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Abstract. The paper evaluates the causes related to the fatigue damage in a conveyor slide plate, exposed to high-frequency cyclic loads. The
plate was made of 1.4301 acid-resistant steel. The fractography showed that the plate failure was caused by fatigue crack. A nonlinear analysis
of plate deformation was conducted using the finite element method (FEA) in LS-Dyna software. The maximum normal stresses in the plate
fracture were used in further analysis. A “fatigue limit” calculated initially using a FITNET procedure was above the maximum stress calculated
using FEA. It indicates that the structural features of the plate were selected correctly. The experimental test results for 1.4301 acid-resistant
steel were described using a probabilistic Weibull distribution model. Reliability was determined for the obtained S-N curve at 50% and 5%
failure probability allowing for the selected coefficients (cycle asymmetry, roughness, variable load) and the history of cyclic loading. Cumu-
lative damage was determined using the Palmgren-Miner hypothesis. The estimated fatigue life was similar to the actual value determined in
the operating conditions for the S-N curve at 5% failure probability. For engineering calculations, the S-N curve at max. 5% failure probability

is recommended.
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1. Introduction

Structural and mechanical components under operating loads
are susceptible to fatigue damage. The cyclic nature of loading
may cause the initiation and propagation of cracks, an example
of theses experimental tests can be found in [1]. If the structural
component area under heavy load is subject to cyclic loading,
faulty design may result in decohesion and machine failure. It
may lead to additional costs, and in the worst-case scenarios, for
instance, to a railway accident [2]. The damage is often caused
by manufacturing, material or design defects, incorrect fatigue
limit calculations, overload, or other operational issues. Fatigue
damage is caused due to operating loads [3, 4], further leading
to loss of structural functionality.

Due to the effect of multiple factors on the propagation of
fatigue failure, it is crucial to define the actual operation condi-
tions at the design stage, allowing for the factors affecting the
durability of the designed component. Standards, guidelines,
directives, and regulations based on the general deterministic
models, and correction coefficients are usually applied at the
design stage. The fatigue properties of any material represented
as an S-N curve for unnotched material specimens are corrected
based on the experimentally determined coefficients (e.g. sur-
face finishing coefficient, notch, size, shape and cycle asymme-
try, defects) and the S-N curve is determined for the structural
component [5—-10]. Despite numerous fatigue tests conducted
since the end of the 19th century, the cracking of structural
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components under variable load still occurs [11-13]. Attempts
are made to explain the failure causes for new components
tested under controlled operating conditions, e.g. a crankshaft
for ship engine [14]. If the structural component failure may
cause accidents, the fatigue tests of complete machines, e.g.
planes [15] or bogie frames [16] are required.

The study analyses the operating conditions of a steel slide
plate used in a belt conveyor. The plate was subject to variable
load resulting in the propagation of fatigue crack and prema-
ture failure. The study analysed the structure for the correct
design of the component based on the actual operating con-
ditions. A fatigue limit was estimated based on material data
and numerical calculations. The cracks were analysed under
bending loads.

2. Specimen

The analysis was conducted for a slide plate used in a drop
packer. The plate was subject to high-frequency operating loads.
The operating conditions caused premature crack propagation
and failure. The plate was made of 1.4301 cold-rolled 3 mm
thick acid-resistant steel. The plates were prepared using laser
cutting technology. The plate edges were bent on a bending
brake at an internal bending radius of 3 mm. Figure 1 shows
the geometry of the tested plate. The plate was used as a slide
component in the belt conveyor. Figure 2 show the operation
diagram. The analysed unit is used for packaging products (bot-
tles (2)) into a cardboard box (3). The top conveyor feeds and
buffers the product. A specific number of products is dropped
(1) from the top conveyor. To reduce the product impact on
the slide plate (4), the conveyor with the cardboard is lifted.
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Fig. 1. Plate geometry and dimensions in mm
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Fig. 2. Plate load and support diagram in the drop packer: 1 — top
conveyor, 2 — bottle, 3 — cardboard box, 4 — analysed slide plate,
5 — damping element
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Fig. 3. Plate fracture: a) general view, b) detailed view of the crack

A dampening unit (5) is installed under the slide plate to ensure
a sufficient deceleration path for the product.

