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Cuvinte cheie

Masuratori ale histerezei tensiune-deformatie mecanica,
masuratori ale temperaturii si rezistentei electrice,
comportamentul la oboseald, calculul duratei la oboseala,
Incarcarea in serviciu, metale, microstructura.

1. Introducere

Calculele credibile ale duratei la oboseala necesita cunoasterea
aprofundata a comportarii la oboseala gi a mecanismelor
fundamentale de oboseala. In aceasti cercetare, pentru o evaluare
detaliata a raspunsului materialului la incarcarea ciclica, au fost
luate in considerare amplitudinea deformarii plastice [1]
determinate in masuratorile de histereza tensiune-deformatie, cat
si schimbarile induse de deformatie in temperatura, datorita
energiei disipate [2-4] si in rezistenta electrica [5-7]. Procesele
ciclice de inmuiere i calire influenteaza densitatea de defecte si
ulterior rezistenta electrica specifica intr-o maniera caracteristica.
Toate valorile masurate depind de modificarile la nivel de
microstructura cauzate de deformarea plastica ciclica si reprezinta
in egala masura starea de oboseala reald. In particular, pentru
conditiile care conduc la deformari plastice usoare sub incarcare
ciclica, realizarea masurétorilor de Tnalta precizie ale temperaturii
si ale rezistentei electrice aduce informatii aditionale utile despre
comportarea efectivi la oboseala. In plus, datele despre oboseala
mecanica, termica si electricd mentionate anterior pot fi utilizate
ca parametri de intrare pentru metoda “PHYBAL” de calcul a
duratei de oboseala, bazata pe ecuatiile generalizate ale lui Morrow
[8] si Basquin [9].

2. Material

Tratamentul de incélzire al otelului SAE 4140 (42CrMo4)
consta in austenitizarea la 840°C si célirea 1n ulei, urmata de
durificarea la 550°C pentru 120 min. Compozitia chimica
corespunde la DIN-EN 10083-1 [10]. Tabelul 1 rezuma
proprietdtile monotone selectate ale starii materialului studiat.

In imaginile microstructurilor obtinute de la microscoape
electronice cu scanare (SEM) si cu transmisie (TEM) carburile
fin dispersate de Fe;C sunt localizate la limitele de graunti i in
interiorul feritei din graunti (figura 1).

3. Montaj experimental

Pentru mésurarea amplitudinii deformatiei plastice €, , deter-
minate 1n ciclurile de histereza tensiune-deformatie mecanica a
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1. Introduction

Reliable fatigue life calculations require the comprehensive
knowledge of the fatigue behaviour and the underlying fatigue
mechanisms. In this investigation, for the detailed evaluation
of the material response to cyclic loading the plastic strain
amplitude [1] determined in stress-strain hysteresis
measurements as well as the deformation-induced changes in
temperature due to dissipated energy [2-4] and in electrical
resistance [5-7] were considered. Cyclic softening and hardening
processes influence the defect density and subsequently the
specific electrical resistance in a characteristic manner. All
measured values depend on microstructural changes caused
by cyclic plastic deformation and represent the actual fatigue
state in equal manner. In particular for loading and material
conditions leading to slight plastic deformation under cyclic
loading, the application of high-precision temperature and
electrical resistance measurements yield additional helpful
information about the effective fatigue behaviour. Furthermore,
the above mentioned mechanical, thermal and electrical fatigue
data can be used as input parameters for the physically based
fatigue life calculation method “PHYBAL” on the basis of
generalised Morrow [8] and Basquin [9] equations.

2. Material

The heat treatment of the SAE 4140 (42CrMo4) steel consists
of austenising at 840°C and quenching in oil, followed by
tempering at 550°C for 120 min. The chemical composition
corresponds to DIN-EN 10083-1 [10]. Table 1 summarises
selected monotonic properties of the investigated material
condition.

In scanning (SEM) and transmission electron (TEM)
micrographs fine dispersed Fe;C carbides are located at the
boundaries and inside the ferrite of the grains (Figure 1).

3. Experimental Setup

For the measurement of the plastic strain amplitude ¢, ,
determined in mechanical stress-strain hysteresis loops, an
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fost utilizat un extensometru. Variatia temperaturii AT a fost
masurata cu un termocuplu la mijlocul lungimii de méasurat (T)
si doua termocupluri (T, si Ts) la axele montate pe suportul
elastic.

