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INFLUENCE OF LOADING PROGRAM SEQUENCE ON THE COURSE 
OF THE 45 STEEL STABILIZATION PROCESS 

Results and low-cycle fatigue tests analysis of 45 steel in conditions of block 
programmed loading with a different sequence of levels were presented in the paper. 
During tests four types of programs were applied: gradually increasing, gradually 
decreasing, gradually increasing and decreasing, and irregular. The sequence of levels 
in the block loading program was the parameter, which diversified the applied 
programs. The results of tests were analysed in the aspect of influence of loading 
program character on the course of the stabilization process. The analysis of the 
stabilization process was performed by comparing the stress loading amplitude for the 
chosen levels of the program in the following blocks. The hardening index was 
proposed as a description of the stabilization process. The comparative analysis 
showed similarity of the stabilization processes both under the programmed and the 
constant - amplitude loading. 

NOMENCLATURE 

- number of levels in the program, 
k - current number of strain program repetition, 
K' - coeff icient of cyclic strain curve, 
n - current number of cycles, 
ni - number of cycles for the ith strain level, 
n0 - total number of cycles in the strain program (block contents), 
n' - exponent of cyclic strain curve, 
N number of cycles to failure fatigue life under constant amplitude 

loading or programmed loading, 

* ) D4+E' ),+*&". 6' %F4" !" 0& / 43 70)+%1!*1)' +4 G&30" ,H%H- I / %1!*&". < ' %F/ 4+%/! J40+4' K
' )+40- 7!L M)". S. A/ !+,N+' 0" 7, OP$QRS G&30" ,H%H- M" !/ 43T
J$2 / +!U , *2 ( N2 V / *)LW&30" ,H%HL( !



388 ! " # $ %! &# ' ( ) * +%, ! - %

. / 0 1 / 2 3456789 : . 6; 9 6: 6/ 4 <6=/ 5>?
@/ 3 134/ <650 <6=/ 5> / 2 3456789?
A - >72 A9= : . 6; 9 <6=/5> 3=:B=/2 =9396565: >< 6: ./ 547=9?
CTa - <6=9<< / 2 3456789 C( D/ E?
: / < 1<6=9<< / 2 3456789 : . <6/ A545F/ 65: > <6/ 69 : . 2 / 69=5/ 4 C( D/ E?
G 10: 9.. 5059>6 : . <3906=72 89><56HI

1. In troduction 

* >9 : . 6; 9 A/ <50 / <<72 365: >< : . 6; 9 ./ 65B79 45.9 0/ 4074/ 65: > 2 96; : 8 A/ <98
: > 4: 0/ 4 <6=/5> / >8 <6=9<< / >/ 4H<5< 5< <6/ A5456H : . ; H<69=9<5< 4: : 3 3/=/ 2 969=< I
87=5>B0H0450 4: / 85>BI J5=<6K: =L<AH3=:.I - : 0/ M8/ 69/ 2 CNE?COE?CPEA/ <98 : >
./ 65B79 69<6< : . 2 96/ 4 2 / 69=5/ 4<? 3: 5>698 / 6 0; / >B9< : . ; H<69=9<5< 4: : 3
3/=/ 2 969=< 87=5>B 0: ><6/ >61/ 2 3456789 4: / 85>B / >8 0: >>90698 K56; 6; 92 ?
85..5074659< / <<: 05/ 698 K56; 89.5>5>B 6; 9 <6/ A545F/ 65: > 39=5: 8 : . 0H0450
3=:39=659<I

