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Abstract: The effect of Fe-rich particles has been a topic for discussion in the aluminum casting
industry because of the negative impact they exert on the mechanical properties. However, there are
still contradictions on the effects of various morphologies of Fe-particles. In this study, microstructural
characterization of tensile tested samples has been performed to reveal how unmodified and modified
Fe-rich particles impact on the tensile behavior. Analysis of additions of Fe modifiers such as Mn
and Cr, showed higher amounts of primary Fe-rich particles (sludge) with increased porosity and,
as result, degraded tensile properties. From the fracture analysis of tensile tested hot isostatic pressed
(HIPed) samples it could be concluded that the mechanical properties were mainly governed by the
Fe-rich particles, which were fracturing through cleavage, not by the porosity.

Keywords: Fe-rich particles; sludge; tensile properties; fracture; casting; solidification; aluminum;
silicon; recycling

1. Introduction

In cast aluminum components, Fe-rich particles are common constituents that normally degrade
the mechanical properties. Fe may originate from tools and scrap and tend to settle towards furnace
floors where it can accumulate into high levels. There is currently no economical way of removing
Fe and it is, therefore, important to gain knowledge on the effect of Fe-rich particles on mechanical
properties in order to expand the use of more environmental friendly secondary alloys.

Fe-rich particles are in general accused for having detrimental effects on mechanical properties [1].
However, Fe-rich particles have different morphologies and sizes depending upon chemical
composition and thermal history [2] and different morphologies will affect properties in different
ways. The plate-like 3-particles in complex 3D structures [3] (Al5FeSi) are the most studied and their
morphology has been shown to degrade mechanical properties [4,5]. Wang et al. [6] states that the
-particles are the most detrimental Fe-rich particles because they act as stress concentrations due
to their sharp edges. Other morphologies have been given less attention, but are considered to be
less harmful [7]. A reason for other morphologies to be considered as less harmful may lie in the
term neutralization which is used when talking about promotion of other morphologies and inhibiting
-particles with the goal of improving properties; hence, a better term is modification. A common way
to modify the morphology of 3-particles is by addition of Mn, and an accepted rule of thumb is to have
a Fe:Mn ratio of a maximum 2:1 in order to convert (3-particles into o-particles (Alyj5(FeMnCr)3Sip).
In castings with high cooling rates x-particles may form Chinese scripts, with a slower cooling rate,
polyhedral shaped «-particles named sludge, may nucleate as primary particles [8,9]. The propensity
of the nucleation of primary Fe-rich particles in an Al-Si alloy can be estimated by the sludge factor
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(SF) combining the effect of Fe, Mn, and Cr. The commonly accepted empirical equation of the SF
presented by Dunn [10] is expressed as:

SF =wt. % Fe +2 x wt. % Mn + 3 x wt. % Cr @D

Modification of 3-particles is a commonly accepted way to improve the mechanical properties,
however, no literature is found that can prove that sludge is beneficial to mechanical properties. Hence,
there could be misconceptions about the effects of sludge on mechanical properties.

Ji et al. [11] varied the Fe content between 0.09 wt. % and 2.5 wt. % in high pressure die-cast
tensile test specimens. The most significant effect was on the elongation to fracture (¢y) which was
decreasing with increasing Fe content. The yield strength (YS) showed a slight increase and ultimate
tensile strength (UTS) was constant at Fe levels below 0.6 wt. % and decreased at Fe levels above
0.6 wt. %. At each Fe-level two different Mn additions were used, 0.02 wt. % and 0.54 wt. %.
This promoted cubic a-phase particles and suppressed the formation of 3-particles. However, the ef
did not show any improvement and YS and UTS were only slightly enhanced by the modification of
the Fe-rich particles.

It is also possible to alter 3-particles by increasing the cooling rate; it has been shown, that in terms
of secondary dendrite arm spacing (SDAS), smaller SDAS will generate smaller 3-particles [4,12,13].

