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ABSTRACT

The paper presents a fatigue test of AA2519 T62 aluminium alloy in high-cycles region for smooth and notched
specimens with stress concentration factors 1.75 and 2.28 for radii rl =2 mm and r2 = 1 mm, respectively. A num-
ber of cycles with no notch effect was determined for each notched specimens. The estimated values were com-
pared with the distribution estimated on the literature data. Based on this knowledge, an analytical-experimental
method was proposed to determine S-N curves for notched elements for aluminium alloys. The verification of the
method gives satisfactory results. Additionally, the FITNET method and the Lee and Taylor method were used for
comparison. The proposed method got the best results. The FITNET method and Lee and Taylor method obtained
overestimated fatigue life and it can be concluded that the analytical method presented methods are suitable for

steel materials. The proposed method can be used by engineers.

Keywords: stress concentration factor, high-cycle fatigue, effect of the notch, fatigue life model, number of cycles

with no notch effect.

INTRODUCTION

The issue of fatigue life is inextricably linked
to the design process of technical objects. The
aforementioned life represents a kind of com-
promise between commercial profit and product
features that are determined by the user, includ-
ing the maximum lifetime of the object. Dura-
bility issues take on great importance when they
have to do with safety, especially when operating
objects moving at high speeds, such as airborne
vessels, or objects whose damage will occur at
a considerable distance from a facility that can
provide assistance, as is sometimes the case dur-
ing deep-sea shipping voyages.

The examples given are extreme cases of tech-
nical objects, but the issues related to attempts to
predict the fatigue life of machinery in operation
see the unwavering interest of users of objects
whose damage is associated with a different de-
gree of disaster risk. The elements that make up the
technical object are for the most part not fragments
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of a single, flat sheet. They are usually given a
varied geometry and are often varied by shaping
connecting elements in them, such as holes for
pins and screws. All kinds of discontinuities in the
material structure represent geometric notches that
significantly affect the fatigue life of these objects.
Accordingly, it was deemed reasonable to deter-
mine the effect of notch action for the infrequently
used material, which is an aluminium alloy with
the designation AA2519, and to determine the area
of fatigue life in the S-N curve, for which the de-
scribed notch has no effect on fatigue life. To delin-
eate the aforementioned region of no notch effect,
the following train of thought was used.

Figure 1 presents a studyflow for determining
fatigue characteristics for notched elements based
on fatigue characteristics for smooth specimens
(1-4). Practical application of this method is
presented, among others, in paper (5), where the
determination of S-N characteristics for sintered
rhenium based on the monotonic properties of the
material was analysed. In general, N, equal to 10°
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cycles is taken as the limit point indicating the
area of no effect of notch action (6) and presented
in newly version in (2) — named Lee and Taylor’s
method. This value articles well for steel materi-
als. A different approach can be found in the paper
(7), which presents the assumption that the inter-
section point (N,, c,) is for the point (I, SJ), where
S, is equal to the actual breaking stress during the
monotonic tensile test. Another approach is pro-
posed in FITNET procedure (8) where S-N curve
is determine based on the point (N, Z) and slope
coefficient m, and m, equal 8 and 3 for normal
stress, respectively. On the other hand, in paper
(9) Lagoda et al. conclude that there is no range
of no notch effects on fatigue life for aluminium
alloys and the characteristics for the material and
notched specimens intersect outside the region
that makes physical sense (for values less than 1
cycle in the S-N curve).

Due to these ambiguities and the small num-
ber of scientific reports on AA2519 material, it
was decided that the purpose of this paper was
to determine the intersection of fatigue character-
istics for smooth and notched specimens and to
present a high-cycle life model for aluminium al-
loys including AA2519 T62 alloy.

The same value of the number of cycles lead-
ing to failure, for the same load (stress amplitude
S at the same value of the cycle asymmetry fac-
tor R), but different specimen geometries in this
paper will be understood as the extent of the lack
of influence of notch effect on fatigue life. In the
diagram shown in Figure 1 point (N, ) is the
boundary of the said region. This is important in

Stress amplitude, log S,

the context of determining fatigue characteristics
for notched specimens with geometries other than
those for which results are presented in this arti-
cle. Additionally, it was proposed own method to
determine S-N curve based on fatigue properties
of smooth specimens.

