron at various stress amplitudes with a constant stress ratio
(Omax/Omin) R = -1. The fracture surfaces were observed using a scanning electron microscope. In
order to prevent from a heating effect at high stress amplitudes, the specimens were cooled by a cold



air gun during the test till rupture. To study the formation and development of slip markings on the
specimen surface at very low stress amplitudes and after very high numbers of cycles, the flat
specimens were used. This type of specimen is appropriate to periodically observe the
microstructure while assessing temperature fields with an infrared camera to derive the
corresponding intrinsic dissipation patterns. Indeed, the experiments were periodically interrupted
after several specified numbers of cycles for surface observations.

Calorimetric analysis

Heat diffusion model. Although ultrasonic fatigue tests are dynamic mechanical processes, they are
considered as quasi-static processes from a thermodynamic standpoint (see the statement of the
local state axiom in [8]). Consequently, a finite set of variables can be chosen to describe the
equilibrium material state. This generally involves the absolute temperature 7, the (small) strain
tensor € and a vector a of N internal state variables. Combining the local expressions of the first and
second principles of Thermodynamics, and assuming the Fourier heat conduction law, the local heat
diffusion equation can be written as:

pCT — dl\'(k grad(T)) = dl + Sthe + SﬂlC + Tgxt (1)

where p is the mass density, € = —Ty,7r the specific heat, v the Helmholtz free energy, k an isotropic
conduction tensor. The left hand side of this equation is a differential operator applied to T while its
right hand side gathers different heat sources. These are in turn: the intrinsic dissipation
di=0:é—pY,.: ¢ —pY,..a, where o is the Cauchy stress tensor, the thermoelastic source s, the
other possible thermomechanical coupling sources s, (with sy, + Sepe = pTW,7:: € + pTY, 7, -¢) and
the external volume heat supply r.,;.

The local heat diffusion equation can be simplified assuming the following hypotheses [9-10]:

e The parameters p and ¢ are material constants, independent of the state variables.

e The isotropic conduction tensor k is also a material constant independent of the state
variables.

e Thermoelastic effects induced by the thermo-dilatability are the only thermomechanical
coupling factors considered hereafter (experiments on pure copper close to room
temperature).

e Because of the thermal inertia, the thermal gradients slowly vary during the tests as
compared to the characteristic cyclic loading time. Moreover, the mean velocity field
vanishes over a cycle for such periodic loading. Consequently, the convective terms of the
total time derivative of the temperature were neglected.

e The external heat supply is time independent. The equilibrium temperature field T, verifies
—kAT, = 1., The temperature variations are noted 6 = T — T,

Under these hypotheses, the local heat diffusion equation is simplified into the following form:

a0
PCE —kAG =d; + spe (2)

A 1D calorimetric analysis has been chosen in this work assuming, in a first approximation, a
uniaxial tension-compression stress state. Under the hypotheses for thin flat samples (Fig. 2), it has
been shown that the mean temperature over the cross section remains close to the corresponding
surface temperature given by the IR camera [10].



Integrating the heat equation (Eq. 2) over the sample cross section, the 1D diffusion equation for a
non-constant cross-section can be written as [11]:

a6 & 8’6 46 '\ - _ (3)
pC E—’_Tﬁ —k ﬁﬁ-ag =d1+sths

th

where the mean temperature variation over the cross-section 8(x,t) =T —T, is identified with the
surface temperature, s’ being the first derivative of the cross-section s while d,(x,t) and 5,,,(x.t) are
the longitudinal profiles of dissipation and thermoelastic sources. Moreover the time constant t2?
characterizes the lateral heat exchanges by conduction, convection and radiation between the
specimen and the surroundings. These exchanges are assumed to be proportional to the temperature
variation (linear Fourier boundary conditions). In order to estimate the left-hand side of Eq. 3,
longitudinal temperature profiles were built by averaging the surface temperature over the specimen
width. Taking the loading frequency (20 kHz) and the maximum frame rate of the IR camera (100
Hz) into account, it must be stressed that the thermoelastic source amplitudes were, here, out of
reach. Only the mean dissipated over one cycle were derived from the discrete, noisy thermal data.