The mode in which Fe-rich particles fracture has been discussed, e.g., both the matrix-particle
interface and the inner surfaces of 3-particles have been proposed as weak. Vorren et al. [12] suggested
that the bonding between p-particles and the matrix is weak and that decohesion will lead to a
reduction in mechanical properties. On the contrary, Cao and Campbell [14-16] have observed Fe-rich
particles nucleating on the wetted outer surface of bifilms, and that the inner dry surface of the
bifilm acts as a crack, and this is why 3-particles are detrimental to mechanical properties. Later
studies by Terzi et al. [17] demonstrate through in situ observations that 3-particles nucleate both at
an angle at the outer surface of a sample as well as along the outer surface where oxides are present.
This is indicating nucleation on oxides and growth along the oxide and at an angle to the oxide skin.
Their experiment also showed (-particles growing into complex 3D structures due to branching when
in physical contact with dendrites. An analogous finding of nucleation on oxides was made earlier by
Narayanan et al. [18] who proposed (3-particle nucleation on a spherical Al,O3 particle, at an angle of
approximately 70° to its surface.

The influence of Fe-rich particles on porosity is another issue to consider; there seems to be a
common agreement about (3-particles blocking feeding, hence increasing porosity, this have been
reported in review papers by Crepeau [8] and Mbuya et al. [19]. However, Dinnis et al. [20] have
shown that the relationship between Fe content and porosity is not straight forward, and state that the
effect of Fe changes with Cu and Si content. Furthermore, Roy et al. [21] concluded that (3-particles are
active nucleation sites for porosity, and they found that (3-particles and «-particles limit the growth of
pores. In addition have Cao and Campbell [16] observed that primary «-particle rich metal is often
associated with porosity. In a study by Ferraro and Timelli [22] no relation between the concentrations
of Fe, Min and Cr on the level of porosity was observed in high-pressure die-cast material.

The aim of this work was to assess the ambiguous effect of modification of Fe-rich particles on
tensile properties. Additionally, the unclear mode of fracture of the Fe-rich particles will be studied
together with their effect on porosity in Al-Si alloys.

2. Materials and Methods

The chemical compositions of the alloys were analyzed by optical emission spectroscopy (OES)
(Spectro, Kleve, Germany) and are shown in Table 1. The EN 46000 alloy, equivalent to alloy A380,
was used as the base alloy. Si, Cu, Fe, Mn, and Cr were added as master alloys in order to produce
three more alloys with variations in SFs and keeping the other elements constant. Sr was added to
modify the Si morphology from flake-like to fibrous morphology. Alloys A and B were expected to
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have Fe-rich particles in the form of 3-particles, whereas alloys C and D were expected to have sludge
particles due to the chemical composition and the cooling rates.

Melts of about 4.5 kg were prepared in an electrical resistance furnace, master alloys and base
metal material were heated to 1073 K (800 °C) to ensure homogeneity. For modification with Sr,
the furnace was set to 1048 K (775 °C); 10 min after the addition of Sr, the furnace was set to 993 K
(720 °C) which was the casting temperature. Holding time and temperature for the Sr modification
was according to Gruzleski and Closset [23]. Cylindrical rods with a length of 18 cm and a diameter
of 1 cm were cast in a copper mold, preheated to 523 K (250 °C). In order to produce samples with a
consistent matrix and with less defects, the samples were then remelted in directional solidification
equipment [24]. See Figure 1a for a schematic image of the equipment. In the directional solidification
equipment, the samples were remelted under an Ar gas atmosphere, the melting temperature
was 993 K (720 °C). The samples were held for 30 min before directional solidification. As the
molten samples were kept in a stationary position in the equipment, the furnace was raised at two
different speeds in order to achieve samples with different levels of SDAS, 10 um and 25 pm.

Table 1. Chemical composition of the alloys used in this study in wt. %, analyzed by OES.