Tabel 1: Proprietati monotone

extensometer was used. The change in temperature AT was
measured with one thermocouple in the middle of the specimen
gauge length (T;) and two thermocouples (T, and Ts) at the
elastically loaded specimen shafts. For electrical resistance
measurements a DC-power supply was fixed at both specimen
shafts and AR was measured with two wires spot welded at the

Figura 1. Microstructuri SEM (a) si TEM (b)/
Figure 1. SEM (a) and TEM (b) micrographs
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Figura 2. Montaj experimental/
Figure 2. Experimental setup

Pentru masurarea rezistentei electrice a fost fixata cate o sursa
de curent continuu la ambele axe iar AR a fost masurata cu
doua fire sudate prin puncte la separarea dintre lungimea de
masurat si axe (figura 2), cf. [10-12].

Valorile masurate €, ,, AT si AR sunt reprezentate in functie de
numarul de cicluri N pe curba deformatiei ciclice, a temperaturii si
arezistentei electrice pentru a caracteriza comportarea la oboseala
datorata incarcarii cu amplitudine constanta.

Testele de oboseald sub tensiune axialad controlatd au fost
efectuate la temperatura ambientala cu o frecventa de f =5 Hz pe
sisteme de testare servohidraulice. In testele cu cresterea incarcaturii
(LIT) si in cele cu amplitudinea constanta (CAT) s-au utilizat un
raport de incércare R = -1 si functii triunghiulare incarcare-timp.

Pentru testele cu incarcare in serviciu (SLT) s-au aplicat
spectrul lateral [13-14] de incarcare Carlos (standardul pentru
incdrcarea vagoanelor) preluat din industria automobilelor, cat
si 0 noua procedura de test [10-11], dezvoltata la Institutul de
Stiinta Materialelor si Inginerie de la Universitatea din
Kaiserslautern (figura 3). In spectrul de incarcare Carlos [13-14]
au fost introduse periodic secvente scurte de masurare cu o
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Limita de curgere Rp0.2 [MPa] [ 960 transition of the gauge length and the shafts (Figure 2),

Rezistenta la tractiune Rm [MPa] | 1051 cf. [10-12].

Raportul limita d.e curgere la Rp0.2/Rm 0.92 Table 1: Monotonic properties

rezistenta la tractiune

Deformatia Ia rupere A5 [%] 16 Yield strength Rp0.2 [MPa] | 960

Gatuirea Z [%%] 55 Tensile strength Rm [MPa] | 1051
Yield to tensile strength ratio [ Rp0.2/Rm 0.92
Ultimate strain A5 [%] 16
Reduction in area 4 [%] 55

The measured values €, ,, AT and AR are plotted versus the
number of cycles N in cyclic deformation, temperature and
electrical resistance curve to characterise the fatigue behaviour
under constant amplitude loading.

Secventa incarcare in serviciu/
Service load sequence

Secventd masurare/
Measuring sequence

oy

Figura 3. Schema pentru testele cu incarcare in serviciu/
Figure 3. Test scheme for service load tests, schematic

Axial stress-controlled fatigue tests were performed at
ambient temperature with a frequency of f=5 Hz on
servohydraulic testing systems. In load increase tests (LITs)
and constant amplitude tests (CATs) a load ratio of R =-1 and
triangular load-time functions were used. For service load tests
(SLTs) the standardised Carlos (Car loading standard) lateral
[13-14] load spectrum from automotive industry and a new test
procedure [10-11], developed at the Institute of Materials
Science and Engineering at the University of Kaiserslautern,
was applied (Figure 3). Short measuring sequences with a stress
amplitude o, of about 80 % of the endurance limit of the material
condition investigated were periodically inserted into the Carlos
[13-14] load spectrum.

