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INTRODUCTION

Stress concentrations (“stress raisers”) are critical hot spots in the fatigue
design of cyclically loaded parts. Therefore, designers have to reduce the
stress-concentration effect by optimization of the part geometry. (Application
of the Baud curve, Mattheck’s tensile triangles, or other splines). If geometric
optimization is not possible, a material class with a lower notch-sensitivity
must be chosen. This is the common case for the powder metallurgy (PM)
community. This paper describes a method to analyze and to implement the
notch sensitivity of sintered PM steels into the FEA simulation-based fatigue
assessment. The material-class dependent notch-sensitivity has been investi-
gated for decades for gray cast iron variants. Therefore, a brief comparison
between these two material classes is presented to point out some valid and
some invalid similarities and to facilitate the reader’s understanding. The the-
ory and the consequences of the support effect are discussed briefly. More-
over, the theoretical predictions are compared with a huge in-house data pool.
From that comparison it is evident that sintered PM steels have a strong
advantage. But that advantage must be communicated in a proper way to the
customer and to their modeling and simulation departments. Otherwise the
strong support effect will be neglected; possibly leading to a no-go decision for
sintered PM steels.

SIMILARITIES BETWEEN SINTERED PM STEELS AND GRAY CAST IRON
There are some similarities between sintered PM steels and gray cast iron
variants. These similarities are helpful since the casting community is much
larger than the PM community. Therefore, the PM community can adopt some
findings such as those compiled in Table I to save some experiments and to
minimize the testing effort. However, the correct adoption of the similarities
must be proven and the supporting physics must be carefully examined. A few
similarities given in Table I will be discussed very briefly. The pores reduce the
stiffness of PM steels just as the lamellar graphite flakes reduce the stiffness
of gray cast iron variants. Trapped gas in PM steels and the lamellar graphite
flakes in gray cast iron variants affect the load-bearing cross-section. Since
their contribution to the global material stiffness is negligible, the resulting
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Young’s modulus, E, is less than that of fully-dense
wrought steels.! In addition to the amount of the second
phase (pore and graphite volume fraction), there is an
effect of their shape. Due to the strong internal notch
effect of the lamellar graphite flakes, gray cast iron vari-
ants exhibit the lowest Young’s modulus. By modifying
the shape of the graphite flakes, the Young’s modulus
can be improved. Therefore, vermicular graphite cast
iron variants exhibit intermediate, and nodular cast
iron variants exhibit the highest Young’s modulus,
respectively (for the same amount of graphite): 12

E <E,<E,

In the prior equation, E, denotes the Young’s modu-
lus of gray cast iron (lamellar graphite), E, denotes the
Young’s modulus of vermicular graphite cast iron (ver-
micular graphite), and E, the Young’s modulus of the
nodular cast iron (globular graphite) variant. A similar
effect is known for PM steels. The effect of the sintered
density, p on Young’s modulus E can be described with
the Balshin equation.® That equation describes the
reduction of the pore-free density Young’s modulus E,
as function of the actual sintered density p. The Balshin
exponent, m, is affected by the processing route and the
powder used (atomized or sponge iron powder), whereas
the effect of the chemical composition (alloying) is
neglected:

Elevated sintering temperatures, 3 and/or the use of
sponge iron powder result in less angular pores. There-
fore, the stiffness of such PM steels is a bit higher.® The
similarity to the discussed cast iron variants is evident.
The same explanation holds true for the sintered densi-
ty p. The specific weight of the trapped gas and of the
graphite flakes do not play a role compared with the
high-density matrix material (iron with a full density of
po = 7.85 g/cm?®). Therefore, both material classes have
a certain lightweight potential. The lower load-bearing
cross-section and the higher internal stress concentra-
tion due to the pores in PM steels, as well as that due to
the lamellar graphite flakes in gray cast iron variants,
have an impact on the static strength and ductility. In
general, the material properties are inferior to ful-
ly-dense wrought steels. The other similarities are sum-
marized in Table I.

THE SUPPORT EFFECT OF PM STEELS AND GRAY
CAST IRON AND ITS DEFINITION

The observation that gray cast iron reacts more mod-
erately to notches compared with wrought steels is very
old and was derived simultaneous to the development of
that material class and its fatigue testing and charac-
terization.*® Moreover, it became a design benefit for
the casting industry. A similar development was
achieved for sintered PM steels, whereas the investiga-