Alloy Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Sr Al SF Fe/Mn

A 930 074 279 025 005 0.03 0.04 0.96 0.06 0.03 0.022  Bal. 1.3 3.0
B 940 117 277 025 0.05 0.03 0.04 091 0.05 0.03 0.027 Bal. 1.8 47
C 923 129 265 053 004 015 0.04 0.86 0.05 0.03 0.025 Bal. 2.8 24
D 930 159 264 080 0.04 018 0.04 0.80 0.05 0.03 0.029 Bal 3.7 2.0

Tensile test bars were prepared from directional solidified samples in a CNC lathe
(HAAS, Oxnard, CA, USA). The tensile test bars had a diameter of 6 mm and the length of the
reduced section was 36 mm, the test bars fulfil the requirements in ISO 6892-1 and ASTM B557M
(see Figure 1b).
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Figure 1. Schematic images of (a) the directional solidification equipment and (b) a tensile test sample.

A T6 heat treatment cycle consisting of, 768 K (495 °C) for 3 h, quenching in 323 K (50 °C) water
and 483 K (210 °C) for 2 h, was performed to gain a dissolution and homogenous microstructure
in order to study the sole effect of Fe-rich particles without the influence of Cu™ and Mg~ rich
particles. The heat treatment cycle was chosen after studying the work by Sjolander and Seifeddine [25].
These alloys are normally not heat-treated because EN 46000 is commonly high pressure die cast.
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Tensile testing was performed at room temperature on 5-6 as-cast samples per alloy and SDAS,
(four alloys and two SDASs). A clip-on extensometer (Zwick, Ulm, Germany) with a gauge length of
20 mm was used. The speed throughout the test was 0.54 mm/min, corresponding to a strain rate of
2.5 x 107* 571, the test speed was according ISO 6892-1 and ASTM B557M.

Since Fe-rich particles are assumed to influence porosity, hot isostatic pressing (HIPing) was
performed on 4-5 samples per alloy to minimize porosity and to be compared with as-cast samples.
HIPing was performed by Bodycoat (Densal® process, Haag-Winden, Germany) before heat treatment,
machining and tensile testing.

Measurements of (3-particle size by optical examination were performed on 20-30 areas distributed
over the whole reduced section of the as-cast tensile test bars from alloys A and B. In each area was
the largest 3-particle measured. The measurements were conducted from top to bottom in order to
detect variation in 3-particle size along the sample. Measurements of the area fraction 3-particles in
alloys A and B were measured with assistance of an image analysis software (Stream Motion Desktop
1.9.1 Olympus, Shinjuku, Tokyo, Japan) on samples etched with HySOj,. Sixteen areas along the whole
reduced section were measured.

3. Results

3.1. Tensile Properties of As-Cast Samples

The results from tensile testing of as-cast samples are shown in Figure 2. The two alloys with
the lowest sludge factor and the highest Fe:Mn ratio, alloys A and B, exhibit the highest UTS
and the highest ez These two alloys also have a clear trend of difference between the two SDAS
levels. Increasing the SDAS reduces the UTS of alloys A and B by 13% (average) and ¢y is reduced
by 61% (average).

The two alloys with highest sludge factor and lowest Fe:Mn ratio, alloys C and D, have lower
UTS and ¢; than alloys A and B. The properties of alloys C and D are similar, and they do not show
significant variations between SDAS 10 and SDAS 25.

Typical tensile test curves for samples with SDAS 10 are shown in Figure 3. On average the YS,
with a 0.2% offset, was the highest for alloy B, both for SDAS 10 and SDAS 25, as it was 169 &+ 5 MPa,
being between 11-20 MPa higher than alloy A, C, and D.

350 A SDAS 10 12 A SDAS 10
7 O SDAS 25 O SDAS 25
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Figure 2. Tensile test results of as-cast samples showing (a) UTS and (b) e Error bars show one
standard deviation.
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Figure 3. Typical tensile test curves for the four alloys with SDAS 10. The alloys are having the
following sludge factors; A =1.3, B =1.8, C = 2.8, and D = 3.7. The samples are in as-cast conditions.

