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Abstract An experimental study was carried out to inveségiue cyclic deformation characteristic and
ratchetting behaviour of a hypereutectoid highrgjtie rail steel subjected to uniaxial and non-prtpoally
compression-torsion cyclic loadings. The cyclicatefation characteristic of the material was inged
under uniaxial symmetrical strain cycling. The wigh ratchetting was studied under asymmetricasstr
cycling with different mean stresses and stressliairdps and the multiaxial ratchetting was investagl
under stress cycling with different axial stressgpjivalent stress amplitudes and non-proportitosding
paths. It is shown that the responding stress aimdglidecreases with cyclic number, i.e., the srbibits
cyclic softening under uniaxial symmetrical straycling. The uniaxial ratchetting strain increasath
mean stress and stress amplitude, but behavegediffie under tension and under compression. The
multiaxial ratchetting behaviour strongly depends only on the axial stress and equivalent shaasst
amplitudes but also on the non-proportional loadpagh. Additionally, the material reaches cyclic
stabilization after a certain number of loadinglegcunder both uniaxial and multiaxial stress eygdi
These results can be applied to develop a reliatlkiaxial cyclic plasticity model for investigatinthe
degradation behaviour of the high strength raélsteder cumulative wheel-rail contact.
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1. Introduction

In the wheel/rail rolling contact process, the maisubjected to a cyclic loading and the mechéanica
responses are more complicated than that exhibitdér monotonic loading. The rail degradation
modes, wear and rolling contact fatigue, are tleltef the accumulation of plastic deformation, so
called ratchetting, under severe wheel and raitamircyclic loading. Generally, the response of an
elastic-plastic material subjected to cyclic logdoan be categorized into four different levels [1]
If the external load is high and above the plashtiakedown limit or ratchetting threshold, e.g., the
contact load in a heavy haul line, new plastic defdion will occur and accumulate, i.e.,
ratchetting, under each cycle of loading. When ritehetting strain reaches the ductility of the
material, the material will failure at the localipb[2], which corresponds to the initiation of wea
and rolling contact fatigue, e.g., in the form ofad checks in the rail head. Therefore, an
investigation on plastic ratchetting in the raibdaunder cyclic loading is of paramount importance
in the development of new rail steel and develognwdnrail maintenance strategy in order to
mitigate rail degradation.

To quantify the plastic ratchetting in the rail deaccurately, a combined isotropic-kinematic
hardening model, which reasonably describes thehe#ting behaviour, has to be applied to
simulate the rolling contact between the wheel tlwedrail. Such models included that developed by
Armstrong and Frederick [Zind the one modified by Chaboche [4, 5]. The appba of these
hardening models requires the calibration of sonagéernal properties, including basic mechanical
parameters and nonlinear coefficients for nonlineatropic and kinematic hardening rules, from
monotonic and cyclic tests. Examples of calibasnch parameters for ratchetting studies can be
found in recent studies by Fedele et al. [6] andgBrato et al. [7]. To correlate and calibrate the
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material data for the ratchetting models, both xialeand multiaxial cyclic loading tests should be
carried out. These testing methods have been widpplied to investigate the uniaxial and
multiaxial ratchetting behaviour of materials, sashstainless steels and ordinary carbon steels, se
[8-15]. It was found that different materials exhildifferent ratchetting behaviours. Some
experimental results of ratchetting behaviour dfsteels under uniaxial and multiaxial strain/stre
cycling have also been reported in [16-21]. Foulr steels used in their studies exhibit different
features from each other. Therefore, to accuratebglel the cyclic stress-strain behaviour of a
specific material, it is essential to carry outefally designed uniaxial and multiaxial cyclic loag
tests in order to reveal its cyclic deformationrelcéeristics.

In the case of wheel/rail contact, the cyclic coagsion-torsion test is one of the most appropriate
methods to simulate the loading experienced bystal in the rail head due to rolling contact

between the wheel and the rail. The objective eEent study is to experimentally investigate the
ratchetting behaviour of a high strength rail steddich is currently used in heavy haul railways in

Australia, under uniaxial and biaxial compressiorsibn cyclic loadings at room temperature.

2. Experimental Setup

The material studied herein is a hypereutectoistaiel with carbon content of 0.85%, which is
currently used in heavy haul railways in Australilniaxial cyclic tests were performed on the
round solid specimens with test section diametés wim and length of 30mm, see Fig. 1a. Biaxial
compression-torsion tests were performed on thitedidubular specimens with outside diameter
of 16 mm, inside diameter of 13 mm, and length @& in the test section, see Fig. 1b. All
specimens were machined from the rail head of a ftewbottom rail which has the mass of 68
kilogram per metre. The hole in the tubular speanvas made by deep hole drilling operation.
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Figure 1. Drawing of (a) round solid specimen foraxial cycling tests; (b) thin-walled tubular speen for
biaxial compression-torsion stress cycling tests.

