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Abstract: This article presents an analysis of the causes of a fatigue crack in the guide bar of a
pressing device. The detailed analysis included the analysis of a material’s microstructure and its
cyclic properties. Direct measurements of the strains during operation allowed the nominal loading
process in the critical cross-section of the press subassembly to be obtained. The notch effect of the
inner thread of the guide bar was analyzed using a precision FEM (finite element method) model and
was followed by the transformation of the nominal loading into the notch root. A methodological
approach was formulated based on the analyses made, which lay in the statistical interpretation of
the factors leading to an identification of the cause of an early fracture.
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1. Introduction

The reliable operation of industrial presses used for the production of fuel tanks
for automotive applications is an important factor for car companies when choosing
a supplier for automotive production lines. Fatigue cracking in the operation of such
machines threatens the process of production on those production lines because one of
their components is missing.

An industrial press is an immense structure forming part of a fully automated as-
sembly line. The fatigue lifetime assessment of production line structures of such types is
difficult because there are only a few examples operating in the world. Thus, this struc-
ture can be considered more like a prototype stage than mass-produced machines. The
unexpected fatigue crack occurred on this type of device after several years of operation
on the main frame support. The simplified scheme of the front part of the device for the
production of car tanks is displayed in Figure 1.
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Figure 1. Scheme of the main frame of the pressing machine for production of car tanks. 1—guide
bars, 2—massive stiff vertical frame members, 3—hydro motor, 4—former, 5—MB80 bolts (detail),
I~ 520 mm.
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An analysis of fatigue lifetime and the causes of an early fatigue fracture may be
carried out by several known methods: using local stress—strain approaches [1,2], statis-
tical approaches [3,4], deterministic fatigue analysis (experimental) [2], spectral fatigue
analysis [5,6], time—domain fatigue analysis, fracture-mechanics-based assessment of fa-
tigue damage [1,7], etc. The detailed case study presented in this paper finally led to an
employment of the local stress—strain approach using a statistical assessment.

2. Analysis of the Failure

After about 500,000 work cycles, the fracture occurred in the upper guide bar (see
Figure 1). The fatigue crack initiation was in the internal thread of the guide bar in the
cross-section between the bolt end and the bottom of the threaded rod guide opening. The
fracture surface appearance displayed in Figure 2 demonstrates the high rate of fatigue
crack propagation across the overall cross-sectional area. The residual fracture of the whole
cross-section is only about one-third of total cross-sectional area.

While assessing the causes of premature fracture of the guide bar, it was necessary to
analyze the material at the fracture site and the working cycles of the device in terms of
stresses acting in the cross-section where the fracture occurred. A sliver of base material
directly cut out from the guide bar in the fracture site was selected for metallographic
analysis of its microstructure and hardness measurement. By mechanical splitting, subse-
quent grinding, and fine polishing, the microscopic structure was enhanced after etching
(Figure 3).

Figure 2. Fracture surface.

A number of facts can be ascertained from the microstructural analysis of the steel.

- The material is non-eutectic steel with a ferritic—pearlitic structure which has not been
heat-treated.

- Carbon content is 0.45 <+ 0.48%.

- The possible alloying element is chromium (in the unprocessed state, it practically
does not have any impact on the strength and deformation properties of the steel).

- The microstructure of the material is highly homogeneous without structural debris,
massive deposits, cracks, burnt oxides, etc.

- Inview of the small number of deposits, it can be assumed that the steel has a low
sulphur and phosphorus content and was obtained by a two-stage metallurgical
treatment.

- The structure of the steel does not contain any structural regions that would serve as
local initiators of the origin and growth of the fatigue crack.
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Figure 3. Metallographic facet of the steel (magnified 250 times, etched in nital).

The measured hardness values (Figure 4) with minimal scattering are confirmed by
the conclusions of the metallographic observation of the structural homogeneity of the
steel under consideration and its sufficient plastic properties (ductility). The hardness
determined for steel strength is about 495-530 MPa. The fatigue limit of such material can
be calculated by methods [8,9] to an approximate value of 220 MPa.

Figure 4. Hardness measurements at the site of the guide bar crack in both directions.

In order to assess the cause of the fracture, it is necessary to further know the operating
loading in the critical cross-section of the guide bar in the form of a stress time course.
Within the available options, the following procedure was selected:

- direct measurement of stresses on the external surface of the critical cross-section of
guide bar during operation and

- determine the notch effect of the internal thread analytically and on the model using
FEM (finite element method).

Along the critical cross-section of the guide bar, strain gauge sensors were installed

at 120° spacing, so that it was possible to differentiate the effect of bending moments
and normal force [10,11] (Figure 5). This procedure allowed the point of maximum cross-
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sectional stress to be determined using equations for the calculation of the stress from
normal force and the maximum stress from the bending moment:

1
oN = 55(81' + &ii + i)

2
o = 3E €F + €5+ egy; — (eieii + €ieiii + €i-€iii) @M

where E is Young’s modulus and ¢; are values of the relative deformations measured by
individual sensors.

