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The aim of this work was to investigate the influence of internal cavities on the fatigue properties of two
of the technical most common die-cast magnesium alloys, AM50hp and AZ91hp. For this purpose the
endurance limits of altogether three batches of S–N specimens, two conventional cast and one vacural
cast, with varying internal defects have been measured. After fatigue failure the fracture surface of each
sample has been analysed with respect to the site of crack initiation and, where appropriate, the size of
the crack initiating cavity or pore. Moreover, on both alloys crack growth tests have been carried out and
the thresholds DKth of the stress intensity factor have been measured.

Finally, the experimental data from both, the S–N tests and the crack propagation measurements, were
depicted in a modified Kitagawa–Takahashi diagram. Using El Haddad’s and Topper’s approach the dis-
tribution function of the endurance limit has been proposed, whose parameters could be determined
by fitting them to the experimental results. The knowledge of these parameters allows the calculation
of the fracture probability as a function of an equivalent crack length and the stress amplitude.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The alloy AZ91 is the most common die-cast magnesium alloy
being characterised by high strength, good castability, and high
corrosion resistance. In fact, the high strength, investigated at sep-
arately cast specimens is often not reached in real components. The
reasons for this are an inhomogeneous microstructure, gas inclu-
sions or microvoids. Possible causes for such kinds of inner defects
are

� air pockets from the casting set or the die-casting form,
� gases as decomposition products of auxiliary materials,
� shrinkage cavities from the phase transition liquid/solid,
� segregations and
� non-metallic inclusions.

Frequently, porous zones arise during the die-casting process,
especially at transitions of wall thickness and areas where force
lines are deflected as well. One explanation for this phenomenon gi-
ven by Dahle and St. John is based on the interaction between exter-
nally solidified crystals (ESCs) and newly nucleation at the mould
[1]. Investigations by Kinzler et al. indicate shrinkage-induced
porosity having an influence on the mechanical behaviour of
ll rights reserved.
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AM50hp and AZ91hp at high strain rate [2]. The authors visualise
the three-dimensional inhomogeneity distribution and describe
its effect on mechanical strength values. A quantitative description
of spatial arrangement of shrinkage cavities and gas pores in cast
Mg alloys of the AM series is given by Balasundaram and Gokhale
[3]. Liu et al. also describe the influence of porosities on mechanical
characteristic values of the alloys AZ91hp, AM50hp, AS41, and AE42
[4]. Whereas the yield strength has been found to be practically
uninfluenced by porosity, a correlation between tensile strength
and ultimate elongation was observed, both depending on the
porosity, a fact that also holds for other die-cast alloys [5].

Moreover, for a broad application of die-cast Mg-alloys it is nec-
essary to obtain knowledge about their fatigue behaviour. Investi-
gations on the alloys AZ91hp, AM50hp, and AM20hp were carried
out by Sonsino et al. and compared to corresponding data of sev-
eral steels and Al-alloys [6]. Eisenmeier et al. studied the cyclic
deformation and fatigue behaviour of the alloy AZ91 at constant
strain amplitudes between 1.4 � 10�3 and 2 � 10�2 at room tem-
perature and at 130 �C [7]. They verified that crack propagation oc-
curs mainly by the coalescence of smaller cracks. Höppel et al.
carried out fatigue experiments at AZ91 and point out that for
crack initiation cavities at or beneath the surface play an important
role [8]. Badini et al. establish a connection between mechanical
properties and cast defects in Al and Mg die-cast alloys [9]. The lat-
ter emphasise the particular importance of the distribution and
morphology of defects as well as their location within casting for
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Table 1
Chemical composition of the magnesium die-casting alloys AM50hp and AZ91hp.

Alloy Alloying element (mass%)

AM50hp Al Mn Zn Si Cu Ni Fe
4.5–
5.3

0.28–
0.5

<0.2 <0.05 <0.008 <0.001 <0.004

AZ91hp Al Mn Zn Si Cu Ni Others
8.5–
9.5

0.15–
0.4

0.45–
0.9

<0.02 <0.08 <0.01 <0.30
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fatigue properties. Zenner and Renner show, that the results from
fatigue examinations at the alloys AZ91 and AM60 are strongly af-
fected by inner defects as microporosity for example [10]. The Mg
alloys AZ91, AM60, AE21 and AS21 as well as the Al-alloy AlSi9Cu3
were compared by Mayer et al. with respect to their fatigue behav-
iour [11]. The experiments have been performed up to 109 cycles
using an ultrasonic fatigue testing method. At this, the Mg alloys
reached endurance limits of 34–55 MPa while the Al alloy showed
a mean endurance limit of 75 MPa. In 98.5% of the specimens crack
initiation at porosity was observed.