All tests were conducted at room temperature byleyimy a servo-valve controlled elector-
hydraulic testing machine MTS809-250kN, which Hees ¢apacity to control axial force and torque
independently. The testing process was controliedl the data were collected by a Teststar Il
control system. A tension-torsion extensometer @hmm gauge length and limit of axial strain of
+10% and shear angle of *%as employed to measure the axial elongation arsional angle.
Loading rates of strain cycling and stress cyclarav0.2% ¢ and 200MPa’§ respectively. The
total number of loading cycles in each case was 100

The specimen was first tested under monotonicleetest in order to obtain some basic mechanical
parameters, such as, yield strength and ultimaisiléestrength. Following the monotonic tensile
test, the deformation behaviour of the specimeneursymmetrical strain cycling was observed
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from the relationship between the stress ampliartkthe number of loading cycle. The maximum
and minimum of axial stressmax and omin in each cycle was obtained from the collected
experimental data and so the stress amplityd@an be determined as,

Oa =%(O-max _Gmin) (1)

After that, the ratchetting behaviour of the spesmminder uniaxial and biaxial compression-torsion
stress cycling with different mean stresses arssstamplitudes was studied. Under asymmetrical
stress cycling, the maximum and minimum of axiahistemnax and emin and the maximum and
minimum of shear straifimax andymin in each cycle were obtained from the collectedeexpental
data. Due to the unclosed hysteresis loop produreter asymmetric stress cycling, the axial
ratchetting straim, and torsional ratchetting stratnare defined as:

sr :%(smax +€min) (2)
1

== . 3

yr 2( max+ym|n) ( )

Ratchetting strain rates are then defineddg&IN and dy,/dN, i.e., the increment of ratchetting
strainsg; andy; per cycle. The ratchetting behaviour of the speaimnder different loadings can be
illustrated by the curve of ratchetting strain wsreumber of cycles. To investigate the influenice o
multiaxial loading path on the ratchetting behavioluithe material, five loading paths shown in Fig.
2 were adopted, where and V3t represent the axial stress and the equivalerdr ssieess,
respectively. In compression-torsion loading pathe, von Mises equivalent stress and strain can
be determined as,

+3r° (4)
y2

Eoq =1[E° T 5
3 (®)

wheret andy represent the shear stress and shear straia anthe axial strain. Therefore, the
equivalent shear stress and the equivalent shaam sinder pure torsion can be definech@ and
y/3, respectively.
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(a) Linear A (b) Oblique (c) Rectangular

(d) Butterfly (e) Elliptical

Figure 2. Loading paths for compression-torsioasstcycling.
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3. Results
The tensile stress-strain curve for round soliccspen is shown in Fig. 3. The experimental results

of elastic modulug€, nominal yield strengtls, 2, ultimate tensile strengié, and elongatio are
212 GPa, 910 MPa, 1384 MPa and about 12%, resp8ctiv
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Figure 3. Monotonic tensile stress-strain curve of  Figure 4. Comparison of mechanical responses
round solid specimen. from round solid and tabspecimens
under monotonic tensile test.

To understand the effect of the specimen designthen measured mechanical properties, a
monotonic tensile test was also performed on thel&r specimen. The stress-strain curves from
the round solid and the tubular specimens are show#ng. 4. The comparison clearly shows that
the measured curve of the tubular specimen agrekswth that of the solid specimen in the plastic
region and both of them give the same nominal ys&ldngtho > of 910 MPa. The discrepancy in
the elastic region is negligibly small. Based oe thonotonic tensile stress-strain curves of the
material, the peak stress applied in the uniatraks cycling and the multiaxial stress cycling was
selected in the range of 910 MPa to 1100 MPa astifited by the dotted horizontal line in Fig. 4.

3.1 Uniaxial strain cycling

The specimen was tested under symmetrical stragfingyat room temperature with the strain
amplitude of 0.8%. The cyclic hysteresis loop unai@axial symmetrical strain cycling is shown in
Fig. 5. The results clearly show that the sizehef lhysteresis loop decreases with the increase of
number of cycles. To clearly identify the deformatibehaviour of the material under uniaxial
strain cycling, the curve of stress amplitusieversus number of cyclds is shown in Fig. 6. It
clearly illustrates that the material features icysbftening remarkably over the first 10 cyclebeT
decreased rate of stress amplitude in the begirstenge is the largest and reaches a stable value
after a certain number of cycles. Similar deformatbehaviour was also found in ordinary carbon
rail steel and heat-treated rail steel [19]. Howetee cyclic softening of the hypereutectoid rail
steel in current study is more remarkable.
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Figure 5. Cyclic hysteresis loops under uniaxial Figure 6. Diagram of stress amplitusieversus
symmetrical strain cycling with strain numbedadding cycleN under uniaxial
amplitude of 0.8%. symmetrical strain cyclingiwstrain

amplitude of 0.8%.

