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Abstract: The paper presents a comparison of the results of fatigue life experimental results on 2017A-T4 aluminium alloy with 
tests performed under two types of stress, i.e. tensile-compressive (both strain-controlled and energy parameter controlled) 
and oscillatory bending (bending moment controlled). The results are obtained by applying the Basquin’s stress-life equation 
and strain-life equations, including Kandil’s equation, Langer’s equation, and the authors’ own equation. On the basis of own 
experimental studies and the relevant physical relations, the stress and strain amplitudes occurring in bent rods under smooth 
specimens were calculated according to the elastoplastic model. The results were then used to compare both types of loads 
with different types of control.

Charakterystyki zmęczeniowe stopu aluminium 2017A-T4 uzyskane przy różnych sposobach 
obciążenia

Słowa kluczowe: zmęczenie, gięcie płaszczyzny, odkształcenie plastyczne, jednoosiowe obciążenie.

Streszczenie. W pracy przedstawiono porównanie wyników eksperymentalnych badań zmęczeniowych stopu aluminium 
2017A-T4 przeprowadzonych dla dwóch rodzajów obciążeń: rozciągania-ściskania (przy sterowaniu odkształceniem oraz para-
metrem energetycznym) i zginania wahadłowego (przy kontrolowanym momencie zginającym), stosując do tego charakterysty-
ki zmęczeniowe: naprężeniową Basquina, oraz odkształceniowe: Mansona-Coffina-Basquina, Kandila, Langera i własną. Wy-
korzystując własne badania eksperymentalne oraz odpowiednie związki fizyczne, dokonano przeliczenia amplitud naprężenia 
i odkształcenia, występujących w zginanych prętach bez karbu geometrycznego według modelu ciała sprężysto-plastycznego. 
Wyniki posłużyły do porównania obu rodzajów obciążeń przy różnym sposobie sterowania.

NOMENCLATuRE
A,	m	–	constants	in	the	regression	model,
b	–	fatigue	life	exponent,	
c	–	exponent	of	plastic	fatigue	strain,	
E	–	Young’s	modulus,
K’	–	cyclic	strength	coefficient,	
n’	–	cyclic	strengthening	exponent,
Nf	–	fatigue	life	(in	cycles),	
2Nf	–	the	number	of	loading	recurrences	(semi-cycles),	
R	–	maximum	height	(radius	in	case	of	round	component	(rod)),
x	–	the	distance	from	bending	plane,	
εa,t – total strain amplitude expressed as the sum of the amplitudes of elastic strain εa,e and plastic strain εa,p,	
ε'f,	–	coefficient	of	plastic	fatigue	strain,	
s'f,	–	fatigue	life	coefficient,
sa – stress	amplitude.
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Introduction

Fatigue	tests	involving	a	low	number	of	cycles	(i.e.	
under	Low	Cycle	Fatigue	regime)	are	usually	conducted	
in	 strain	 control,	 while	 tests	 with	 a	 high	 number	 of	
cycles	 (i.e.	 under	 High	 Cycle	 Fatigue	 regime)	 are	
usually	 conducted	 in	 strength-controlled	 environment.	
The	 tests	 under	 tensile-compressive	 stress	 and	 torsion	
are	performed	by	employing	thin	specimens.	However,	
in	 the	 case	 of	 bending	 or	 torsion	 of	 thick	 specimens,	
which	are	employed	in	numerous	experimental	studies,	
bending	moment	or	torque	is	 the	controlled	parameter,	
and	 this	kind	of	 tests	 is	mostly	 conducted	under	High	
Cycle	Fatigue	regime	[1].	

In	the	literature,	the	fatigue	phenomenon	is	usually	
described	 by	 using	 fatigue	 models,	 expressed	 both	 in	
terms	 of	 stress	 and	 strain	 for	 tension-compression.	
However,	a	considerable	number	of	fatigue	tests	reported	
in	the	literature	refers	 to	bending	–	usually,	oscillatory	
bending	or,	 less	 frequently,	 rotational	bending.	Due	 to	
the stress (strain) gradient occurring specimen while 
bending,	 not	 all	 models	 commonly	 used	 for	 tension-
compression	can	be	used	for	this	type	of	loadings.	There	
are only a handful of studies in the literature which 
compare	 those	 loadings,	 and	 those	 that	 are	 available	
refer	 to	stress-life	models	 [2–4],	but	 there	are	no	such	
comparisons	 for	 strain-life	 models.	 According	 to	 the	
tests	 reported	 in	 the	 published	 studies,	 at	 the	 level	 of	
fatigue	 limit,	 the	 load	 type	 does	 not	 affect	 the	 fatigue	
life;	whereas,	at	level	of	fatigue	strength	with	bending,	
higher strength is obtained with respect to tension-
compression.	The	study	in	[5]	shows	the	impact	of	the	
change	of	the	bending	plane	on	the	fatigue	strength,	as	
compared	to	fixed	bending	plane	(oscillatory	bending).	

