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Abstract

This work compares the thermal responses af-aon and two carbon steels (C12
and C65 steel) via in-situ infrared thermography under 20 kHz ultrasonic
tension-compression fatigue testing. Tdvron has only ferrite phase, and C12 and
C65 steels have ferrite-pearlite dual phases. During a series of interrupted self-heating
tests, the surface temperature of the three materials increases gradually with stress
amplitude, while the relation is non-linear. The increase of carbon content, inducing
the pearlite phase percentage increasing, results in a lower temperature increase and
higher fatigue strength. For the three materials, at a certain stress amplitude level, the
specimen temperature suddenly increases to hundreds of degrees. Moreover, the
dissipated energy per cycle is estimated based on the 1D heat diffusion equation and a
power function between dissipated energy per cycle and stress amplitude is found.
Finally, the mechanisms driving the observed thermal responses are discussed.

Keywords

Carbon-Manganese steel; Very High Cycle Fatigue (VHCF); self-heating, intrinsic
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1. Introduction

Since traditional experimental methods for estimating material fatigue strength are
still costly and time-consuming, alternative approaches have been proposed, seeking
for a rapid evaluation of fatigue properties of materials. Some of them are inclined to
detect the physical processes of fatigue damage and failure of metallic specimens,
based on their thermal responses during self-heating tests in high and very high cycle
fatigue regimes. The self-heating test method relates fatigue strength and the intrinsic
dissipated energy, therefore it is widely developed and applied in the fatigue field.

Materials under cyclic loading undergo a complex energy-conversion process
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accompanying with materials degradation. Most @f litst energy is converted into
heat causing the specimen temperature to rise.aRds¥s expect to take advantage
of thermography to build a connection with materiatoperties under cyclic loading.
In the 1970s, Reifsnider [1] and Charles [2] showeedattempt to use an infrared
camera to measure the surface temperature durngsts and to predict the location
of the impending fatigue cracks and map temperdtaleé. Botny [3] presented the
temperature profile with three characteristic stagmitial temperature increase,
temperature stabilization and final rapid increase.

It can be easily checked during fatigue test thatdpecimen temperature depends
on the stress amplitude. For loading frequency taivaen 100 Hz and stress below the
fatigue limit at 10 cycles, the temperature increase on specimencsuigagenerally
very low (below 1 °C), but it remains superior tgperimental noise and thermal
resolution of conventional infrared cameras [4].nEk Luong [4,5] presented a
“two-curves method” to interpolate experimentalad&étom self-heating tests, one
curve for stresses below the fatigue limit and olieer one for stresses above the
fatigue limit. Then, the corresponding intersectpmnt was indicated as the fatigue
limit. In these publications, the fatigue limit cesponds to the inflexion point of the
S-N curve, standing around “16ycles. Also, this fatigue limit can be consideesd
the transition between the High Cycle Fatigue reg{riCF) and the Very High Cycle
Fatigue regime (VHCF), but doesn’t represent the patigue limit, below which no
damage occurs. The Luong's method enables to ab#sr\physical damage process,
measure the intrinsic dissipation and rapidly ex@duhe fatigue strength of the tested
metals up to 10cycles. These results were further developed atehded by Amiri
and Khonsari [6], Cur&t al [7]. Amiri et al. [6] utilized an empirical equation to
deduce the number of cycles of fatigue to failuseaafunction of the initial rate of
temperature rise. Risitanet al. [8—10] proposed a “one-curve method” to rapidly
estimate the fatigue limit of carbon steel (C300GTeels) by using the stabilization
temperature under a low frequency tensile-compredsiading (10 Hz). The fatigue
limit is determined by plotting the stabilizatioemiperature against the applied stress
and finding the intercept of the curve on the strasis. The Luong's and Risitano's
methods are the basis of fatigue properties detation methods by self-heating
measurements developed by many authors [11-14].