Examinations on die-cast aluminium of Linder et al. focused on
the fatigue strength assessments of differently sized defects in
terms of a Kitagawa diagram, which can be used to prescribe the
largest allowable defect at a given load situation [12]. Similar inves-
tigations on die-cast aluminium were carried out by Oberwinkler
et al. who derive the sustainable local load by combining the results
of a statistical porosity model and the Kitagawa diagram [13].

In this investigation two of the most commonly used magne-
sium die-casting alloys, AZ91hp with main alloying elements alu-
minium and zinc and AM50hp with main alloying elements
aluminium and manganese have been studied. For reasons deriving
from corrosion protection today’s alloys are of high purity (hp),
having very low contents of iron, nickel and copper. In order to
study the influence of typical die-casting caused microporosity
on fatigue behaviour three sample batches have been investigated.
Therefore different types of pores have been inserted by variation
of the die-cast parameters within the same batch. In contrast to
most other studies the fatigue behaviour of the specimens has been
tested directly without removing the casting skin, so equalling a
real component’s surface. Finally, the fracture surfaces have been
Fig. 1. Simulation of temperature during the solidification of the cast: In contrast to the
two specimens on the right with 6 mm wall thickness contain liquid parts. This means
analysed. Thereby defect induced failure could be interpreted by
a Kitagawa analysis to derive the influence of defect size and stress
amplitude on the number of cycles to failure [14].

2. Material

In the present investigation the most frequently used die-cast
magnesium alloys AM50hp and AZ91hp were chosen as materials
of study. While AZ91hp excels in its high strength and good corro-
sion resistance, AM50hp is attractive for its ductility. The chemical
composition of both materials is shown in Table 1.

3. Experimental procedure

3.1. Die-casting

For the manufacturing of the specimens a specially constructed
die-casting mould was built, which included two fatigue speci-
mens and two plate-like samples (250 mm � 60 mm) for fracture
mechanics experiments with each of them having 2 and 6 mm wall
thickness. It had been optimised performing simulations of the
solidification in the run-up (Fig. 1) resulting in a mould that is well
suited for conventional die-casting as well as for vacural die-cast-
ing (Fig. 2). The latter is characterised by evacuating the mould
before it is entered by the melt, so that entrapped air as well as
an oxidation of the melt is suppressed widely.

The casting was carried out at a 7.5 MN die-casting machine in
conventional and vacural process. In order to generate specimens
including different configurations of inner defects with respect to
size, type and distribution, the process parameters prefilling veloc-
ity v1, plunger velocity v2 and casting pressure p have been varied
within the same batch in certain limits:

� v1 = 0.4–0.8 m/s,
� v2 = 2.0–3.5 m/s and
� p = 5 � 107–1 � 108 Pa.

To avoid results being influenced negatively by run-up condi-
tions at least the first five castings of every specimen series with
the same set of parameters have been rejected.
completely solidified two specimens on the left hand with 2 mm wall thickness, the
that the right hand side cannot be fed sufficiently and shrinkage porosity arises.



Fig. 2. Die-casting mould for tensile specimens and plate-like samples.

Fig. 3. Directly cast flat tensile specimen for fatigue tests, thickness = 6 mm.
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3.2. Pulsating tensile tests