The average €,,, AT and AR values of each constant
amplitude (measuring) sequence are plotted as function of the
number of cycles N* in cyclic curves, similarly as commonly
practised for constant amplitude tests. Consequently, the fatigue
behaviour and the proceeding fatigue damage under service
loading can be described and evaluated on the basis of cyclic
deformation (g,,-N*), temperature (AT-N*) and electrical
resistance (AR-N*) curves. The short constant amplitude
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amplitudine a tensiunii 6, de aproximativ 80% din limita de
rezistentd a starii materialului studiat

Valorile mediei €, ,, AT si AR pentru fiecare secventd (de
masurare) de amplitudine constanta sunt reprezentate ca functii
ale numarului de cicluri N* in curbele ciclice, la fel cum se
procedeazi in testele cu amplitudine constant. in consecintd,
comportarea la oboseal si deteriorarile provocate de oboseala
in urma Incércarii cu sarcina pot fi descrise si evaluate pe baza
curbelor deformatiei ciclice (g, ,-N*), ale temperaturii (AT-N*)
si ale rezistentei electrice (AR-N*). Secventele scurte de
amplitudine constanta cu o portiune a spectrului de incércare
de aproximativ 6% sunt incluse in N*. S-a dovedit ca inserarea
secventelor de amplitudine constantd nu cauzeaza deteriorari
de oboseala suplimentare.

4. Rezultate

4.1. Comportarea la oboseald la incdrcarea cu
amplitudine constantd §i la incdrcarea in serviciu

Din testele cu amplitudine constantd, unde tensiunea are
amplitudinea 520 MPa < 5, <660 MPa rezulta un numar de
cicluri pand la cedare N; intre 3,9 « 10% si 1,4 o 10°. O amplitudine
a tensiunii de 5, = 490 MPa duce la 2 o 10° cicluri fira cedare.
Curbele deformarii ciclice (a), ale temperaturii (b) si rezistentei
electrice din figura 4 arata o inmuiere ciclica continud pana la
cedare. Acestea subliniaza faptul ca schimbarile induse de
deformatie in temperatura si in rezistenta electrica pot fi utilizate
in mod echivalent pentru caracterizarea detaliata a oboselii ca
masuratori aplicate conventional ale amplitudinii deformatiei
plastice [10-12]. Cu cresterea amplitudinii tensiunii, cresc si
valorile g, ,, AT $i AR iar durata de functionare Ny scade.

Curbele deformatie ciclica (a), temperaturd (b) si rezistenta
electricd (c) pentru incarcarea in serviciu cu spectrul de incarcare
standardizat Carlos lateral sunt reprezentate in Figura 5. Tensiunea
mMaxima o,,,,, a variat intre 900 si 1050 MPa. In secventele inserate
periodic de amplitudine constantd amplitudinea tensiunii
G, = 400 MPa a fost utilizatd pentru masurarea g, ,, AT si AR.

Prin cresterea tensiunii maxime, amplitudinea deformatiei
plastice, temperatura si rezistenta electrica cresc mai devreme si
ating valori maxime mai mari. In consecint, durata la oboseala
scade. La fel ca la incarcarea cu amplitudine constanta,
comportarea la oboseald la incarcarea in serviciu se
caracterizeaza printr-o inmuiere ciclica consistentd. Testul
incarcarii in serviciu (SLT) cu 6,,, = 900 MPa s-a oprit fara cedare
dupa 2 e 10°cicluri, adica 20 de repetari ale spectrului Carlos.

2.2. Calculul duratei la oboseald la incarcarea cu
amplitudine constantd i la icarcarea cu sarcind

Pentru estimarea rezistentei la oboseala cu un singur speci-
men, s-au realizat teste de crestere a incarcarii (LIT) incepand
de la 0 amplitudine initiala a tensiunii de 6, g,y = 100 MPa, marita
in trepte de Ao, = 20 MPa la fiecare AN = 9 o 10> cicluri.

In LIT panta curbei DR-N variaza de la o crestere liniar la una
exponentiald pand la G, | =480 MPa. Astfel, aceastd amplitudine
atensiunii care duce la o schimbare a pantei valorilor raspunsului
materialului, poate fi folositd ca o prima estimare a limitei de
rezistenta la oboseala [2]. Eroarea apare 1n nivelul de incarcare
G, = 680 MPa. In comparatie cu limita de rezistenta la oboseald
G,, car = 490 MPa determinata in testele cu amplitudine constanta
(CAT) péna la N =2 e 10° cicluri (figura 4), existd un factor
excelent de conformitate G, 1y impértit la 6, cxr cu 98 %. Trebuie
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sequences with a portion of the load spectrum of about 6 % are
included in N*. It was proved that the insertion of the constant
amplitude sequences do not cause any additional fatigue
damage.