MATERIAL AND METHODS

Material

Engineering objects, despite their wide
variation mainly by purpose, have some things
in common. During construction, the aim is for
the designed object to be characterized by the
lowest possible mass, without sacrificing me-
chanical properties such as stiffness or ability to
carry service loads. In certain applications such
as aerospace, the issue described is of particular
importance, mainly because of the energy inten-
sity of aircraft, which need to be accelerated to
much higher speeds than the means of transport
involved in vehicular traffic.

A historical breakthrough of sorts in the se-
lection of engineering materials that take into
account the more favourable density-to-strength
ratio with respect to steel was the development
by Alfred Wilm of the first duralumin (10). This
later contributed to the development of advanced
lightweight aerospace structures (11), includ-
ing those of a military nature (12). An interest-
ing material in this group due to technological
and mechanical properties such as high specific

Nz
Number of cycles, log N

Figure 1. Methodology for determining the fatigue characteristics for a structural member
(solid line) from the fatigue characteristics of the material (dot-and-point line)
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strength, ballistic resistance and resistance to
stress corrosion cracking is alloy AA2519, the
chemical composition of which is shown in Ta-
ble 1 (13-19) and the basic mechanical proper-
ties determined by monotonic tensile testing are
included in Table 2. The aforementioned me-
chanical characteristics and the development of
welding technology for sheets made from this se-
ries have made it a material that can be success-
fully used in light armoured vehicles and avia-
tion (20). Due to the significantly lower density
of this alloy relative to steel, aircraft armour was
considered to be made from this material (21).

Based on the small number, relative to other
2XXX grade materials, of scientific reports on
this material, it can be concluded that wider use
of this alloy has been abandoned, or has been
kept secret due to the nature of military applica-
tions. Nowadays, this material is used in the con-
struction of composites. One of them is this one,
composed of Ti6Al4V titanium alloy, a buffer
layer made of AA1050 alloy and a second base
layer made of the AA2519 alloy described above.
The emergence of this composite has provoked
increased interest in this particular lightweight
alloy. However, it is not widely reported in the
literature. Therefore, as previously mentioned, it
was decided to extend the state of the art on the
high-cycle fatigue life of AA2519 duralumin and
to supplement it with a computational model to
predict the effect of notching on the reduction of
AA2519 high-cycle fatigue life.

The largest group of scientific literature reports
found relating to the described alloy mainly con-
cerned the tensile strength of the described dural.
Depending on the variant of heat treatment, tech-
nological treatments and other factors, information
about their influence on the AA2519’s short-term
tensile strength can be found in papers (22-25).

Due to the distinctive corrosion resistance of
this type of material, some of the scientific pa-
pers found were concerned with studies of this
very feature. Information regarding the effects
of welding and the corrosive environment on
selected mechanical properties of AA2519 alloy
under selected conditions can be found in papers
(26-28). Information was also encountered re-
garding the effect of the cooling medium during

Table 1. Chemical composition of AA2519 alloy

heat treatment on the corrosion resistance of the
analyzed alloy (29) as well as testing of corrosion
resistance when the material had galvanic layers
on it (30, 31).

During the analysis of the literature on the
subject of this paper, many articles discussing
unusual methods of joining AA2519 alloy in-
cluding by friction welding were encountered.
These studies were mainly concerned with the
effect of technological parameters on the joint
strength (32-35). The previously mentioned dif-
ficulties in the plastic processing of this material
naturally led to the interest of researchers in the
direction of learning about the influence of plas-
tic processing (mainly rolling) on selected prop-
erties of the analysed material. Examples of such
papers include (36—46).

