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Abstract: Whatever the fatigue domain, the fatigue crack raridm consists of an initiation crack
stage (stage I) and a propagation stage (stag&dt)materials without inclusions with a single
phase, the first damage events in the stage lwdalthe occurrence of Slips Marks (SM) on the
specimen surface.

In this study, the fatigue crack mechanism wasistuth the VHCF domain on a body centered
cubic Armco iron (with 80ppm of carbon content).Tiests were performed on a piezoelectric
fatigue machine on plate specimens. During the tés¢ microstructure evolution was observed by
optical microscope, and the temperature recordimghe specimen surface was achieved by an
infrared camera. After the failure specimen, frgcaphic observations were performed under a
Scanning Electron Microscope;

From the temperature recording on the specimemciriear the section where the fracture occurs,
the spatio temporal localization of the point whtre temperature was the highest was achieved.
The highest temperature corresponds to the crpakitere the plastic zone takes place. This allows
to follow the evolution of the crack tip during thest. The results are compared with the
fractographic examinations on the fracture surface, the number of cycles in each stage can be
calculated.

Keywords: Very High Cycle Fatigue, fatigue crack mechanismngo iron, piezoelectric device,
Slips Marks, infrared thermography

1. Introduction

Whatever the fatigue domain, the fatigue crack raeidm consists of an initiation crack stage
(stage 1) and a propagation stage (stage Il). Fdenals without inclusions with a single phase, th
first damage events in the stage | are due to tearcence of Slips Marks (SM) on the specimen
surface [1,2]. At the beginning of the long crackgagation stage, striations occur (stage Il).
Previously, the temperature recording was perfororedhe surface of cylindrical specimens [4,5]
on materials with inclusions which leads to sulbmtef crack initiations with “fish eyes”
formations .
In this paper, flat specimens were used in ordénfwove the temperature recording on the surface
specimen. The studied material is an Armco irormaut inclusions which leads to a surface crack
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initiation. With a flat surface, the spatiotempdraalization of the point where the temperaturs wa
the highest was possible. The highest temperatrresponds to the crack tip during the test. Then,
the results are compared with the fractographicréxations for identification with each stage.

2. Material

The studied material is a polycrystallinaron whose chemical composition is given in TablEie
carbon content is 80ppm. The microstructure igteewith equiaxe grains. The ferrite grain size is
included in 10 to 4@um. No specifically orientation was observed by EBSi2ld Stress is 240
MPa.

Table 1: Chemical composition of studied material
C P Si Mn S Cr Ni Mo Cu Sn Fe

0.008 0.007 0.005| 0.048| 0.003| 0.015| 0.014| 0.009| 0.001| 0.002| Balance

3. Experimental procedure
3.1. Mechanical and Thermal Procedure

Tests were performed on a piezoelectric fatiguehim@cdesigned by C. Bathias and co-workers
[6].

For the reason of surface observation conditiotRogamera, a new design of 1 mm flat specimen
(Fig. 1) was used to carry out fatigue tests. Speni special attachment and piezoelectric fatigue
machine constituted the resonance system working 2@kHz. The cyclic loading is
tension-compression . The stress ratio is Rer -1. For this test, the applied stress amplitide
was 175 MPa, and the number of cycles to failura35x10 cycles

]

Y

Fig. 1: Design of flat specimen

A CEDIP Orion infrared camera was used to recoedtémperature evolution during the test.The
frequency of the camera was 50Hz and the apeitaeewas 10Qus.

Before testing, both side surface of the flat apeci were electrolytic polished. One side surface of
the flat specimen was etched and another sidequhintblack color to have the surface emissivity
close to 1.
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4. Results
4.1. Thermal results

Figure 2 shows the entire temperature recordingugethe number of cycles on the specimen
surface during the test. As previously publishel] {de temperature has a quick increase at the
beginning of the test and tends progressively tda/an asymptotic until the fatigue crack growth
in mode Il leading to the failure . Higher is theess, higher is the temperature level.
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Figure 2: Temperature evolution versus number ofesy

From these data, the temperature profile (Figural@&)g the specimen width was extracted for the
168 latest pictures captured by the camera, th&b isay from 3.2086.10cycles to 3.2153.170
cycles (number of the cycles at the failure).