Dissipation estimate. To compute d,, the different partial derivative operators were estimated using
spatio-temporal fitting. The local approximation functions were chosen as:

677 (x,£) = P, (x)t + Py (x) 4)

where P, (x) and P,(x) were second-order polynomials in x. These polynomials were identified over
each approximation zone using a local least-squares method. The approximated thermal field were
then used to compute the intrinsic dissipation, via an estimate of the time and space partial
derivative operators of the heat equation (Eq. 3) [9].

Results and discussion

S-N curves. The S-N curves of the studied pure copper and Armco iron obtained after cooled
fatigue tests are shown in Fig. 4. The S-N curve slope in VHCF is very small and about 10 MPa per
decade above 107 cycles for both materials. In other words, the number of cycles very quickly
increases with decreasing the stress amplitude. We did not observe any failure at Ac/2 = 91.2 MPa
up to 5.4x10° cycles for pure copper and at Ac/2 = 190 MPa up to 6.5x10° cycles for Armco iron, at
which the tests were stopped. Results obtained for pure copper are in very good agreement with
Stanzl-Tschegg et al.’s experiment results obtained on similar pure polycrystalline copper [6, 12].
For both materials, no plateau that can be related to a fatigue limit was detected below 10'° cycles.
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Fig. 4: S-N curves for pure copper and Armco iron obtained with an ultrasonic device and a loading
frequency of 20 kHz — Comparison with Stanzl-Tchegg ef al.’s results obtained for pure copper

[6,12]

Fractographic observations. Fracture surface observations of the entire cross section showed that
the crack initiated at the specimen surface for both materials as commonly observed for type I
materials [2,13-14]. For both materials, microcracks at grain boundaries between grains with and
without persistent slip markings were highlighted (Fig. 5 and Fig. 6a). Such grain boundaries were
found to be the crack initiation location for pure copper specimen [5] while persistent slip bands
crossing grains appeared as additional crack initiation location for Armco iron specimen (Fig. 6b)

[7].



Fig. 5: Fractographic observations for a pure copper specimen loaded at stress amplitude of 105
MPa; N = 3.1x10’ - specimen surface normal to the fracture: a) left side, zone free of slip bands — b)
right side, zone marked with persistent slip bands (from [5])

Fig. 6: Specimen surface observations for an Armco iron specimen loaded at stress amplitude of 120
MPa; N = 1x10® — a) microcrack along grain boundary b) microcrack in persistent slip bands (from

[7D)

Self-heating and intrinsic dissipation of materials during fatigue tests. Fig. 7 exhibits the
evolution of the temperature increase of copper and Armco iron specimens during fatigue tests.
Higher the stress range, higher the temperature variation. The temperature has a sharp increase at the
beginning of the test. No change was experimentally measured at low stress amplitudes (80 and 90
MPa for Armco iron) if there is no crack. On the contrary, the temperature always increases over
cycles and no steady state was found for higher stress amplitudes ranging from 45.9 MPa to 56.8
MPa for pure copper and from 100 MPa to 120 MPa for Armco iron. For both cases, these stress
amplitude ranges correspond to stress amplitudes ranging from 50% to 65% of material fatigue limit
estimated from cooled tests (90 MPa for pure copper and 190 MPa for Armco iron). For both
materials, fracture initiation results in a final sharp temperature increase.
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Fig. 7: Self-heating evolution over cycles and for various stress amplitudes: a) pure copper and b)
Armco iron