In the publicly available literature, quite a
few papers have been encountered that describe
the mechanical characteristics of this alloy. Those
found included research information from at least
several areas. Fracture mechanics was also one
of them. In article (47) this very topic was ad-
dressed. The fracture toughness of this material
was also the subject of the paper (48). Particular-
ly noteworthy is the publication made by NASA
(49), where a report on the fracture toughness of a
wide group of materials including AA2519 is pre-
sented. Due to the specifics of the present article,
during the analysis of the literature, special em-
phasis was placed on scientific reports treating the
fatigue strength of the AA2519 alloy under study.
This topic has been addressed at least several
times by scientific teams from around the world.
A team of researchers coordinated by R. Kosturek
placed special emphasis on the influence of FSW
technology on the low-cycle durability of the joint
made by the FSW method, which they described
very extensively in papers (50-52). An attempt

Table 2. Selected tensile properties of aluminium alloy
AA25196-T62

g, g, E A,
MPa MPa GPa %
353 475 67.5 16.3

Note: o — yield strength, o, — ultimate tensile strength,
E —Young’s modulus, 4; — elongation at break.

Si

Fe

Cu

Mg

Zn

Ti

Zr

Al

0.06

0.08

5.77

0.18

0.01

0.04

0.12

0.2

Balance
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has also been made to describe the low-cycle life
of extruded profiles made from this material (53).
Studies on the fatigue life of this material were
also presented in an article (54), however, they
were only of a comparative nature.

Based on the analysis of the literature on
AA2519 alloy carried out, it can be concluded that
it is difficult to find information on the high-cycle
durability of AA2519 alloy in the publicly avail-
able literature. Therefore, the authors of the present
paper found it reasonable to carry out the scientific
article to develop a material model for AA2519 al-
loy and extend it to include issues related to the
change in fatigue life due to the notch effect.

Methods

In order to determine the high-cycle material
model, and the effect of notch on the described
high-cycle durability (HCF), the following test
procedure was developed and implemented. Suit-
able specimens were cut from a sheet of flat rolled
sheet AA2519 by electro-erosion. Later, they
were heat treated and artificially aged to meet the
objectives of the heat treatment designated T62.

The own research consisted of determining the
high-cycle fatigue life of AA2519 aluminium al-
loy heat-treated to T62 state, with force control. A
single-axis Instron 8502 hydraulic testing machine
was used to realize the load. Two assumptions were
made during the implementation of the study. The
first was to keep the value of the cycle asymmetry
factor constant R = -1, and the second was that the
stress values were determined nominally, without
taking into account the stress concentration factor.
Three specimen geometries, prepared in accordance
with the recommendations of ISO 1099:2017, were
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specified to perform the tests (55). The first was flat
hourglass specimens with a smooth transition even-
ly distributed over the measuring part (no notch
— smooth). In the other two specimen geometries,
symmetrical notches were made on both sides so
that the bottom of the mechanical notch had a ra-
dius of 7, =2 mm and r, = 1 mm. The assumed ge-
ometry was obtained with an EDM machine, using
0.25 mm diameter wire. Drawings showing the ba-
sic dimensions, as well as a photograph of already
cut specimens, are presented in Figure 2. One of the
specimens involved in the test, mounted in the jaws
of'the INSTRON 8502 single-axis hydraulic testing
machine is shown in Figure 3.

Because the stresses were determined nomi-
nally, they did not reflect the actual stresses in the
specimens with 7, and r, radii in particular. Accord-
ingly, it was decided to determine the stress in the
roof of the notch taking into account the stress con-
centration factor using two methods, i.e. analyti-
cal and numerical. Form factor K, was calculated
analytically based on Noda’s formulas presented
in the paper (56). The K, values for the notched
specimens were 1.75 and 2.28 for radius r, = 2
mm and 7, = 1 mm, respectively. To verify these
calculations, FEM calculations were performed,
the results of which are shown in Figure 4. The
value of the axial load was assumed to be 2500 N,
which corresponded to 100 MPa of nominal stress.
HEX20-type elements with node counts of 29216,
32837, 32891 and element counts of 6090, 7200,
and 7220 were used to prepare the specimen model
for smooth and notched specimens , = 2 mm and
r, = 1 mm, respectively. The results of analytical
and FEM calculations give similar values (the dif-
ference at the second decimal place).