E=E, (b%) " (1) tion of notched components was always of importance.”
TABLE I. SIMILARITIES BETWEEN SINTERED PM STEELS AND GRAY CAST IRON
Observation/Effect PM Steel Gray Cast Iron Similarity
Affected Young’s modulus E Lower stiffness due to the porosity Lower stiffness due to the lamellar graphite | Valid
flakes
Affected ultimate tensile Lower static strength and ductility due to the | Lower static strength and ductility due to the | Valid
strength o, and fracture porosity lamellar graphite flakes
strain &
Affected density p Lower density (lightweight potential) due to | Lower density (lightweight potential) due to | Valid
the porosity the lamellar graphite flakes
Affected fatigue notch factor The inherent pores act as internal notches | The inherent lamellar graphite flakes act Valid
K and support factor n, and therefore the response to external as internal notches and therefore the
geometrical notches is reduced response to external geometrical notches
is reduced
Recommended equivalent The inherent pores act as internal notches | The inherent lamellar graphite flakes actas | Valid
stress definition Ogq = O and therefore there will be a similar stress internal notches and therefore there will be
concentration effect for shear and tensile a similar stress concentration effect for
stresses respectively, resulting in similar shear and tensile stresses respectively,
bending and torsion fatigue strength at the resulting in similar bending and torsion
knee-point values fatigue strength at the knee-point values
Affected internal friction and There will be no strong internal friction Higher internal friction due to the interface Invalid
material damping Q! mechanism solely due to the porosity friction between the metallic matrix and the
lamellar graphite flakes as well as the
dislocation motion within the hexagonal
structure of the graphite basal planes
Affected thermal conductivity . | Trapped gas will not improve the thermal Graphite improves the thermal conductivity | Invalid
conductivity
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This observation is called the support effect. The sup-
port effect describes the discrepancy between the pure-
ly geometric stress concentration factor K; and the
purely empirical fatigue notch factor K;.

For cases of simple loading and simple geometries,
the stress concentration factor K, can be estimated with
tabulated handbook values.?° Those tables were derived
with the help of photoelastic models, with local strain
gauge measurements or with analytical and numerical
methods. However, for the definition of a stress concen-
tration factor K; a nominal stress o, is needed. That
nominal stress o, can be calculated only for simple
loading cases and simple geometries. Therefore, the
concept is limited, and other metrics are needed to
describe the stress concentration and the stress distri-
bution in general. The fatigue notch-factor K;is the drop
in the fatigue strength at the knee-point c,(K; = 1) of a
s-N line derived on unnotched fatigue samples (K; = 1)
compared with the fatigue strength at the knee-point
c,(K; > 1) of a s-N line derived on notched fatigue sam-
ples (K, > 1). It is important to note that K; incorporates
the experimental error of two experiments (error propa-
gation law). Therefore, the derived values of the fatigue
notch-factor K; should be analyzed carefully. Moreover,
due to the scatter, many experiments are needed to
determine a clear tendency (cause-and-effect chain).
Such a tendency could be the question of whether the
fatigue notch-factor K; is affected by the sintered densi-
ty p, or a static strength or ductility parameter. The Ger-
man FKM guideline proposes a dependency on the
ultimate tensile strength c,,. It is believed that the sup-
port effect decreases as the ultimate tensile strength o,
increases.!® In most cases it is found that the stress
concentration factor K, overestimates the damaging
effect of notches:

K> Ky

There are many ways to describe or to estimate the
fatigue notch factor K; if no fatigue experimental data
are available. A well-known approach in the U.S. is that
from Peterson® and Thum:!112

(K- 1)
i ( K. =1) @

The fatigue notch-sensitivity q is a function of the
material class and the notch radius r. With its help and
the known stress concentration factor K, the corre-
sponding fatigue notch-factor K; can be estimated. A
perfectly notch-insensitive material exhibits a fatigue
notch-sensitivity of q = 0. The opposite behavior is
expected if the fatigue notch-sensitivity increases to
q = 1. Several PM steels have been characterized in that
manner. A good overview can be found elsewhere.!3 The
problem of equation (2) is not its accuracy, it is the for-

mulation using the stress-concentration factor K;. Since
modern fatigue life estimates are FEA simulation-based,
the notch cannot be described with its stress-concen-
tration factor K; anymore because the definition of a
nominal stress o, and of a nominal cross-section A
fails. Therefore, another metric is needed to describe
the effect of a notch on the resulting stress distribution.
In general, a notch affects different characteristics of
the surrounding stress distribution. Due to the reduced
cross-section, the change of the stiffness and the super-
imposed bending moments and shear stresses, the
stress distribution exhibits a strong peak stress on the
part surface (“stress raiser”).!* Due to that local effect
and the assumed force balance, the stress distribution
becomes nonlinear and more inhomogeneous. As a
result, the highly loaded material volume V is affected
in a different way. This is of importance since the statis-
tical size effect predicts an earlier failure due to the
higher risk to activate crack nuclei (material inhomoge-
neities, pores or micro-cracks). The highly loaded mate-
rial volume approach is an alternative to the support
factor approach.'® In general, it is believed that this
approach is more accurate since it can predict the
reduction of the fatigue strength of the knee-point ¢, of
larger components with the same stress distribution.
However, this approach is not supported by commercial
FEA simulation-based fatigue software packages like
nCode, DesignLife, or FEMFAT.!6.17

Moreover, the stress distribution becomes multiaxial
because sharp notches constrain the necking and the
free deformation of the material. As a result, the stress
tensor exhibits three, nonzero principal stresses 6, o,,
and o. The first effect (“stress raiser”) can be described
with the stress-concentration factor K;. The other effects
remain unclear. An alternative method to the fatigue
notch-sensitivity approach of Peterson is the relative
stress gradient approach from Siebel and Stieler. This
approach was adopted for the German FKM guideline!®
and other guidelines, and it uses the relative stress gra-
dient normal to the part surface y* as a metric for the
sharpness of the stress distribution (alternative to or in
addition to the definition of the stress-concentration
factor K|). The material response to that stress concen-
tration is described with the support number n, (an
alternative to the definition of the fatigue notch-sensi-
tivity q) as:

K
n.= it

x_?f (3)

In a time before the FEA method found its way into
stress calculations, the Peterson (fatigue notch-sensi-
tivity q) and the Siebel and Stieler (relative stress gradi-
ent y*) approaches were equivalent alternatives having
the same accuracy. A clear benefit of the relative stress
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gradient approach arose due the implementation of the
FEA method. The FEA method can support the relative
stress gradient approach because the relative stress
gradient x* can be calculated easily from the distance
from node to node and the corresponding node stresses.
However, several relative stress gradients can be deter-
mined on the part surface. Therefore, a proper equiva-
lent stress o, should be chosen. In the following, the
first principal stress hypothesis (Rankine hypothesis) is
used to investigate the notch effect:

g,

eq =0

An early formulation of the support number n, was:

K

o )

= g = 1S Xt

In equation (4) the only material parameter is s,,
which can be correlated with the metallurgical grain
diameter d.!1.1%18 Later, the square-root dependency of
the support number n, and the relation to the grain
diameter d were replaced by Hiick in a more general
manner:!!

— Kt

L K;

In equation (5), the coefficient a and the exponent b
are free parameters. There might be a limit because
from the physical point of view, K, must increase faster
with an increasing relative stress gradient y* than its
resulting support number n,. Otherwise, the stress-con-
centration factor K, will be smaller than one. Several
s-N lines with different stress-concentration factors K,
and relative stress gradients y* are needed for the curve
fitting. The unnotched axial reference s-N line with a
stress-concentration factor of K; = 1 and a relative stress
gradient of y* = 0 mm! is always needed. The testing
effort to derive such relations is significant. Therefore,
different empirical solutions and approximations can be
found in the literature as a function of the material
class. Hick found the relations in Table II.

Eichlseder modified the Huck approach for the
commercial FEA simulation-based fatigue software
FEMFAT such that the ratio of the unnotched axial
and bending fatigue strength at the knee-point
Oa, axial/ Oa, bending Was introduced as a reference.!”!?
Moreover, Eichlseder adopted the exponent b from

=I+axy® (5)

TABLE Il. HUCK PARAMETERS FOR THE SUPPORT EFFECT
FOR DIFFERENT MATERIAL CLASSES"!

Material Class a (mm) b (1) o, (MPa)
Wrought steel (Huck) 0.450 0.300 | 250 <o, < 1,200
Cast steel (Hiick) 0.330 0.650 250 <5, <800
Gray cast iron (Htick) 0.430 0.680 150 < 5, < 350

Table II (Huck approach). The approach from the Ger-
man FKM guideline is more complex because it incorpo-
rates the ultimate tensile strength o, explicit, and the
support number n, is defined in intervals.'® It can be
written as:

n,=1+7Vg* x 10{%v * 3¢ (6)

In equation (6), the parameters a; and by, are materi-
al class dependent, whereas z and y are interval depen-
dent (in terms of the relative stress gradient y*, the
parameters are not listed at this position). The subse-
quent data analysis was done with the Huick approach
because the correlation coefficient r,, from the curve
fitting was better than the one from the FKM guideline.
Mechanical FEA simulations incorporate the stress-con-
centration effects automatically due to the local stress
definition. This means, for comparison with an analyti-
cal nominal stress o, from a simple loading case (e.g.,
from the axial or bending fatigue testing), the nominal

stress o, must be converted into a local stress c:
o=K, xo, (7)

The local stress distribution from the FEA simulation
can be analyzed in terms of notches by investigation of
the relative stress gradient y*:

1

ol,ma_x

* = do;

ds

X
s=0 mm

(8)

The relative stress gradient y* describes the slope of
the stress distribution dc,/8s normal to the part sur-
face. The infinitesimally small distance from the part
surface (s=0 mm) is denoted by 8s and can be taken
from the FEA simulation. That distance can be inter-
preted as the distance from node to node of the FEA
mesh. However, it is obvious that there is a certain
mesh-size effect because the distance from node to node
is finite. On the other hand, the analytical definition
above exhibits the sharpest relative stress gradient y*.
This means the solution from the FEA simulation will
always underestimate the sharpness of the relative
stress gradient y* resulting in underestimated support
numbers n, (conservative approximation). Figure 1
shows an example of that procedure. This very accurate
numerical approximation was not available when Siebel
and Stieler proposed the relative stress gradient
approach. They used the observation that the relative
stress gradient y* is proportional to the notch radius r.
An additional term describes the effect from the geome-
try, e.g., the height h of a bending specimen. A few sim-
ple loading cases are summarized in Table III.!® Those
approximations are used for the derivation of the sup-
port number diagram of the FKM guideline.