4. Results

4.1. Fatigue behaviour under constant amplitude loading
and service loading

Constant amplitude tests with stress amplitudes
520 MPa < o, < 660 MPa result in numbers of cycles to failure
N; between 3.9 @ 10% and 1.4 e 10°. The stress amplitude
0, =490 MPa leads to 2 & 10° cycles without failure. The cyclic
deformation (a), temperature (b) and electrical resistance (c)
curves in Figure 4 show continuous cyclic softening until failure
and underline that deformation-induced changes in temperature
and electrical resistance can be equivalently used for detailed
fatigue characterisation as conventionally applied plastic strain
amplitude measurements, cf. [10-12]. With increasing stress
amplitude the g, ;, AT and AR values increase and the lifetime
Nrdecreases.

Cyclic deformation (a), temperature (b) and electrical
resistance (c) curves for service loading with the standardised
load spectrum Carlos lateral are plotted in Figure 5. The maximum
stress G« was varied between 900 and 1050 MPa. In the
periodically inserted constant amplitude sequences the stress
amplitude o, =400 MPa was used for g,,, AT and AR
measurements.

With increasing maximum stress the plastic strain amplitude,
temperature and electrical resistance values increase earlier and
reach higher maximum values. The fatigue life consequently
decreases. Analogous to constant amplitude loading, the fatigue
behaviour under service loading is characterised by consistent
cyclic softening. The service load test (SLT) with 6,,,,, = 900 MPa
was stopped without failure after 2 o 10° cycles, i.e. 20 repeats
ofthe Carlos spectrum.

2.2. Fatigue life calculation under constant amplitude
loading and service loading

Load increase tests (LITs) starting at a stress amplitude of
Gastart = 100 MPa with a stepwise increase of As, = 20 MPa each
AN=9e 10’ cycles were performed to estimate the endurance
limit with one single specimen. In Figure 6a the stress amplitude
and the change in electrical resistance are plotted versus the
number of cycles.

In the LIT the slope of the AR-N curve changes from linear
to exponential increase at 6, ;v = 480 MPa. Thus, this stress
amplitude leading to a changing slope of the material response
values can be used as a first estimation of the endurance limit,
cf. [2]. Failure occurs in the load level 6, = 680 MPa. In
comparison to the endurance limit 5, cor =490 MPa determined
in constant amplitude tests (CATs) until N =2 e 10° cycles
(Figure 4), there is an excellent accordance factor 6, 11 divided
by &, car of about 98 %. It has to be pointed out that for new
materials or material conditions only one LIT is sufficient for a
first estimation of the endurance limit and for the selection of
appropriate stress amplitudes for CATs.

According to the physically based fatigue life calculation
method “PHYBAL”, developed at the Institute of Materials
Science and Engineering at the University of Kaiserslautern,
besides one load increase test two constant amplitude tests
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evidentiat faptul ca pentru materialele noi sau pentru starile noi
ale materialelor este suficient un singur LIT pentru o prima
estimare a limitei de rezistenta la oboseala si pentru selectarea
celor mai potrivite amplitudini ale tensiunii pentru CAT.

were performed with stress amplitudes slightly above 6, | ;rand
slightly below the stress amplitude, which leads to failure in the
LIT. In Figure 6b the electrical resistance curves of both CATs,
characterised by continuous cyclic softening, are given until
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Figura 4. Curbele deformatie ciclica (a), temperatura (b) si rezistenta electrica (c) pentru incarcarea cu amplitudine constanta/
Figure 4. Cyclic deformation (a), temperature (b) and electrical resistance (c) curves for constant amplitude loading
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Figura 5. Curbele deformatie ciclica (a), temperatura (b) si rezistenta electrica (c) pentru incarcarea in serviciu
/Figure 5. Cyclic deformation (a), temperature (b) and electrical resistance (c) curves for service loading
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Figura 6. Schimbarea rezistentei electrice intr-un test cu cresterea incarcarii (a) i in teste cu amplitudine constanta (b) /
Figure 6. Change in electrical resistance in a load increase test (a) and in constant amplitude tests (b)
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Conform metodei “PHYBAL” de calcul a duratei la oboseala
pe baza fizice, dezvoltate la Institutul de Stiinta Materialelor si
Inginerie de la Universitatea Kaiserslautern, au fost realizate,
pe langd un test cu cresterea incarcaturii, si doud teste cu
amplitudine constanta. Acestea au avut amplitudinea tensiunii
putin sub si putin peste G, 11 ,ceea ce duce la eroare in LIT. in
figura 6b sunt prezentate pand la eroare curbele rezistentei
electrice pentru ambele CAT, caracterizate printr-o inmuiere
ciclica continua. Valorile AR la jumatatea duratei de viata (N¢/2)
sunt marcate cu simboluri pline (Q).