Altogether three batches of die-cast Mg alloys have been tested
in pulsating tensile tests at a stress ratio R = 0.1: AM91hp, die-cast
in conventional and vacural process and AM50hp, conventionally
die-cast. Each batch included specimens cast with different process
parameters v1, v2 and p, hence varying configurations of inner de-
fects such as pores or cavities. The specimens had a thickness of
6 mm and have been tested as-cast, this means without scale re-
moval retaining near net shape surface finish (Fig. 3). The fatigue
tests were performed at a resonance testing machine at a fre-
quency of 80 Hz till sample’s fracture or 107 load reversals
(Fig. 4). In order to determine the endurance limit rD, for every
of the three batches an S–N diagram was generated with at least
four stress amplitudes ra between 35 and 55 MPa. The fracture
surfaces of all failed specimens were investigated with scanning
electron microscopy (SEM) in order to localise the site and origin
of crack initiation. If the crack was initiated at an inner cavity such
as a pore or a blowhole, the defect’s area in the fracture plane has
been measured with the aid of the software ImageJ. In order to
identify the potential crack initiating defect in the run outs, they
have been tested once more at increased stress amplitudes up to
the point of rupture. Afterwards the fracture surface was analysed
in the same manner as mentioned above.
3.3. Crack growth rate measurements

Due to the striven Kitagawa analysis it is necessary to deter-
mine the threshold of the stress intensity factor DKth for both al-
loys. In order to determine these values the fatigue crack growth
rate has been measured using a compact-tension specimen ma-
chined from the plate-like blanks (Fig. 2) according to ASTM E
647 (Fig. 5).The specimens were manufactured from the plate
bodies which have been die-cast simultaneously with the fati-
gue-test specimen (Fig. 2). To ensure studying crack propagation
on samples being free as possible of casting defects or internal cav-
ities, samples were chosen on the basis of computer tomographical
scans. In contrast to the tension fatigue test specimens the skin
was removed by milling. To ensure an optimal observability of
the crack growth with measuring microscopes, the sample has
been polished in the middle section after a Chevron-notch had
been inserted. Furthermore, strain gauges on the front and on the
specimens’ rear side were applied to have control about a possible
bending while the sample is getting clamped. At the beginning of
every measurement the specimens were cyclically loaded at con-
stant stress amplitude and stress ratio R = 0.1 until a fatigue
precrack of the order of 1–2 mm had formed. Keeping the stress ra-
tio constant the stress amplitude has been lowered stepwise. The
investigations were carried out in strong alignment with ASTM E
647 [15]. A detailed description of the procedure, based on optical
observation of the crack propagation, can be found at Taylor
[16,17]. At every stress amplitude the crack growth was measured



Fig. 4. As-cast fatigue specimen in the clamping device of the resonance testing
machine.
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light-microscopically with a resolution q of about 1 � 10�5 m on
the front and rear of the specimen as well to control the symmetry
of crack propagation. The criterion jafront � arearj=W 6 0:25 has al-
ways been fulfilled, whereby W is the width of the sample, afront

is the crack length on the front of the sample and arear the one
on the rear. The common criterion for crack arrest is, if at a given
stress amplitude after q/10�11 cycles crack growth is no longer vis-
ible. Taking a resolution of q = 1 � 10�5 m as a basis, this period re-
sults to be 1 � 106 cycles in these examinations.
4. Experimental results

4.1. Tensile endurance limit

Basically the fatigue strength would be expected to be clearly
influenced by inner defects, which should cause notch or crack ef-
fects and result in localised stress build-ups. For example, under
pressure enclosed gas should cause a complex distribution of inner
Fig. 5. Compact-tension specimen following
material stresses. Thinking of this, vacural die-casting should de-
crease number and size of such inner defects, causing an increase
of fatigue strength.

The results of the fatigue tests are shown in S–N diagrams in
Fig. 6. For each batch which is defined by a certain combination
of casting parameters at least seven specimens at four different
stress amplitudes have been tested. It was assumed that the endur-
ance limit follows a two-parametric Weibull distribution, which
can be written in the form proposed by Bomas et al. [18]:

Pf ¼ 1� 2
�

ra

rD

� �m

ð1Þ

At this the median of the endurance limit rD and the Weibull
exponent m are free parameters which can be fitted to experimen-
tal data using the least square method. Moreover, the 10% and 90%
quantiles can be calculated from m and rD inserting the corre-
sponding failure probabilities into Eq. (1):
ASTM E 647, W = 60 mm, t = 6 mm [15].



Table 2
Endurance limit at stress ratio R = 0.1.