The support effect can be explained with different
theories. The material behavior during the underlying

14
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TABLE lll. APPROXIMATIONS FOR THE RELATIVE STRESS
GRADIENT »*

Load Geometry x* (mm™)
Axial Unnotched 0
Axial Notched 2/r
Bending Unnotched 2/h
Bending Notched 2/r+2/h

FEA simulation is assumed to be linear-elastic. This
simplification ignores plastic yielding, especially in
notches. The stress-strain curves of sintered PM steels
do not exhibit a clear elastic domain. Therefore, the
yield strength, o, is defined in terms of an 0.2% offset

yield strength, cy,. In reality, the linear-elastic peak
stress o will exceed that limit. The easiest way to imple-
ment the real stress-strain response into a FEA simula-
tion-based notch analysis is to apply the Neuber
hyperbola on the linear-elastic peak stress as shown in
Figure 2. In this case a peak stress of 1,217.5 MPa
could be reduced to 737 MPa (for FLDN4C2-4905 with
a sintered density of p = 7.0 g/cm?). Neuber had intro-
duced the concept of the macro (static loading) and
micro (cyclic loading) support effect, respectively.® With
this approach, the local yielding and the stress rear-
rangement can be predicted quite accurately. The con-
tribution of that effect on the support number n, is
denoted with nyeyper-
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Figure 3. Defect population (porosity) of a sintered PM stegl (for FD-0205
with a sintered density of p = 7.2 g/em®), (top) and defect population (lamellar
graphite flakes) of a gray cast iron variant (here GG 25~ASTM A48 with a
cast density of p = 7.14 g/cm?), (bottom)

Another contribution could come from the different
crack propagation rates da/dN in the Paris regime
(da/dN-AK curves) from notched and wunnotched
specimens, respectively.!?> Depending on the surround-
ing stress field, the total fatigue lifetime N can be
decomposed into the crack initiation phase N ;. initiation
and the crack propagation phase N ack propagations F€SPEC-
tively:10,12,20

N=N,

crack initiation

+ N,

crack propagation

The result in terms of the support number n, is called
np,s and it describes the deceleration of the crack
propagation rate da/dN in an inhomogeneous stress
field. However, that contribution does not play a role
until a crack is present (crack propagation phase).
Another important contribution is based on statistical
considerations, as briefly discussed above with the
highly loaded-material volume Vg, The weakest-link
theory results in the Weibull distribution. That proba-
bility distribution can be used to link the highly-load-

THE SUPPORT EFFECT AND ITS IMPACT ON THE DESIGN OF COMPLEX-SHAPED SINTERED PM PARTS

ed-material volume Vg, (or any other definition) to a
certain survival probability level P,. In other words, the
risk of failure increases with an increasing material vol-
ume V. Generally, the low notch-sensitivity of cast iron
variants is explained with its inherent defect popula-
tion. The graphite flakes act as internal notches and
therefore the response to external geometrical notches
is reduced.?! A similar explanation can be used for the
porosity of sintered PM steels. The inherent pores act as
internal notches and therefore the response to external
geometrical notches is reduced. That old observation
can be explained with the Weibull distribution.*%621 Its
contribution to the support number n, is called nyejpy-
Figure 3 compares the microstructures of both material
classes. The similarity of both material classes is evi-
dent. However, the grain-size distributions are not visi-
ble because the microstructures have not been etched.
Moreover, the fine lamellar graphite flakes of the GG 25

400 T T T T T T T T T T T
3 —8—K =1.04,p=72g/c
350 . _ _ _
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Figure 4. Haigh diagram of FD-0205 with a sintered density of p = 7.2 g/em®
in the unnotched (bending loading mode, K, = 1.04~ 1) and the notch
condition (bending loading mode, K, = 1.91)
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Figure 5. Haigh diagram of Material B with a sintered density of
p = 7.2 g/em® in the unnotched (bending loading mode, K; = 1.04~ 1) and the
notch condition (bending loading mode, K; = 1.91)
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gray cast iron variant appear much sharper. These
microstructural details (grain diameter d, and the inter-
nal notch-effect) could explain the different support
numbers n, shown later in Table V and in Figure 6.

The defined support factor n, can be decomposed
into its three components as:10:20

)

From this equation it can be seen that three different
phenomena have an influence on material notch-sensi-
tivity. The plasticity, the microstructure, and the defect
population have a major effect.