Figure 3 shows cracks in the smallest cross-section of the
plate. The plate failed after approx. 8700 hours of operation.
The fatigue life was estimated at approx. 4.5-10° cycles. The
plate was subject to variable maximum stress amplitude result-
ing from conveying products of different weights.

To estimate the reliability under variable amplitude cyclic
stress, a complex load history can be converted into constant
amplitude cyclic stresses using the cumulative fatigue assess-
ment. The reliability was calculated based on the fatigue life
distribution under variable stress amplitude. Block maximum
loads corresponding to the transport of bottle packs with differ-
ent weights (9 kg, 6 kg, 4.5 kg, 3 kg, 2.4 kg) were used in the
analysis. Fig. 4 shows the operating load history.

In all load cases, the bottles contacted the plate after trav-
eling a distance of 0.4 m. The dampening unit decelerated the
product at a maximum distance of 0.015 m. The product fall-
ing rate was 2.8 m/s. The kinetic energy before impact equals
the gravitational potential energy corresponding to the falling
height of the load. The average force of impact F' was deter-
mined analytically based on the work-energy principle accord-
ing to the equation:

F="5, (1)

where m is the mass of the object, g is the gravitational accel-
eration, / is the drop height, d is the distance travelled after
impact. A maximum impact force for a 9 kg load was 2352 N.

Bull. Pol. Ac.: Tech. 68(4) 2020
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Fig. 4. Operating load history of plate

3. Experimental test methods and results

3.1. Macro-fractography. The observations of fracture sur-
faces were conducted to evaluate the mechanism of crack prop-
agation in the plate. The cracks were analysed using a JEOL
JSM-6610 electron scanning microscope (JEOL, Tokyo, Japan)
in a secondary electron mode (SE). The observations were per-
formed at 15 kV acceleration voltage. SEM images in Figs. 5
and 6 show the fracture area of the specimen subjected to
fatigue.

The front of the crack in the specimens was observed in the
corner, corresponding to the higher stress concentration in this
section. The crack propagation stopped on the opposite side of
the specimen (left).

The fractographic analysis showed that the crack was irreg-
ular throughout the specimen. At the crack initiation stage, stri-
ation-like marking and fissure-type striations were observed.
Fig. 6a shows the termination of crack propagation at the grain

Fig. 5. Fracture areas of the plate: a) overall fracture surface, b) right
side, ¢) left side; the arrow indicates maximum normal stress in the
cross-section of the plate

boundaries. The stages of stable crack growth and unstable
cracking with dislocation slip were observed. Numerous micro-
cracks at the junction of slip bands and secondary cracks were
also observed. Fig. 6b shows the fatigue striations.

3.2. Material and chemical composition. The specimen was
made of austenitic 1.4301 acid-resistant steel. Due to a rel-
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Fig. 6. SEM fractography of 1.4301 acid-resistant steel: a) propagation region, b) striation marks
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atively good ratio of mechanical properties, machinability,
availability and price, this material is commonly used in the
food industry machines. The mechanical properties of this
material are susceptible to various factors, e.g. its mechanical
and fatigue properties depend on its size. The difference in
fatigue life was noticeable and verified experimentally for the
minispecimens [17].

The 1.4301 steel features significantly higher content of
alloying elements compared to other commonly used steels. In
the statistical size effect approach, it may translate into a higher
probability of occurrence of the potential fatigue crack initi-
ation points. Thickness and size may significantly affect the
fatigue limit. The analysed steel was delivered as a cold-rolled
4 mm thick sheet. Table 1 shows the chemical analysis results.

Table 1
Chemical composition of the 1.4301 steel
C,% | Si,% | M,% | P,% | S,% | C,% | Ni,% | N, %
0.02 | 0.41 1.54 | 0.028 | 0.001 | 18.1 8.1 | 0.051

The carbon content in the tested specimen was very low
(0.02%). The corrosion resistance is affected by chromium and
nickel content, 18.1% and 8.1%, respectively.