In	 this	 study,	 the	authors	 compared	 the	 strain-life	
calculated for tension-compression under both controlled 
strain	and	energy	parameter,	and	for	oscillatory	bending	
at	controlled	bending	moment	for	samples	of	2017A-T4	
T4	aluminium.

1. Strain-life models

The basic strain-life fatigue model is the Manson-
Coffin-Basquin	(MCB) equation	[6,	7],	which	is	given	
the following form:

(1)

where εa,t	 is	 the	 amplitude	 of	 total	 strain,	 εa,e is the 
amplitude	of	elastic	 strain,	and	εa,p is the amplitude of 
plastic	strain.

Originally,	the	MCB equation was formulated for 
tension-compression on the basis of strain and stress 

amplitudes and the number of cycles required to destroy 
the	specimen.

Eq.	(1)	can	be	used	to	graph	the	MCB	curve	only	
when it is possible to separately determine the amplitude 
of both the elastic component εa,e and plastic component 
εa,p from the total strain εa,t.	

For	cyclical	loads	we	have	the	following:

	 (2)
and

	 (3)

Another	 aspect	 was	 reported	 in	 [8],	 where	 the	
authors	showed	that	the	role	of	plastic	strain	in	Eq.	(1)	
depends	on	the	fatigue	strength,	i.e.	c is not a constant 
value.	

Furthermore,	 several	 authors	 proposed	 different	
empirical models where the total strain amplitude was 
dependent	on	the	number	of	cycles.	Those	proposals	find	
application when it is not possible to separate the elastic 
and	 the	plastic	 components	of	 the	 total	 strain,	 such	as	
by	Langer	 [9],	which	 is	used	 in	numerous	 studies	and	
popularised	by	Manson	[10,	11]	and	Crop	[12]:

  (4)

where	A,	B,	C	are	constant	values	for	the	given	material.

Other	proposals	include	Kandil’s	equation	[13]	and	
Gorasek’s	equation	[14]	in	the	following	form:

  (5)

where	A,	B,	C	are	constant	values	for	the	given	material.

Under	 bending,	 it	 is	 not	 possible	 to	 separate	 the	
elastic	 and	 plastic	 components;	 therefore,	 it	 is	 not	
possible	to	apply	Eq.	(1).	However,	Eqs	(4)	or	(5)	can	be	
applied,	or	another	empirical	form	of	the	strain-life.	The	
proposal	of	the	authors	is	a	combination	of	Eqs.	(4)	and	
(5),	given	by	the	following	form:

	 	 (6)

where	 A,	 B,	 C,	 D	 are	 constant	 values	 for	 the	 given	
material.

The	new	 form	of	 fatigue	equation,	here	proposed	
by	 the	 authors,	 requires	 determining	 the	 four	material	
constants,	 which	 is	 A,	 B,	 C	 and	 D,	 similarly	 to	 the	
widely	applied	MCB	(see	Eq.	(1)).
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where	x	is	the	distance	from	the	plain	of	bending,	and	R	
is	the	radius	of	specimen.

The crucial requirement to be met here is that the 
normal	strain,	which	occurs	both	in	elastic	and	in	plastic-
elastic	model,	must	 balance	 out	 the	 specified	 bending	
moment Mb	,	i.e.:

	 		 (9)

where	y	is	the	distance	across	specimen,	and	S	is	the	area	
of	cross	section	of	the	specimen.

Therefore,	in	a	section	of	a	bent	element,	a	system	
of	 three	 equations	 that	 are	 (7),	 (8),	 and	 (9),	 must	 be	
satisfied	 jointly.	 Figure	 1	 illustrates	 the	 distribution	 of	
stress	and	strain	under	bending.

Figure	2	shows	the	values	in	the	specimen	section,	
which are necessary to calculate the distribution of strain 
and bending moment according to the elastoplastic body 
model.	