Fig. 8 displays the intrinsic dissipation profile along the specimen axis at the beginning, the middle
and the end (rupture) of a fatigue test for Armco iron. Dissipation amounts were here divided by the
heat capacity per unit volume of the material in order to get heat sources in terms of self-heating
rate. Similar results were obtained for pure copper specimens. The intrinsic dissipation was higher
at the specimen center as expected from the stress distribution profiles (Fig. 8). It increased over
cycles especially in the zone in which the final rupture took place. It is worth noticing that the peak
of dissipation moved slightly along the specimen axis over cycles. Fig. 9 corresponding to pure
copper shows that the intrinsic dissipation was the highest at the place where the highest quantity of
slip markings was found. However, when fracture initiated, as a lot of energy was dissipated, the
peak in dissipation corresponded to the fracture initiation site. For such single phase ductile
materials, crack initiation was clearly related to slip markings [5]. Locations of highest plastic
activity might change over cycles but finally initiate fracture leading to a strong localization of
intrinsic dissipation.
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Fig. 8: Intrinsic dissipation profile along the specimen axis at the beginning, the middle and the end
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Fig. 9: a) Intrinsic dissipation profile along the specimen axis and corresponding panorama of the
surface specimen obtained by optical micrographs for pure copper at 45/2= 72.1 MPa, 107 cycles

and b) a zoom at the middle of gauge specimen

The 1D intrinsic dissipation profiles obtained at 10° cycles were used to calculate the average
dissipation over 6x2 mm? area at the specimen center. This mean dissipation is plotted as a function
of the stress amplitude normalized by the fatigue limit for both materials estimated from cooled
fatigue tests (Fig. 10). The mean dissipations for both materials were very close. It ranged between 1
and 5 °C/s for stress amplitudes ranging from 40 and 50% of the fatigue limit. It increases with
increasing stress amplitudes.
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Fig. 10: Evolution of the mean intrinsic dissipation at 10° cycles for various stress amplitudes
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Discussion. Fig. 11 and Fig. 12 show micrographs of the surface specimens observed after fatigue
loading at fatigue limit normalized stress amplitude of about 60%. Slip markings were straight long
and located mainly along twin boundaries for pure copper. Following Phung et al. [5], they are
called slip markings of type II. Increasing the number of cycles (from 10® to 2x 10® cycles in
Fig. 11) leaded to grow the slip markings [5]. In addition, some new persistent slip markings
appeared 2-3 grains further. In the case of Armco iron, persistent slip markings were wavier than in
the case of pure copper and cross the grain (Fig. 12). In addition, they occurred in very few grains
and covered its whole surface. The neighbor grains (Fig. 12) did not exhibit any slip markings.
Persistent slip markings did not progress from 10® cycles to 2x10° cycles, except very slightly in
width [7]. To sum up, pure copper and Armco iron present both persistent slip markings resulting
from crystallographic slip.

However, the location of the persistent slip markings differs with regard to the polycrystalline
microstructure. For pure copper, the persistent slip markings were found mainly in the vicinity of
twin boundaries inclined about 45° from the tensile axis while they cross the grains for Armco iron.
Similar slip markings crossing grains were observed in the studied copper but for higher stress
amplitudes [5]. They were labeled as slip markings of type I and are associated with the persistent
slip bands (PSBs), commonly observed in the low and high cycle fatigue regimes [16]. The
anisotropy coefficient value of 3.3 for copper is quite high [17]. Combining observations of slip
markings and polycrystalline anisotropic elastic modelling, it was proved that it is due to: (1) higher
components of the local stress tensor due to strain incompatibilities related to cubic elasticity and
(2) well-oriented slip system with the slip plane parallel to the twin boundary plane [18]. Polak and
Vasek [19] observed PSBs similar to type II persistent slip markings at strain amplitudes lower than
the ‘‘conventional fatigue limit>> (Ae/2 = 5x10 [16]) in polycrystalline copper. In the same way,
Neumann and Tonnessen [20] and Peralta et al. [21] have observed PSBs along twin boundaries,
about 45° inclined from the loading direction but not inside the grains at low stress amplitudes.
Llanes and Laird [22] showed that twin boundaries promote very early slip and PSB formation.
Many studies investigating the LCF and HCF regimes for face-centered cubic metals demonstrated



the key role of the large-angle grain and twin boundaries on crack initiation [20, 23-25]. The > 1 um
high extrusion along twin boundaries could lead to crack initiation in VHCF as mentioned in Phung
et al. [5]. Observing intergranular cracks on copper, Kim and Laird [26] suggested a similar
possibility but for specimen loaded in the low cycle fatigue regime.

