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Abstract

AlSi9Cu3(Fe) vacuum-assisted high pressure die cast (VPDC) specimens were investigated by experimental
fatigue test and fracture mechanics approach. The aims of the investigations were (i) to evaluate the fracture
resistance and (ii) to indirectly determine the threshold stress intensity value (AKy,) of casting alloy in
uniaxial tension. The specimens were sorted into two groups: specimens with different size (0.01-0.40 mm?)
natural defects, and specimens an additional artificial blind hole. The fatigue strength region was tested
at R=-1 stress ratio to 107 number of cycles to fracture. The fracture mechanics approach was applied to
study the behavior of the small cracks by Kitagawa diagram, the defect size was taken into account by the
Murakami’s ([?]area) parameter. The fatigue strength values were 104.7 MPa for smooth specimen, 92.7 MPa



for specimen with D0.3 artificial hole, and 87.2 MPa for specimen with D0.6 artificial hole at the prescribed
cycles, respectively.
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Nomenclature

E Young’s modulus, GPa

N The number of cycles to failure, -

2N The number of reversals to failure, -

R Stress ratio, (R=6min/Omax); -

UTS Ultimate tensile strength, MPa

Rpo.2 Proof strength, MPa

Tan Tangent modulus, MPa

v Poisson’s ratio, -

Camp Stress amplitude, MPa

Omax Maximal stress, MPa

Omin Minimal stress, MPa

OLCLmax Local stress maximum, MPa

Onom Nominal stress, MPa

or Fatigue strength coefficient, MPa

Aoy Stress-based fatigue limit, MPa

b Fatigue strength exponent, -

K, Elastic stress concentration factor, -

AKyy, Threshold stress intensity range, MPa m®-®
AK Stress intensity factor range, MPa m°->
[?]area Murakami’s geometrical parameter, mm
A Defect area, mm?

D Diameter of the hole, mm
h Depth of the hole, mm
w Width of specimen, mm
o Geometric factor, -

1. Introduction

Aluminum alloys become more and more important from the aspects of lightweight structures and good
formability. The low density of the lightweight alloys is advantageous for eco-friendly vehicles (just to
mention an even actual engineering problem, becoming more and more pronounced in the case of electric
vehicles). Their relatively easy processability also provides benefits for the automotive industry (demanding



for geometry optimized, complex parts produced in one (or a few) steps). High pressure die casting (HPDC)
is a kind of casting technology providing a modern metal processing, which combines the before mentioned
requirements and benefits. However, HPDC products are affected by different kind of defects such as gas
pores, shrinkages and oxides [1]. These defects form due to the high-speed injection under high pressures that
are resulting in high turbulence during mold filling [2]. Naturally, the appearance of these defects is affecting
material properties negatively [3]. The small sized defects are almost unavoidable and originating from
the features (high speed, turbulent flow, fast oxid layer formation, etc.) of the HPDC technique; however,
there are a few opportunities to limit the presence and the size of the defects. One of these possibilities
is the vacuum-assisted high pressure die casting (VPDC) process. In this technique, the amount of the
entrapped gas during the casting process is significantly decreased by a vacuum-assistance system (reducing
the pressure in the system, degassing and thus limiting the formation of gas bubbles) [4,5]. The formation
of material discontinuity is quite frequent in castings, and it is not avoidable totally, even in the case of
vacuum-assisted processing [6]. These flaws are usually appearing as material inhomogeneities like micro gas
porosities or shrinkages, or sometimes unavoidable geometry changes (due to thermal shrinkage). The flaws
not only reduce the area of the effective load bearing cross section, but they may also induce crack formation
[7]. Flaw containing cast parts have lower toughness and lower fatigue strength [8]. In practice, the fatigue
fractures occur at or in the near vicinity of stress concentrators, and these concentrators are often gas pores.
The stress concentrators always cause local stress level increments (or,cLmax) that can be higher than the
nominal stress (opom). The ratio of these stresses is known as the stress concentration factor (Ky), which
depends on the specimen geometry and load mode.

