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Abstract. For most engineering alloys the plot of short fatigue crack growth rate against crack
length can be modeled by parabolic-linear system of equations. This model is illustrated on two
low-carbon steels subjected to tension-tension loading. At elastic-plastic fracture mechanics
conditions, the fatigue-data presentation including short fatigue crack growth rate against J-integral
range takes place for some steels and non-ferrous alloys based on titanium and copper.

An alternative method of short fatigue crack data presentation is proposed that involves a
specific energy fatigue-function expressed by an almost straight line termed fatigue tendency of the
material at a given stress-range. A comparative analysis between the standard and new presentations
shows that at the same number of crack-size measurements, the precision of the latter is
significantly higher.

This result suggests a possible decrease of fatigue measurements and is approved for another
20 materials.

Introduction

Although major advances have been made in fatigue modelling, the application of fatigue concepts
to different practical situations is highly individual and often involves empirical and semi-empirical
approaches including a large number of specifying constants. In linear elastic fracture mechanics
one of the most used presentations “Long fatigue crack growth rate, da; /dN against Stress-intensity
factor range AK;” includes, in log-log scales, three regimes of crack growth, [1]: I, of threshold
development; I1, of Paris linear propagation, 10g(dal /dN) = C(log AK)™, whereal is long fatigue-
crack size, N —number of cycles, C and m — scaling constants; and I11, of rapid increase of da; / dN
leading to the final failure. The micro-approach of short fatigue crack propagation presents plot
“Fatigue crack growth rate dag, /dN against Crack length a ,” on log-log scales that consists of
two regimes corresponding to so called small and long crack stages revealed by Brown and Hobson
[2], and in more precise terms — of three regimes introduced by Angelova and Akid [3]: I of short
crack growth, mode II; II of physically small crack growth, mode I; and III of long crack growth. A
similar three regimes presentation with different mathematical description is offered by Yordanova
[4]. The first regime of Brown-Hobson model and the first two regimes of Angelova-Akid and
Yordanova models are described by parabolas and the final regime in all of them — by lines.
Sometimes the obtained short fatigue crack data can be represent in the same way that is used for
the long fatigue crack data presentation, namely: “Short fatigue crack growth rate, da /dN against

Short fatigue crack equivalent to AK;, AK , = ka,lash 7 or logdag, /dN — logAK , , Gangloff [5]. At

elastic-plastic fracture mechanics conditions, a presentation “Short fatigue crack growth rate
da, /dN against J-integral range, AJ” or logday, /dN —logAJ takes place for some steels and

nonferrous alloys as it is shown in Hoshide [6, 7] and Dowling [8]. A new mechanism of fatigue
failure at inclusion presence in ultralong life regime, when N>107 cycles, has been investigated,
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described and supplied with an efficient model for practical uses by Murakami [9]. This model is
based on the parameter of a specific optically dark area (ODA) introduced in 2000 by Murakami
that plays a critical role for the ultralong fatigue conditions.

In the present study, conventional fatigue models presented by that of Yordanova and an
alternative method for fatigue data presentation are proposed. The alternative method comprises
more precise fatigue testing of engineering materials and a specific presentation of fatigue crack
growth data, based on an energy fatigue-function AW introduced by Angelova [10, 11] in its

different versions — AW = (da/dN)AK , kW = k(da/dN)AK ), AW =(da/dN)AJ , AW = Ac(daldN)a"'?.

Experimental Procedure

Two low-carbon steels were under our investigations. A low-carbon roller-quenched tempered steel,
RQT501, used for offshore applications was subjected to tension-tension loading at a stress ratio R
= 0.1 using a servo-electric fatigue rig with a load capacity of 100kN. Tests were performed in load
control at stress levels of 396MPa, 470MPa and 516MPa within a 0.6M NaCl environment [3]. A
sinusoidal waveform was used at frequencies 0.2Hz, 0.5Hz and 1Hz. A low-alloyed construction
steel, ROLCLAS-09G2, also used for offshore applications was subjected to tension-tension
loading at the same stress ratio R = 0.1. Tests were carried out on fatigue machine Amsler under
stress ranges 387MPa, 396Mpa, 405Mpa and at frequency 190Hz. The chemical composition and
mechanical characteristics of both steels are shown in Table 1.

