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ABSTRACT.The aim of this work is to study damage mechanisrhg)h cycle fatigue
(10° — 1¢ cycles) of C35 steel under complex loading (mxiianon-proportional
loading, blocks loading). Effects of out-of-phasading on crack behaviour (initiation,
propagation planes, bifurcation...) have been ingedéd. Results indicate that there
are two principal damage modes; the diffuse danagee is specific for the torsion
loading whereas the localized damage is commonnfany loading cases. HCF
strength is higher for out-of-phase than in-phaseston-torsion, in terms of applied
stress amplitude. Stage 1 crack propagation ocoarshe maximum shear stress plane
in all loading cases (in-phase and out-of-phasdje Tole of maximum normal stress
(stage 2) is less determined under out-of-phasditga Loading sequence effect is not
remarkable in C35 steel. For lifetime modellingsitould predict correctly the fatigue
limit and model completely both stages of crackppgation in each loading case.

INTRODUCTION

Fatigue crack path study is very important for cinzal safety. Damage mechanisms in
some simple cases of proportional loading (tensiorsion, in-phase) are detailed in
several works [1-4]. Under non proportional loaditigere are only few significant
studies addressing the damage mechanisms [3, #§e¥w, the understanding is not
enough to explain the role of phase shift. The lembis more complicated when we
want to model a non proportional experiment whel&ssical quantities used in
proportional loading are no longer valid. The saguestion arises with the blocks
loading where loading sequence effect is not alwaysarked compared with Miller’s
work [5].

The present study focussing on non proportionalitgaaims to complete the fatigue
mechanisms map for C35 steel. Effects of multigkilof out-of-phase and of blocks
loading were considered carefully. Mechanisms a®sygive some discussions in
relevant mechanical quantities used in modelling.

EXPERIMENTAL RESULTS
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Material and experimental procedure

The material at stake is a carbon steel C35, usedany industrial applications. The
main mechanical characteristics afe= 205 GPaRy0» monotonous= 350 MPaRyo.2
cyclic = 280 MPa anR,, = 580 MPa. This steel shows an alternance oftéeand
pearlite bands, the average grain size igrZor ferrite and 1@um for pearlite.

All cylindrical specimens were machined from a rdumar (diameter 80 mm). In
order to observe the cracks at microscopic scale {® um), all the specimens were
polished with several abrasive papers up to grdd®.4Then, all the samples were
tempered at 500 °C during one hour under vacuurertmve the residual stress due to
preparation stage of the specimens. HCF tests per®rmed on a servo-hydraulic
biaxial axial — torsional machine (Instron type 3Bt room temperature and under
ambient air. The cyclic loading is fully reversd®l£ -1), conducted under load control
at a frequency of 10 Hz. Fatigue life range is frbBnto 10 cycles, i.e. the high cycle
fatigue regime. Therefore, applied normal stresplande o, and shear stress amplitude
1. Wwere calculated following elastic theory of strdng of materials:

o, =4F/md? ,r, =16T/nd® whereF is the force]T is the torque and is the minimum

section diameter of specimen. Loading cases comglde this paper include: tensidh (
= 0), torsion K = «), in-phase ¢ = 0°) and out-of-phase (phase shift angke 45° and
¢ = 90°) tension — torsion at different stress saltigk = t/c,) and blocks loading.

The replica technique applied on the external spewisurface was used to control
crack initiation and propagation. After metallizatj the replicas were observed under
SEM with low acceleration voltage. The procedureob$ervation starts with the last
replica where the principal crack can be easilyidied, and comes back to the early
stage of cracking. The replica is a negative imafyeecal surface. Resolution of this
technique is about 5 — 10n depending on the crack opening [7].

S — N curves

Damage mechanisms for simple loading cases sudknason, torsion and in-phase
tension — torsion in C35 steel have been investdydty some authors [1, 2]. The
present study focussing on non proportional loadangs to complete the damage
mechanisms mapping of this material. The seconggaér is to seek appropriate
mechanical quantities allowing describing the obsémechanisms.

All the out-of-phase fatigue tests carried outsttewn in Table 1. In order to reveal
the role of phase difference, the out-of-phaselteswe interpreted in relation to the in-
phase results taken from a previous work [1]. lg. 2, the applied normal stress
amplitudeo, is plotted as a function of the number of cyclegaiture (\y) . The Fig. 2
shows increasing of fatigue strength under outfage loading with respect to in-phase
loading. For the same lifetime, the specimen carst@ higher applied normal stress in
case of out-of-phase loading. Study of Verreman @ for 1045 steel showed a
similar effect of the phase shift [3]. In C35 steitle difference is approximately 25
MPa for both stress ratids= 0.5 etk = 1. It appears that the difference is quite amil
for a loading at fatigue limit (focycles) and that in the domain of limited endurnc
This is an important feature for lifetime predictiolt should start with correctly
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predicting the fatigue limit of each loading befomeodelling the limited lifetime
domain.