nx = Npeuber * Mparis * Mweibull

RESULTS

The support effect was investigated in detail because
an understanding of the behavior of notched compo-
nents is essential for the PM industry. Moreover, the
low notch-sensitivity is a benefit for complex-shaped
components due to near-net-shape design capabilities.
In general, a sintered PM material is characterized with
12 s-N lines at GKN Sinter Metals Engineering GmbH.
Three loading ratios R (R = -1, R=0, and R = 0.5) are
used for each sintered density p (where R = 0_;,/0.4)-
With those three loading ratios, R, the whole right-hand
side (with tensile mean stresses o) of the Haigh dia-
gram and the resulting Haigh damage line can be char-
acterized as shown for FD-0205 with a sintered density
of p = 7.2 g/cm?3 in Figure 4 and for Material B (Ancor-
steel 4300 + 0.6 wt.% gr. + 0.25 wt.% MnS ) with a sin-
tered density of p = 7.2 g/cm? in Figure 5. The sintered
density p is varied on three levels (in most cases:
p =638 g/cm? p=7.0g/cm? and p = 7.2 g/cm?) to
achieve the property-density correlation (Balshin
approach). The fatigue specimens used are unnotched
and correspond to DIN EN ISO 3928. The result of the
s-N line is the fatigue strength at the knee-point
c,(K; # 1). Modern FEA simulations have shown that
there is a negligibly small stress concentration
(K, = 1.04 =1). The loading mode is always flat bending
because that loading mode is very robust and tolerant
against shape deviations. Moreover, in contrast to the
axial loading mode, the bending loading mode is not
sensitive to superimposed bending moments. Further-
more, a turning operation (as for rotation bending),
which densifies the microstructure is not needed
(superimposed effects from residual stresses oy, strain
hardening, densification, and surface roughness). The
remaining three s-N lines are recorded for notched
fatigue specimens with a notch radius of r = 0.9 mm
according DIN EN ISO 3928. The resulting stress-con-
centration factor K, for the bending loading mode is
K, = 1.91 (slightly higher than the proposed stress-
concentration factor K, in the standard). The result of
the s-N line is the fatigue strength at the knee-point

o,(K; = 1.91). Therefore, the fatigue notch-factor K; is
based on the stress-concentration factor K; = 1.91. In
that case the loading ratio is R = -1. Therefore, it is
assumed that the Haigh damage line can be shifted in
parallel without changing the mean stress sensitivities
M, My, M3, and M,.

A problem arises from the bending loading mode
regarding the definition of a proper reference relative
stress gradient y*. The unnotched axial reference
s-N line with a stress-concentration factor of K, = 1 is
always needed as reference because the relative stress
gradient is y* = 0 mm™! (Table III). This problem is solved
because the correlation between unnotched bending
and axial s-N lines is well-documented in the litera-
ture.?? Even if the ratio between the bending fatigue
strength at the knee-point 6 penaing and the axial fatigue
strength at the knee-point o, ., (for both values:
R =-1 and K 1) shows a slight material dependency, a
very good estimate is:

0A,axial

~ 0.85
0A,bending

With this assumption, three data pairs are available
for the Huck approach (Eichlseder introduced that
finding in a similar way) and the support number n,
curve fitting. If the unnotched fatigue specimens accord-
ing DIN EN ISO 3928 are tested in the upright position,
the relative stress gradient for bending is simply
y*=2/h=2/5mm = 0.4 mm! (Table III). The relative
stress gradient for the notched DIN EN ISO 3928 speci-
men (r = 0.9 mm, K, = 1.91) for the bending loading
mode is y* = 2/r + 2/h = 2/0.9 mm + 2/5 mm =
2.622 mm ! (Table III). A subsequently performed FEA
simulation came to a slightly different result with y* =
2.524 mm!. The results for a wide range of different sin-
tered PM steels and densities p are summarized in terms
of the Htick approach in Table IV. It can be seen that the
Huck coefficients vary between a = 0.226 mm to a =
0.405 mm, whereas the Huick exponents vary between b
= 0.268 to b = 1.010. These values are extreme cases
and they do not represent the typically achievable sup-
port effect. Therefore, the mean values, a = 0.329 mm
and b = 0.736, are more representative (average of all
21 in-house data sets, the three data sets from the
literature survey, and the data set from Table VII). Based
on the huge experimental effort, these parameters can
be assumed typical for sintered PM steels. Therefore,
Table II can be expanded with the material class of sin-
tered PM steels as shown in Table VI. The high Htick
exponent b of sintered PM steels shown in Table VI leads
to the conclusion that sintered PM steels are superior to
most of the other material classes, especially for very
sharp notches (high relative stress gradient y*). Howev-
er, gray cast iron with its high Huck coefficient of a =
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TABLE IV. HUCK PARAMETERS FOR SINTERED PM STEELS
(21 in-house data sets and three data sets from the literature survey), derived on s-N lines recorded with a loading ratio of R=-1

Material P oa oa K; oy a b
(g/lcm?d) (K=1) (Ki=1.91) (1) (MPa) (mm) (1)
(MPa) (MPa)

Material A 6.70 187.88 145.72 1.29 551 0.361 0.780
Material A 6.90 217.28 164.61 1.32 597 0.351 0.750
Material A 7.00 240.58 166.54 1.44 624 0.312 0.622
Material B, HTS, rapid 6.80 200.42 154.77 1.29 752 0.359 0.775
cooled + tempered
Material B, HTS, rapid 7.00 222.37 177.93 1.25 857 0.374 0.819
cooled + tempered
Material B, HTS, rapid 7.20 259.47 183.95 1.41 982 0.322 0.658
cooled + tempered
Material C, rapid 6.80 210.82 165.27 1.28 901 0.365 0.794
cooled + tempered
Material C, rapid cooled + 7.00 245.89 182.62 1.35 1,022 0.342 0.723
tempered
Material C, rapid cooled + 7.20 278.81 228.13 1.22 1,177 0.383 0.846
tempered
Material C 6.80 169.51 127.95 1.32 690 0.350 0.748
Material C 7.00 186.35 160.58 1.16 796 0.405 0.906
Material C 7.20 244.00 184.58 1.32 853 0.350 0.748
FD-0205 6.80 171.45 122.96 1.39 526 0.327 0.675
FD-0205 7.00 196.42 133.50 1.47 585 0.304 0.594
FD-0205 7.20 223.21 146.65 1.52 670 0.289 0.539
FLDN4C2-4905 6.80 220.50 126.50 1.74 650 0.226 0.268
FLDN4C2-4905 7.00 245.65 173.44 1.42 724 0.321 0.652
FLDN4C2-4905 7.20 288.36 198.96 1.45 849 0.311 0.617
FC-0205 6.80 151.78 108.30 1.40 430 0.325 0.667
FC-0205 7.00 172.50 128.12 1.35 488 0.342 0.723
FC-0205 7.20 178.35 141.93 1.26 541 0.372 0.812
FD-0405 7.00 Literature survey, based on differently