in continuare, este explicata in detaliu metoda “PHYBAL”,
care duce la o scadere substantiald a timpului si a costurilor in
comparatie cu calculul experimental conventional al lui Woehler
si al curbelor duratei la oboseala. Conform metodei “PHYBAL”
sunt necesare doar datele g, ,, AT sau AR de la un LIT si de la
doua CAT pentru calculul duratei de viata.

Ecuatia Morrow 1n forma generalizata (Ec. 1) permite descrierea
relatiei dintre amplitudinea tensiunii G, si valorile masurate
M =g, ,, AT sau AR pentru diferite nivele de incarcaturd ale
unui LIT sau a diferitelor CAT la un numar definit de cicluri (ex.
jumatatea duratei de viata N¢/2). Coeficientul de durificare ciclica
K’ si exponentul de durificare ciclicin’, cunoscuti de la descrierea
relatiei 6,-€, ,, sunt inlocuiti in formularea generalizata prin K’y
respectiv n’y; . Indicele M indica faptul ca aceasta ecuatie poate
fi aplicata pentru toate valorile masurate M:

c,=K' (eu‘p)“' - o,=K\ -(M)"™ (1)

Ecuatia Basquin poate fi exprimata la fel ca Ec. 1, utilizand
coeficientul de rezistentd la oboseald ¢\ in loc de ¢’ si
exponentul de rezistenta la oboseala by in loc de b (Ec. 2).

c,=0d;- (2N;)" = o,=0,, CN,)™©®

Conform lui Morrow, exponentul de rezistenta la oboseala
by poate fi calculat utilizandu-se exponentul de durificare ciclica
n’y (Ec. 3):

’ ’

-n -n

— bM M

S5n'+l S5n'y,+1
Cu exponentul de durificare ciclicad n’y; (Ec. 1) si cu
exponentul de rezistenta la oboseala by (Ec. 3) si cu relatia 6,-N¢

aunui CAT, se determina coeficientul de rezistenta la oboseala
6’ M (Ec. 2) iar curba S-N poate fi calculata. (Ec. 4):

3

N=05 | —=|™ @
Sy

S-a demonstrat ca datele despre oboseala rezultate de la un
test cu marirea incarcaturii si de la doua teste cu amplitudine
constantd permit calcularea corecta a duratei la oboseala a
materialelor metalice [10-11]. Mai jos este ilustrat calculul curbei
Woehler utilizdnd modificarea indusa de deformatie rezistentei
electrice. Calculul se poate face in exact acelasi mod utilizandu-
se amplitudinea deformatiei plastice sau modificarea temperaturii.

Ca exemplu, in figura 7a curba ciclica tensiune-rezistenta
masuratd in testul cu marirea Incarcarii (figura 6a) este
reprezentatd ca valorile medii DR (O LIT,,,) pentru
500 MPa < G, < 640 MPa. Suplimentar este reprezentata variatia
rezistentei electrice la N2 (Q CAT.,,, ) pentru ambele teste cu
amplitudinea constanta de o, = 500 si 640 MPa (Figura 6b).
Raportul Q(M) dintre valorile masurate ale celor doua CAT si
nivelurile corespunzatoare de incarcatura ale LIT a fost
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failure. The AR values at half lifetime (Ny/2) are marked with
filled symbols (Q).

In the following, the “PHYBAL” method, which leads to a
substantial reduction of time and costs compared to the
conventional experimental determination of Woehler and fatigue
life curves, is explained in detail. For fatigue life calculation
according to “PHYBAL” only g, ,, AT or AR data of one LIT
and two CATs are necessary.