Table 1. Out-of-phase test program

Loading case o0, Ta k 0 Nt
(MPa) (MPa) (taloy) ) (cycles)
90° 240 120 0.5 90 174765
out-of-phase 235 117 0.5 90 191974
235 117 0.5 90 165015
232 116 0.5 90 239053
230 115 0.5 90 427236
175 175 1 90 131874
172 172 1 90 181037
170 170 1 90 161373
165 165 1 90 300419
45° 230 115 0.5 45 404162
out-of-phase 230 115 0.5 45  °®19no failure
232 116 0.5 45 251000
170 170 1 45 306851
232 116 0.5 45 277179
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Figure 2. Multiaxial fatigue results for C35 steel
Damage mechanisms under non proportional loading

Beside the mechanical aspect, an important queatisas: what is the link between the
observed effect of the phase shift and damage mesrha? In order to answer this
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question, crack propagation was observed on margcimgns under different
conditions of non proportional loading (Table 1tcArding to standard observation, the
crack propagation includes stage 1 and stage 2r Affte stage 1 occurring on the
maximum shear planes (mode Il — shear stress doedidhe cracks branch into planes
of maximum normal stress (stage 2 — mode | — nostmass dominated). Orientation of
these critical planes can be calculated by the danscumulation method for each
loading case [6]. The angle between the vector abmm the critical plane and the
specimen axis is noted The values of for some cases of non proportional loading are
shown in Table 2.

Table 2. Calculated critical plane orientation

No. ¢ (°) k A(Tmay) (°) a(gmay (°)
90 0

1 0.5 -

2 90 1 0 and 90 + 35
3 45 0.5 -22.5and 67.5 20
4 45 1 -11.25 and 78.75 32

Crack propagation under proportional loading waslisd by many authors [1-4].
Some common points can be remarked: the crack gatppa agrees with the
theoretical critical planes for both stage 1 arajst2; a longer crack appears when the
stress ratio is higher (more shear loading effith given lifetime; transition of crack
orientation (stage 1 — stage 2) occurs at longaeckclength for higher stress ratio. For
the C35 steel, two different damage modes for gwensed tension and the reversed
torsion loading were analysed in some works [1, Tdnsion is characteristic of a
localized damage mode with a few marks of plasticueulation observed on the
specimen surface. Unlike tension, the specimenestdsj to the torsion loading shows
many activated plastic glide planes indicating aranbomogeneous distribution of
plasticity. Under in-phase loading, the damage medear to the tension mode when
the stress ratio is small and near to the torsiademin the inverse case. Analyse of
damage mechanisms under out-of-phase loading witldmpared with in-phase results
to illustrate the role of the phase shift.

Figure 3 presents the crack propagation followitagys 1 and stage 2 for some non
proportional loading cases. On each SEM imagentaeimum shear planes (mode Il)
are represented by dark dashed lines while the fdirkines illustrate the maximum
normal stress planes (mode I). Specimen axis wsly a white arrow.

90° out-of-phase, k =0.5

In terms of crack propagation, the 90° out-of-phlseling withk = 0.5 is a special
case. There is the same maximum shear stresd fbeallanes designated hyWe can
not determine the maximum shear stress planesefer crack initiation and crack
propagation in both two stages occur on the plamerg/ithe normal stress is the highest
[3]. In the present case on the Fig. 3, we obsatse the initiation and the fluctuant
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propagation of principal crack around plane 0°, i.e. the plane of maximum normal
stress. There is no crack bifurcation of stageafst2 in this case. Damage state is
localized with only three cracks observed on speaisurface.

90° out-of-phase, k =1

In the 90° out-of-phase loading with= 1, difference between stage 1 and stage 2 is
apparent, cracks propagation respects the criptahes of mode Il and mode |I.
However, although torsional component is impor{ant o,), damage mode governing
crack propagation is always the localized mode wtiree significant cracks on
specimen surface. While damage mode of in-phaskng& = 1 is near to the torsion
mode, we find a damage mode near to the tensiore midt the phase shift = 90°.