AM50hp AZ91hp

Conventional Vacural Conventional

rD (10%) (MPa) 32 31 35
rD (MPa) 44 45 41
rD (90%) (MPa) 54 57 46
Tr 1:1.7 1:1.8 1:1.3
m 6 5 11

Fig. 8. Crack initiation at the side surface of a sample.
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0:1 ¼ 1� 2
�

rDð10%Þ
rD

� �m

and 0:9 ¼ 1� 2
�

rDð90 %Þ
rD

� �m

ð2Þ

Solving these equations for the quantiles rD(10%) and rD(90%)
leads to:

rDð10%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� ln 0:9= ln 2m

q
� rD and

rDð90%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� ln 0:1= ln 2m

q
� rD ð3Þ

An overview of the fatigue results is given in Table 2, whereby
the scatter of the endurance limit is described by the spread
Tr = rD(10%)/rD(90%).

Compared with conventionally die-cast AZ91hp, the endurance
limit of the corresponding die-cast AM50hp is slightly increased.
The vacural cast batch of AZ91hp surprisingly shows only a small
increase of about 4 MPa in endurance limit against the conven-
tional processed batch. Within the maximal permissible error all
three endurance limits can be considered to be nearly the same.

4.2. Fracture surface analysis

The analysis of the fracture surfaces with SEM revealed the fol-
lowing sites of crack initiation: surface failure, such as crack initi-
ation at the edges or the side surfaces of the sample, or volume
failure, as crack formation at pores or shrinkage cavities. Two
examples for the former are given exemplarily in Figs. 7 and 8
while Fig. 9 shows a failure caused by crack initiation at a shrink-
age cavity. In contrast to this, crack formation at a pore, as the sec-
ond type of volume defect, is shown in Fig. 10. A summary of the
complete data of the samples represented in Figs. 7–10 is given
in Table 3.

A summary of all crack initiation sites is shown in Table 4. Obvi-
ously nearly in half of the specimens the failures are initiated in the
Fig. 7. Crack initiation at the edge of a sample.

Fig. 9. Crack initiation at a cavity: Overview of the fracture plane of a conventional
die-cast AZ91hp specimen (top), partial enlargement of the cavity with traced
outline, projected area A = 0.284 mm2 (bottom).



Fig. 10. Crack initiation at a pore: overview of the fracture plane of a vacural die-
cast AZ91hp specimen (top), partial enlargement of the pore with traced border,
projected area A = 0.034 mm2 (bottom).

Table 4
Summary of crack initiation sites.

Alloy Casting process Number of crack initiations at:

Cavity Pore Surface Edge

AM50hp Conventional 7 7 2 21
AZ91hp Conventional 10 2 2 6

Vacural 11 1 1 1
Sum 28 10 5 28
Volume failure , surface failure 38 (=54%) 33 (=46%)
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Fig. 11. Determination of the threshold of the stress intensity factor DKth for the
alloy AM50hp (die-casting parameters: v1 = 0.8 m/s; v2 = 2 m/s; p = 1 � 108 Pa,
vacural).
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surface planes or at the edges. This might be due to the defective,
unpolished, as-cast surface of the samples. At the remaining spec-
imens volume failure has been observed, whereby the prevailing
crack initiation took place at cavities. Merely the conventional
die-cast AM50hp alloy showed a balanced relation between crack
formation at cavities and at pores.

Regarding to the Kitagawa analysis (see Section 4.4) all crack
initiating volume defects were magnified and their projection onto
the fracture plane was measured to classify the size of the defects.
Moreover fracture mechanics investigations were carried out to
determine the thresholds of the stress intensity factor DKth and
to get information about crack propagation within the range of Lin-
ear Elastic Fracture Mechanics (LEFM).
Table 3
Die-casting and fatigue data of the specimens in Figs. 7–10.

Fig. Spec. No. Alloy Casting process v1 (m/s)

7 415 AM50hp Conventional 0.4
8 507 AZ91hp Vacural 0.4
9 104 AZ91hp Conventional 0.4
10 606 AZ91hp Vacural 0.4
4.3. Threshold of fatigue crack propagation

The stress intensity factor K depends on the crack length a and
the applied tensile stress r and results to

K ¼ r
ffiffiffiffiffiffi
pa
p

� YðaÞ ð4Þ

whereby

YðaÞ ¼ 1:12� 0:231aþ 10:55a2 � 21:72a3 þ 30:39a4 ð5Þ

is a geometry factor with a = a/W, a = (afront + arear)/2, the speci-
mens’ width W and the crack length on the front afront and on the
rear arear [19]. It follows the term for the stress range of the stress
intensity factor:

DK ¼ Kmax � Kmin ¼
Fmax � Fmin

W � t
ffiffiffiffiffiffi
pa
p

� YðaÞ ð6Þ

with maximum force Fmax, minimum force Fmin and the specimens’
thickness t.