3.2. Macroscopic Fracture Surface Investigation, As-Cast Samples

Examination of fracture surfaces in the stereo microscope revealed some distinct differences
amongst the as-cast samples. The most apparent feature was the greater amount of porosity in alloys C
and D compared to alloys A and B; SEM images of two fracture surfaces are seen in Figure 4, illustrating
the difference. The area of porosity and oxides visible at the fracture surfaces in the stereo microscope
was measured. Identification of oxides was made from the black appearance and lack of fracture
features, the visual oxide identification was subsequently confirmed by energy dispersive spectroscopy
(EDS) (EDAX, Mahwah, NJ, USA) analysis in which oxygen (O) was detected, see Figure 5. The clear
oxide peak together with the appearance of an opaque surface was a confirmation of thick oxides [26].
The average percentage of area covered by porosity and oxides, with one standard deviation, of the
fracture surface of as-cast samples was for alloys A and B 2.8% = 7.2% compared to 12.3% =+ 14.0% for

alloys C and D. Large standard deviations indicate a large variation of area porosity and oxides at the
fracture surfaces.

—— 1

10.0kV SET SEM WD 13mm

Figure 4. The fracture surfaces of a tensile test sample from (a) alloy B SDAS 10 having an oxide defect

indicated by the arrow and (b) alloy D SDAS 25 having visible round pores with a total area fraction
of 2.5%.
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Figure 5. Close-up and analysis of the fracture surface seen in Figure 4 where (a) is showing a SEM
image of oxide to the left and dimples to the right and (b) is showing an EDS analysis of the marked
area which is indicating an oxygen peak.

3.3. Fracture Surface Investigation by SEM-EDS, As-Cast Samples

Fracture surfaces of as-cast samples were examined in the SEM-EDS, and overview images of alloy
A SDAS 25 and alloy D SDAS 25 are shown in Figure 6. The fracture surfaces of alloys A and B showed
a high degree of faceted features surrounded by dimpled structures. In alloys C and D similar patterns
were observed in terms of faceted features in a matrix of dimpled fractures. The horizontally-projected
Feret diameters of the faceted features were measured to be 50-100 um in alloys A and B
and 20-70 pm in alloys C and D.

B UTS = 216MPal
1.3%

(b)

Figure 6. Overview images of fracture surfaces of (a) alloy A SDAS 25 and (b) alloy D SDAS 25.

EDS analysis with an acceleration voltage of 20 keV, was performed in order to identify the faceted
features. Figure 7 presents a fracture surface from alloy B SDAS 25 at high magnification with two
marked areas and two spectrums. The marked regions were analyzed with EDS and they exemplify a
faceted feature and a ductile region. The spectrums are showing the elements that were detected in
each area and their intensities. In the analysis of faceted surfaces Fe was detected, and in the ductile
area were Al and Cu detected. Together with visual observations, also of polished cross-sections,
it was concluded that the faceted features were cleaved 3-particles in alloys A and B and sludge in
alloys C and D. In Figure 7 is the circular ductile area of a dendrite arm failing due to microvoid
coalescence. Analyses were performed on opposite sides of the fracture surfaces, with similar results.
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()
Figure 7. EDS analysis on the fracture surface of Alloy B SDAS 25 showing parts of a 3-particle in
high magnification (a). Fe was detected in the (b) p-particle which were identified together with visual

observations. Al and Cu were mainly detected in the (¢) aluminum dendrite, where dimples have
formed in the center due to microvoid coalescence.

Figure 8 shows SEM images at higher magnification with cleavage of both 3-particles and sludge
in alloys A and B and alloys C and D, respectively. Opposite fracture surfaces in Figure 8a,c shows the
fracture of ductile dendrites through -particles. In (b) and (d) the opposite sides of a fractured sludge
particle are shown, characterized by smooth cleavage surfaces. On the contrary, the fracture surface of
[-particles exhibit river marks, as observed in Figure 9.

(c) Alloy B, SDAS 25 (d) Alloy C, SDAS 10

Figure 8. The images show opposite fracture surfaces where (a,c) shows cleaved (3-particles and ductile
fracture of dendrites through the platelet. Image (b,d) shows a cleaved sludge particle.
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Figure 9. Fracture surface of alloy B SDAS 25 showing a 3-particle with river marks.