A few techniques exist to investigate [9] the influence of cracks on the fatigue life from Peterson [10], Neuber
[11], Heywood [12], Siebel and Stiller [13] by relative stress gradient (RSG). More recently, Kobayashi
and Matsui [14, 15] confirmed the usability of Murakami’s parameter to aluminum alloys as well. The
criterion based on local stresses is more realistic [16]. The Kitagawa-Takahashi (KT) diagram was adopted
to qualitatively handle the behavior of short cracks in the infinite life region [17]. The KT relation is
a visual aid, and a graphical interpretation, that take into account the stress-based fatigue limit (Aoy)
and the threshold stress intensity (AKjyy) range to define a criterion for non-propagating cracks [18]. The
relationship is giving information about the expected life-time of a part at the given stress range and about
the allowable initial crack size of the defect (below which no crack propagation occurs). Based on the
experimental test results, the limit for non-propagation crack zone was constructed for internal small cracks
and external artificial defects, respectively. The defect size calculations were performed by Murakami’s
geometrical parameter ([?]area — the square root of the defect area projected onto a plane perpendicular to
the applied stress) [19-23]. This condition allows calculating the maximum stress intensity factor (SIF) [24]
along the front of the cracks. The fatigue limit of most materials is not the critical stress for crack initiation
but the threshold stress for non-propagation of the crack, which was initiated from original cracks, defects
or inhomogeneities [24].

The aims of the investigations presented here were (i) to evaluate the fracture resistance and (ii) to determine
the threshold stress intensity value (AKjyy) of cast AlSi9Cu3(Fe) alloy containing small sized natural and
artificial defects in uniaxial tension.

2. Materials and methods

The die cast fatigue specimens were cast in a multi-cavity casting tool (Fig. 1.a). The casting mold was
designed for various mechanical and microstructural test specimens. The cast material was a widely used
Al-Si-Cu secondary aluminum alloy AlSi9Cu3(Fe) (EN AC 46000). The specimen set were cast from one
dose of melt. The chemical composition of the cast was analyzed by using an X-ray fluorescence (XRF)
analyzer and the result is listed in Table 1. The reason for using VPDC for specimen production is the result
of previous investigations [4,5], where defect-free fatigue was detected in most cases.

Table 1. Chemical composition of AlSi9Cu3(Fe)



Elements (in wt%) Si Fe Cu Mn Mg Zn Ti Al
AlSi9Cu3(Fe) 9.63 081 254 032 030 0.71 0.10 bal

Preliminary tensile tests were also performed on 3 specimens to determine the basic mechanical properties
of the alloy. The measured material parameters of the alloy are the proof strength (Rp.2=186.5 £4.6 MPa),
the ultimate tensile strength (UTS=325 +3.5 MPa) and the elongation at fracture (A=2.8 +0.1 %).

The specimens were produced by an OMS 450 cold chamber die casting machine. The molten metal was
degassed by gas bubbling filtration (GBF) with 15 Lmin™! (Nitrogen for 6 min). The molten metal was dosed
automatically at 700°C temperature. The elevated tool temperature was maintained by oil, circulated at
170°C by a Tool-Temp TT-390/2 machine. The casting parameters were calculated by flow analysis. The
plunger speed was set to 0.19 ms™ in the first phase and to 2.9 ms™! in the second phase, respectively. The
intensification pressure was 720 bars. The plunger diameter was 60 mm and the total air volume in the
chamber was 517 cm? from which the total air volume in the mold was 289 cm?3. The vacuum-assistance
pressure level was 100+20 mbar, ensured by a VDS kinetic valve, the pressure was measured by Thyracont
VD81 digital vacuum meter. All specimens were polished carefully (with Buehler silicon carbide grinding
paper P180 mesh at 240 min™!, P400 mesh at 220 min™!, P600 mesh at 200 min™! and P800 mesh at 150 min™,
for 1 min each step) leading to smooth surface, with the average surface roughness of Ry= 0.41£0.07 pm,
measured by a Mitutoyo SJ-410 surface roughness tester. The specimen dimensions are defined in Fig. 1.b.
All specimens were tested in T1 heat-treated condition: water-cooled after casting and natural aged.

Fig. 1. Multi-cavity casting tool (a) and the design of the fatigue specimens and its dimensions (b).