In fact, the macroscopic characteristic evolutioh materials is always
accompanied with microstructural changes and thepéeature variation could be
considered as a consequence of these changesforbemany researchers devote
themselves to the calculation of energy dissipatmobtain the intrinsic data related
to the material behavior. For this purpose, Chrigsoset al. [15-18] developed an
approach to determine the heat source developmantd temperature field provided
by an infrared camera. And then, the dissipativerces in fatigue process were
estimated. Mareawet al. [19] proposed two rheological models to describe t
dissipation mechanisms in almost 100% ferritic Is{@eth a few pearlitic areas)
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under cyclic loading: the oscillation of pinned Ideations defined as an anelastic
mechanism and the viscoplastic slip of dislocatimmsidered as an inelastic
mechanism. Subsequently, Munier [11] expanded tinsight and performed the
self-heating curves of sixteen steel grades. Bgguai two-scale probabilistic model,
the authors showed that the observed two dissgathenomena correspond to two
dissipative mechanisms in low frequency cyclic iagdn the HCF regime.

Results about the determination of fatigue limit the HCF regime via
thermographic methods brought a clear and incianaysis to evaluate the fatigue
life around 16 - 10° cycles. Owing to the recent development of higtgfiency
ultrasonic machine, researches on high-frequen@ykk2z, 30 kHz) cyclic loading in
VHCF domain are not very abundant yet. In the flest years, VHCF regime begins
to draw more attention due to necessary componesigil up to 10- 10" cycles.
Indeed, the fatigue tests performed afte? dgcles show a decrease of the fatigue
limit with increasing number of cycles [20]. Howeyvat high frequency, the strain
rate sensitivity of materials can make their fatiqand thermal behaviors in VHCF
regime different from the Low Cycle Fatigue (LCH) HCF regimes [11,19]. In
particular, materials can present a remarkable ¢eatpre increase under ultrasonic
fatigue loading, compared with that in LCF or HG¥gimes, while the test is still
running. In most cases of LCF or HCF regimes, thecsnen temperature is lower
than dozens of degrees [5,8,11,14]. Neverthelesstemperature field recording on
the specimen surface during the fatigue tests ogprave the understanding of
damage evolution before the crack initiation atyMew stress and strain amplitudes
[21]. In the VHCF regime, the French ANR projectSBAT has given self-heating
results on FCC and BCC materials [22]. For theirstrate-sensitive BCC materials,
the self-heating response is more important thaf-@C metals. Moreover, the dual
phase steels with ferrite-pearlite or ferrite-masiee microstructure show an
abnormal behavior at the higher stress amplitudesapid increase of the surface
temperature which doesn’t correspond to the spectinaeture. Huang [23] has firstly
shown this phenomenon on C-Mn ferrite-pearlitieefollowed by Ranet al. [24].
Torabianet al. [25] and recently by Ouarabi [26] on dual phaseiteemartensitic
steels, have also shown this phenomenon.

In this study, three steelsi{fron, C12 and C65) with incremental carbon content
were used to investigate thermal response in safig tests under high-frequency
ultrasonic fatigue loading (20 kHz}-iron has only ferrite grains, while C12 and C65
are plain ferrite-pearlite dual-phase steels. Time af this work is to explore the
effect of carbon content on dissipated energy angetter understand the dissipative
mechanisms.



2. Materials and experimental procedure

The studied materials were a polycrystallioeiron and two dual-phase
ferrite-pearlite steels (C12 and C65), whose cartaments were 0.008 wt%, 0.03
wt%, and 0.61 wt%. The calculated mass percentafgrrite and pearlite are given
in table 1. The microstructure of each specimeriasarwas observed by optical
microscopy (Fig.1). The bright grains were fergied the dark were pearlite. The
received metal bars were machined into flat specenwith the thickness of 1 mm.
The specimen geometry is shown in Fig.2. All theecemens were polished
mechanically with a sequence of SiC papers (180&6#20before test.

The physical and mechanical properties of matemaaés presented in Table 2.
Increase of carbon content (ferrite/pearlite phas®) enhances largely the strength
and reduces the ductility. Thermal conductitgnd specific heat, were measured
by the transient plane source method.

Table 1: Mass percentage of proeutectoid ferritaljte phase.

_ Proeutectoid ferrite Pearlite
Material
(wWt%) (wt%)
a-iron 100 0
C12 98.9 11
C65 16 84
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Fig.1 Microstructure of (aj-iron, (b) C12 steel and (c) C65 steel.
Table 2: Physical properties of the three materials
. Lower yield stress Ultimate Tensile Stress G Kk
Material 1 -1 1 1
(MPa) (MPa) (J-kg™-K?) (W-m—K)
a-iron 288 320 469 76.9
C12 357 446 458 60.7
C65 467 860 473 42.3
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Fig.2 Dimensions of the ultrasonic fatigue testcapen (mm).