540,02

|
SNig
|

Figure 2. Geometry of specimens used for testing (a) smooth specimen,
(b) notched specimens — 7, =2 mm and r,= 1 mm
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R

Figure 3. Specimen clamped in the jaws of the testing machine

0,67373 Min

Figure 4. Results of FEM calculations for an axial load of /' =2500 N — nominal stress equal to 100
MPa(a) smooth specimen, (b) notched specimen — 7, =2 mm and (c) notched specimen — 7, = 1 mm

VALUE OF THE NUMBER OF CYCLES
FORNO EFFECT OF THE NOTCH

To analyze the value of the number of cycles
N, for the intersection of the characteristic ap-
proximation line for smooth specimens and the ap-
proximation line for notched specimens, literature

160

data were used for the following aluminium alloys:
2024-T3, 2024-T4, 2024-T5, 2124-T851, 2124-
T852, 2124-T853, 6061-T6, 6063-T6, 7050-
T614, 7050-T7451, 7075-T6, 7075-T6, 7075-T6,
7075-T6, 7075-T651, A02950-T6 (57-64) — data
presented in Table 3. In the end, 37 values relat-
ing directly to the high-cycle durability determined
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Table 3. Data source used

Source Material N, K,
Strzelecki (63) 6063-T6 3.23 1.60
Strzelecki (63) 6063-T6 4967.75 2.00
Strzelecki (63) 6063-T6 1988.17 2.60

lig (61) 2024-T3 0.25 2.00

lig (61) 2024-T3 0.25 4.00

lig (61) 7075-T6 6.04 2.00

lig (61) 7075-T6 0.25 4.00

Papuga et al. (62) 2124-T851 3.00 2.1
Papuga et al. (62) 2124-T851 0.25 2.19
Papuga et al. (62) 2124-T851 0.25 2.51
Papuga et al. (62) 2124-T852 226.31 242
Papuga et al. (62) 2124-T853 151.48 2.89
Bennett & Weinberg (64) 2024-T4 0.25 1.40
Bennett & Weinberg (64) 2024-T4 0.25 1.79
Bennett & Weinberg (64) 7075-T6 97.49 1.40
Bennett & Weinberg (64) 7075-T6 5.02 1.79
Bennett & Weinberg (64) 6061-T6 0.25 1.40
Bennett & Weinberg (64) 6061-T6 0.44 1.79
Antunes et al. (57) 7050-T7451 62.14 3.14
Antunes et al. (57) 7050-T614 0.25 3.14
Chaves et al. (59) 7075-T6 207.13 2.57
Chaves et al. (59) 7075-T6 4557.29 2.19
Chaves et al. (59) 7075-T6 37.69 1.78
Grover et al. (60) 2024-T3 1002.37 2.00
Grover et al. (60) 2024-T3 0.25 2.80
Grover et al. (60) 2024-T3 234.98 1.50
Grover et al. (60) 2024-T3 261.53 2.00
Grover et al. (60) 2024-T3 0.25 4.00
Grover et al. (60) 2024-T3 0.25 5.00
Grover et al. (60) 2024-T4 6.69 2.00
Grover et al. (60) 2024-T5 0.98 4.00
Grover et al. (60) 7075-T6 5.36 2.00
Grover et al. (60) 7075-T6 0.58 2.20
Grover et al. (60) 7075-T6 0.79 2.40
Grover et al. (60) A02950-T6 39041.76 2.00
Benedetti et al. (58) 7075-T651 171.87 1.53
Benedetti et al. (58) 7075-T651 5.78 2.33

for smooth specimens and notched specimens made
of previously indicated materials were obtained.
The values of form factors K, ranged from 1.4 to
5. Analysis of these data showed that the value of
point NV, is not dependent on form factor K, but is
a random variable that cannot be linked to material
type or mechanical properties. The fatigue character-
istic intersection values obtained had a range of 1 +
39,042 cycles. This provides a basis for rejecting the

claim of Lagoda et al. (9) on the lack of the region of
the no effect of the notch on the high-cycle fatigue
life of aluminium alloys. On the basis of literature
data, and our own research, it can be concluded that
for some aluminium alloys, the fatigue strength for
one load cycle is equal to the value obtained during
monotonic tensile testing. A histogram of the anal-
ysed values is shown in Figure 5. Four distributions
were used to describe the probability of acceptance
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Figure 5. Histogram of fatigue characteristic intersection values for smooth and notched specimens
(a) histogram for aluminum alloys, (b) histogram with probability distributions used

of fatigue characteristic lines determined for smooth
and notched specimens at the hypothetical point N,:
Weibull, lognormal, Gamma and Mixtured Weibull.
Descriptions of these distributions are given by math-
ematical formulas 1, 2, 3 and 4 (65-67), respectively.