notched specimens 0.306 0.857
Material D 7.00 Literature survey, based on differently

notched specimens 0.282 0.986
FC-0205** 7.00 Literature survey, based on differently

notched specimens 0.258 1.010

Material A = Iron + 3 wt.% Cu + 0.55 wt.% P + 0.55 wt.% graphite

Material B = Ancorsteel 4300 + 0.6 wt.% graphite + 0.25 wt.% MnS (Ancorsteel 4300 = 1.0 wt.% Cr, 1.0 wt.% Ni, 0.8 wt.% Mo, 0.6 wt.% Si,
0.1 wt.% Mn); HTS = high temperature sintered

Material C = Distaloy DH-1 + 0.65 wt.% graphite (Distaloy DH-1 = FL-4900 with 2 wt.% Cu diffusion alloyed)

Material D = Atomet4901 + 2 wt.% Cu + 0.65 wt.% graphite

FD-0205 contained 0.5 wt.% graphite

FD-0405 contained 0.6 wt.% graphite

FC-0205 = Ancorsteel 1000B Mn + 2 wt.% Cu + 0.6 wt.% graphite

FC-0205** = Ancorsteel 1000B Mn + 1.5 wt.% Cu + 0.6 wt.% graphite

0.430 mm seems to be slightly better (Figure 6).

This observation provokes the question of the effect of
the metallurgical grain diameter d on the support effect.
Note that the Huck coefficient, a, replaced the material

parameter, s,, in the equations presented. The corre-

sponding ultimate tensile strength ¢, was recorded for
every in-house data set. According the Balshin equa-
tion, the progressive increase of the ultimate tensile
strength o, with an increasing sintered density p can be
seen directly in Table IV. In contrast to the FKM guide-
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line prediction there is no trend regarding the ultimate
tensile strength c,. Even hard materials with a high
ultimate tensile strength ¢, and a low ductility show a
strong support effect. From the current data sets there
is neither a clear correlation between the ultimate ten-
sile strength, o, and the Huck coefficient, a, nor
between the Hiick exponent, b. This is a fantastic find-
ing since the FKM guideline assumes a reduction of the
support number, n, for high strength materials as
shown in Table V. Only two materials show the expect-
ed tendency. The notch-fatigue factors, K, increase for
Material A (Iron + 3 wt.% Cu + 0.55 wt.% P + 0.55 wt.%
gr.) and for FD-0205 as a function of the ultimate ten-

sile strength, o, and over the Balshin equation as a
function of the density, p, respectively. However,
extraordinary hard materials (quenched with faster
quenching agents than gas) were not tested yet. Wheth-
er hardened PM steels exhibit potentially lower support
numbers n, must be investigated in the future n,. How-
ever, the homogeneity of the microstructure from sin-
tered prealloyed powders could play a role as
investigated by Ericson, and should be studied fur-
ther.!3 Since the ultimate tensile strength, o, of sin-
tered PM steels (within a special alloying system) is a
function of the sintered density, p, the expected density
effect (Weibull) cannot be extracted (Figure 7 and Figure

5.0 T T T T T
Wrought steel (Huck),
451 250 MPa < o, < 1,200 MPa T
Cast steel (Huck),
40+ 250 MPa < 5, < 800 MPa |
3 35k ———Gray Cast Iron (Huck), i
N 150 MPa < 5, < 350 MPa
< 30Ff ——PM steel (Schneider),
i 430 MPa <, < 1,177 MP
CX 25 - -
20 3
151 h
1-0 1 1 1 1 1
0 2 4 6 8 10 12
x* (1/mm)

Figure 6. Support number diagram based on the parameters given in Table VI

TABLE V. EFFECT OF THE ULTIMATE TENSILE STRENGTH,

o, ONTHE SUPPORT NUMBER n, FOR A RELATIVE STRESS
GRADIENT OF y* = 2.524 mm''. THE FKM GUIDELINE
PREDICTS A DROP OF THE SUPPORT NUMBER n, FOR HIGH
STRENGTH MATERIALS, WHEREAS THAT TENDENCY CANNOT
BE RECOGNIZED FROM THE CURRENT DATA SETS FOR
SINTERED PM STEELS (HUCK APPROACH, INDEPENDENT OF
THE ULTIMATE TENSILE STRENGTH, 5,)

oy (MPa) | n, (1) for the material n, (1) for the material
class of gray cast iron class of sintered PM
according the FKM steel according that
guideline (parameters: study (Hiick approach)
z=4,y=0,ag =-0.05,
and b = 3,200 MPa)
430 2.04 1.65
500 1.99 1.65
600 1.92 1.65
700 1.85 1.65
800 1.80 1.65
900 1.74 1.65
1,000 1.69 1.65
1,100 1.64 1.65
1,177 1.61 1.65