Temperature Profiles
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Figure 3 : Temperature profileng the specimen width
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Between each profile, 400 cycles are performed. réddine on the figure 3 is the location where
the temperature is maximum along the profile. Bef8r2086x10 cycles, it was not possible to
determine a location where the temperature wasmaxi along the profile. For this test, the crack
initiation site appeared on the left side of thecmen (on the left side of the figure 3). The
locations of the points 1/2,3,4,5,6 where the maximtemperature rapidly increases were
determined. From the specimen corner, the locatbiise different points are : points 1 et 2 at 267
pm, point 3 at 933um, point 4 at 120Qum, point 5 at 160Qum, point 6 at 200@0m. The
corresponding numbers of cycles are (pbint 1) at 3.2086 xIGycles, N (point 2) at 3.2148x10
cycles, N (point 3) at 3.2149xT0cycles, N (point 4) at 3.2151xT0cycles, N (point 5) at
3.2152x106 cycles, N (point 2) at 3.2153xT0cycles and the number of cycles at fracturetd\
3.2155x10 cycles.

During the end of this test, the maximum tempegatacation moves from the left to the right of
the specimen width in agreement with the incredghefatigue crack length and the increase of
the plastic zone ahead the fatigue crack tip.

4.2. Fractographic results

The fracture surface and the polished specimemsgifiwhere the temperature was recorded) were
observed under Scanning Electron Microscope (Fig@end b). Until the point 5, the fracture
surface is flat and correspond to the plane stiaiigue crack. Between the point 5 and 6, the
fracture surface presents shear lips.

Figure 4a and b: SEM observations of the wholetdiracand polished surface
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The enlargement of the plane strain fatigue cr&egufe 5a) shows two main zones separated by
the line at the point 3. The crack initiation sgdocated in the lower edge. In the stage | (Fedhlr),

the trace of the grains in which Persistant Slipads (PSB) have appeared as previously shown [7]
are visible. After the point 3, the stage Il of dparack propagation begins with striations. At the
beginning of this stage I, the striations are wetl established (Figure 5c¢), whereas after thatpoi

4 (and the corresponding line), the striationsveet defined (Figure 5d).

The lower side of the specimen has been more phatig observed (Figure 6a,b,c). The figure 6¢
is the picture around the point 3 where a chandeaoture surface can be observed. After the point
3, striations are present and correspond to thek ggeopagation as previously reported. Between
the specimen corner and the point 3, another fracurface change appears at the point 1. On the
right side of the photo, the grain traces are tjealnserved, whereas after the point 1 (Figure 6b),
the fracture surface appearance change, changé whattributed to the transition from the crack
initiation stage (stage 1) to the short crack pggien.

From these observations, the locations of the rdiffepoints can be measured. The results are: point

1:0294pum, point 3 :10882um, point 4 :01294um, point 4 :001629um.

T — 20 N" 012 Grand. = 400X EHT=15.00kV  Signal A= SE2 Date :20 Nov 2012
=15/ Signal A = SE2 at ov H Diaphragme: Dimension=30.00pm WD = 17.2 mm Photo N° = 6391 ECP
—hn  WD=17.1mm  Photo N° = 6389 BGP

Hm Grand. = 2.00KX EHT =15.00kV  Signal A=SE2 Date :20 Nov 2012
Diaphragme: Dimension=30.00pm WD =17.1 mm Photo N° = 6407 ECP

Grand.= 5.00 KX EHT=1500KV  SignalA=SE2 Date :15 Mars 2011 2
Diaphragme: Dimension=3000pm WD =11.7 mm Photo N° = 4819 ECP

Figure 5 a)b)c)d) : SEM plane strain fatigue crackace and details of each stage
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Figure 6 a)b)c: SEM observations of the fracturdase lower side (side where the temperature
was achieved)

5. Discussion

The figure 7 a)b show the comparison between theresalts (yellow lines) and fracture surface
observations. The agreement between the two datygyood.

2 Signal A= SE2  Date :20 Now 2012
Dugirign Diniraie s M0 WO E171mm  Photo N' = 6388 ECP

Figure 7a)b) :Comparison between thermal resub#idiy lines) and fracture surface observations
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(blue lines)

- When the number of cycles is below 3.2086xdfkles, the temperature is the same on the overall
width of the specimen. The PSB formation on spenisw@face are scarce and located on both side
of the middle section of the specimen [7,8]. Theimsic dissipation d(specific heat source due to
PSB) measured from the temperature measuremertieospecimen surface is about 5°C/s [8].
There is no crack on the specimen surface.