The static tensile test was conducted on an Instron 8874
testing machine in accordance with PN-EN ISO 6892-1:2016
[18]. The tests were conducted using a force gauge with £25 kN
measuring range and 2620 Instron axial extensometer with
a base unit of 25 mm and the elongation range of £5 mm. Fig-
ure 7 shows the geometry of the unnotched specimens used in
the monotonic tensile test.
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Fig. 7. Geometry of the unnotched specimen for monotonic tensile test
made of 1.4301 acid-resistant steel, dimensions in mm
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Nonlinear stress-strain behavior described by the Ram-
berg-Osgood equation:
o n
, 2
Ry, )

where ¢ is the strain, o is the stress, R is the 0.2% proof stress
as the equivalent yield stress, E is the initial elastic modulus and
n is the strain hardening exponent. The value of the initial elas-
tic modulus E is obtained by a linear regression least-squares
estimate of the slope in the proportional elastic region.

O
= —+0.002
& z + <
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Fig. 8. Stress-strain curve for 1.4301 steel

The average measured values and standard deviation for the
three specimens are presented in Table 2 (modulus of elasticity
E, tensile strength R, yield strength Ry ,, reduction of area Z,
longitudinal elongation A, strain hardening exponent 7). The
tested material showed high ductility. Figure 8 shows the qua-
si-static characteristic (e-o curve) for 1.4301 steel.

Table 2
Mechanical properties of the 1.4301 steel
Parameter | £, MPa | Ry,, MPa | R,,MPa | Z,% | A,% | n
Value 200195 269 623 77.1 | 69.5 | 7.1
Std dev 2645 3.1 4.9 0.5 1.3 | 1.0

Figure 9 shows the microstructure of the tested material. Visi-
ble austenite grains are approx. 40 pm. The microstructure of
the material was evaluated using OLYMPUS LEXT OLS4100
Confocal Laser Scanning Microscope (Olympus, Tokyo, Japan).

b

Fig. 9. Microstructure of the analysed 1.4301 acid-resistant steel
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Prior to the structural analysis, the specimen was subjected to
metallographic preparation involving grinding on SiC abrasive
papers, 240 to 2400 grade and polishing with 3 pm and 1 pm
diamond suspensions.

3.3. Numerical method. A finite element analysis in LS-Dyna
software was conducted to determine the stress distribution
within the plate. FEA is commonly used to analyze the stress
distribution in an operating structure [19]. LS-Dyna is a dedi-
cated environment used for the analysis of dynamic phenomena
featuring a high non-linearity [20] using an explicit integration
method. The use of the explicit integration method which does
not require transposing the stiffness matrix to solve the system
of equations reduces the calculation time, which in this case
depends on the number of independent variables. The explicit
integration method was used due to the high non-linearity of
the analysed phenomena and contact between the model ele-
ments.

The numerical model was developed in LS-PrePost. The
geometry was divided into 77 866 finite elements. In total mesh
consisted of 79 105 nodes. Two types of elements were used,
structural shells and discrete elements.

Structural 4-nodes shells (*SHELL) with Belytschko-Lin-
Tsay formulation (*ELFORM type 16) were used to model the
plate and the bottles. They were fully integrated elements with
2x2 in-plane integration points with three integration points
through-thickness. The element stresses were calculated in
those integration points and then extrapolated to nodes. The
results were taken from outermost integration points then aver-
aged at nodes for smooth representation (Fig. 11).

Discrete 2-nodes elements (*DISCRETE) were used
to model damping units. For those elements, material cards
*SPRING_ELASTIC, and *DAMPER_VISCOUS were used
accordingly for a spring and a damper. For those elements dis-
placement and forces were calculated at nodes.

The average element size was 2 mm in length with aspect
ratio no larger than 2.5 for the most distorted elements due to
mesh transitions and there were no more than 14 (0.018%) ele-
ments with poor Jacobian (greater than 0.6). The relative ratio
of the element size to the overall geometry was 2- 107>, Further-
more, the element size was chosen in reference to the radiuses
of notches occurring in the model accordingly to the literature
[21] and did not adversely affect the results. For so prepared
mesh only simple check for mesh discretization was conducted
which proved that further refinement will not influence results
much and achieved computation time was acceptable.