2.0 T T T

=K,=1.91,q=1
18 _Kf {

[ ]
bending loading, 21 in-house
16 | fatigue notch factors K; (42 s-N lines)

S .
N ", n
14rm ] . n B
[ ] ]
" " g = .
[ ]
12} m
]
K=K,=1.0,q=0
10 1 1 1
400 600 800 1,000 1,200
o, (MPa)

Figure 7. Fatigue notch-factors, K as function of the ultimate tensile strength,
o, An increase of the fatigue notch factor K; (decrease of the support number
ny) cannot be recognized for the sintered PM steels investigated

20 T T T

=K,=1.91,q=1
18 _Kf t q
[ ]
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16 | fatigue notch factors K; (42 s-N lines)
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Figure 8. Fatigue notch-factors, K;, as function of the sintered density, p. An
increase of the fatigue notch factor, K, (decrease of the support number ny)
cannot be recognized for the sintered PM steels investigated
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TABLE VI. HUCK PARAMETERS FOR THE SUPPORT EFFECT
FOR DIFFERENT MATERIAL CLASSES.!" THE ADDITIONAL
MATERIAL CLASS OF SINTERED PM STEELS IS A RESULT OF
THIS STUDY

Material Class a(mm) | b(1) o, (MPa)
Wrought steel (Huck) 0.450 0.300 250 <, < 1,200
Cast steel (Hiick) 0.330 0.650 250 < 5, < 800
Gray cast iron (Huck) 0.430 0.680 150 < 6, < 350
PM steel (Schneider) 0.329 0.736 430<6,< 1,177

TABLE VII. HUCK PARAMETERS FOR SINTERED PM STEELS'
b(1) o, (MPa)
0.830 Not defined

Material Class
PM steel (Gotz)

a (mm)
0.300

TABLE VIIl. NOTCH-FATIGUE FACTORS K; AS FUNCTION OF THE
LOADING RATIO, R, FROM FIGURE 4 AND FIGURE 5

Material R oa Ca K;
(1) [(K;=1) (MPa) | (K,=1.91) (MPa)| (1)

FD-0205, p=7.2 glcm® | -1 223.21 146.65 1.52
FD-0205, p=7.2 glem® | 0 175.22 123.27 1.42
FD-0205, p=7.2 glcm® | 0.5 127.27 98.95 1.29
Material B, p=7.2 g/om3 | -1 250.47 183.95 1.41
Material B, p=7.2 glem® | 0 159.20 120.81 1.32
Material B, p=7.2 glcm3 | 0.5 122.28 87.58 1.40

8). However, the recorded ultimate tensile strength val-
ues vary between ¢, = 430 MPa to ¢, = 1,177 MPa.
Therefore, the support effect from the material class of
sintered PM steels (Table VI) can be described in a sim-
ilar way to Table II. The resulting in-house data set for
that material class is given in Table VI.

Table V provides an overview of the predicted reduc-
tion of the support number, n, for the material class of
gray cast iron (parameters: z =4,y = 0, ag = -0.05, and
bg = 3,200 MPa) according the FKM guideline for a
range of ultimate tensile strength between o, = 430 MPa
to o, = 1,177 MPa. This range was chosen because of
the in-house data sets from Table IV. The correspond-
ing relative stress gradient was kept constant with
y* = 2.524 mm’! because that value represents the
notched DIN EN ISO 3928 specimen (r = 0.9 mm,
K; = 1.91) for the bending loading mode.

Figure 7 summarizes the in-house fatigue notch-fac-
tors, K, from Table IV. For the derivation of the 21
in-house data sets, the recording of 42 s-N lines was
needed. The overall variants averaged fatigue notch fac-
tor is K; = 1.36 (for K, = 1.91) resulting in an average
fatigue notch sensitivity of q = 0.40.

The scatter-band in Figure 8 is too large to derive
some conclusions. There might be some outliers, but
the identification of a few outliers from a population of

n = 21 data sets is hardly possible. Nevertheless, the
clustering of the 21 in-house data sets seems to be a bit
more systematic than the scatter-cloud from Figure 7.