Fatigue tests were performed on a piezoelectrigdfatmachine designed by C.
Bathiaset al. [27]. The resonance system was tuned to work & The cyclic
loading was tension-compression at a stress Ritio-1. All the fatigue tests were
carried out without cooling.

In order to record the temperature field on thecspen surface, an infrared (IR)
camera Flir A325 was used. This is a microbolombgsed camera with a 320x240
detector and a thermal resolution (noise equivakmiperature difference, NETD) of
0.1 °C. The IR camera acquisition frequency wa$ 3Z. The spectral range of the
camera was between 7.5 and i@ and it can be used to record temperature from
0 °C to 350 °C. One side of the specimens was spresth a strongly emissive black
paint to obtain a surface emissivity factor claserne.

Thus, the experimental setup, shown in Fig.3, @i®sf an ultrasonic fatigue
machine, the IR camera set on one side of the rpgeciand also an optical
microscope on the other side.. The microscope isposed of a CCD color camera
surmounted by a microscope objective lens and Wwél used to follow the
microstructural evolution of the specimens duriftgagonic fatigue testings.

L == o

camera

Fig.3 Experimental setup composed of the piezadgdertachine, the optical microscope
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and the IR camera for damage evolution monitoringng) ultrasonic fatigue testing.

Some interrupted self-heating tests were conduatedach steel, consisting of a
series of cyclic loadings with an increase of &resnplitude. At each stress
amplitude, a fatigue test was carried out up te<206 cycles and then interrupted.
After the specimen cooled down to the room tempeeatanother loading step
restarted.

3. Results

3.1. Temperature evolutions during self-heatingstes

As mentioned previously, successive steps of thgua tests were conducted with
increasing the stress amplitude and recordingethnpérature field at each step.

For instance, Fig.4a shows the temperature fieldhenspecimen surface at a
specific time and Fig.4b is the evolution of thenperatureAT at the center of the
specimen during one of the loading steParticularly, AT= T — Tj,; is the mean
temperature variation extracted from the rectangedme in Fig.4a, wher& is the
mean absolute temperature through the rectangate andT;,; is the mean initial
temperature of the specimen that is recorded emehidefore starting the tests.

According to the temperature evolution profile, t&ones can be distinguished:
first, the specimen temperature rapidly increastgé 1< 1x10 cycles) and then, it
reaches the stabilization (stage 1, 1%#®.5x10 cycles). The segmentation of stage
I/l is based on the following two reasons. Firstishen we magnify partly for all the
temperature curves, in fact, the temperature ahenigtress amplitudes remains
increasing before X0’ cycles, although this doesn't display so appayeintliarger
scale range. The complete stabilization is obtaafest x10 cycles. Secondly, based
on our still unpublished observations about PSBseafance om-iron surface, we
find that the initial cycles of PSB emergenceositon at different stress amplitudes
occur just before 210" cycles. So we infer that the stabilization staefe<(0’ cycles)
is related to the growth of embryonic PSBs and nouoence of PSBs in other
grains.

The stabilization of the temperature correspondsh® balance between the
supplied external mechanical energy, the energsedtmside the material and the
dissipated energy lost by convection, radiatiothatspecimen surface and conduction
at the interface with the fatigue machine.

The evolutions of the temperatuld for some of the loading steps with different
stress amplitudes are shown in Fig.5. This figlmews that by increasing the stress
amplitude, regardless of the type of steel, thecispen temperature profile always
evolves in the same way, as reported in Fig.4b.eNbeless, the temperature level
reached at stage Il is observed to increase witlstiiess amplitude.
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It is worth noting that in the case afiron loaded at 122 MPa, the temperature
suddenly increases (Fig.5a) but no fracture wasrebd. Similarly, for C12 (Fig.5b)
and C65 steels (Fig.5c¢), the specimen temperataceraaches several hundreds of
degrees at 228 MPa and 230 MPa respectively, witlspecimen fracture. The
infrared camera recording was stopped, becausepip®er measurement limit is
350 °C.