The model was fixed by removing all degrees of freedom
from the nodes at both ends of the damping unit (see Fig. 10).
The damping element head can move along the y-axis only. The
load is a bottle pack (9 kg, 6 kg, 4.5 kg, 3 kg, 2.4 kg) falling
from a height of 0.4 m by gravity. The values used correspond
to the actual conditions shown in Section 2.

The contact conditions without friction were established
between the system elements, i.e. slide plate and bottles and
slide plate and damping element head. *CONTACT_ SUR-
FACE TO SURFACE card was used. The analysis duration
was 0.1 s with a 7.1-1077 step. The plate model used a math-

Bull. Pol. Ac.: Tech. 68(4) 2020

Ux=0;Uy=free; Uz=0
Rx=0;Ry=0;Rz=0

Damper C = 0.3 [N/mm]
Spring k=15 [N/mm] L

Ux=0;Uy=0;Uz=0
Rx=0;Ry=0;Rz=0 A

Fig. 10. Damping and boundary conditions

ematical material model allowing for the plasticity (density
7.86 g/cm?, Young’s modulus 2.1-10° MPa, Poisson ratio 0.3,
yield point 269 MPa).

The stress distribution maps were analysed for several prod-
uct impact stages. Figure 11 shows the highest stress for 9 kg
load.

The normal stress distribution maps correspond to the
fatigue failure location. The analyses showed stress concen-
tration in the smallest cross-section of the plate. Table 3 shows

[MPa]
2.540e+02

I: 20756402
16106402
11450402
_ 6.800e401
21508401
-2.500e401
71508401
11808402
-1.645e402
| 21108402

Fig. 11. Normal stress distribution map in the plate for 9 kg load
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Table 3
Numerical calculation values

Load, Force, Max. deflection, Max. normal stress,
L (kg) F(N) f (mm) S (MPa)
9 2611 15.35 242.7
6 2298 11.05 222.6
4.5 2066 8.53 198.9
3 1721 6.32 168.4
2.4 1520 5.37 152.9

the calculated values for all analysed load cases. The numerical
calculations were used to determine the maximum normal stress
for each load level. The values were used in further analytical
calculations. The damping element stiffness was identical in all
cases. Change in the maximum normal stress is non-linear since
it depends on the constant damping element stiffness.

Further FEA included evaluation of the modelled damping
and stiffness properties. The used values corresponded to the
parameters of the damping elements used in the actual machine.
A significant reduction in the maximum stress was observed in
the area of stress concentration.

3.4. Fatigue analysis. An initial evaluation of the fatigue life
was conducted based on one of the commonly used FITNET
engineering procedures [5]. The S-N curve for a limited fatigue
life is established by determining the fatigue limit for the mate-
rial oy from the following equation:

ow = Jfw,o " Ru, 3)

where fy - is a fatigue strength factor provided by the proce-
dure depending on the material and R, is the tensile strength of
the material. Coefficients fy, , for the analysed acid-resistant
steel are 0.4. Using the tensile strength of the analysed material
(623 MPa) in (3) gives 249.2 MPa. To determine the fatigue
limit at 10° cycles for the structural element oy the following
equation was used:

owk = ow Ky N5 Kg o, “4)

where K, is the element size coefficient, K  is the effect
of surface roughness on fatigue limit and 7, is the notch
effect on fatigue life that depends on the stress gradient. K,
is equal to | for analysed dimensions of the element. The
calculated value of 7, was 0.957 (the stress gradient equal to
0.195). The last coefficient was the value defining the effect
of surface roughness on fatigue limit (Kg) was calculated as
0.88 (Rz = 1.6 um in the plate which fulfils requirements of
[22]). Using those values in (4) gives the fatigue limit for the
structural element of 187.9 MPa at 10° cycles, which is for
the asymmetry of R = —1. For the cycle asymmetry of R =0
must be corrected. The FITNET procedures prosed using the
Walker model for calculated the effect of mean stress by the
following formula:

918

-3
M =10"a,R, +b,, 5)

where a,,, b, are material constants and are 0.35 and 0.1,
respectively. R, is the ultimate strength (non-dimensional). The
fatigue limit for the structural element for the asymmetry of
R =0 oy is 176.8 MPa. A double value of permissible stress
amplitude of 353.6 MPa was used to determine the stress range
AS. Figure 12 shows the S-N curve determined by the FITNET
method.