The Morrow equation in generalised formulation (Eq. 1)
allows to describe the relation between the stress amplitude s,
and the measured values M = g, ,, AT or AR for different load
levels of a LIT or different CATs at a defined number of cycles,
e.g. half lifetime N¢/2. The cyclic hardening coefficient K’ and
the cyclic hardening exponent n’, well known from the
description of the 6,-¢, , relation, are substituted in generalised
formulation by K’y and n’y,, respectively. The subscript M
indicates that this equation is applicable for all measured
values M:

c,=K' (eu‘p)“' - o,=K\ -(M)"™ (1)

The Basquin equation can be expressed in a similar way to
Eq. 1 with the fatigue strength coefficient ¢’ s instead of 6°¢
and the fatigue strength exponent by, instead of b (Eq. 2):

0'alztjﬂl" (zN[)h = G;LZOJF.M '(2Nr)h“(2)

According to Morrow the fatigue strength exponent by, can
be calculated with the cyclic hardening exponent n’y; (Eq. 3):

a,p>

_ T _ Ty

b= — by =
5n+1 Moosn, 3)
With the cyclic hardening exponent n’y; (Eq. 1) and the
fatigue strength exponent by; (Eq. 3) and with the c,-N,relation
of one CAT, the fatigue strength coefficient 6’¢ s (Eq. 2) is
determined and the S-N curve can be calculated (Eq. 4):

N& 05 - : b (4)

\J
Oim

It was proved that already fatigue data of one load increase
test and two constant amplitude tests enable a reliable fatigue
life calculation of metallic materials [10-11]. Below, the
calculation of the Woehler curve is illustrated by using the
deformation-induced change in electrical resistance, but can
be done in exactly the same manner by using the plastic strain
amplitude or the change in temperature. Exemplarily, in
Figure 7athe cyclic stress-resistance (c,-AR) curve measured
in the load increase test (Figure 6a) is plotted as average AR
values (O LIT,,, ) for 500 MPa < o, < 640 MPa. Additionally,
for both constant amplitude tests at 6, = 500 and 640 MPa
(Figure 6b) the change in electrical resistance at N2
(O CAT,y,) is plotted. The ratio Q(M) between the measured
values of the two CATs and the appropriate load levels of the
LIT was determined by M r divided by M ;1. Q(AR) is 0.11
(0.65) for 5, = 500 (640) MPa and for the stress amplitudes in-
between linearly interpolated. Then the Morrow curve for
constant amplitude loading (O CAT,.) was calculated by
multiplying all DR values of the LIT with the corresponding
ratio Q(AR). The calculated Morrow curve can be described
according to Eq. 1 with the cyclic hardening coefficient
K’ sr = 650 and the cyclic hardening exponent n’ g = 0.09. With
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determinat ca Mcar/ My i1 Q(AR) este 0,11 (0,65) pentru 6, = 500
(640) MPa si pentru amplitudinile tensiunii interpolate liniar.
Apoi a fost calculatd curba Morrow pentru amplitudine
constanta (O CAT . ), Inmultind toate valorile DR din LIT cu
raportul corespunzitor Q(AR). Curba Morrow calculata poate
fi descrisa conform Ec. 1 cu ajutorul coeficientului de durificare
ciclicd K’,gr = 650 si al exponentului de durificare ciclica
n’zr = 0,09. Coeficientul de ductilitate la oboseald 6°¢ g = 1355
s-a calculat conform Ec. 2 pornind de la exponentul de ductilitate
la oboseald bg = -0,07 determinat din Ec. 3 si de la numarul de
cicluri pana la eroare de Ny= 6,24 o 10* pentru CAT la

700
|our,,
650 © CAT,,,
9 D CATC&IC.
< 600-
o
2 o] o.=650aR
g i
500 @)
. o, =631-aR"*
450 S o S——
10% 10" 10°
AR [uQ]

the fatigue ductility exponent by = -0.07 determined according
to Eq. 3 and with the number of cycles to failure Ny = 6.24 o 10*
for the CAT at 6, = 640 MPa, the fatigue ductility coefficient
G’ ar = 1355 was calculated according to Eq. 2. Hence all
parameters of the S-N curve are calculated, in this case for electrical
resistance measurements. In [10] the fatigue life calculation
method “PHYBAL” was also successfully applied for the
quenched and tempered steel SAE 4140 on the basis of the plastic
strain amplitude and the change in temperature.