Figure 5. Deployment of strain gauges along the outer cross-sectional area of the guide bar.

The measured typical stresses in the critical cross-section on the outer surface of the
guide bar are displayed in Figure 6.

70

o) Mg N N

w
=]

(bending) stress (MPa)
{normal force) stress (MPa)

B e

Q 100 200 300 400 500 300 400 500 600
time (s) time (s)

3
(=3
o
a
=3
S
o
3
S

£ £
H z
g0 i
g &
“v“' "
5 240
g §
=E ESU
= 30
2% E
. g
20 =20~
10 10+

500 time (s)

Figure 6. Diagrams of maximum normal stresses from bending moment and stress from normal force
measured for two operational modes (mode 1—top, mode 2—bottom).
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The fatigue crack initiation site was at the root of the internal thread (the first engaged
thread, see Figure 1). The criticality of this cross-section was predetermined by the change
in cross-sectional stiffness at the location between the end of the bolt and the bottom of the
threaded hole (Figure 2). In this area, the annular cross-section caused additional bending
loading under the tensile loading from the prestressed bolt and the pressing force developed
by the hydraulic cylinder. The resulting value of the stress (from the bolt pre-tension,
additional bending moment, and pressing force) had to be recalculated (transformed) into
the notch root of the thread. The effective method for such transformation, applicable
in engineering practice, is Neuber’s method [12,13]. The equation below requires the
knowledge of nominal stress/strain value 0, /¢, deformation as well as the effective notch
coefficient of the thread root in the hole of the guide bar:

2
Onotch€notch = B TnomEnom (2)

The value of nominal stress (as well as the deformation) can be determined as the
addition of stresses from the working cycle (see Figure 6) and calculated stress from the
pre-tension of the bolt. The magnitude of notch coefficient is given by Neuber’s formula as

Kep = Koy [ )

where K;; is the stress concentration factor, p is the radius of the notch root, and pr = p + mp*
is the fictitious radius defined by Neuber [13] (material parameter m = 2, structural length
p*=0.095 + 0.115 mm, p = 0.45 mm)

The value of the stress concentration factor K,; can be determined in several ways, e.g.,
by using the approach of equivalent ellipse and applying the expression for an elliptical
groove [6] or using the FEM model. Let us note that the usage of modeling with FEM fre-
quently requires a careful choice of mesh, types of elements, and boundary conditions [14]
(see Figure 7). When using a sufficiently fine mesh requiring as many as five elements
at the thread root, a linear element (Solid 8 Node 185) could be used. At the interface of
threads, an 8-node contact element (Conta 174) was employed in combination with a 3D
Target 170. The setting-up of the conditions of contact and boundary conditions of the
calculation was based on reaching the same stress values on the surface of the guide bar as
were obtained by direct measurement. The results of the precision mathematical model
of the critical node under the load of tensile force and bending moment corresponding
to the measured values of stress according to Figure 6 are in Figure 8. For the value of
the nominal stress from the tensile force of 40 MPa and the bending at the thread point of
30 MPa, the value of the stress concentration factor based on FEM simulation is K, = 5.43
and using Equation (3) for the notch factor is K, = 4.4 + 4.53.

ANSYS|
Rz

Figure 7. Finite element mesh at the internal M80 thread location of guide bar.
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By measuring the exact geometry in the root of the thread using a digital microscope
(Figure 9) and using the elliptical groove concept according to Nishida [15,16], it is possible
to analytically determine the value of the stress concentration factor, K, = 5.95. This value
is in good agreement with the results of the FEM model, which we will use in the next

analysis.
T ANSYS
R18.2
L —
2.76 4471 86.65 128.6 170.54 21249 25443  296.38 338.32 380.27

Figure 8. The resulting stresses obtained by measured values of tensile and bending loading (mea-
sured on the outer surface of the guide bar according to Figure 6).
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Figure 9. Exact values of thread geometry obtained using a Keyence VHX 6000 digital microscope.

The value of the stress in the root of the internal thread is obtained by applying the
Neuber method (Equation (2)). The nominal stress is based on the measured values of
tensile stress (40 MPa) and additional bending stress at the thread point (30 MPa), to which
the stress from the bolt pre-tension (74 MPa recalculated according to the manufacturer’s
data) is added. Point 1 in Figure 10 represents the stress at the root of the thread for a linear
material model, point 2 for the actual tensile curve of the guide bar material.
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Figure 10. Application of the Neuber method of transforming the value of the nominal stress of
144 MPa into the root of the thread (1—633 MPa, 2—352 MPa).