The 21 in-house data sets, the three data sets from
the literature survey, and the data set from Table VII
are averaged regarding the Huick coefficient a and the
Hiuck exponent, b. Table VI exhibits the Hlick parame-
ters for four different material classes. With those num-
bers the local stress, ¢ from a linear elastic FEA
simulation can be corrected to match the experimental
results and to figure out the advantage of sintered PM
steels. The only parameter needed is the relative stress
gradient, y*, which can be estimated from the distance
from node to node and the corresponding node stresses
from the linear-elastic FEA simulation or with the help
from Table IIl. From Table VIII, Figure 4, and from
Figure 5 it can be concluded that each stress compo-
nent from the linear-elastic FEA simulation, the cyclic
stress amplitude 5, and the static mean stress o, must
be corrected to achieve a parallel shifting of the Haigh
damage line without changing the mean stress sensitiv-
ities M;, My, M3, and M,. The parallel shifting of the
Haigh damage line will be conservative with a support
number, n, derived with a loading ratio of R = -1. Soft
and ductile materials such as FD-0205 with a sintered
density of p = 7.2 g/cm® (Figure 4) show a further
decreasing of the notch-sensitivity with an increasing
mean stress o,,. That is due to a more pronounced plas-
tic yielding and a higher contribution of nyg,,... The
shifting of the Haigh damage line in the mean stress,
o, direction is due to the macro support effect (static
loading) solely. This means sintered PM steels are also
notch insensitive during static loading (stress-strain
curve).

The opposite behavior is expected for hard and less
ductile materials such as Material B with a sintered
density of p = 7.2 g/cm?® (Figure 5). The assumption of a
parallel shifting of the Haigh damage line seems to be
more correct in this case. There is no pronounced plas-
tic yielding for higher loading ratios, R.

Gotz proposed a similar data set for sintered PM steels
based on published fatigue experiments (Table VII).!?

The effect of the loading ratio, R, on the notch-fatigue
factor K; can be taken from Table VIII. As mentioned
before, the soft and ductile FD-0205 material, with a
sintered density of p = 7.2 g/cm?, exhibits decreasing
notch-fatigue factors K; with an increasing loading
ratio, R, whereas the hard and less ductile Material B,
with a sintered density of p = 7.2 g/cm?, shows more or
less constant notch-fatigue factors Kj.

CONCLUSIONS
The support effect of sintered PM steels is discussed.
The support effect is much more than a detail in mate-
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rials science. It is one reason why sintered PM steels
can compete mechanically with wrought steels. Wrought
steels are tougher and they exhibit much higher values
of fatigue strength at the knee-point, ¢,, in the unno-
tched condition. However, there are few mechanical
engineering components without functional geometrical
elements, e.g., holes, shoulder fillets, teeth, protuber-
ances, changing cross-sections, and keyways. All these
geometric elements affect the resulting stress distribu-
tion. Therefore, the unnotched s-N line has only a limit-
ed explanatory power. A comparison between wrought
steels and sintered PM steels in the notched condition
can reverse this ranking. Moreover, sintered PM steels
and components are distinguished from other manufac-
turing techniques due to their near-net-shape design
capabilities. Even if the reduction of the “stress raisers”
through product design is the best approach to increase
the fatigue lifetime N of that component, in many cases
that approach is not applicable for functional reasons
(geometrical elements cannot be changed, the customer
is responsible for the design, and ignorance of fatigue
considerations in a design proposal). It is fortunate that
a material class exhibits this combination of a high
degree of design freedom/near-net-shape design capa-
bilities and a low notch sensitivity.

The derived Hiick parameters for sintered PM steels
(@ = 0.329 mm and b = 0.736) are recommended to
implement the support effect into the FEA simula-
tion-based fatigue lifetime predictions. It should be
pointed out that the porosity plays an ambivalent role
here. On the one hand it reduces the smooth, unno-
tched strength properties. On the other hand, the
porosity is one reason for the low notch-sensitivity and
the higher local fatigue strength in the notched condi-
tion. Twenty-one in-house data sets confirm this obser-
vation. The benefits of sintered PM steels have three
dimensions.

* Near-net-shape design capabilities with good
tolerances for a primary shaping manufacturing
method

* Cost-efficient solution for the mass production of
parts

* High local fatigue strength due to the very high
support effect

The relative stress gradient approach described and
the corresponding support number, n, can be applied
easily in practice resulting in more business wins and a
much better agreement between the FEA simula-
tion-based fatigue lifetime predictions and the observa-
tions from the testing field. Note that the bending fatigue
strength at the knee-point o, values must be corrected
(e.g., from Figure 4 and Figure 5) with the factor of 0.85
for a correct application of the support number, n,. This
is because those bending values exhibit a relative stress

gradient of y* # 0 mm™!. Moreover, that approach is the
backbone of modern commercial FEA simulation-based
fatigue software. However, it was never the goal of the
PM powder producers and the PM part makers to devel-
op a powder with a microstructure, pore-size distribu-
tion, pore-shape distribution, and grain-size distribution
tailored for a high support effect. This could be a scien-
tific topic for the future. The role of the homogeneity of
the microstructure from sintered prealloyed powders
should be investigated in more detail. Moreover, the
effect of less irregular pores (potentially lower internal
notch effect) from high temperature sintering (HTS) and
the effect of the grain size (grain diameter d) on the sup-
port effect are of interest. A correlation between the sup-
port effect and the density, p, is still missing. Therefore,
the minimum quantity of porosity leading to a signifi-
cant support effect cannot be estimated. More data sets
are needed to extract a potential trend from the scatter
cloud. The results from Table VI are summarized graph-
ically in the support factor diagram in Figure 6.
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