(@) (b)

100
80 |
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AT(°C)

40 F

20

Stage 1 Stage II

3

0 1 1 1 3
0.0E+00 5.0E+06 1.0E+07 1.5E+07 2.0E+07 2.5E+07

Number of cycles

Fig.4 Loading step witls, = 106 MPa fo-iron (a) temperature field on specimen surface at
N=2.5x10 cycles (b) temperature evolution versus numbéatigue cycles.

For each loading step in Fig.5a-c, the stabilizdderatures reached during stage
Il are plotted for the three steels in Fig.5d. biy.shows that the temperature
elevationAT increases gradually by increasing the stressiaudpl The relation of
stress amplitude and temperature elevation is olslgonon-linear. The maximum
stabilized temperature increaad before the sudden increase is ~90 °C for iron,
~75 °C for C12, and ~60 °C for C65 and ~100 °Cirfon, ~90°C for C12, and ~70°C
for C65 at the moment of the sudden increase.

Fig.6 collects statistics of the slopes of the terapure profiles obtained in stage Il
(from 1x10 to 2.5x10 cycles) from several self-heating tests. Each gt
respectively denotes the mean value and its stdrtaiation along stage Il. It can be
seen that stabilization slopes at stage Il foradterials are generally rather small and
can be negligible. It can be verified that the spea temperatures in self-heating
tests are completely stable until 2.5%t§cles, except for the last stress level. Fig.7
shows the conventional S-N curve obtained withaaliog of thea-iron, C12 steel
and C65 steel. Their fatigue limit at 2X1¢ycles can be deduced to be 107 MPa, 190
MPa and 210 MPa, respectively.
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Fig.6 Mean slopes of temperature profiles measal@t the stabilization stage (stage I,
1x10 ~ 2.5x10 cycles) in self-heating tests fasiron, C12 and C65.
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Fig.7 Traditional S-N curves efiron, C12 and C65. The black square points of come
from C.WANG [28].

3.2. Heat source estimations

In this study, the heat diffusion equation proposgdChrysochoogt al [29] was
used to estimate the intrinsic dissipation from gemture measurements. Assuming
that materials properties like mass dengjtthermal conductivitk and specific heat
C, were independent of the thermodynamic state, assuming there is no
temperature-induced microstructural change andesggl the convective terms, the
heat diffusion equation is written as:

pC,0 + div(—kgrad(9)) = Spe + dy (1)

In this equation, = T — Tj,;, with T and T, the local instantaneous and initial
absolute temperatures respectivaly.denotes the local temperature time derivative.
She represents the thermoelastic sources. In the ysate heat transfefne is null
over one cycled; is the intrinsic dissipation.

With &x,t) denoting the mean temperature variation at timeer the sectios(x)
and x being the longitudinal coordinate, the 1D heafudibn equation can be
formulated as [30]:

0Cy (5 + ) kG o2 + 59 = i (6.0 @)
where di(X,t) is the longitudinal distribution of the mean heaturce per cross
section S and S' is the spatial derivative o8 7!”(x) being a time constant
characterizing heat losses through the speciméacgyiit is defined as:

1D _ pCpS(x) _ pCpel(x)
o) = 2h(e+1(x))  2h(e+l(x)) (3)
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whereh is the heat exchange coefficient taken into accéanthe convection and
radiation effectse is the thickness of specimen ah@) is its variable width.

When dividing equation (2) yC,, the thermal diffusivityD = p% appears in the
14

dl(x,t)

equation and the source term can be expressed aspT (°Cls).
P

The mean dissipated energy per cycle can be okitaiaé@ , Wheref is the

loading frequency. Then, the maximum heat sourakert at the center of the
specimen during stage I, is expresse(f;—phs(OC/cycle).

Fig.8 shows the measured dissipated energy pee @gla function of stress
amplitude, calculated from equation (2). The highgess amplitude produces the
higher dissipated energy. At a given stress angwita-iron always dissipates the
most thermal energy, while C65 steel releasesdast.| The curves can be well fitted
by the power function, and it can be noticed thatrtpower exponent increases with

pearlite phase percentage (depending on carboeradnt

3.5x10"

y=2.9E-10*x>">"
R?=0.996

3.0x10° |

2.5x10" |

2.0x10™

1.5x10™ |

d,/f (°Clcycle)

1.0x10™

y=3.1E-12%x°2
R?=0.998

5.0x10°

0.0 T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240

Stress (MPa)
Fig.8 Dissipated energy per cycle versus stresditaish under ultrasonic loading. The solid

points are calculated from equation (2) at 2.5>ch@les.