Cyclic crack propagation was observed at three specimens for
each alloy (Figs. 11 and 12) complying with ASTM E 647 standard.
Starting in the Paris-law region, at a crack propagation rate of
da/dN = 10�5–10�6 mm, the crack growth has been studied with
stepwise load shedding towards decreasing growth rate. Below
crack propagation rates of 10�6 mm the curve deviates from
v2 (m/s) p (105 Pa) Failure ra (MPa) Nf

2 1000 Edge 52 53,300
2 1000 Surface 52 68,000
3.5 500 Cavity 50 215,700
2 1000 Pore 50 134,500



Table 5
Results of crack propagation measurements and comparison with literature data.

Alloy DKI th (MPa m1/2)

These studies Literature data [11,20]

AM50hp 1.49 ± 0.13 –
AM60hp – 1.40–1.55
AZ91hp 1.52 ± 0.09 1.30–1.55

Fig. 13. Kitagawa diagram with approach of El Haddad and Topper, describing the
influence of long and short cracks on the endurance limit rD.
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Fig. 12. Determination of the threshold of the stress intensity factor DKth for the
alloy AZ91hp (die-casting parameters: v1 = 0.4 m/s; v2 = 3.5 m/s; p = 1 � 108 Pa,
vacural).
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Paris-law behaviour and goes to the threshold value of the stress
intensity factor DKth at a crack growth rate of da/dN = 10�7 mm,
below which propagation effectively ceases. The determination of
DKth is achieved by linear interpolation on da/dN = 10�7 mm of at
least five measured values from the range da/dN < 10�6 mm [15].
It is notable that for both alloys the scatter near the threshold re-
gion seems to be rather large. This is due cast defects which may
stop the crack propagation, for example if the crack tip meets a
cavity. In this case the range of the stress intensity factor DK had
to be slightly increased till the crack tip overcame the defect and
crack propagation continued. In fact, despite careful selection of
the crack propagation specimens based on computer tomographi-
cal scans, such casting defects are not completely avoidable.

In Table 5 the mean values of DKth resulting from the three
measurements on both alloys shown in Figs. 11 and 12 are set
against literature data [11,20]. In the absence of a reference value
for the alloy AM50hp, the very similar die-cast alloy AM60hp has
been chosen. Obviously the experimental results of this study
and literature values are in good agreement.

4.4. Evaluation of the endurance limit based on the Kitagawa–
Takahashi approach

The influence of microscopic and macroscopic cracks of the
length a on the endurance limit rD can be described within the
Kitagawa diagram (Fig. 13) [14]. The area of short cracks is delim-
ited from the range of Linear Elastic Fracture Mechanics (LEFMs) by
a characteristic crack length

a0 ¼
1

pY2 �
DKth

2 � rD0

� �2

ð7Þ

rD0 is the endurance limit of a specimen without cracks and Y is
the geometry factor of the crack. In the simplest case, if a circular
internal crack in infinite neighbourhood (‘‘pennyshaped crack’’) is
assumed, the geometry factor arises to Y = 2/p [21].

The Kitagawa–Takahashi approach has been modified by El
Haddad and Topper [22] describing the endurance limit depending
on a as

rDðaÞ ¼ rD0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a0

a0 þ a

r
ð8Þ

In order to verify that Kitagawa’s model gives an adequate
description within these investigations, at first the results of the
fracture surface analyses on the r–N specimens were used. From
the size of the crack initiating defect, measured as the area pro-
jected onto the fracture plane, a defect size with a dimension of
a length can be calculated using the approach of Murakami [23]
taking the penny shape of the crack into account additionally:

a ¼
ffiffiffiffiffiffiffiffiffiffi
area
p

r
ð9Þ

This defect size a, interpreted in terms of a crack length, can
be plotted in a Kitagawa diagram (Fig. 14, filled circles). Addition-
ally, the most dangerous defects in the run outs have been iden-
tified. For this purpose the amplitude ra of these specimens has
been increased gradually till failure occurred. Afterwards a frac-
ture surface analysis as stated above took place, permitting to
present the run outs with their most dangerous defects in the
Kitagawa diagram (Fig. 14, open circles) as well. A second set
of experimental data can be extracted from the investigations
of crack propagation (see Section 4.3). At every measured point
here a stress amplitude ra has been applied to a compact-tension
specimen with a crack of a known length a, observing the crack
propagation rate da/dN. According to ASTM E 647 a crack growth
rate of da/dN < 10�7 is interpreted as crack stop, which means at
the applied load no failure occurs and this result can be valued as
a run out (Fig. 14, open triangles). If on the other hand crack
growth rates of da/dN P 10�7 are observed, crack propagation
occurs and the specimen will fail (Fig. 14, filled triangles).

In order to depict the experimental results of the fracture sur-
face analysis and of the crack propagation measurements in the
same Kitagawa–Takahashi diagram, it is necessary to consider
the different geometry factors of the penny-shaped crack Y = 2/p
and of the crack in the compact-tension specimen Y(a) (see Eq.
(5)). For this purpose it is useful to introduce an ‘‘equivalent crack
length’’

aeq ¼ aY2 ð10Þ

including the geometry factor Y. A simple calculation leads to the
transformation of Eqs. (7) and (8), describing El Haddad’s and Top-
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Fig. 15. Three-dimensional Kitagawa–Takahashi diagram for conventionally cast
alloy AM50hp with experimental data (balls without anchor lines = run outs
respectively crack stop, balls with anchor lines = fracture respectively crack growth)
and fitted probability plane based on a two-parametric Weibull distribution of the
endurance limit.
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per’s approach of the endurance limit depending on the equivalent
crack length:

rDðaeqÞ ¼ rD0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a0eq

a0eq þ aeq

r
ð11Þ

with

a0eq ¼
1
p
� DKth

2 � rD0

� �2

ð12Þ
Table 6
Model parameters describing the three-dimensional Kitagawa–Takahashi diagrams.

Alloy Casting process R

AM50hp Conventional 0.1
AZ91hp Conventional 0.1
AZ91hp Vacural 0.1
The Kitagawa–Takahashi diagram shows the endurance limit of
a crack-bearing part as a function of the crack length. Knowing that
the endurance limit is a random variable, a statistical interpreta-
tion of the diagram is possible saying that the El-Haddad-Topper
curve shows the course of the median of the endurance limit. With
this idea, the diagram represents a cutting plane in a three-dimen-
sional diagram, namely the graphical representation of the distri-
bution function Fendurance limit (aeq, ra) depending on the crack
size aeq and the stress amplitude ra. Replacing the median rD with
the help of Eq. (11) shows the dependence of the distribution func-
tion on the equivalent crack length:

Fendurance limitðaeq;raÞ ¼ 1� 2

ra

rD0

� �m

� 1þ aeq
a0eq

� �m=2

ð13Þ

According to its mathematical definition the distribution func-
tion of the endurance limit at the stress amplitude ra is the prob-
ability that the endurance limit is smaller than the stress
amplitude:

Fendurance limitðaeq;raÞ ¼ P ðendurance limit at aeq < raÞ ð14Þ

The physical sense of the event ‘‘endurance limit at aeq < ra’’ is
failure or fracture before the specimen reaches 107 cycles. This
means that the distribution function of the endurance limit is the
probability of fracture:

Fendurance limitðaeq;raÞ ¼ Pf ðaeq;raÞ ð15Þ

These fracture probabilities with the sizes of the corresponding
crack initiating or most dangerous defects and the applied stress
amplitudes are available for all tested specimens being Pf (aeq,
ra) = 1 for the broken specimens and the compact-tension speci-
mens with da/dN > 10�7 mm and Pf (aeq, ra) = 0 for the run out spec-
imens and the compact-tension specimens with da/dN < 10�7 mm.
They are visible in the diagrams as filled or open circles for the
r–N specimens and as filled or open triangles for the fracture
mechanics specimens as well (Fig. 14). These data sets are the basis
for the calculation of the best fitting model parameters rD0, a0eq and
Best fitting model parameters:

rD0 (MPa) a0eq (lm) m

49 86 5.1
44 126 12.3
62 67 8.7



Fig. 17. Three-dimensional Kitagawa–Takahashi diagram for vacural cast alloy
AZ91hp with experimental data (balls without anchor lines = run outs respectively
crack stop, balls with anchor lines = fracture respectively crack growth) and fitted
probability plane based on a two-parametric Weibull distribution of the endurance
limit.