However, persistent slip markings crossing grains can also be responsible for intergranular cracks as
experimentally show in the low and high cycle fatigue regimes [16, 23-24]. The crack initiation at
the intersection of persistent slip bands with grain boundary is promoted by the presence of large-
angle grain boundary [25]. This is clearly what happens in Armco iron. Twin does not exist in
Armco iron. The anisotropy elastic coefficient is of 2.4 [27] and so lower than for copper. As a
result, the slip markings appearance is more controlled by the grain orientation than neighboring
effects and misorientation at grain boundaries. Therefore, the slip markings are not in the vicinity of
grain boundaries but cross the grains, which are very likely the best-oriented for plasticity. Similar
wavy persistent slip markings, crossing one grain, were observed by Munier [28] on 30 Hz
cyclically loaded high-strength-low-alloy steel displaying a ferritic phase as Armco iron.

Our observations showed that intergranular cracks take place, for both materials, between one grain
with surface slip markings and another grain that does not show much trace of surface deformation.
Such intergranular cracks were also observed in literature [17, 29-30]. Cretegny and Saxena’s
findings supported the idea that the mismatch in the deformation of two neighboring grains is the
driving force for the initiation of intergranular crack [30]. Besides, dislocations piles-up increases
the stress concentrations at the grain boundaries. As a result, the latter are preferential sites for crack
initiation. Our findings concerning Armco iron reinforce this assumption under conditions where
the overall stress amplitude remains low and close to the fatigue strength in the VHCF regime. In
the case of pure copper, the observation of intergranular cracks between two grains with and without
slip bands sustains a crack initiation related to the intersection of persistent slip bands with grain
boundary rather than the large height of slip markings of type II, along a twin boundary. Note that in
the high cycle regime, cracks mainly initiate at the interface between the matrix and the PSB in
polycrystals as it is in single crystals [16].

The difference in slip markings morphology probably results from the dislocation motion
mechanisms which depend on the crystallographic structure (face-centered cubic for copper and
body centered cubic for Armco iron). As far as the evolution of the surface during the fatigue test,
slip markings did not seem to change greatly for Armco iron. On the contrary, slip markings
gradually grew over cycles for pure copper. Consistently, the temperature and thus dissipation
increased over cycles proving that plastic activity was growing. The reason for the different
evolution of the temperature between the materials is not yet understood.



Fig. 11: Micrographs of the pure copper surface specimens observed after fatigue loading at a
fatigue limit normalized stress amplitude of about 60% (55 MPa) (scanning electronic microscope)
a) after 10® cycles and b) after 2x10® cycles

Fig. 12: Micrographs of the Armco iron surface specimens observed after 10 cycles fatigue loading
at a fatigue limit normalized stress amplitude of about 60% (optical microscope): a) 10° cycles and
b) 2x10° cycles

Conclusion

Very high cycle fatigue tests were conducted on pure copper and Armco iron using an ultrasonic
technique at loading frequency of 20 kHz. The microplastic mechanisms were revealed via
observations of slip markings at the specimen surface and self-heating measurements due to
intrinsic dissipation. Results for both materials were compared. Similar behaviors were found:
e The S-N curve slope was about 10 MPa per decade above 10’ cycles and no plateau was
detected.
e The crack leading to final fracture initiates from the specimen surface is intergranular
between one grain with slip markings and another grain without slip markings.
e In the course of cycles, the temperature gradually increased for stress amplitudes ranging
from 50% to 65% of the material fatigue limit before the final rupture of the specimen.
e The level of the mean dissipation, estimated far from rupture, was very close for both
materials for fatigue limit normalized stress amplitude ranging between 40 and 50%.
e A good correlation was found between slip markings and dissipation location.
However, discrepancies also were underlined:
e The morphology and location of slip markings for fatigue limit normalized stress amplitude
ranging of about 60% were different: straight and located along twin boundaries for copper,



wavy and crossing very few grains for Armco iron. These differences were related to the
anisotropic elastic coefficient and the polycrystalline microstructure of the metals.

In the course of cycles, the slip markings grew and new slip markings appeared for pure
copper while no strong change was observed for Armco iron.
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