R Gy

1 —(logx — p,)?
f(x)=xmexp( 207 > (2)
a-1 —x
fx) = beT@ eb (3)

f&) = Zpl [ﬁl 5 eXp{(;l)ai}] (4)

where: x —log(N,), & — shape parameter, f — scale
parameter, u_— average value, o_— stan-
dard deviation, 4 — scale parameter, k —
shape parameter, /() — Euler function, p,
— weight of i-th distribution, m — number
of assumed distributions.

The parameters of the distributions were ob-
tained using the maximum likelihood estimation
method. For the three basic functions, the formu-
las of the reliability function are well known and
there are no problems with their estimation. On
the other hand, for the function according to for-
mula 4 the following equation was used (67):

L®) = Hzpl [ﬁl B: ex”{(;l)ai}]@

After taking the logarithm, we get the follow-
ing formula:
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o= sl [ (5 e (3)Y 0

To find the minimum relationship (6), a ge-
netic algorithm of the Matlab program was used
(68). A 2 test was used to evaluate which distri-
bution best describes the values shown in Fig-
ure 5b. The calculations were made according to
the following formula (65, 66, 69):

_ 2
Z(nl n-p;) 7

n-p;g

where: k — number of intervals, i — th interval, n,
— size for i-th interval, p, —probability of
occurrence of variable in i-th interval, n —
size of all measurements.

See Table 4 for calculation results. The mix-
tured Weibull distribution received the largest
value, so it will be used in further analyses.

Figure 6 shows the mixtured Weibull distri-
bution along with the bi-parametric Weibull dis-
tribution (shown for comparison purposes only).
The former obtained the highest p—value. This
is due to the fact that the obtained N, values are
bi-modal, that is, two values occur in it the most
often. The distribution according to the formula
4 was written with the estimated coefficients us-
ing the relationship (8). For the data analyzed,
the mixtured Weibull distribution was assumed
to consist of double two-parameter Weibull dis-
tributions. In addition, Fig. 6 shows separately the
members of the distribution from the formula (8).
The value of coefficients p, and p, determines the
weight of each member. The average value for the
first member is 5, while the second is 403.
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Table 4. Values of the coefficients of distributions and p -value for the y? test

Distribution Value of the coefficients p — value
Weibull a 0.42 B 0.53 - - 0.0008
Lognormal Y, -2.07 o, 3.03 - - 2.9 107
Gamma a 0.31 b 3.68 - - 0.0163
i a 0.39 0.12 0.59
wt}ﬁ? | B, i 0.0733
eiou a, 2.43 B, 2.66 P, 0.41
1 l T T T T
ll [ Histogram
0.9 rf, — — — - Weibull ]
| Mixtured of Weibull distribution
0.8 F|! ——m- Mixtured of Weibull distribution - part 1 | 7
l — — — - Mixtured of Weibull distribution - part 2
0.7 A
0.6 4
2
205 .
o)
o

10 100

1000 10000 100000

Cycles to cross of the fatigue curves (log)

Figure 6. Histogram of fatigue characteristic intersection values for smooth and notched specimens
with Weibull distributions — two-parametric (black line) and combined two-component (red line)

0.39 039-1 039
fm=03=G)  elGm)

243 243-1 243
+oa1 [ (52) exp{(ﬁ) }]

(8)

It was decided to compare the obtained test
results with other high-cycle durability results
obtained for selected engineering materials. Fig.
7 shows the Weibull distributions for the value
of the number of cycles at which the intersection
point of the N, fatigue characteristic line for alu-
minium alloy and steel will occur, obtained from
the literature analysis. The distribution for steel
was taken from paper (1). From a comparison of
these curves, it can be seen that the region of the
no effect of the notch, which was discussed ear-
lier and designated as point N, has a value of 389
cycles for steel and is greater than aluminium al-
loys, which is 194 cycles. Paper (70) suggested

using a value of 500 cycles due to the fact that this
is between the recommendations of Schijve (71)
of 100, and Lee et al. (2) amounting to 1000. In
the present paper, a value of 400 was assumed for
aluminium alloys, which corresponds to the mean
value of the second part of the distribution shown
by the formula 8.