T 700~ 1 log(N)=5 log(AS)+18.74
= 5
g 500
)
§ 353.6 log(N)=-15 log(AS)+39.71
@ 260.6
242.6
200 ‘ ‘ ‘
10* 10° 10° 107 108

Number of cycles N

Fig. 12. The S-N curve determined by the FITNET method with
marked stress estimated by FEA, the maximum normal stress form
FEA for 9 kg — 242.7 MPa

A slope rate of 15 was used for 10° to 10® cycles, and the
slope rate of 5 was used for the fatigue life below 10° cycles,
which is recommended by the FITNET method. More infor-
mation about the slope coefficient can be found in [23] and
[24]. The maximum stress obtained based on the FEA cal-
culation is marked with a red line. This value is lower than
the fatigue limit determined analytically, corresponding to
the unlimited fatigue life. It shows that the analysed element
should not fail. The authors decided to follow up with the
experimental tests.

Further evaluation of the causes of plate failure included
analyses based on the experimental test results. Figure 13
shows unnotched specimens made of the same steel as the plate
(1.4301 acid-resistant steel).
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Fig. 13. Geometry of the unnotched specimen for fatigue testing made
of 1.4301 acid-resistant steel
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The analysis aimed to determine the S-N curve for
a load-controlled test. The scope of the tests covered high-cy-
cle fatigue. The end of the test criterion was a micro-frac-
ture of the specimen. The load was applied by the repeating
bending with the cycle asymmetry of R = —1. The tests were
conducted in accordance with standard requirements [25, 26].
The fatigue tests were conducted using Instron 8874 hydraulic
testing machine. Figure 14 shows the test results (black circles).
8 specimens were used for the experiment. A set of 7 specimens
is recommended in the standard [18]. The tests were conducted
for 4 the stress amplitude (400 MPa, 440 MPa, 480 MPa and
480 MPa) and 2 specimens for each stress level.

1000

SRR —— SN curve for reap. bendingR=-1 for 50% prob.
N ‘@\m «— § — N curve for reap. bending R=0 for 50% prob.
800 T TR), = = §— N curve for reap. bendingR=-1 for 5% prob.
= = §—N curve for reap. bending R=0 for 5% prob.
—— Loading histogram
600 — P-S-Ncurve
400 i S N

I_I

200 Ll‘

10*

10° 10° 107

Number of cycles N

Fig. 14. S-N curve for 1.4301 steel

The experimental points were approximated using a proba-
bilistic model for the selected failure probabilities. This param-
eter can be represented by a 3-parameter Weibull cumulative
distribution function for general stress applied and expressed
as follows [27]:

-

where 6 is a scale parameter, o is a shape parameter and & is
a location parameter. For mean stress equal 0 (R = —1):

(6)

_ %o
Fy=1-cxp HN‘)Q—‘%) } ™
0
For other mean stress values:
— 1
Fo=1-exp HM@—&) } ®)
1

Assuming that the shape « and the location & parameters
are common and only differ in the scale parameter 6 for two
stress distributions:

Bull. Pol. Ac.: Tech. 68(4) 2020

1— exp |:_ (Noe—go)ao:| =
0
S () (50

where o, is fatigue strength for asymmetry stress R = 0 and
o, _1 1s fatigue strength for asymmetry stress R = —1.

Assuming that the Weibull distribution describes the S-N
curve, the location parameter &(o,;) is 10" 106w+ and the
scale parameter 6(o,;) is 1016+ where b is a constant
term in the S-N curve equation, d is a constant term in the S-N
curve equation in the location parameter, « is a slope coefficient
in the S-N curve equation and m is a slope coefficient in the S-N
curve equation in the location parameter. Finally, the equation
for the S-N curve is:

oo (25

Q(O'm-)

(10)

It is assumed that the slope of the S-N curve at different
mean stress values is the same (based on the FITNET method)
due to small differences in slope for R = —1 and R = 0 in [28].
The final estimated S-N curve for different asymmetry stresses
can be expressed as:

040

b_lzbo—l—log{—( > }or

041

bozbl—log{< a0 > }
O4—1

Equation (11) was discussed in detail in [29]. The operating
load of the plate resulted from free falling bottles, translating
into a one-sided load change cycle. The results of the exper-
imental tests for a symmetrical cycle were converted into the
one-sided cycle. The effect of mean stress can be calculated
using the Walker model by (5).