4. Discussion

The following sections discuss about the mechaniampsed at different ranges of
the stress amplitude, the links between the diisipaersus the stress amplitude, and
the influence of the ferrite/pearlite phase fract{@epending on carbon content) to

dissipation energy fam-iron, C12 and C65 steels.
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4.1. High stress amplitudes

In order to investigate the relevant mechanismsuialtioe sudden temperature
increase in self-heating tests, a new specimem-ibbn was loaded to a stress
amplitude of 106 MPa during<20° cycles while recording the temperature field and
the microstructure evolution as previously desctilvesection 2. The Fig.9 gives the
temperature evolution at the center of the speci(agarage on the rectangular zone
illustrated in Fig.4a) and the corresponding péssisslips bands (PSBs) evolutions.
The first PSBs occur in few grains (image). From the image®), a sudden
temperature rise to hundreds of degrees happerns, the rapid increase of the
surface PSBs density.
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Fig.9 Temperature evolution and corresponding rsicocture evolution showing the PSBs
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multiplication along the test @f-iron at 106 MPa.

At the image®), the whole camera field is full of PSBs. So, nBB®calization
occurs and the specimen still survives at high eratpre. That indicates that the
steep rise in temperature is not related to crawhation. Furthermore, due to
oxidation at high temperature, the specimen cal@abiserved to change.

Marks of the dislocation glide are visible on thee@men surface, but the
irreversible microstructure changes also appeatha bulk. This assertion was
checked by cutting the-iron specimen (whose the loading history is giwefig.5a)
in the center which experiences the sudden temperabcrease at 122 MPa from
2x10" cycles to 2.810’ cycles. Fig.10 displays its cross-section aftetimy. Before
SEM observation, the cross-section is preparedelyig polishing and etching by 4%
Nital solution. There are numerous well-orderedroweoids in some grains, while no
damage appears in some other grains. The damage gue surely well-oriented
grains with high Schmid factor. An attempt to meascrystal orientation by EBSD
failed because of the too much deformed crossesegthich considerably decreases
the signal-to-noise ratio. Furthermore, it can bsevved in each damaged grain, that
the micro-voids are assembled along straight lige#g through all the grain and
preferentially orientated, depending on the grdimese long streaks of micro-voids
can sometimes cross the grain boundaries as olisergelOb. It can be reasonably
assumed that the crossing occurs between two I@errantated adjacent grains. This
deformation mode reminds the classic mechanisnagecklto the primary hardening
stage in polycrystals. The traces of vacancieasvare possible to be caused by the
movement of jogged screw dislocations [31].

i _x.GOG J “.20um { ——u in ‘ 20V WD9mm SB0) szl;ug(:yluum
Fig.10 (a) Cross-section afiron specimen after experiencing the sudden

temperature increase. (b) Magnification of thenmi damage in left picture.

As reported previously by others authors [23-2Bkse BCC steels show an
abnormal increase above a certain stress amplifeateTorabian et al. [25] for dual
phase ferrite-martensitic steels this behaviouis t the change of deformation mode
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from thermally activated deformation mode to theeatal deformation mode. Indeed,
Mughrabiet al.[32] described the temperature-dependent defoomati BCC metals
by a schematic diagram as shown in Fig.11. The rdeftion mechanisms are
classified by the transition temperatuig Below the transition temperatufg, it's
named as “thermally activated regime” or “thernedime”, and abové, it's called
“athermal regime”. Belowl,, at low temperature, the screw dislocations am@&ine
immobile and the dislocation glide occurs mainly the to-and-fro glide of edge
dislocations. AboveT,, the mobilities of edge and screw dislocations obex
comparable and screw dislocations can cross sipiye\Whether materials can carry
out screw dislocations multiplication, the trarmitifrom thermal regime to athermal
regime occurs.

O =05+ 0ET)

o

i-'ll €) T

Fig.11 Schematic diagram of flow stress of BCC rsetarsus temperature, cf. [32].