RESULTS

As a result of the high-cycle fatigue life test-
ing of heat-treated and artificially aged AA2519
aluminium alloy, three high-cycle fatigue charac-
teristics were obtained. The first is for specimens
shaped without a notch, while the next two are for
specimens with a rounding in the roof of the notch
of 1 mm and 2 mm, respectively. Two intersection
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Figure 7. Histogram of fatigue characteristic intersection values for aluminum alloys and steel

points of these fatigue curves were also deter-
mined. According to the assumptions made, the
intersection point marks the region of the effect
of the notch for the described AA2519 alloy. The
results are shown graphically in Figure 8. The or-
dinate axis of these diagram shows the nominal
stresses expressed on a logarithmic scale. The hori-
zontal axis, on the other hand, presents the number
of cycles leading to destruction also expressed on
a logarithmic scale. The points at which there is
an arrow with the arrowhead pointing to the right
are the points for which the experiment was termi-
nated, even when the specimen was not destroyed
(marked as runout). It was assumed that the “fa-
tigue limit” was reached at this nominal stress lev-
el. It should be noted that the described situation
occurred only for smooth specimens. In addition,
the diagram includes the mixtured Weibull proba-
bility distribution extensively described in Section
3. The obtained values of the number of cycles at
the intersection of the fatigue characteristic curves
for different notch geometries (61 — for », = 1 mm,
854 — for r, = 2 mm) occurred around the expected
values of the second term of the distribution of the
formula (4).

The test specimens were subjected to cyclic
loading which, in almost all cases, led to failure
understood as the separation of the individual
parts of the test object. As shown, depending on

164

the notch, the specimens tested differed signifi-
cantly in durability. Therefore, it was decided to
analyse the shape of the fracture of the specimens
to find the relationship between notch geometry
and durability. For this purpose, a Keyence VHX-
7000 optical laboratory microscope with the abil-
ity to optically measure fracture topography was
used. Selected recorded images for the analysed
specimens for each notch geometry are presented
in Fig. 9. The fracture test specimens were select-
ed in such a way that despite the different nomi-
nal stress values, the optically analysed specimens
showed the same durability. In simple terms, it can
be said that the specimens analysed were those
whose durability in the form of points is located
in the middle part of the S-N diagram. It should be
noted that the axis of the camera lens was oriented
parallel to the initial axis of symmetry of the spec-
imen, and the obtained isometric character of the
surface image is solely the result of digital image
processing. Therefore, one should not succumb
to the conviction that the lens was pointed at an
angle other than 90° to the surface of the fracture.

Based on the analysis of the topography of
the recorded fractures, it is difficult to clearly
determine the mode of failure and determine
the relationship of notch geometry to durabil-
ity. In contrast, it can be seen that in most cases
the site of crack initiation is located in one of the
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Fatigue curves of AA2519 T62

Stress amplitude log [MPa]

4 e —— 0.5

®  Failure - smooth specimens

O Runout - smooth specimens

®  Failure - notched specimens r = 2mm

®  Failure - notched specimens r = 1mm
--------- Mixtured Weibull distribution for cross the curves |_| 0.4

Density

10° 10 102 10°

104 108 108 107

Number of cycles log (N)