3.2 Uniaxial stresscycling

To observe the ratchetting behaviour of hypereatdatil steel under uniaxial asymmetrical stress
cycling at room temperature, the material was testéth different mean stresses and stress
amplitudes. Fig. 7a demonstrates the cyclic hysieteops of the specimen under an asymmetrical
stress cycling with load condition of 200 + 800 MHAd#e results clearly show that ratchetting
occurs under the asymmetrical stress cycling. ystehesis loop becomes smaller and smaller at
the beginning of cycling. After certain cyclesalmost keeps unchanged in the remaining cycles.
Similar ratchetting behaviour can be found in tegnametrical stress cycling with load condition of
200 = 900 MPa and 100 = 900 MPa as shown in Figritb7c, respectively.

1200 1200

8001

< 1 <
E 800 %
= = E
S 400 5 400
3 2 o]
= 0 ——1-5 cycles % —1-5cycles
" —
= 10 cycle < -400] 10 cyc:e
X -4004 20 cycle % 20 cycle
< —— 50cycle < —— 50cycle
—— 100 cycle -800 —— 100 cycle
-800 T T T T T T T T T T T
-0.4 0.0 0.4 0.8 12 16 2.0 -04 00 04 08 12 16 20
Axial strain, € (%) Axial strain, (%)
(a) (b)

12004

800+

— 1-5 cycles
—— 10cycle

20 cycle
—— 50 cycle
-800 —— 100 cycle

00 06 1.2 18 24 30 36
Axial strain, & (%)

(©)
Figure 7. Cyclic hysteresis loops under asymmeétsirass cycling with load condition of (a) 200 @08
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To clearly illustrate the influence of stress arygle on the ratchetting behaviour of the material,
the axial ratchetting strain, which is determingdiddlowing Eq. (2), and the ratchetting strainerat
versus number of cycles with different stress atagés are shown in Figs. 8a and 8b, respectively.
The results clearly demonstrate that both ratafgeirain and ratchetting strain rate increase with
stress amplitude. Furthermore, the axial ratchgtsitnain increases but the ratchetting strain rate
decreases continuously with the increasing numbkrading cycles. After about 10 cycles tay=

800 MPa and about 15 cycles tgy= 900 MPa, the ratchetting strain rate becomeyg s®rall and
almost remains constant over the remaining cycles.
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Figure 8. (a) Axial ratchetting straiq (b) Axial ratchetting strain raw,/dN, versus number of cycléé
with different stress amplitudg, while the mean stress, is kept constant in all cases.
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Figure 9. (a) Axial ratchetting straify (b) Axial ratchetting strain rate,/dN, versus number of cycléé
with different mean stress, while the stress amplituds, is kept constant in all cases.

Figs. 9a and 9b show the ratchetting straisnd the ratchetting strain radg/dN versus number of
cyclesN with different mean stresses. The results showhbth ratchetting strain and ratchetting
strain rate increase with the mean stress. Aftetaicecycles, the ratchetting strain ratg/dN
becomes very small and remains constant over timaining cycles. It is also found that the
material requires more cycle to stabilize whenniean stress is higher. Additionally, the results
indicate that negative mean stress does not pravigerfectly symmetrical result as the positive
mean stress does. This means that the materia $laght difference in ratchetting behaviour under
tension and under compression. Furthermore, bagk &b and 9b show that the axial ratchetting
strain rate decreases with increasing number afingacycles and becomes almost constant in the
remaining cycles, which indicates that the ratchgtbf the material is dominated by kinematic
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hardening and so a cyclic stabilization is reachédr certain number of cycles under uniaxial
stress cycling.

3.3 Compression-torsion stress cycling

Under the loading paths shown in Figs 3a to 3epthterial was tested under compressive-torsional
stress cycling with different mean stresses aresstamplitudes. The relation between ratchetting
behaviour and non-proportionally multiaxial loadipgth is also discussed. Experimental results of
two of the loading cases are shown in Fig 10a &gl The case shown in Fig. 11a is under
symmetrical torsional stress cycling and the resalearly show that the axial ratchetting is the
dominant while the torsional ratchetting is relatw small and can be neglected. The same
evolution tendency of ratchetting strain can bentbin the stress cycling under elliptical path as
illustrated in Fig 11b, and the other three pa@smparing Fig. 10a and 10Db, it is found that the
absolute value of ratcheting strain at 100 cyabesefliptical path is smaller than that for lingzath
(1.5% to 3.0%).
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Figure 10. Experimental results of equivalent sisttain y/\@ versus axial strairz, under (a) linear path;
and (b) elliptical path with the same loading céiodi of 6= 1019.8 MPa.