Flow stresso = o (T, €) is defined as the instantaneous value of thesstezgplired
to continue plastically deforming the material. depends on strain raté, and
temperatureT [33] for any plastic strain and it can be writtas the sum of an
athermal stresg; and a thermal stress’ (T, €):

o(T, &) =a;+7d"(T,é€) 4)

Flow stress increases non-linearly with increastrgin rate [34,35]. Foo-iron
[34,35], below 16s?, flow stress increases with increasing strain, riate decreases
with increasing temperature [36,37]. Generally,Wlstress greatly depends on
temperature. For a given stress rate, flow stresgedses as the temperature rises and
levels off to the athermal stregs,. The critical temperature from thermal stress to
athermal stress is the transition temperaliyrerhe transition temperatuiie would
be affected only by strain rate [38]. Under 20 kifizasonic loading, strain rate lies
around 10~19s?, higher than those (8102 s*) generally encountered in the LCF
and HCF regimes. The high strain rate leads tcsttian temperaturd@, between the
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thermally activated regime and the athermal redioneBCC metals [32] far higher
than room temperature. In the flow behavior diagar.12 wt% carbon steel given
by Campbell and Ferguson [38]s increases from 25 °C to 100 °C with strain rate
from 0.01 & to 1 ' and continue increasing above 200 °C when thenstede
reaches 1005

On the basis of optical observations during theyda tests and on post-mortem
specimen, it is rational to consider that the sadtmperature rise to hundreds of
degrees in Fig.5 is caused by multiplication ofescdislocations, corresponding to
the transition between thermal and athermal regiffiee multiplication leads to the
formation of a lot of PSBs.

Another point, which was not taken into accounthie previous works, is that the
yield stress at hundreds of degrees drops greaihpared to that at room temperature
with the shortening and then the disappearancehef liliders plateau. Screw
dislocations are easier to cross slips above wtekbss. As reported by the Fig.12, for
a carbon manganese steel with 0.2% of carbon, ié gtress decreases from 300
MPa to 150 MPa with the disappearance of the Lipkteau when the temperature
increases from 20 °C to 300 °C.
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Fig.12 (a) 0.2% proof stress (Rp0.2), upper yitless (Rg,) and lower yield stress (Rg of
French standard A42 steel. (b) Uniaxial tensilevewf the same steel at room temperature

and high temperature. [39]

The disappearance of the Luders plateau with thpaeature increase probably
accelerates this phenomenon. Indeed, at a givesssamplitude,, the ratioo, over
yield stressRe,,, Re.) increases with temperature.

In addition, the temperature corresponding to traden increase is around 100 °C
for a-iron and C12. This temperature corresponds td#genning of dynamic strain
aging in quasi-static tensile tests [40], causedthi® increase of the carbon and
nitrogen atoms diffusion rate in the iron solidw@n. At this temperature the solute
atoms are not yet obstacles to the dislocatioringlidnd can follow the dislocation.
More dislocations can glide and the self-heatimggerature increases.

The same test was performed on the C12 steel inéss samplitude of 216 MPa
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until 3x10° cycles. The same result could be found with a endttmperature
increase during which the PSBs density rapidly iplidis.

So, it can be assumed that for ferrite-pearlitelsieas for ferrite—martensitic steels,
the sudden temperature increase in self-heating itedue to:

- the ferrite phase in which the transition frore thermal regime to the athermal
regime occurs. In pure martensitic steels, the sndeémperature increase doesn'’t
occur [41];

- the yield stress which decreases with the tentpera

- and the diffusion rate of carbon and nitrogenmatan solid solution which
increases with temperature above 100 °C.

4.2. Low stress amplitudes

In this part, we discuss about the microstructara@lnges at low stress amplitude
which will not cause the sudden temperature inereéashundreds of degrees. As an
example, a new specimen afiron tested at 105 MPa is presented in Fig.13. The
specimen temperature doesn’t experience the suedgprerature increase even up to
3x10° cycles and only few PSBs appear on the surfacevi$ilsle micro-voids can be
found inside the specimen. Furthermore, at lowessst amplitude (103 MPa, 80
MPa), a-iron specimens show neither the PSBs on the surfamr the visible
micro-voids in the bulk.
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Fig.13 The case af-iron at 105 MPa showing (@) its temperature evoiut
without sudden increase untkB0° cycles and (b) the PSBs configuration on the
surface after 810° cycles.