The castings were preliminary tested by computed tomography (CT) to detect the unavoidable natural
defects. The CT machine was a Phoenix v|tome|x ¢ equipped with a cone-beam X-ray tube. The scanning
was performed on the middle gauge area of the fatigue specimens. The resolution (based on the volume of
the reconstructed smallest 3D element) was 25 ym. Porosity analysis was performed by Volume Graphic
Studio Max 3.2 on the recorded CT images [25]. The results were used to investigate the highest porosity
that can be considered. The fracture surfaces and their microscopic features were analyzed by light optical
microscopy (LOM) on an Olympus BX51M microscope. In addition, the effect of the vacuum support on
the porosity was also investigated on the fracture surface by scanning electron microscopy (SEM). The SEM
was equipped with an energy dispersive X-ray analyser (EDX) the machine was a Zeiss Evo MA15 SEM
(EHT=20 kV).

The detected highest pore (natural defect) in the outer layer of the specimens was 0.63+£0.22 mm. The
natural defect area (the projection of the defects onto the plane perpendicular to the applied load direction)
range was taken into account to define the geometry of the artificial defects. The smallest and the largest
natural defect area were found to be 0.01 mm? and 0.40 mm?, respectively. Therefore, the aim was to produce
artificial defects with surface of “0.15 mm? and ~0.45 mm? area, perpendicular to load direction. The artificial



defects were produced by drilling, the diameter of the drilling tool was D0.3 mm or D0.6 mm in the case of
small and large artificial defects, respectively. Based on these and on the required defect area sizes, the blind
hole depths were set to 0.55 mm for the smaller and 0.70 mm for the larger diameter. (considering the 120°
tip angle of the drillers).

The modelled geometry is shown in Fig. 2.a. By the model, the effect of the artificial defects was considered.
In the viewpoint of the elastic stress concentration factor, the smooth specimen was considered to have K;=1.
The elastic stress concentration factors (Ki) of the artificial defects were calculated based on the results of
the finite element method (FEM) model [26]. The FEM analyses were performed in Ansys. The element
type was 2°¢ order hexa- and tetra elements in the specimen and hexa elements in the whole clamping (Fig.
2.a). The number of the elements were 183.249 in the test piece and 18.415 in the fixture. The average
element length was 2 mm, the element length transition on the surface of the holes were set from 0.2 to 2
mm. The affected distance of the influence volume was 2 mm (Fig. 2.b). The element sizes were selected
after preliminary tests to avoid element size sensitivity [5]. The connection between the test specimen and
the clamping was set to fixed contact. Bilinear material behavior was chosen, the material parameters were
based on the measured and standard data [27] of the aluminum alloy: E=73 GPa, v=0.33, Rp,0..=186.5 MPa
and Tan=4850 MPa [5].

Artificial defect

Fig. 2. Fatigue environment and FEM mesh (a); refined FEM mesh in the case of D0.6 mm blind hole (b)
and real fatigue specimen in the fixture with D0.6 mm artificial hole in the middle of the specimen (c).

The fatigue tests have been performed on an Instron 8800 type servo-hydraulic testing machine, providing a
maximum load of 63 kN. The uniaxial fatigue tests were run in load control. The frequency was 30 Hz with
sinusoidal waveform, the stress ratio was set to R=-1. The specimens were run to maximum 107 number of
cycles, and the specimens that did not break before this limit was considered run-out (surviving) specimens.
The cycles to failure for each load level was evaluated by the two-parameter Weibull analysis approach [28].
The empirical S-N curve was described by the fitting of the power-law Basquin equation (Eq. 1.), by the
least square method for the same confidence level of 50%.

Camp = 07 (2N)" (Eq. 1.)

where oy is the fatigue strength coefficient, 2N representing the number of reversals to failure, and b is the
fatigue strength exponent.



3. Results and Discussion
3.1. Elastic stress concentration factor (K;) and FEM analysis

The fatigue fractures occur at small defects (material imperfections) or at around stress concentrators.
These stress concentrators always cause local stress level increments (61,cLmax) that can be (even many
times) higher than the nominal stress level (6p0m ), which would load the piece without the defect. The ratio
of these stresses is known as the elastic stress concentration factor (Eq. 2.), which depends on the specimen
geometry and on the load mode (tension, bending, etc.).