Figure 8. Comparison of nominal stress — number of cycles curves of AA2519 T62 aluminium alloy for
smooth and notched specimens (¥, = 2 mm and r, = 1 mm) with indication of characteristic intersection
and Weibull probability distribution of occurrence of described intersection (as described in section 3)

corners of the specimen. In addition, the fractures
of specimens with notches of 1 mm and 2 mm ra-
dius break in this way. The similarity lies in the
formation of two planes in the fracture, which are
at a different height. Slightly different is the case
of smooth specimens, where you can very clearly
see the crack focus which propagates until a frac-
ture is formed. Finally, the shape of the fracture
for smooth specimens is topographically much
less complex than for notched specimens. The oc-
currence of opposite nesting of crack origins in
some fractures is most likely due to the fact that
when a crack is initiated, a bending moment ap-
pears in one of the corners caused by a shift in the
axis of load action with respect to the symmetry
axis of the specimen. The increased unilateral sus-
ceptibility of the specimen resulted in a complex
loading condition at the opposite end of the speci-
men, which produced a secondary crack focus.
Subsequent loading cycles led to the propagation
of already existing cracks. This phenomenon is
particularly evident in Figures 9a, 9¢c, and 9d.

PROPOSAL OF AUTHOR’S OWN
ANALYTICAL-EXPERIMENTAL
METHOD AND ITS VERIFICATION

To describe the results of high-cycle fatigue
tests, the Basquin equation is most often used ac-
cording to the following relationship:

log(N) = m,, -log(S,) + b 9
where: m — directional coefficient, b — absolute
term.

Knowing the characteristics of smooth speci-
mens, it is possible to determine the characteris-
tics of notched specimens according to the fol-
lowing procedure. To determine the directional
coefficient of the S-N curve for notched speci-
mens, the relationship after transformation of the
formula (9) can be used, taking the values of the
points from Figure 1. Then the directional coef-

ficient is (1):
Ny
log (N_3)

0 (0.9Rm) (10)
g Ste

m,, =

where: N, — base number of cycles 2-10°, Sy —
“fatigue limit” for a structural member
calculated after Smith and Miller (72) ac-

cording to the following relation:

Sre = z 11
6 =k, (11)

The formula (11) can be used for (1):
Ki-Z <1.1Rpo> (12)

Analytical and experimental characteristics
obtained according to the method described above
are shown in Figure 10. On the other hand, the
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Figure 10. Fatigue diagram for AA2519 T62 aluminium alloy for smooth and notched specimens
(r,=2 mm and , = 1 mm) showing the intersection of characteristics and the proposal method
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ANALYTICAL-EXPERIMENTAL METHOD
DETERMINE S-N CURVE FOR STRUCTURAL ELEMENT

Enter parameters of the material

e from tensile test — Ry, and Ry
e from fatigue tests — Z, Nz(can be assume 2-10%)

Calculate stress intensity factor K;

Is relation
K. Z <
1.1Rp0 5.
fulfil?

Yes

Calculate "fatigue limit"

for a structural element:
Z
Srp = —
f6 Kt

Calculate the slope coefficient of
the S-N curve for structural ele-
ment (N; = ~400 cycles):

Ny
log ( N,

log (O?Rm

m,, =

Calculate intercept of the S-N
curve for structural element:

log (10%)
~m, - log(S3)’

Fatigue test for the struc-
tural element must be perform

Fatigue life estimate by eq.:

log(N) = m,, -log(S,) + b

Figure 11. The computational algorithm for proposed analytical-experimental method

comparison between the values obtained according
to the proposed methodology and the experimental
values is shown in Figure 14.

Ad(ditionally, verification was performed too for
the Lee and Taylor method (2) and FITNET method
(8). Fatigue characteristics for these methods were
presented in Figure 12 and Figure 13. S-N curve for

smooth specimens were estimated from tensile test
results (ultimate strength). To quality errors made
by each method, a diagram of the number of experi-
ments and estimated cycles was made. Figures 14-16
present the diagrams for each method separately. The
estimated fatigue life by the proposed method was
in a scatter band equal to 3 (except for two points
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Figure 12. Fatigue diagram for AA2519 T62 aluminium alloy for smooth and notched specimens
(r, =2 mm and r, = 1 mm) showing intersection of characteristics and Lee and Taylor method
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Figure 13. Fatigue diagram for AA2519 T62 aluminium alloy for smooth and notched specimens
(r,=2 mm and r, = 1 mm) showing intersection of characteristics and FITNET method

for specimens with radii of 2 mm, but they were on
the safety part). However, Lee and Taylor’s method
only for less than 10° cycles in the scatter band. For
fatigue life higher than 10° cycles it was overesti-
mated. Similar situation was for FITNET method,