2. Strain and stress in element under 
variable loading

The correlation between the amplitudes of stress 
and	strain	is	described	by	the	Ramberg-Osgood	equation	
[15]	in	the	following	form:

(7)

The	literature	has	thus	far	failed	to	provide	a	simple	
method of determining strain and stress according to the 
elastic-plastic	 model	 for	 elements,	 without	 geometric	
notches,	and	subjected	to	bending	moment.	However,	it	
has	been	experimentally	confirmed	that,	in	the	scope	of	
small	strains,	the	distribution	of	normal	strain	in	a	bent	
section is linear and this can be written as follows:

(8)
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Fig. 1. Distribution of strain (a) and stress (b) in a bent element

Fig. 2. Section of bent sample
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3. Experimental campaign

The experimental studies were performed on 
2017A-T4	 aluminium	 alloy	 samples.	 The	 chemical	

composition	of	the	analysed	material	is	listed	in	Table	1,	
while its mechanical and fatigue properties are listed in 
Tables	2	and	3,	respectively.

Table 1.  Chemical composition of analysed material, % (Al – the rest)

Cu Mg Mn Si Fe Zr+Ti Zn Cr
other

total

other

separately

3.5	–4.5 0.4	–1.0 0.4	–1.0 0.2	–	0.8 <0.7 <0.25 <0.25 <0.10 <0.15 <0.05

Table 2.  Mechanical properties of analysed material

E,	GPa Re,	MPa Rm,	MPa A5,	% n

72 395 545 21 0.32

Table 3.  Fatigue properties of analysed material

ε’f c σ’f,	
MPa b K’,	

MPa n’

1.879 -0.988 643 -0.065 617 0.066

Fig. 3. Tension-compression sample geometry

Three	types	of	fatigue	tests	were	performed.	Each	
tensile-compressive	 test	 was	 strain-controlled,	 i.e.	 
εa =	 const	 [16],	 and	 the	 samples	 had	 the	 geometric	
features	illustrated	in	Fig.	3.

The	second	 type	of	 tests	was	oscillatory	bending,	
in which a constant bending moment amplitude was 
achieved	(Mga=	const)	[17,	18,	19,	20],	i.e.	by	assuming	
a	 fixed	 stiffness	 EI,	 a	 constant	 amplitude	 of	 nominal	
stress	was	achieved	(adopting	the	perfectly	elastic	body	
model),	according	to	the	following	formula:

 	 (10)
s

M
wan
ga

x

=

In	 consideration	 of	 the	 above,	 it	 was	 necessary	
to apply the elastoplastic body model in order to 
determine	 the	 stress	 and	 strain	 amplitudes,	 the	 values	
of	 which	 would	 be	 closer	 to	 actual	 values.	 The	 tests	
were performed on diabolo shaped solid samples shown 
in	Fig.	4.	As	a	result,	Basquin’s	equation	was	obtained	
according to the following formula:

 log Nf	=	21.87	–	7.03	log σan 	 (11)

where σan is	nominal	amplitude	of	stress.

Fig. 4. Sample geometry applied for oscillatory bending

s
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The	third	tests	type	[21]	was	tension-compression	
at a constant amplitude of energy parameter (Wa =	const)	
[22],	where

W(t)	=	0.25	{│σ(t)│ε(t)+σ(t)│ε(t)│}						(12)
which	in	load	amplitude-based	form	eventually	gives

 Wa =	0.5σa	εa																													(13)
where Wa	is	the	amplitude	of	the	strain	energy	parameter.

A	 comprehensive	 analysis	 yielded	 of	 the	 energy	
parameter,	 stress	 and	 strain,	 and	 a	 stabilised	 strain	
amplitude on specimens similar to those tested in strain-
controlled	loading	(Fig.	3).	

Tests with controlled moment (nominal stress) 
were	conducted	on	the	station	illustrated	on	Fig.	5.	The	
geometric	form	of	samples	used	in	the	tests	is	provided	
on	Fig.	4.

Fig. 5. Fatigue testing station with controlled bending moment

4. Results and discussion

The	 results	 of	 all	 experiments	 are	 provided	 in	 
Table	 4	 (for	 a	 single-axis	 tension-compression	 under	
strain	 control),	 Table	 5	 (for	 oscillatory	 bending	 with	
controlled	bending	moment),	and	Table	6	(for	single-axis	
tension-compression,	 with	 the	 stress-strain	 parameter	
control).