K, = 9icimax (Eq, 2.)

where, K; is the elastic stress concentration factor, opcLmax is the local maximal stress and cpon, is the
nominal stress. The shape of the artificial defect is simple, its surface is considered to be the projection of
the defect perpendicular to the load, according to the Murakami’s approach [16]. However, the value of the
elastic stress concentration factor is important; therefore, it was estimated by FEM calculations. Based on
the investigation of Murat and Toktas [26], there is a geometry ratio (the hole diameter divided by the width
of the specimen) threshold value (0.042), below which all analytical model (regression analysis [29], artificial
neutral network [30], finite element analysis [31], etc.) solutions resulted in very similar K¢values. Since the
ratio of the artificial defect diameter (D0.3 mm or D0.6 mm) and the width of specimen (14 mm) is less
than the 0.042 limit, the FEM result is reliable as the value of elastic stress concentration factor. The FEM
analysis were run at 7.5 kN at each hole diameter, the calculated nominal stress was 115.4 MPa with the
nominal cross-section of 65 mm?. The maximum of the equivalent von-Mises stress was 214.0 MPa for the
D0.3 mm (Fig. 3.a), and 227.7 MPa for the D0.6 mm holes (Fig. 3.b), respectively. The calculated elastic
stress concentration factors were K; pg.3=1.85 and K pg.=1.97, respectively.

Fig. 3. FEM analysis: top view of the stress field in case of D0.3 mm hole (a) and top view of the stress
field in case of D0.6 mm hole.

The artificial defect can be considered as a circular crack, the sharpness of the crack is the radius of curvature
at the crack tip (d/2 in our case), and the crack length (2a) is a diameter (d) of the artificial hole. The
artificial defects were produced by drilling, the hole radii were 0.15 mm (for D0.3 mm holes) and 0.30 mm
(for the D0.6 mm holes), respectively. Although these looks like a blunt crack, they are comparable in size
with the natural casting defects.

The LOM and SEM investigations proved that the fracture involved the artificial defects in all cases (examples
are shown in Fig. 4). The cracks were initiated at the artificial defects and subsequently propagated.
Initially, the crack growth was slow (I.), until it became critical in length (IL.), at which point the crack
became unstable (III.) (Fig. 4.b). The fish-eyed crack transition zone proved this phenomenon, the fronts
of the blunting of the crack peaks were marked with dashed lines (Fig. 4.).
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Fig. 4. Microscopic examination: SEM micrograph of a D0.6 mm hole at the fracture surface (a) and LOM
micrograph about fish-eye transition zones at the fracture (b).

3.2. Fatigue tests - experimental data

The classic S-N diagram shows the relationship between stress-amplitude and cycle to failure. The curves
displayed on log-log plots, and the represented data plot is the mean value of several test. The aluminum
S-N curve continuously decreasing and does not exhibit well-defined endurance or fatigue limit [32]. The
infinite region of the aluminum S-N curve is known as fatigue strength, where a specified number of cycles
defines a given stress level. The fatigue strength is not a parameter independent material property, there is
an influence of stress ratios, surface finish, notch sensitivity, etc. [19].

The results of the fatigue tests are shown in the log-log S-N diagram (Fig. 5). The presented curves were
plotted for each Kyvalue of the smooth specimens and the specimens with D0.6 mm and D0.3 mm artificial
defects. The corresponding K; values are 1.00, 1.97 and 1.85, respectively. Curves (Basquin relationship, eq.
1.) were fitted on the measured points by the least square method at the confidence level of 50%. The fitted
curves are represented by straight lines in the log-log plots. The slope of the S-N curves determined the
fatigue strength exponent (b) for each tested series. The intersection of the fitted curves with the vertical
axis defined the fatigue strength coefficients (of). All the parameters are listed in Table 2.
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Fig. 5. The S-N curves of the investigated VPDC cast specimens at stress asymmetry factor of R=-1, at
the reliability of 50%, with the corresponding Ky values of 1.00, 1.97, and 1.85, respectively.

The calculated fatigue strengths for each specimen set at 107 cycles (since Al alloys has no real fatigue limit)
were 104.7 MPa for the smooth (K;=1.00) specimens, 92.7 MPa for K; pg.3=1.85 specimens, and 87.2 MPa
for K po.g=1.97 specimens, respectively. These results are also listed in Table 2.