168

but for specimens with radii 1 mm overestimated
values were for all. For quantity verification a crite-
rium of quantity of the model can be formulated as:
a model M should be chosen from under consider-
ation of models in such a way that the model output
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Figure 16. The comparison between the values obtained according to the FITNET
methodology and the experimental values for AA2519 T62 aluminium alloy

X, contains maximum information (in the Shannon
sense (73)) about the real system output X, that is:

Q(X'XM) =

J f(x, xp)log <f(f(| ;W)) dxdx, — max

When it can be assumed that distribution for
model and real system output are normals it becomes:

(13)

1
Q(X, Xy) = —5log(1 - p?) (14)
where:
_ cov(X, Xy) (15)
UxeM

cov(X, Xy) = E(X - Xy) — E(E(X) - E(Xy))(16)

Results of calculations for analysing models (the
proposed method, FITNET and Lee and Taylor) are
presented in Table 5. The highest values are bolded.

DISCUSSION

The presented analysis of the value of the
number of cycles of N, for which there is no ef-
fect of notch on the high-cycle fatigue life for
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Table 5. Values of the criterium of quantity of the models

Model QXX
r=1mm r=2mm
Proposed model 2.312 1.030
FITNET 1.016 0.293
Lee and Taylor 1.017 0.290

aluminium alloy showed that there is such a
range. The obtained values of the limiting num-
ber of cycles are smaller than for steel according
to papers (1, 70). Note that the values obtained for
the aluminium alloy are bi-modal, unlike those
obtained for steel. For this reason, a mixtured
Weibull distribution was used to describe the dis-
tribution of N, values. In addition, it can be stated
that Lagoda et al. (9) were wrong in stating that
for aluminium alloys there is no region of no ef-
fect of notch.

Based on the analysis of the literature and the
fatigue tests carried out, a model for determining
the fatigue characteristics for a structural compo-
nent based on material characteristics is proposed.
The verification results obtained showed that the
estimated curves were within 3 times the error.
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Better fatigue life estimation results according
to the proposed method were obtained for speci-
mens with a notch of » = 1 mm with a K of 2.28
than for those with a softer notch of » =2 mm.

Additionally, the verification was performed
for FITET and Lee and Taylor methods, which
have obtained worse results. The FITNET meth-
od determines overestimated values for the entire
range of test results. Slightly better results were
obtained by Lee and Taylor method, where over-
estimated values occurred after 10° cycles. How-
ever, the values for the criterium of quantity by
these methods were similar. Only the proposed
method got the best results for all geometry of the
specimens (5).

It should be noted that the proposed method
has practical advantages for the designer. This is
due to the fact that during the design study, the
geometry of the element changes, which changes
the value of form factor K. Because of this, fa-
tigue damage can occur, for example, through a
change in the radius of the conveyor shaft’s step
transition that occurred during the manufacturing
process (74). In order not to perform fatigue tests
for each geometry considered, analytical methods
presented in the literature, for example, in (1, 2,
8, 71) are used.

Analysis of the fracture topography shows that
the notch geometry affects the fracture mechanism
and the shape of the fracture. The accumulation
of stresses in the roof of the notch increases the
variation in the height of irregularities distributed
evenly across the entire fracture surface. No such
variation was observed for smooth specimens.

CONCLUSIONS

The following conclusions have been drawn
from the study:

e Based on the obtained results, it was concluded
that aluminium alloys should be divided into at
least two groups. The first group includes ma-
terials that have an expected N, value of one
load cycle. In contrast, the second group has
an expected N, value of ~ 400 cycles, which
was adopted for the proposed analytical and
experimental method.

e The proposed method has got the best results
of verification, compared to FITET and Lee
and Taylor methods.

e [tis worth mentioning that the obtained values for
the proposed method were on the safety region.

e QGreater accuracy in estimating fatigue charac-
teristics can be obtained using the analytical-
experimental method presented in this paper.
The resulting estimation error can be consid-
ered satisfactory.
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