Fig. 16. Three-dimensional Kitagawa–Takahashi diagram for conventionally cast
alloy AZ91hp with experimental data (balls without anchor lines = run outs
respectively crack stop, balls with anchor lines = fracture respectively crack growth)
and fitted probability plane based on a two-parametric Weibull distribution of the
endurance limit.
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m (Table 6), which have been found using the least square method
applied to the sum of the squares ðFendurance limitðai;raiÞ � Pf ðai;raiÞÞ2

where the index i indicates the number of the specimen. According
to these calculations the contour lines for Pf = 0.1, 0.5 and 0.9 are
drawn in the Kitagawa–Takahashi diagrams (Fig. 14).

For vacural AZ91hp it is conspicuous that the sinistral endur-
ance limit rD0 = 62 MPa is considerably different from the mea-
sured one rD = 45 MPa (Table 2). Consequently, the Kitagawa–
Takahashi diagram indicates that the endurance limit of the vacur-
al material could be markedly increased, if casting defects could be
avoided. Nevertheless the tested specimens have those defects
whereas rD0 describes the endurance limit of the defect-free mate-
rial. So it is not astonishing that there is a certain gap between the
endurance limit of tested specimens and that of the defect-free
material.

It is also visible in Fig. 14 that the scatter of the defect sizes in-
creases following the sequence AZ91hp conventional, AZ91hp vac-
ural and AM50hp conventional. Accordingly the shape parameters
of the calculated endurance limit distribution functions decrease in
this sequence.

Knowing the parameters rD0, a0eq and m, the distribution func-
tion (Eq. (13)) enables the depiction of the failure probability Pf

depending on the stress amplitude ra and the equivalent crack
length aeq as a plane in a three-dimensional diagram (Figs. 15–17).
5. Conclusions

Cyclic tensile tests (R = 0.1) on three batches of die-cast magne-
sium alloys have been carried out on specimens with component-
like surfaces, that means without prior scale removal. At this the
conventional die cast AM50hp and AZ91hp alloys exhibit endur-
ance limits of rD = 44 MPa and 41 MPa, respectively. By compari-
son to the conventional cast batch of AZ91hp, a simultaneously
tested vacural cast batch shows only a slight increase of endurance
limit to 45 MPa. The fracture surface analysis shows that nearly
half of the fatigue cracks were initiated at the specimens’ surface.
Thus, in this case the expected advantage of the vacural process
with respect to the fatigue strength seems to be of low quantity.

All fatal volume defects such as cavities and pores have been
analysed and measured by means of fracture surface analysis at
the failed specimens and at the run outs as well. In the latter the
stress amplitude ra has been increased stepwise starting at the
run out level till failure occurred and hence the more dangerous
defect could be localised.

Fracture mechanics tests have been carried out on compact ten-
sion specimens with nearly no casting defects. The thresholds of
the stress intensity factor resulted in DKth = 47 MPa mm1/2 for
AM50hp and DKth = 48 MPa mm1/2 for AZ91hp.

Both, the results of the fracture surface analysis from the S–N
samples and those of the crack growth investigations can be in-
cluded in one and the same Kitagawa–Takahashi diagram by elim-
inating the influence of the different crack geometries substituting
the defect size a by an equivalent defect size aeq = a Y�2.

Based on the experimental data from the S–N experiments and
the crack growth tests within the range of LEFM on the one hand,
and the probability of fracture Pf, described by the distribution
function of the endurance limit Fendurance limit (aeq, ra), on the other
hand, it is possible to find the model parameters a0eq, rD0 and m of
the distribution function using the least square method. Hence the
knowledge of these parameters enables the calculation of a frac-
ture probability at each point of the plane spanned by the stress
amplitude axis and equivalent crack length axis of a three-dimen-
sional Kitagawa–Takahashi diagram.
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