Table 2. Calculated results based on the fatigue tests

Specimen type K; (-) Strength coefficient (MPa) Strength exponent (-) Fatigue strength at 107 cycles (MPa)
Smooth spec. 1.00 313.4 -0.068 104.7

Artificial hole D0.3  1.85 305.4 -0.074 92.7

Artificial hole D0.6  1.97 278.4 -0.072 87.2

Fatigue strength decreased in the whole investigated fatigue life cycle range (up to 107 cycles), in accor-
dance with the literature. All run-out specimens were tested by dye penetrant process, but visible crack
initiation was not detected. The fracture surfaces were proved the advantage of the applied vacuum-support
investigated by LOM, because visible pores were not detected (Fig. 6.).



Fig. 6. LOM photographs of the fracture surface of fatigue specimens: specimens with D0.3 artificial defects
(a) and specimens with D0.6 artificial defects (b).

3.3. Influence of the defect size

In practice, the fatigue fractures occur in most cases at around stress concentrators, like natural internal
defects and artificial surface defects in this study. The geometry of the pores that caused fractures were
mainly spherical. The sphericity of these pores is defined by the shape factor (2.6-6.2) and detected by uCT
before fatigue test. The natural stress concentrators were mainly gas pores in the area range from 0.010 mm?
to 0.403 mm?, typically located below the outer fine grain layer (0.6340.22 mm depth from the surface).
In the case of run-out fatigue specimens the detected highest pore below the outer layer was taken into
account as non-propagating crack. The detected pores in this layer were in the area ranges from 0.010 mm?
to 0.106 mm?. The detected natural defect area range in the fracture surface was taken into account to define
of the geometry (depth for the given diameters) of the artificial defects that were 0.148 mm? and 0.471 mm?,
respectively.

The fatigue test results were further evaluated by the Kitagawa-Takahashi (KT) approach. The influence
of defect size was taken into account by the square root of the projected [?]area (Murakami’s parameter).
The KT diagram was constructed on the basis of the experimental results. The stress intensity factor range
(AK) was calculated in the given form (Eq. 3.) [20].

AK =a Ao | /m jarea (Eq. 3).

where AK is the stress intensity factor range, o is a geometric factor (depends on specimen size and the
size of the crack), Ao is the stress range (function of the design and application), [?]area is the Murakami’s
parameter. The geometric factor of the internal defect was o;,t=0.5, while for the surface defect it was
osurf=0.65 [24, 33].

It is important to note, if AK is lower than a threshold stress intensity range value (AKjyy), the crack will
not propagate. In case of the materials, which have no exact fatigue limit (like Al alloys), the threshold
stress intensity range is also not an exact value. The investigated aluminum alloy can be characterized by
the fatigue strength, where the fatigue strength depends on the given number of cycles, and as a result the
threshold stress intensity range value has similar features too. The KT diagram represents the influence of
the defect size on the fatigue strength at a given number of cycles (107 in our case, see Fig. 7.). This relation
is represented in a log-log diagram, where the defect size (defect area) and the given fatigue limit (fatigue
strength) are shown at a given number of cycles (Fig. 7.).

Fatigue failure

Crack growth

log(o;) - Fatigue strength,
(MPa)

No crack growth or initiation

log(A) - Defect area, (mm?)



Fig. 7. Schematic diagram of Kitagawa-Takahashi (KT) diagram, represented in log(o¢)- log(Area) system.

The diagram shows two intersecting lines in the log-log coordinate system, where the horizontal part is
defined by the fatigue strength and the monotonically decreasing part is representing the effect of increasing
defect size. The slope of the monotonically decreasing part is constant, the slope of the curve is -0.25 [33,34].
The area below the curve is safe. If the fatigue strength and defect area remain below the curve in Fig 7.,
then no crack initialization (or in the case of an existing crack no propagation) occurs. The area above the
curve is unsafe and in this field fatigue crack initialization and propagation can occur (at the given reliability
at which the fatigue strength was determined). The projected defect area is in mm?, and the calculated
experimental fatigue strength is in MPa.

The fatigue test results were evaluated based on the fracture surfaces and at the failure stress level and
represented in Fig. 8. If the fracture initiated from natural defect, the fracture was investigated by LOM
and the defect was characterized by its surface. These points were marked by ‘+’ signs in the diagram. If
the fracture was initiated from the artificial surface defect the points were marked by ‘o’ signs. When pore
was not detected in the fracture surface the biggest pore was considered in the outer fine-grained layer based
on the CT results as a not initiated defect. In the case of run-out specimen the procedure was the same.
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Fig. 8. The Kitagawa-Takahashi diagram based on the experimental data.