%> 6; 9 K: =L< 0/ ==598 : 76AH 3=:.I ! F/ 4/ / >8 ; 5< 0: 1K: =L9=< CQE?CRE?CSE?
CTTE? CTNE A/ <98 : > PQ <6994 69<6< 5> : U9=4: / 85>B 0: >8565: ><? 6; 9 / 76; : =<
<; : K98 6; / 6/ .69=9U9=H0; / >B9 : . 6; 9 4: / 85>B 49U946; 9=9 K/ < / 3; 9>: 2 9>: >
: . 2 / 69=5/ 4 ; / =89>5>BI " ; 9 0: 2 3/=5<: > : . ; H<69=9<5< 4: : 3 A9.: =9 / >8 / .69=
/ 0; / >B9 : . 6; 9 4: / 85>B 49U94 =9U9/ 498 0; / >B9< : . 0H0450 3=:39=659< : . 6; 9
2 / 69=5/ 4? / >8 2 : <6 : . / 44? 6; 9 4: << : . 6; 9 <6/ A545F/ 65: > <6/ 69 : A6/ 5>98 / 6 6; 9
3=9U5: 7< 49U94 : . 4: / 85>BI " ; 9 0; / >B9< : . 2 / 69=5/ 43=:39=659< K9=9 9U/ 47/ 698
87=5>B / V5/ 4 4: / 85>B / >8 A9>85>BI

W: / 85>B 0: 7=<9< / 334598 5> 6; 9 69<6<?85<07<<98 A9.: =9?0: ><589=98 <52 349
6K: 149U94 4: / 85>B 3=:B=/2 <I %> 6; 9 0/ <9 : . / > : 39=/65>B 4: / 85>B =9/ 45F/ 65: >?
K9 89/ 4 2 : =9 : .69> K56; / =/>8: 2 <9X79>09 : . / 2 3456789 U/ 479< : . 4: / 85>B
0H049<? / U9=/B9 U/ 479< / >8 .=9X79>0HI "; 9 =9<9/=0; K: =L 39=.: =2 98 5>
TYYR1TYYZ AH 3=:.I [ I ! F/ 4/ 69/ 2 CYE?CT\ E?CTOE K/ < 0: >09=>98 K56; 6; 9
3=:09<< : . ./ 65B79 ./ 547=9 / 0072 74/ 65: >I ] 5U9=<5.598 4: / 85>B 3=:B=/ 2 < / >8
2 / 69=5/ 4< K9=9 / 334598 87=5>B6; 9 69<6<I " ; 9 K: =L 3=:U98 4/ 0L : . <6/ A545F/ 65: >
: . 0H0450 3=:39=659< / >8 52 39=.9065: > : . 0/ 4074/ 65: > 2 96; : 8< A/ <98 : > 6; 9
/ <<72 365: > : . 9V5<69>09 : . <6/ A545F/ 65: > 39=5: 8I

%> 6; 9 3/ 39= CSEAH ( =:F5M<L5 ^N\ \ O_?A/ <98 : > 0: ><6/ >61 / 2 3456789 69<6
=9<746< : . / 472 5>572 / 44: H D# S? 6; 9 / 76; : = 39=.: =2 98 / > / >/ 4H<5< : .
<6/ A545F/ 65: > 3=:09<< 5> 9>9=B9650 / <3906I %> 6; 5< 3/ 39=? 6; 9 3: <<5A5456H : .
89<0=5365: > : . <6/ A545F/ 65: > 3=:09<< K56; 6; 9 7<9 : . >` / >8 - ` 3/=/ 2 969=<
89.5>98 5> U/=5: 7< 45.9 39=5: 8< K/ < : A<9=U98I

" ; 9 =9<9/=0; 3=:A492 5< A: 6; / 89<0=5365: > : . 6; 9 0: 7=<9 : . 0H0450
3=:39=659<0; / >B9< 87=5>B 5==9B74/ =4: / 85>B / >8 6; 9 3: <<5A5456H: . / >65053/ 65: >
: . 6; 9 0: 7=<9 5I9I A/ <5>B : > 6; 9 8/ 6/ : A6/ 5>98 87=5>B 0: ><6/ >61/ 2 3456789



INFLUENCE OF LOADING PROGRAM SEQUENCE ON THE CO URSE... 389 

loading. Solving of the problems calls for a comparative analysis of the 
stabilization process course during irregular and constant-amplitude loading. 