- At the number of cycles N = 3.2086xX16he temperature profile on the specimen widthasha
point (point 1, figure 3 and 7a) with a higher tergiure. At this number of cycles, there is a rapid
coalescence of PSB on specimen surface. Probalelynicrocrack (due to the PSB) is also opened
on the surface thickness of the specimen (poing, figure 7a), and then, there is a coalescence
between microcracks on the two surfaces (width #rdkness). These points (1 and 1bis)
correspond to the transition between crack indgrastage and short crack propagation stage (figure
6b).On the figure 7a, according to the all SEM obsgons (not presented here), this transition on
the fracture surface has been reported. From tivd ppthe temperature maximum increases, but
this point does not move on the specimen widths Thie to the formation of the crack initiation
area between point 1 and 1bis When the crack spifeach point 1 to point 1bis, th&K threshold

is reached. The calculation according to the hie s 4.1 MP&m, which correspond to a plastic
zone size of147um. The number of cycles N = 3.2086x1i6 the number of cycles at the crack
initiation N;. This allows to calculate the ratia/N; equal to 0.9978. So, 99.8% of the total life is
devoted to the initiation of the crack. As previguseported for the subsurface crack initiation in
the gigacycle fatigue domain [4-5, 9-11], the magpart of the total life is devoted to the crack
initiation.

- Between point 1 / 1bis and 3, it is the fast slkogick propagation. The length crack on the serfac
goes from 294 to 88Am. At the point 3, thé\K is 10.7 MPam, which correspond to a plastic
zone size of B17um, and the dabout 20°C/s [8].

- From the point 3, the long crack propagation bggwith the occurrence of striations. From this
point (figure 8), the crack length and the temperincrease favors related to the high dislocation
density the formation of many PSB in the plastineahead the crack tip (figure 8).

- Then, the fatigue crack propagation goes on ¢opthint 5. At this point, theidreachs around
400°C/s (unpublished results).

100 um Grand. = 70X EHT = 15.00 kV/ Signal A=SE2 Date :20 Nov 2012
3000pm WD = 9.7 mm Photo N° = 6410 ECP

Figure 9: SEM observations of the high density RS®e long crack propagation stage

From each point on the figure 3, the number of @ydan be calculated and reported on the curve
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temperature versus number of cycles. Figure 9 sndéergement of the end part of Figure 2, where
the different points are reported. As previoushblmhed [5,9] for subsurface observations, the
number of cycles of crack initiation;Ncorresponds to the weak temperature increasat(ppiThe
number of cycles between point 1 and 2 (Figure @yesponds to the crack initiation stage.
Between point 2 and 3, the fast short crack prop@agadakes place. After the point 3, the plastic
zone ahead the crack tip (figure 9) produces at dpeaf PSB and then a great number of specific
heat sources (PSB formation which are only visibie the specimen surface). The intrinsic
dissipation g and so the temperature grows rapidly until fraetur
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Figure 9: End of the temperature evolution versuslmer of cycles curve in relation with the
number of cycles in each stage

6. Conclusion

In this paper, temperature follow-up on the surfatéat specimen for a ferrite Armco iron in the
gigacycle fatigue domain is compared to the fracgurface observations made by SEM. The good
agreement between thermal and SEM results allowsatweing the conclusions below:

- the crack initiation at the number of cyclesidldue to a rapid coalescence of the PSB on the
specimen surface (point 1 and 1bis). Then, thekcraitiation spreads over the thickness of the
specimen (coalescence of PSB between point 1 arslidlspecimen volume) to achievdK
threshold (point 2) of about 4 MPa. In this test, more than 99% of the total lifele/oted to the
crack initiation.

- when the crack propagation (stage Il) occurs,témeperature at the crack tip rapidly increases,
firstly in short crack propagation regime (point 3), and then in a long crack propagation regime
(point 3- 5). In the long crack propagation regime, the nuntlbéSB is very important, and so the
specific heat sources and the temperature increpssly.
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