Table 4. Results of fatigue tests for tension-compression 
under strain control

No. ea,t,	‰ Nexp,	cycles
1 5 4720
2 5 3600
3 6 2100
4 6 1550
5 7 700
6 7 550
7 8 5360
8 8 370
9 10 240
10 10 150

Table 5. Results of fatigue tests for oscillatory bending 
under controlled moment (nominal stress)

No. σan,	MPa Nexp,	cycles
1 154 6	271	200
2 154 >10	000	000
3 154 >10	000	000
4 168 944	800
5 168 1	978	000
6 168 4	986	000
7 178 781	000
8 178 680	000
9 178 447	500
10 192 467	000
11 192 1	502	000
12 192 334	000
13 204 254	000
14 204 531	000
15 204 443	000
16 227 159	000
17 227 223	000
18 227 98	000
19 243 203	000
20 243 64	000
21 243 165	000
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Table 6.  Results of fatigue tests for tension-compression 
under energy parameter control

No. Wa,	MJ/m3 Nexp,	cycles
1 0.30 173650
2 0.30 242850
3 0.40 64120
4 0.40 78440
5 0.55 19450
6 0.55 26530
7 0.70 13050
8 0.70 8120
9 0.85 4580
10 0.85 2900
11 1.00 1490
12 1.00 790
13 1.00 2700
14 1.15 820
15 1.15 830
16 1.30 585
17 1.30 485
18 1.45 380
19 1.45 420

The	value	of	the	constants	found	and	the	correlation	
coefficients	 are	 listed	 for	 models	 by	 Kandil’s	 (see	 
Eq.	(4)),	by	Langer’s	(see	Eq.	(5)),	and	by	the	authors	
(see	Eq.(6))	are	listed	in	Tables	7,	8	and	9,	respectively,	
while	the	corresponding	fatigue	life	curves	are	shown	in	
Figs.	6,	7,	and	8,	respectively.	

As	 evident	 from	 the	 calculation	 analysis,	 the	
lowest scatter of experimental data was obtained for 
tension-compression	with	energy	parameter	control,	and	
the largest one was for bending at controlled bending 
moment.	 By	 analysing	 the	 results	 of	 specific	 tests,	 it	
becomes clear that fatigue life is nearly identical across 
all	 tests;	 therefore,	 a	 combined	 fatigue	 life	 can	 be	
determined	for	each	of	the	analysed	models.	The	worst	
outcomes	 were	 obtained	 applying	 Langer’s	 model.	
For	 that	 case,	 the	 combined	 fatigue	 strain-life	 curve	
cannot	be	applied.	 In	 the	cases	of	Kandil’s	model	and	
the	authors’	model,	the	scatter	is	very	similar	and	those	
fatigue	curves	can	be	used	in	practice.

Fig. 6. Comparison of strain fatigue life according to Kandil’s model – see Eq. (4)
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Table 7. Summary of the parameters of analysed fatigue life curves according to Kandil’s model – see Eq. (4)
Kandil

 A B C R2

Tension-compression (εa=const) -1.139 0.4945 0.04851 0.9554
Tension-compression (Wa=const) -1.1611 0.2636 0.01642 0.9588
Bending (Mga=const) -1.283 0.3432 0.02059 0.7937
All (combined) -1.305 0.3944 0.03007 0.9435

Table 8. Summary of the parameters of analysed fatigue life values according to Langer’s model – see Eq. (5)
Langer

 A B C R2

Tension-compression (εa=const) -1.523 0.218 1.247 0.947
Tension-compression (Wa=const -1.829 0.1407 0 0.9531
Bending (Mga=const) -1.949 0.1079 0 0.7823
All (combined) -1.746 0.1516 0.001643 0.9082

Table 9. Summary of the parameters of analysed fatigue life values according to the authors’ own model – see Eq. (6)
Authors

 A B C D R2

Tension-compression (εa=const) -1.148 0.4847 0.04778 -0.00022 0.9554
Tension-compression (Wa=const) -1.619 0.2675 0.01553 0.0003642 0.9585
Bending (Mga=const) -1.282 0.3432 0.02059 -0.0001049 0.7937
All (combined) -1.29 0.4252 0.03083 0.0008263 0.9434

Fig. 7. Comparison of strain fatigue life according to Langer’s model – see Eq. (5)
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Fig. 8. Comparison of strain fatigue life according to the authors’ own model – see Eq. (6)

Conclusions

As	evident	from	the	calculation	analysis,	the	lowest	
scatter of experimental data was obtained for tension-
compression	 with	 energy	 parameter	 control,	 and	 the	
largest scatter was for bending at controlled bending 
moment.	

Analysing	 the	 results	of	 specific	 tests,	 it	becomes	
clear	that	fatigue	life	is	almost	identical	across	all	tests;	
therefore,	a	common	fatigue	life	can	be	determined	for	
each	of	the	analysed	models.	

The	 most	 unfavourable	 results	 were	 obtained	
applying	Langer’s	model,	while	for	Kandil’s	model	and	
the	authors’	model,	the	scatter	scale	is	similar.
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