3.4. Microscopy of the Fracture Path

Figure 10 depicts the microstructure and the variation of Fe-rich particle morphologies towards
the fracture in alloys A and B where the majority of Fe-rich particles were p3-particles. The 3-particles
were revealed to influence the appearance of the fracture profile. In alloy B, having large 3-particles,
the crack profile was showing sections of straight segments. Additionally, cracked 3-particles were
also seen adjacent to the fracture surfaces as shown in Figure 10d. The straight segments are due to the
fracture of 3-particles as seen in the SEM image in Figure 11. The SEM image also shows a secondary
crack towards the center of a 3-particle together with cracks transverse to the 3-particle. In the marked
area a crack is extending in both the p-particle and the matrix, indicating a strong bond between
the particle and the matrix. No secondary cracks propagating between the matrix and (-particles
were observed.

WL

i 10’04 um \J 8

(c) Alloy B, SDAS 10 ()

Figure 10. Micrographs of the microstructure towards the fracture surfaces of alloy A in (a,b) and alloy
Bin (c,d). In (d) are the arrows indicating secondary cracks of 3-particles. The samples are etched with
H,SOy4 in order to highlight the Fe-rich particles.
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In alloy A with the lowest Fe:Mn ratio and smallest SDAS the fracture was exhibiting a more
jagged profile and (-particles were less influential in linking the crack.

Examination of the bulk revealed that (3-particles parallel to the tensile test direction to a greater
extend were cracked in comparison to particles transverse to the test direction. This is illustrated by
Figure 12 showing a micrograph of 3-particles both parallel and transverse to the tensile test direction.
The particle parallel to the test direction is having multiple cracks across its width, while the transverse
particle is showing no signs of cracking.

The measurements of 3-particles showed that alloys A and B had a uniform length distribution of
B-particles along the reduced section of the samples. The average length of 3-particles is shown in
Table 2; it can be observed that alloy A with SDAS 25 and alloy B with SDAS 10 have similar length
of particles. In addition to the similar average [3-particle length, the mechanical properties were also
comparable for alloy A SDAS 25 and alloy B SDAS 10. The area fraction 3-particles increased when
the Fe content increased from 0.74 wt. % in alloy A to 1.17 wt. % in alloy B.

- 1pm

15.0kV COMPO SEM WD 9mm

Figure 11. SEM image towards the fracture surface of Alloy B SDAS 25 showing a secondary crack
propagating within the 3-particle and a 3-particle along the fracture surface.
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Figure 12. Cracks in a 3-particle parallel to the tensile test direction in alloy A SDAS 25, while 3-particle
transverse to test direction show no cracking.

Table 2. Measurement of 3-particle length and one standard deviation with corresponding UTS and ey.

Alloy A Alloy B
Measured Feature
SDAS 10 SDAS 25 SDAS 10 SDAS 25
Average B-particle length (um) ! 40 £ 12 79 £ 26 74 +19 160 4= 45
UTS (MPa) 297 + 14 258 + 24 262 £ 50 228 +9
er (%) 75+26 34411 35+24 11+01
Area% p-particles 112+ 0.24 1.21+0.58 2.08 £0.27 291 £+ 057

! average of the largest particle in 20-30 areas along the reduced section.

Ocular examination of alloys C and D showed variation in the morphology of the Fe-rich particles
along the reduced section of the samples; there were concentrations of sludge towards one end, and
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concentrations of 3-particles towards the other end. The variation was related to the vertical position
of the sample in the directional solidification equipment. Towards the lower end of the samples sludge
concentrations and area fractions porosity were higher and towards the top of the samples 3-particles
were the dominating Fe-rich particle. All fractures in alloys C and D were in the area where sludge
was the main Fe-rich particle. Figure 13 shows sludge particles near fractures in alloys C and D and no
significant difference between the two alloys could be observed.