In this data-cloud the [?]area and G value pairs were measured, and the threshold stress intensity range
value (AKyy) was varied to fit the monotonically decreasing curve section according to the equation (Eq.
4.).

AK
Oamp = =

greek /., jarea(Eq. 4.)

The horizontal line section is representing the fatigue strength of the smooth specimens at 104.7 MPa and
at the given number of cycles 107. The diagram includes the artificial surface defects and volumetric natural
porosities too. The main advantage of this method is that the area of the defect is used, proving benefits
when defects are varying in shape [34]. It is useful when the shape of the discontinuities is different. The
Authors have to note that fatigue fracture did not occur in drilled castings by natural defect, in these cases,
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the fracture always initiated around the artificial defect. According to this evaluation method the calculated
AKpvalue was found to be 1.8 MPa m%®, this threshold stress intensity is an acceptable value, and it is
in accordance with the literature. Based on the literature data, the threshold stress intensity value range
of cast aluminum was reported between 0.98 and 1.80 MPa m®® [35,36,37]. According to the calculated
data, this value is closer to the more favorable upper limit, which is due to the smaller number of material
discontinuity, proving the benefits of the VPDC method. On the other hand, the KT approach is proved
to be a correct indirect method to determine the AKj;, value of a material with less efforts compared to a
standardized tests for stable crack propagation.

The constructed knee point is based on the mean values the fatigue strength begins to decline from the defect
size larger than 0.16 mm?. This is a calculated defect area value, where the two curves intersect. If the
diameter of the pore size is calculated with an equivalent sphere, the defect size (diameter) determined by the
calculation would be 0.45 mm. Although the knee point was constructed and calculated as the intersection
of the lines, in the reality it is not an exact intersection point, but can be approximated more realistically
by rounding (as shown by dashed line in Fig. 7.) and will be the part of further investigations.

The diagram in Fig. 8. shows that the surface defects are more dangerous than internal defects for fatigue
fracture (the safe area is smaller). This fact agrees with the results reported in the literature, but the results
are close to each other (65.8 MPa m™-2% for internal natural defects and 62.8 MPa m 025 for artificial surface
defects). Failure due to natural surface defect (opened to the surface) was not detected in the complete
specimen set (60 pcs) examined in this study. The close AKy), values may also be explained by the fact
that the outer fine-grained layer is more favorable against crack propagation, as well as by that the internal
defects are in a characteristic depth (at 0.63+£0.22 mm) outer layer.

4. Conclusions

In this study AlSi9Cu3(Fe) VPDC casting fatigue specimens were tested. The fatigue strength region was
investigated at R=-1 stress ratio at prescribed 107 number of cycles to failure. The fracture mechanics
approach for characterizing the influence of natural internal and artificial surface defects on the fatigue
properties of VPDC aluminum AlSi9Cu3(Fe) alloy was employed. From the detailed investigations, the
following conclusions can be drawn:

e The threshold stress intensity value (AKyy,) was determined successfully and found to be 1.8 MPa m%-5,

that is in well agreement to the reported literature data.

e The KT approach is proved to be a correct indirect method to determine the AK;, value, in case of
VPDC aluminum casting, when the defect characterized by the shape factor of these pores between
2.6-6.2, and detected area range between 0.01 mm? to 0.40 mm?.

e The Kitagawa-Takahashi diagram can be used to investigate the influence of defect on the fatigue
strength at 10"number of cycles. The Murakami’s parameter was used to consider the differences of
defect shape and defect dimensions.

e The fatigue strength values were 104.7 MPa for smooth specimen, 92.7 MPa for specimen with D0.3 mm
artificial hole, and 87.2 MPa for specimen with D0.6 mm artificial hole at the prescribed 107 cycles,
respectively.

e The fracture mechanics approach was also employed to investigate the critical measure of natural
internal porosity. The critical defect size determined based on fracture mechanics approach is 0.16 mm?,
the diameter of the equivalent spherical porosity is 0.45 mm.

e The reduction in the number of inhomogeneities due to vacuum-assisted die casting has a positive effect

on the fatigue strength, the threshold stress intensity range and the crack propagation, respectively.
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