Taking the above-mentioned into consideration, it turns out to be crucial to assess
the fatigue strength of the critical point of the guide bar’s internal thread. Although the
decisive variables are not deterministic values, they could be determined at a certain
interval or with a certain probability. Therefore, a more credible approach was taken to
assess the risk of premature fatigue fracture in probabilistic form [8]. The methodology of
this approach is based on the interaction of two sets of uncertainties:

1.  aset of stress amplitudes that can be characterized by Gaussian (or Student, etc.)
distribution and describing the mean value of stress amplitude and its scatter obtained
by the longer-term measurement of stresses in operation and

2. aset of fatigue limit values of the guide rod material, which is also characterized by
the Gaussian (or Student, etc.) distribution, and will be described by the mean value
of fatigue limit and its possible scatter for this type of material.

The relative position of these two statistical sets indicates the probability with which
the amplitude of potential stresses in the root of the thread exceeds the fatigue strength of
the guide bar material (Figure 11).

Distribution of fatigue
Distribution limit values

of stress in notch

180 o 190 15 200 & 210 2 220 = 230 = 240 G 250

Figure 11. Statistical interpretation of the risk of early fatigue fracture for a critical location at the
point of the internal thread in the guide bar of the press machine.
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The value of the penetration of such defined functions depends on the mutual posi-
tioning of the sets of variables considered and the widths of probability intervals of their
occurrence (i.e., their variability in operation or material). The risk of premature fatigue
fracture can also be mathematically described and numerically expressed.

A distribution function of stress in notch (resulting from the uncertainty of designa-
tion of notch coefficient and fluctuation of the stress in the individual working cycles in
Figure 12, uncertainty of notch factor K,s and mean value of stress cycle taken into account
based on Goodman’s [17] or Morrow’s [18] approach) is given by the following parameters
of normal distribution: o : 7, 5.

Mean value: 7, = 210 MPa.

Standard deviation: s,, = 10 MPa.

The corresponding standard deviation is calculated using the following formula

A
S, = 2,95% 4
where A is the maximal range of the stress amplitude value determined by measurement
directly in operation (Figures 6 and 12) and #”% is the normal distribution quantile for a

95% probability of occurrence.
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Figure 12. Variability of nominal stresses (two operational modes).

Distribution of fatigue limit values (resulting from the statistical nature variance of
cyclic material properties, as documented in Figure 13): 0, : 0y, S,

Mean value [9,10]: o, = 220 MPa.

Standard deviation: For most steels, the standard deviations determined by this
relationship are in the range of 5% to 7% of the stress amplitude on the regression line [9,10].
In our considered case 5., = 11 MPa.

In terms of early risk of fatigue crack, the relationship of those two sets is characterized
by the probability of failure described as a random value F with parameters of normal
distribution: F : F, sf.

Mean value: F = 7. — 0.

Scatter: s% = S%,C + s%,ﬂ.
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Figure 13. Scattering of cyclic material properties on the S-N material curve described using the
intervals of reliability (confidence limit—CL, prediction limit—PL).

A condition of probability of failure is a probability of occurrence of such a situation
that an amplitude of an equivalent cycle of loading exceeds the value of a material’s fatigue
limit. For values of the quantity F, this condition is expressed by the following condition:

F—uysp <0 ®)

Probability of failure is, therefore, given by a quantile value of the quantity’s (F)
distribution:

9e 9 _ 067 ®)

Vo
This value of quantile corresponding to 50% probability of failure.

The situation for the numeric values specified above is graphically presented in
Figure 11.

Uo =

3. Conclusions and Steps to Reduce the Risk of Failure

The aim of this article was to analyze the causes of fatigue failure in the operation of
an industrial pressing machine. Despite the fact that a loading process may be considered
quasi-harmonic, the analysis of an early fatigue fracture’s cause presented in our study
was rather complex.

It turned out that the assessment of fatigue’s causes of this type can be determined
only using a local stress—strain approach with statistical assessment. Providing a normal
distribution of a batch of amplitudes in a quasi-harmonic loading process as well as
scattering at the point of fatigue limit [19,20]; a relatively simple approach for assessing the
risk of an early fatigue fracture is proposed.

In order to prevent the occurrence of such failures in terms of statistical probability,
the risk of their occurrence would have to be reduced to an acceptably low probability
value. Taking into consideration the operator’s points of view (costs, scope of technical
procedures, repair time, etc.), only two solutions seem to be viable in engineering practice:

e decreasing the peak of the stress in the critical volume of material in the root of
thread or

e increasing the value of the fatigue limit of material by choosing the stronger material
with better cyclic material properties.
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Decreasing the peak of stress in the root of the thread can only be achieved by reducing
the nominal stress in the critical cross-section by reducing the pre-tension of the bolt or
choosing the optimal ratio of the bolt cross-section to the annular cross-section of the guide
bar at the site of the joint. The potential of these two changes is in this case a maximum
of 15 MPa, which would be reflected by decreasing the mean stress value distribution in
a critical place and reducing the risk of failure to 10%. By exchanging the material of the
guide bar for a material with a higher fatigue limit (this step has been also done in real
terms) of at least 20 MPa it is possible to reduce the risk of premature crack to a value of
5%. Those changes are graphically displayed in Figure 14.
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Figure 14. Graphical expression of possibilities reducing the fatigue fracture risk of press bar.
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