Figs. 11a and 11b demonstrate the influence ofl axiasses on the ratchetting behaviour under

linear path while the equivalent shear stré8s is kept constant as 0 £ 1000 MPa for all cases.
The results show that ratchetting takes place wdranl stresss is high enough. Both axial
ratchetting straim; and axial ratchetting strain rade/dN increases with axial stress Additionally,

the ratchetting behaviour of the material depenmushe equivalent shear stress amplitude under
linear path, as shown in Figs. 12a and 12b. Fothalcases, the axial stressand the mean

equivalent shear stre%@@r)m are kept constant as -200 MPa and 0 MPa, respéctiVhe results
indicate that both axial ratchetting strajrand axial ratchetting strain rade/dN increases with the
equivalent shear stress amplitL(d/ér)a.

The ratchetting behaviour of the specimen is sigaitly influenced not only by the axial stress
and the equivalent shear stress amplitude butbgi$le non-proportional loading path as illustrated
in Figs. 13a and 13b. For all cases, the appliedvatpnt stresseq is kept constant as 1019.8 MPa.
The results show that the non-proportional loadmath influences not only the axial ratchetting
strain ¢, but also the axial ratchetting strain rakg/dN. Among all the five loading paths, the
elliptical path gives the lowest ratchetting straimd rate. WheiN is less than 65, the linear path
gives the highest ratchetting strain. Whidnis larger than 65, the highest ratchetting stiain
contributed by the rectangular path.
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Figure 13. (a) Axial ratchetting stragp (b) Axial ratchetting strain rate,/dN, versus number of cyclés
with different non-proportional loading paths whike applied equivalent stresg, is kept constant.

It is worth noting that Figs 11, 12 and 13 demaatstthat the axial ratchetting strain increases but
its rate decreases continuously with increasingbearmof cycles. After a certain number of cycles,
the axial ratchetting strain rate becomes very karad almost remains constant in the remaining
cycles. Therefore, it can be concluded that thehedting of the material under multiaxial stress
cycling is dominated by kinematic hardening andasoyclic stabilization is reached after certain
number of cycles, i.e. about 45 cycles whes -200 MPa in Fig 12b. It is also found that the
increase of axial stress and equivalent shearssteasl to increase the required cyclic number to
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reach cyclic stabilization of the material. Moregvé is indicated from Fig 13a that the
nonproportional additional hardening will restrdire ratchetting strain even under compression-
torsion loading, which is consistent with [14] undension-torsion loading. The elliptical path is
more relevant to actual wheel/rail contact situai@s the contact patch was often found to be
elliptical in shape which implies that the relatiweeak ratchetting behaviour will occur in real
wheel/rail rolling contact process. These featued their effects on ratchetting should be taken
into account in cyclic constitutive model developrm the future.

4. Conclusion

A hypereutectoid grade high strength rail steelictvhis currently used in heavy haul operation in
Australia, has been tested under uniaxial and cesspyn-torsion cyclic loadings. The elastic
modulus, nominal yield strength and ultimate tenstrength of the material are found as 212 GPa,
910 MPa and 1384 MPa, respectively. Under symnatistrain cycling, the material exhibits
cyclic softening at the start and then stabilizeislkjy. Although this material’s behaviour is sianil

to those found in the literature, the cyclic soibgnof the hypereutectoid rail steel is more
remarkable.

Under uniaxial stress cycling, ratchetting behawisttongly depends on mean stress and stress
amplitude. Both ratchetting strain and ratchettiage increase with mean stress and stress
amplitude. The material stabilizes after certaimbar of loading cycles and the required number of

cycles to reach cyclic stabilization also dependsnean stress and stress amplitude. It is fourtd tha
the ratchetting of the material behaves slightffedent under tension and compression.

Under multiaxial stress cycling, ratchetting isrsigantly influenced by axial stress, equivalent
shear stress amplitude and non-proportional loagaity. Both ratchetting and ratchetting strain
rate increases with axial stress and equivalerarssteess amplitude. It is also found that kinemati
hardening is dominant in the ratchetting of theemat. It reaches cyclic stabilization after cemtai
number of loading cycles and the required cyclimhar is also influenced by the axial stress and
equivalent shear stress amplitude. Among all the §tudied loading paths, the elliptical loading
path is more relevant to actual wheel/rail congdittations and it gives the lowest ratchettingistra
and ratchetting strain rate.
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