Therefore, we can suppose that in thermal reginanlgnedge dislocations glide.
The thermal changes (Fig.5d) in thermal regimeaasociated with the activation of
more slip systems and the increase of irrevergldmcation gliding. It's possible to
produce few rare PSBs or completely no PSBs. Rgyifie slope of the stabilized
temperature from 10’ to 2.5¢<10" cycles which is close to zero all along stage II.
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That means the cumulative hardening of edge distotagliding is very low, the heat
sources originate from mainly edge dislocations #relr intensity remains nearly
constant.

According to Eq. (4), the dominant contribution 40 arises from the lattice
friction stress (comparable to the Peierls-Nabatress) experienced by dislocations,
while the athermal component; arises from the elastic interaction of the
dislocations during glide (comparable to the stresgded to drag dislocations
through the forest) and is usually related to tiséodation densityp, as [42]:

oc = aGb,[p (5)

Finally, the Taylor equation described the relaglop between flow stress and
dislocation density:

o=o0,+ aGb\/; (6)

whereoy is the lattice friction stress,a geometrical constant ¢ 0.1-0.4) depending
on the dislocation arrangemer, the shear modulus, ara the modulus of the
Burgers vector. The Eg. (6) manifests that flovessrincreases with the dislocations
density.

So, at low stress amplitude in 20 kHz fatigue tegtheat dissipation mainly comes
from reversible dislocation movements. From a oers&ress amplitude,, the flow
stress is reached in some well-orientated graidsraeversible dislocations can move,
increasingog through the dislocation densipy Thereafter, when the macroscopic
applied stress increases, local stresses readtothetress in more and more grains.
Hence, the material heats up more and more (haasfers with exterior tend to
saturate), causing™ (T, ¢) to decrease. Consequently, the flow stress igaided by
two antagonistic effects: the increasesgfwith the stress amplitude and the decrease
of 6*(T, &) with the rise in temperature. At higher stresd @iill far below the yield
stressRe), the temperature keeps rising, causwi@T, £) to drop faster thawg to
increase. Then, when the temperature readie&oughly 100 °C for the three
materials), screw dislocations can easily glide #Hredplastic deformation becomes
catastrophic, resulting in a very steep and immort@mperature increase. As
mentioned in the previous paragraph, the diffusaie of solute atoms and the yield
stress reduction with the temperature most likelytgbute to the plastic deformation
acceleration.

4.3. Dissipative Mechanisms and estimation

In low frequency fatigue tests, microplastic defation at low stress amplitude is
negligible, since the screw dislocations are neemiyobile. The dislocation gliding
occurs mainly by the quasi-reversible glide of edfiglocations (except on the
specimen surface). Multiplication of dislocatiosdargely suppressed and there is no
or little cyclic hardening. This motion is quasiregsible after unloading and it can be
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labeled as anelasticity from a macroscopic viewpolt higher stress amplitude,
microplastic deformation occurs: the glide of screlglocations increases and
accumulates massively. Dislocations become irréversfter unloading or even a
fully reversed loading. It can be labeled as inatay. [19,25,31]

In previous works about high frequency fatigues¢26], mechanical behavior of
BCC steels in fatigue can also be classified ifte two states: anelasticity and
inelasticity. At stress amplitudes in athermal megji the screw dislocation is fully
activated in most grains. The continuous multigicma of screw dislocation results in
a heat dissipation and temperature elevation. Thacioscopic) behavior of the
athermal regime is clearly inelastic. While, foe thiress amplitude in thermal regime,
screw dislocations gliding is suppressed or largjeiited. The macroscopic behavior
in this regime can be denoted as anelasticity. asethis assumption, a quadratic
formula was used to describe the relationship betwetrinsic dissipation and stress
amplitude.

In Fig.8, the tendency of dissipated energy petecgtways increase with stress
amplitude, consistent with other materials in LGt &/dlCF domains [11,19] and in
VHCF domain [25]. In our work as shown in Fig.8etkvolutions of dissipated
energy per cycle with stress amplitudes are obgesbe power laws.