As can be seen in Figure 7b, the experimentally determined
lifetimes Ny ., of 23 constant amplitude tests (Q) and the S-N

700

10°
N

f

10°

Figure 7. Curbele ciclice tensiune-rezistenta (c,-AR) pentruun test cu cresterea incdrcaturii (LIT,y,, ), valorile AR laN = Ny/2 pentru doud
teste cu amplitudine constantd (CAT,,, ) si curba 6,-<R calculatd pentru incarcarea cu amplitudine constantd (CAT, ) (a)
precum si compararea experimentala a duratelor de viatd (N¢ oy, ) i a curbeleor S-N calculate pe baza g, ,, AT si AR pentru incarcarea
cu amplitudine constanta (b) /
Figure 7. Cyclic stress-resistance (G,-AR) curves for a load increase test (LIT,, ), DR values at N = N2 for two constant amplitude tests
(CAT,,,) and c,-AR curve calculated for constant amplitude loading (CAT ) (a) as well as comparison of experimental lifetimes (N .,)
and S-N curves calculated on the basis of g, ,, AT and AR for constant amplitude loading (b)

G, = 640 MPa. Prin urmare, in cazul masurarii rezistentei electrice,
toti parametri curbei S-N sunt calculati. in [10] metoda
“PHYBAL” de calcul a duratei la oboseala a fost aplicata cu
succes pentru otelul calit si revenit SAE 4140 pe baza
amplitudinii tensiunii plastice si a variatiei temperaturii.

Dupa cum se observa in figura 7b, duratele de viata Ng oy,
determinate experimental din 23 de teste cu amplitudinea
constanta (Q) si curbele S-N calculate pe baza amplitudinii
tensiunii plastice (<), variatia temperaturii (A) si variatia
rezistentei electrice (O) se potrivesc foarte bine. Este evident
ca aceasta noud metoda de calcul a duratei de viata necesita un
singur test cu mérirea incarcaturii si doua teste cu amplitudine
constanta pentru calcularea precisa a curbelor Woehler, ducand
la o mare economisire de timp §i costuri comparativ cu
determinarea conventionald a curbelor Woehler.

In plus, abordarea “PHYBAL” a fost aplicati cu succes in
testele de oboseala cu spectru de incarcare in serviciu. Prin
urmare, in ecuatiile 1, 2 si 4 amplitudinea tensiunii , trebuie
substituita cu tensiunea maxima c,,,, iar numarul de cicluri pana
la cedare Nycu Ng*.

Analog figurii 7b, determinarea curbelor duratei de viata la
oboseala calculate utilizand dalele referitoare la amplitudinea
tensiunii plastice (<), schimbarea temperaturii () si schimbarea
rezistentei electrice (O) se potrivesc excelent cu curbele duratei
de viata la oboseala determinate experimental (Q) (figura 8).
Exista o singura diferenta neglijabila intre duratele la oboseala
calculate si cele experimentale pentru incarcarea Carlos.

curves calculated on the basis of the plastic strain amplitude
(<), the change in temperature (/) and the change in electrical
resistance (O) agree excellently. It is evident that this new lifetime
calculation method requires only one load increase test and two
constant amplitude tests for the precise calculation of Woehler
curves and leads to an enormous saving of time and costs
compared to the conventional determination of Woehler curves.

Furthermore, the “PHYBAL” approach was successfully
applied on fatigue tests with service load spectra. Therefore in
Egs. 1, 2 and 4 the stress amplitude o, has to be substituted for
the maximum stress ¢,,,, and the number of cycles to failure N¢
for N#*, respectively.

Analogous to Figure 7b, the calculation of fatigue life curves
with plastic strain amplitude (<), change in temperature (A)
and change in electrical resistance (O) data matches excellently
with the experimentally determined fatigue life curves (Q)
(Figure 8). There is only a negligible scatter between calculated
and experimental fatigue lives for Carlos loading.

Besides, excellent agreements between calculated and
experimental Woehler curves and fatigue life curves were
obtained for several aluminium and magnesium lightweight
materials [15] as well as for railway wheel steels [11-12].