For the cycle asymmetry of R = 0, the (5) is:

(=)= (-(3)-

The fatigue life was reduced by 40% [30] to allow for
the laser cutting effect. The maximum load was variable and
depended on the configuration and size of the bottles. The
S-N curve was offset by a value corresponding to the effect of
variable load on fatigue life in accordance with the following
equation [31]:

SSF = log [Zn,/Zn, . (Sa,,‘/Sa,max)a] )

where 7; is the number of cycles at i-th load level, S, ; is the
load amplitude at the i-th load level and a is the slop.

(11)

(12)

(13)
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Figure 14 shows the S-N curve (red line) determined using
(10), shifted by (12) and (13) and the formula of the distribution
is as follows:

4

B (]\[l) _ 1071.05 -log(o,;)+4.95
Fo(N)=1—exp _< 10111+ log(o,)+33.1 > (19
A black line shows the S-N curve determined using (11) for

cycle asymmetry R = —1 and the formula of the distribution is
as follows:

(N;) — 107105 log(ow) +4.95 4
107111 -log(ow) +33.7 ) . (15)

Fi{(N)=1—exp —(

It was assumed that the load is applied in ¢ = 5 stages
(242.7 MPa, 222.6 MPa, 198.6 MPa, 168.4 MPa, 152.9 MPa,
in accordance with FEA calculations — Table 3). The number of
load cycles for each stage was (1 100400; 537 600; 1 887 200;
655200; 263 233 cycles), respectively for each load level.
A load histogram is shown as the blue line in Fig. 14.

A Palmgren-Miner linear damage hypothesis was used in
the next calculation stage:

D :Zj:u’:[_i’

where n; is the number of cycles for a load stage at i-th load
level, N; is the number of cycles based on the S-N curve for
a load stage shown in Fig. 14 (red line).

The cumulative damage was 0.53. The FITNET procedure
recommends using permissible value D = 0.5. The structural ele-
ment failed at the cumulative failure above 0.5, which validates
the assumption. Since the S-N curve at 50% failure probability
should not be used in engineering calculations, additional calcu-
lations were conducted using (16) and the S-N curve at 5% fail-
ure probability (red dashed line, Fig. 14). A value of D = 1.02
was obtained. The value is similar to the limit value of 1 taken
in the original version of the Palmgren-Miner hypothesis.

(16)

4. Conclusion

In this paper, the fatigue life and reliability of a slide plate were

estimated. The following conclusions can be drawn:

— The fractography showed that plate failure was caused
by fatigue damage. A striation mark, characteristic of the
fatigue crack propagation was observed.

— Each stage of product falling on the plate was verified
by the FEA. The maximum stress occurred in the fatigue
crack location. The calculated stress values were within
242.7+152.9. The initial verification using the FITNET
procedure showed that the maximum stress values obtained
using FEA were lower than the fatigue limits determined
using the analytical methods. The correct structural features
of the plate were selected.

— Fatigue properties were analysed using the probabilistic
model based on the Weibull distribution. The S-N curves at

920

5% and 50% failure probability where used. The cumulative
damage according to the Palmgren-Miner hypothesis was
1.02 and 0.53, respectively. The calculations showed that
the plate should fail for the S-N curve at 5% failure proba-
bility after a number of cycles corresponding to the actual
operating conditions (approx. 4.5-10° cycles). For the most
commonly used S-N curve at 50% failure probability, the
number of cycles was approx. 8.4-10°.

Further studies should aim to determine the safety factor
for fatigue life calculations. Unfortunately, the FITNET pro-
cedure does not specify the value that should be used in the
calculations. Using the correct safety factor in (4) would show
that the slide plate has a limited fatigue life. The 3-parameter
Weibull distribution can be used to determine the S-N curve for
any failure probability. For engineering calculations, the S-N
curve at max. 5% failure probability is recommended. For each
designed machine, the value should be selected individually. An
example approach was presented in [32].
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