The basic aim of the paper is evaluation of the influence of different 
sequence levels of irregular loading on the course of the 45 steel stabilization 
process. The additional aim is the comparative analysis of the stabilization 
process during irregular and constant-amplitude loading. 

2. Descr iption of tests 

Specimens for fatigue tests were made of standard 45 steel in accordance 
with ASTM standard [1]. Block programmed loading with a different 
sequence of levels in a block was applied during tests (Fig. 1): 
Lo-Hi - increasing loading (Low-High), 
Hi-Lo - decreasing loading (High-Low), 
Lo-Hi-Lo - gradually increasing next decreasing (Low-High-Low), 
I - irregular graduation (Irregular). 

a) b) 
Lo-Hi Hi-Lo 

toc 
tac 

% % 

c) 
Lo-Hi-Lo 

tac 

% 

d) 

tac 

% 

I 

Fig. I. Loading programs: a) Lo-Hi, b) Hi-Lo, c) Lo-Hi-Lo, d) I 
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Fatigue tests were performed on the servo hydraulic fatigue machine 
INSTRON 8501. The constant value of total strain increase of the measured 
part, equal to 1 %/s, was taken during the tests. The total strain of 
the specimen gauge part, measured with an extensometer, installed in 
the fatigue machine, was an operating parameter during the tests. The 
complete blocks, chosen for the tests were recorded during loading 
(100 cycles). 

3. Test results 

3.1. Fatigue life 

Numbers of program blocks obtained for individual program types 
are presented in Table 2. The complete number of cycles, applied as 
the fatigue life, was that consisting of the cycles up to the moment 
at which there appeared 5% decrease of loading on the ith level" 
in relation to maximum loading at this level. The table also contains 
calculation results of fatigue life average values obtained for individual 
loading programs. 

Table 2 
Test results 

Specimen number 
Fatigue life 

Lo-Hi Hi-Lo Lo-Hi-Lo I 

A N A N A N A N 

I 17.25 3450 17.84 3568 18.77 3754 14.15 2830 

2 15.75 3150 14.5 2900 17.7 3540 15.I 3020 

3 15.3 3060 15.33 3067 15.5 3100 15.8 3160 

Average value 16.1 3220 15.89 3178 17.32 3465 15.02 3003 

3.2. Cyclic properties in a block 

Basic parameters values of the hysteresis loop, which are stress 
amplitude a a, plastic strain amplitude Eap and plastic strain energy ~ W pl, 
were specifi ed for the foll owing recorded blocks of loading. In this 
work, in order to simplify the analysis, we limited it to stress o a. 
The courses of stress o a changes, in in di vi dual loading blocks, are 
shown as charts in Fig. 2. 
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The description of CTa changes during Lo-Hi-Lo loading (Fig.6) needs 
a special attention. The courses of CT a changes in this loading program 
have a different character than those observed during graduall y increasing 
and then decreasing loading. The levels of stabilization stress CT as at the 
same levels during increasing and then decreasing loading are not equal. 
Lower values of CTa stress can be noticed during increasing loading while 
the higher ones appear during decreasing loading. The difference among 
stresses CT a at the same level during decreasing and increasing loading 
decreases with the number of repetitions k of loading of program blocks. 
In Fig. 8 the above feature was illustrated for of 45 steel. The figure shows 
the course of CT a changes in the last cycle of levels with the amplitude 
Eac = 0.6%, Eac = 1.2% during increasing and decreasing loading. It results 
from the position of the charts that the difference among stresses CT a 

disappears in a final period of life. 