Chemical Composition, wt %

Steels C Si Mn Cr Ni P S Cu Al As Mo \
ROLCIAS 1009 | 028 | 163 | 005 | 004 |0017(0026 |[013] 012 0014 — | -
RQT501 0.12 ] 0.30 | 1.45 0.02 0.02 0.011 | 0.003 0.02 | 0.045 - 0.01 0.01
Mechanical Properties
Steels Tensile Strength Proof strength Elongation Average grain size
o, [MPa] o,, [MPa] % [pm]
ROLCLAS-
09G2 4753 382.2 28 25
RQT501 608 508 22 8.6

Table 1. Steels characteristics

Pit and short crack initiation and growth were monitored by surface replication of smooth hourglass
specimen, Fig. 1, and their diameters and lengths — measured with the help of an image-analysis
system.
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Figurel Shape of steel specimen. (Dimensions are in mm)

The present study considers as well the elastic-plastic fatigue behavior of two non-ferrous
alloys investigated by Hoshide [6, 7]. One of them is a heat treated rolled Ti-6Al-4V titanium alloy,
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(a + B)Ti alloy, subjected to fully-reversed axial and combined axial-torsional fatigue loading at
frequency of 0.8Hz and stress levels 2200MPa, 2000MPa, 1800MPa; the test specimens are shown
in Fig. 2—a, [6]. The other alloy is oxygen-free high-conductivity (OFHC) copper exposed to fully-
reversed push-pull low-cycle loading of displacement controlled condition in a close loop servo-
hydraulic testing rig.
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Figure 2. Shape of different fatigue specimens used by Hoshide, [6, 7]:
(a) Circumferential notched specimen for (« + 8) Ti alloy;

(b) Complicated cylindrical-shaped specimen for OFHC copper. (Dimensions are in mm)

Test strain ranges are Ag =0.49%,0.68%,0.91% ; The different-alloy specimens can be shown in
Fig. 2-b, [7]. The most important characteristics of both alloys are presented in Table 2 [6, 7].

Chemical Composition, wt %

Non-Ferrous Alloys Al \4 Fe o
(a + B)Ti Alloy 6.52 4.00 0.16 0.182
OFHC Copper Oxygen-free high conductivity copper with 99% purity and 3 ppm oxygen

Mechanical Properties

Tensile 0.2% Proof

Non- Strength Strength; Young 3 Average
Ferrous o, Yield Modulus | Elongation grain
Alloys Heat Treatment size

Strength & )
[MPa] [MPa] [GPa] %] [pm]
(a+B)Ti | After the (o + ) rolling the alloy was o -grain
Alloy annealed at 1023 K for 2hr in ambient 994 913 110 18,8 8.5
atmosphere, followed by air cooling
OFHC | Annealed at 600°C for 1hr in vacuum 216 40.6 122 80.0 97

and cooled in furnace

Table 2. Non-ferrous alloys characteristics

The behaviour of short fatigue cracks in both non-ferrous alloys is observed by employing a plastic
replication technique. In the case of OFHC copper long through-thickness cracks have been used as
well. Thus, the growth rate of short cracks in OFHC copper has been correlated to AJ -range and
this relation — compared with the AJ presentation of long through-thickness crack growth.

Results, analyses and discussion

The three distinct regimes da/dN — a describing the fatigue behaviour of RQT501 and ROLCLAS-
09G2 — those of microstructurally short fatigue cracksa, , SFC; physically small fatigue cracks
D s s PSFC; and long fatigue cracks a;, LFC — were modelled by parabolic-linear system of
equations M, shown in Egs. (1):
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5 35
R

(M

where 4, B, C are materials constants, and d; and d> — microstructural barriers analytically
determined after [4] as boundaries between the stages of SFC, PSFC and LFC, which practically
stop crack propagation for some time. The values of the constants 4, B, C and the microstructural

barriers d; and d, for the different steels are shown in Tables 3 and 4.

Ao, JA Short Crack Physically Small Crack Long Crack
MPa Hz A| A2 A3 B1 Bz B3 C] C2
ROLCLAS-09G2, Air
387 - - - -10.107 | 22,40.10° | -10,5.10° | 24,8.107 | 1,7178
396 190 - — —| 38107 997.10° | -4,74.10° | 12,9.10° | 1,0484
405 — — — — — —| 7.37.10° | 22138
ROT501, 0.6M NaCl
0.2 - - - -3,9.107 22.10% | -1,3.10° | 1,7.10° | 1,7410
516 0.5 -3,9.10° 2,9.10% | -29.6.10*| -1,9.10°] 4,6.10" 2107 | 55107 | 1,7355
1 -2,1.10° 2,1.10% | -1,1.10* | -1,4.10° 3,710 | -13.107 | 6,6.107 | 1,6881
0.2 -4.8.10° | 5,39.10* -0,0139 | -3,2.10° | 10,34.10* | -0,05869 | 1,43.107 | 1,9622
471 0.5 -6.4.10”7 -13.10° 0,0089 | -22,9.107 | 88,18.10° | -0,06903 | 8,34.107 | 1,6721
1 -2.9.10° [ 25,23.10° | -0,00203 | -15,2.107 | 50,8.10° | -0,02565 | 5,62.107 | 1,7115
0.2 -3,28.10° | 2,89.10% | -0,00425 | -12,1.107 | 3,46.10° | -0,01782 | 1,8.10% | 2,0787
396 0.5 -10,1.107 | 33,41.10° | 0,00209 | -23,6.10° | 13,36.10° | -0,00591 | 6,24.10° | 1,8943
1 -2,68.10° | 31,56.10° | -0,00132 | 22,89.107 | 36,40.10° | -0,00972 | 2,66.107 [ 1,7304

Table 3. Characteristics of RQT501 and ROLCLAS-09G2 at different fatigue conditions

The graphical presentation of the model da/dN —a from Eq. (1) can be seen in Fig. 3 for RQT501

and in Fig. 4 for ROLCLAS-09G2.