According to the thermodynamic theory, in particulbhe Clausius-Duhem
inequality, the intrinsic dissipation energly is the product of the total plastic energy
minus the stored energy. As proposed by Chrysocfiit]s d, is expressed as the
following equation:

dy=0:ép—X:a—Rp = Boép (<) (7)
where, K, @) and R, p) are the couples (thermodynamical force, stateéalks)
associated with the kinematical and isotropic hairtg respectively.f is the
Taylor-Quinney coefficient, representing the prdjor of plastic energy to be
dissipated. For steel materials in tensile tebes value off tends to be 0.5~0.8 [43—
45]. Along stage I, can be considered as a constant value per cyrlee s
temperature is stabilized and the thermal and nrechlaboundary conditions don't
vary.

Furthermore, the relation between plastic strabe end the stress amplitude is
assumed to satisfy a Norton flow rule [46]:

n
&= (%) (®)
Therefore, combining the Eq. (7) and (8), the in#i¢ dissipation energy in one cycle
can be expressed as a power function of stresstadgl
dy = C(o)™ )
where, C is related to the parameter K #hdand m = n + 1. The results in Fig.8

show that the power fitting is in good agreemerihiilie above Eq. (9) and the power
exponents of the fitting increase with pearliteqeetage.
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4.4. Effect of ferrite/pearlite fraction

Thea-iron, C12 and C65 steels, differ from each other tb differences in carbon
content, or more precisely by the ferrite/pearli&dio. Pearlite phase percentage
greatly affects the physical properties, such asntlal conductivity, mechanical
properties, such as (Table 2) yield stress, Ultamiansile Stress (UTS), elongation at
break, and the dissipative behaviors. For examytl, carbon content increasing, the
micro-hardness of ferrite grains fariron, C12 and C65 are 179 HV, 197 HV and
243 HV, respectively.

The fatigue limits at 2xT0cycles of these three materiatsifon, C12 and C65)
found in conventional S-N curves are 105 MPa, 2 RaMnd 220 MPa, respectively.

The resistance to plastic flow increases with carbontent and pearlite phase
percentage. The minimum stress amplitude for ezatenmal which causes the sudden
temperature elevation in Fig.5a-c also increaséls paarlite fraction. In Fig.5a-c, the
maximum stabilization temperaturdJ in thermal regime obi-iron, C12 and C65
steel respectively lie around ~90 °C, ~75 °C an@ 26. The temperatur&T may
correspond to the transition temperatlie Consequently, TO is possible to be
remarked to decrease with carbon content.

Dissipative behaviors depend upon the materialgstoucture. As the hardness of
pearlite is much higher than ferrite, dislocatigmeferentially glide in the soft ferrite
phase. Irrespective of the texture and the graie, $errite phase fraction is the main
reason why the dissipated energy of these thresdssg-iron, C12, C65) lowers
respectively.

5. Conclusions

The thermal responses of three steels with diftecarbon contentgy-iron (0.008
wt%), C12 (0.03 wt%) and C65 (0.61 wt%), under Higiguency ultrasonic fatigue
loading, are compared.

More carbon content (or higher pearlite percentagsjeels leads to lower thermal
conductivity and produces higher fatigue strengthself-heating tests, with carbon
content increasing (i.e. ferrite percentage deangasthe temperature elevation and

dissipated energy decline.

For the three steels, it has been found that tesstmplitude at which specimens
undergo a sudden temperature up to hundreds oke®dnAT-N curves mainly
corresponds to the transition from thermally-adgdaregime to the athermal regime
in BCC metals under high frequency fatigue loadifige occurrence of the dynamic
strain ageing above 100 °C and the yield stressedee with temperature also
contribute to the rapid accumulation of PSBs, maéidamage and significant rise in
temperature.

-Below the transition temperatullg between the two regimes, the strain behavior
is mainly caused by edge dislocations, and screlechtions multiplication is largely
suppressed. The increase of stress amplitude lkeadse increase of irreversible
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dislocations gliding, producing a non-linear rige AT-o, curves of these three
materials. The dissipated energy per cycle alsplaits the power evolution with
stress amplitude, where the exponent is observethdoease with the pearlite
percentage.

-Above Ty, the multiplication of screw dislocations takeaga and it is possible to
cause final failure at a certain cycles in the VH{2fnain.

The sudden increase enhanced by the yield strepsgipossible to be related with
the diffusion rate increase of solute atoms (Cadl)he temperature increases.
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