::: bf~2 
ra L: 1.2E_:,7' -~ Il. 450 o 6 -- __, '\' 
~ 1- increasing loading · ~ 
b 430 2- decreasing loading ) 

410 

390 a~ 

370 --~-~-~--- 
o 6 12 1 s 24 k 30 

Fig. 8. Stress o, for Lo-Hi-Lo program on the end of levels E" = 0.6% (a) and 1.2% (b) 

Basing on the analysis of CT a stress changes on individual levels of the 
program, we can notice that the parameter depends on a life period. The 
comparative analysis of the stress change value for individual levels of the 
block and constant-amplitude loading was done in the work. 
The index of material hardening W cr, expressed in percentages, was accepted 
to evaluate CT a changes: 
for block loading: 

Wa= L',. CJn(i,k) = ( CJ n(i,k) - CJn(i.k= I)) lQQ% 
CJ a ti. k= I) CJ n(i,k= I) 

and for constant amplitude loading : 

Wa= L',. CJn(n.i ) = (CJn(n.i ) - CJn(n=l.i)) 1QQ% 
CJ n (n = I) CJ n (n = I) 

(3) 

(4) 
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results of 45 steel tests in the conditions of constant-amplitude loading were 
taken from the paper [5]. 
The comparative analysis of the index W cr for different programs and 
block levels (Fig. 10a and 10b) shows that its value does not depend 
significantly on the loading program, neither on the value of strain 
at the level. Small differences of the Wcr index for different loading 
programs in the same periods of life confi rm this conclusion. For each 
of the realized programs, the W cr index increases with the number of 
loading cycles. The increments of the W o index are smaller and smaller 
in the final stage of life. The comparative analysis of the hardening 
index value during programmed and constant-amplitude loading emphasizes 
the similarity in the range of the index course and its values in the 
same periods of life. 

To compare directly the course of the hardening process taking place 
during constant-amplitude and block programmed loading we present the 
courses of cra in the function of relative live n/N in Fig. 11-14. 
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Fig. 11. Changes of o , on two levels of strain: Ex = 0.6% (a) and 1.2% (b ), 

I - constant-amplitude loading, 2 - Lo-Hi loading 
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Fig. 12. Changes of cr, on two levels of strain: Ex= 0.6% (a) and 1.2% (b), 
I - constant-amplitude loading, 2 - Hi-Lo loading 
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amplitude loading. The knowledge of the course of stabilization process of 
the material under usage loading may all ow for performing fatigue life 
calculations taking into consideration the processes of hardening, softening or 
stabilization occuring in the material. Such an approach to the problem of 
fatigue life calculations may be of special importance in the case of fatigue 
life calculations of construction elements made of materials which are 
characterised by the lack of stabilization period (aluminium and copper 
all oys). The only diffi culty of such an approach lies in the necessity to define 
the low-cycle data according to ASTM [1], for example n' and K', not for one 
period (stabilization period) but for various life periods. The proposal of the 
method defi ning material data in various life periods was presented in the 
paper [8]. 

5. Conclusions 

The analysis of test results let us formulate the following conclusions: 
1. The sequence of levels of the block loading program does not infl uence 

fatigue life. 
2. During programmed loading likewise during constant-amplitude loading 

of 45 steel, there is no stabilisation period of cyclic properties. That is why 
there are doubts about the fatigue life calculation method basing on the 
assumption of existence of cycli c properties stabilisation period. 

3. The level sequence of the loading program infl uences the course of the 
cyclic properties stabilisation process of 45 steel at levels of the block 
loading program. The changes of cyclic properties that appear in the 
material, consisting in temporary hardening or softening, depend on the 
strain amplitude of levels. 

4. The course of the cyclic hardening process which appears during 
constant-amplitude and programmed loading, analysed by means of the o a 

stress amplitude, shows the quality similarity that applies to temporary 
values of the parameter in the same periods of life. 

5. The material (45 steel), which was used during tests was characterized by 
cyclic hardening in various loading cycles. The evaluation of stabilization 
process was performed with the use of only one parameter, the stress o a. In 
order to formulate general conclusions, it would be necessary to perform 
verifi cation tests using materials of variable cyclic properties and 
formulate other descriptions of fatigue processes like strain description or 
energetic description. 

6. Similarity of the course of the stabilization process during programmed 
and constant-amplitude loading let us formulate the thesis on possibilities 
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