5. Conclusions

Plastic strain amplitude, change in temperature and change
in electrical resistance measurements are equivalently suitable

bid



De altfel, s-au obtinut coreldri foarte bune intre curbele
Woehler calculate si cele experimentale si curbele pentru durata
de viata la oboseala, pentru mai multe materiale usoare pe baza
de aluminiu si magneziu [15], precum si pentru rotile de cale
ferata, din otel [11-12].

5. Concluzii

Masurdrile amplitudinii deformatiei plastice, ale modificarii
temperaturii si ale schimbarii rezistentei electrice sunt la fel de
potrivite pentru caracterizarea comportarii la oboseala cu Incarcare
de amplitudine constant si cu Incércare in serviciu. Testele privind
cresterea incarcarii permit estimarea rezistentei la oboseala cu o
singura proba. Cu ajutorul unei noi metode de testare, comportarea
la oboseala si pierderile datorate oboselii datoritd Incarcarii in
serviciu pot fi descrise si evaluate pe baza curbelor de deformatie
ciclica, de temperatura si rezistenta electrica.

Conform metodei “PHYBAL?” de calcul a duratei la oboseala,
sunt suficiente un test cu marirea incarcaturii si doua teste cu
amplitudine constantd pentru un calcul exact al curbelor Woehler
(S-N). Amplitudinile tensiunilor din cele doua teste cu amplitudine
constantd sunt putin deasupra limitei de rezistenta la oboseala
estimate in testul cu cresterea incarcarii si putin sub amplitudinea
tensiunii, ceea ce duce la erori 1n testul cu cresterea incarcarii.
Curba Morrow pentru incarcarea de amplitudine constanta a fost
calculata cu date mecanice, termice si electrice masurate intr-un
test cu cresterea incarcarii §i in doua teste cu amplitudine constant.
Curba Woehler (S-N) a fost calculata conform ecuatiei Basquin
generalizate pornind de la numarul de cicluri pana la eroare masurat
intr-un test cu amplitudine constanta. Rezultatul a fost in deplina
concordanta cu curba Woehler determinatad in mod conventional.
In acelasi mod, metoda “PHYBAL?” este potrivita pentru calculul
curbelor duratei la oboseala datoritd incércarii in serviciu.

Pe langa toate acestea, s-au obtinut o serie de concordante
excelente intre valorile calculate si cele experimentale ale duratelor
de viata pentru materiale usoare pe baza de aluminiu si magneziu,
cat si pentru otelurile folosite in caile ferate. Pentru o durata de
aproximativ 2 zile pe material, metoda “PHYBAL” ofera o
economie enorma de timp si costuri comparativ cu determinarea
conventionald a curbelor S-N, care necesitd 30 de zile de teste cu
amplitudine constanti la 5Hz i pandla2 e 10° cicluri.
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to characterise the fatigue behaviour under constant amplitude
loading and service loading. Load increase tests allow to estimate
the endurance limit with one single specimen. By means of a
new test procedure the fatigue behaviour and the proceeding
fatigue damage under service loading can be described and
evaluated on the basis of cyclic deformation, temperature and
electrical resistance curves.
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Figure 8. Comparison of experimental lifetimes (Nf* .., )
and S-N curves calculated on the basis of €, ,, AT and
AR for Carlos loading
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According to the fatigue life calculation method
“PHYBAL” one load increase test and two constant
amplitude tests are sufficient for the precise calculation of
Woehler (S-N) curves. The stress amplitudes of the two
constant amplitude tests are slightly above the endurance
limit estimated in the load increase test and slightly below
the stress amplitude, which leads to failure in the load
increase test. With mechanical, thermal and electrical data
measured in one load increase test and in two constant
amplitude tests, the Morrow curve for constant amplitude
loading was calculated. With the number of cycles to failure
of one constant amplitude test, the Woehler (S-N) curve was
calculated according to a generalised Basquin equation in
excellent accordance with the conventionally determined
Woehler curve. In the exact same manner the “PHYBAL”
approach is suited for the calculation of fatigue life curves
under service loading. Besides, excellent agreements between
calculated and experimental lifetimes were obtained for
several aluminium and magnesium lightweight materials as
well as for railway wheel steels. With a total running time of
about two days per material, the “PHYBAL” method yields
an enormous saving of time and costs compared to the
conventional determination of S-N curves, requiring about
30 days for constant amplitude tests at 5 Hz until 2 e 10°
cycles.
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