45° out-of-phase

Two cases of 45° out-of-phase loading on Fig. 3xsskome irregular features of cracks
propagation. After the stage 1 on the maximum sheanes, there are no cracks
respecting the theoretical maximum normal streasgd. It means that normal stress
effect on stage 2 of crack growth is not very daatimg in these loading cases. A
similar observation were remarked by Ohkawa etnah S45C steel for some 90° out-
of-phase loading cases [4]. It is important to niitat the damage state is strongly
localized for both of two loading cases.
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Figure 3. Crack path under out-of-phase loading

The common point of all out-of-phase loadings iattthe damage mode is always
localized with a few of initiated cracks on the @p®en surface (2 — 4 cracks
maximum). It appears that we observe very oftea tlimage mode in many loading
cases (tension, in-phase and out-of-phase). Thesdifdamage mode observed in the
torsion loading is really a specific case.

Surface crack length

Surface crack length is an important quantity t@rabterize damage state at each
moment of specimen lifetime [1, 3, 4]. Measuremehtotal surface crack length is
shown in Fig. 3%a = 2a + 2a, + 2a3 + ...). The results are plotted against the fatigue
life ratio N/N; in Fig. 4 for several loading cases in domain frdrh@ to 1 cycles.
Crack length growth form is quite similar for atircsidered loading cases (Fig. 4). For a
given fatigue life, crack length increases with gkess ratio k (more loading torsional
component). Transitions of crack orientation (sthgestage 2) are shown by arrows on
the Fig. 4. An important remark is that growth kioedoes not vary greatly at the
transition for all loading cases. Some studies mejp@at crack length transition depends
on applied normal stress [3, 4]. Our results folbGBeel confirm that the transition
crack length is inversely proportional to appliemtmal stress under in-phase loading.
However, this relation is not valid under out-ofghk loading.
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Figure 4. Surface crack length as function of iai¢jfe ratio

Blocks loading

We have studied the damage mechanisms of seveadintp modes under constant
amplitude. This paragraph aims to understand nadhteehaviour when the specimen is
subjected to two blocks of different nature (reedrsension and reversed torsion). A
series of experiments were carried out with twaliog sequences: tension followed by
torsion and torsion followed by tension. Appliedess amplitudes are of 250 MPa in
tension and of 185 MPa in torsion. When each mode applied separately at
amplitude levels chosen, they would give the saatigife life of 3,2.10 cycles. The
results of blocks loading are presented in Figadplot of fatigue life fraction spent
during each loading mod&l{y/N; for the tension anto/N; for the torsion).
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Figure 5. Experimental results of blocks loadingi3b steel

It appears that loading sequence effect is not vemnyarkable in C35 steel. It can be
explained that the significant difference betweenston damage mode and torsion
damage mode prevents from a strong interaction dmiwtwo modes. Independent
cracks systems created in each block are oftemadibén this steel.
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Discussion
Both analyses from mechanical and mechanisms view@tlow concluding on the
high cycle fatigue damage mechanisms of the C38 steder constant amplitude. The
stage 1 of crack propagation respects the maximugarsstress plane in all loading
cases (in-phase and out-of-phase loading). The &ag governed by maximum normal
stress under in-phase loading whereas the roléisflater stress is less determining
under out-of-phase loading. We note that underobythase loading, initiation and
stage 1 of propagation represents an importantqdaudtal life (50 — 80 %). Stage 1
under in-phase loading is shorter (30 — 50 %).dans that the role of maximum shear
stress is more important under out-of-phase loadtgonly in the stage 1 but also in
the stage 2. It is the reason why the cracks bramolan irregular plane in the stage 2.
The loading sequence effect has its origin in thieraction between different stages
(stage 1 — stage 2) of each loading block [5]. ddeo to predict correctly the fatigue
lifetime and describe the loading sequence efferd,advised to model completely both
stages of crack propagation.

CONCLUSIONS

Fatigue mechanisms map for C35 steel under compékng (constant amplitude) has
been presented. There are two principal damage snade diffuse damage mode is
specific for the torsion loading whereas the lagadi damage is common for many
loading cases including the tension, the in-phamkthe out-of-phase. Concerning the
role of phase shift, HCF strength is higher for-ofiphase than in-phase tension-
torsion, in terms of the applied stress amplitusiage 1 crack propagation occurs on
the maximum shear stress plane in all loading casgshase and out-of-phase). Effect
of maximum normal stress (stage 2) is less detexthimnder out-of-phase loading.
Loading sequence effect is not remarkable in C&elstFor lifetime modelling, it
should predict correctly the fatigue limit and mbdempletely both stages of crack
propagation in each loading case.
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