Ao f d] d2 Nﬁexp Nﬁmﬂ IOO(J\/VLcxp _Nf,m)/Nf,m
MPa Hz pm pm cycle cycle %
ROLCLAS-09G2, Air
387 65 155 2120000 2236630 -5,50
396 190 60 156 1690000 1778289 -5,20
405 — 156 600000 634217 -5,70
ROT501, 0.6M NaCl
0.2 67 198.5 330269 299691 9.26
396 0.5 60 155 223670 249228 -11,43
1 34 124 414000 405644 2,02
0.2 74 237 106800 104363 2.28
471 0.5 108 268 109670 116949 - 6,64
1 65 189 94900 93558 1,41
0.2 66 158 77389 73262 5.33
516 0.5 63 163 132510 113399 14,42
1 65 159 68550 79505 - 16,00

Table 4. Microstructural barriers and fatigue lifetimes of RQT501 and ROLCLAS-09G2
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1,E+01 1,E+03 1,E+05 1,E+07 1,E+09 1LE+11 . . . .
Q: AW=f(da/dN, a'?, Ac), Pa pm/cycle; M: a, um fatlgue lifetime predlCted by Eq
(2),N,,, and the actual fatigue
S lifetime, N, ., , both presented in
Fig. 5:
e
; 1,E-02
; N fum = N 70 +
=
E] dy
1,E-04 1
+ .[ 5 da +
a, Lshc (Ashc a-+ Bshc a+ Cshc )
Q: da/dN = 2E-08(AW,.5)"*; £.2 = 0,9776
1,E-06 T T - - d, 1
1,E+01 l,l-:-\l{]jﬁl. . /le.E‘-i/-zl]SA . 1.:.‘;'07 ) " 1,E+09 LE+11 + 5 da +
@ ~HalN, 27, Aa), Pa peyeles P d, Lpsc (Apsc a+ Bp.vc a+ Cpsc )
A 1 Hz; 516 MPa ar 1
LE+00 + Bl da , (2)
” / d, L/c A/c a’
ES
$ 1en /
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Figure 5. Steel
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sponding error
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Figure 6. Two
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three regime model;

Q) - Alternative
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Figure 7. Two
models of the same
fatigue data for

OFHC copper (the
red line shows long
crack data):

M(@J) -Conventional
three regime model;
Q) - Alternative

energy model
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An alternative method is proposed comprising fatigue testing of ingineering materials; measuring
long-crack or main short-crack lengths a and the corresponding number of cycles N; calculating
crack rates da/dN , stress-intensity factor range AK or short fatigue crack equivalent to it,

AK , =ko /as , or J-integral range AJ; and a newly introduced energy fatigue-function in its

different  versions — W =(da/dN)AK  (or kW =k(da/dN)AK), W =(daldN)AJ
(da/ dN) 2w = AODA, N) — where k is a normalizing constant from the type
k=N ! la f max( as ), ar and Ny are respectively the final length of fatigue crack and the number

of cycles at failure, and K.y (@ f) is the stress intensity factor at o, from the applied stress

range AC = Opax — ; kW is a non-dimensional expression. (The version W' = f{ODA, N) is

mm ’
described in detail in [11].) The physical sense of the fatigue function AW is that of a specific
effective surface energy. The presentation logda/dN —logW is an almost straight line Q(AW) or

Q(J), shown as the thickest line in Figs. 3-4, 6-7, which may be termed “natural fatigue tendency”
of material at a given stress range; this is mentioned for the first time in Angelova [10, 11, 12]. Each
scatter band around such a line is indicated by two thin lines corresponding to %2 and 2 folds of
da/dN. The alternative approach suggests a possible decrease of fatigue measurements and is
approved for another 20 materials.

Summary

A conventional and an alternative approach to fatigue data presentations are compared for two
steels and two non-ferrous alloys. The introduced energy fatigue function AW by the alternative
approach transforms the presentations of crack-growth rate, da/dN against short crack length, a
and J-integral range, AJ into a line da/dN —AWw . The line obtained may be termed natural fatigue
tendency of material under a given stress range and because of its simplicity may be helpful for
fatigue testing and practice in terms of precision and reduction of fatigue characterizing tests.
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