Away from the fracture surface cracked sludge particles were observed. The sludge particles
predominantly cracked transversely to the tensile test direction; this is best depicted in Figure 13b,d.
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" i 4 :\’;o- g, § v 5 W‘k’
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(a) Alloy C, SDAS 10 (b) Alloy C, SDAS 25
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(d) Alloy D, SDAS 25

T
0

(c) Alloy D, SDAS 1

Figure 13. Micrographs of the microstructure towards the fracture surfaces of alloy C in (a,b) and alloy
D in (c,d). The samples are etched with HySO, in order to highlight the Fe-rich particles.

3.5. Effects of HIPing

Tensile testing was performed on 19 HIPed samples from alloys A to D with SDAS 10;
the mechanical properties of as-cast and HIPed samples are shown in Figure 14. The results show no
significant differences between as-cast and HIPed samples for either UTS or ey.

350 12
A As cast] A As cast]

O HIPed il O HIPed

w2
(=1
(=]
|
>
o0
|

5] _
\2/250— § —
) 4—
200—
1 % i ﬁ £d
150 T T T T 0

(@) (b)

Figure 14. Mechanical properties of as-cast and HIPed samples where (a) is showing the variation in
UTS and (b) is shows the variation in ¢. Error bars are showing one standard deviation.



Metals 2016, 6, 314 11 of 15

After tensile testing the density of samples were measured and related to mechanical properties.
The relation between the density and the UTS and ¢f is shown in Figure 15a,b, respectively. Alloys A
and B were analyzed as one group and alloys C and D as another group, because the two groups have
different morphologies of the Fe-rich particles towards the fracture. Alloys A and B have 3-particles
and alloys C and D have sludge.

350 12

< A and B, As cast <& A and B, As cast
B A A and B, HIPed | A A and B, HIPed
300— O Cand D, As cast O CandD, As cast
—_ B C and D, HIPed 8 —] B C and D, HIPed
a‘:‘ o —_———
=3
2 250 S I S - NN —
% ®
= 4
=) l 4—
200— b
_ T N ;\ —;—
\f I
150 T I T 0 T | T
2.72 2.74 2.76 2.72 2.74 2.76
Densities of alloys (g/cm?) Densities of alloys (g/cm?)
(a) (b)

Figure 15. Effect of HIPing on mechanical properties for alloys A and B combined and alloys C and D,
combined. Both figures are showing the effect of HIPing and (a) is relating UTS to density and (b) is
showing e in relation to density.

There is no increase in density when HIPing alloys A and B, but there is a trend of increased
density for HIPed alloys C and D. For alloys A and B there is no significant difference in UTS or ¢f
between the HIPed and as-cast samples. For alloys C and D HIPing did not affect UTS, but there is a
small trend of improved ey for HIPed samples.

Stereo microscopy of the HIPed samples showed a reduction in the number of samples containing
porosity at the fracture surfaces of alloys C and D while the amount of oxides remained comparable
for as-cast and HIPed samples. For alloys A and B the number of samples containing porosity and
oxides remained comparable for as-cast and HIPed samples. Table 3 below shows the measurements
and the standard deviations show a large variation, especially for the area fraction of oxides.

Table 3. Results of measurements + standard deviation, made at the fracture surface of images taken
with a stereo microscope.

As-Cast (SDAS 10) HIPed (SDAS 10)
Measured Feature
A and B Cand D A and B Cand D
No of samples with porosity 10f12 9of11 20f9 4 0f 10
Porosity area (%) 1.9+ n/a 74 +57 1.5+ 1.6 1.5£0.5
Average No of pores 4+n/a 79 +53 1+0 1.5+ 0.6
Average size of pores (mm?) 0.13 £ 0.06 0.27 £0.26 042 +0.44 0.29 £0.16
No of samples with oxides 20f12 50f11 2 0f9 50f 10
Oxides area (%) 15.7 +11.5 12.7 +£12.7 29.9 + 20.6 236 + 125

Alloys C and D had a higher number of samples with thick oxides on the fracture surface
compared to alloys A and B. Therefore, in order to improve the evaluation of the effect of HIPing,
only the samples without visible oxides on the fracture surfaces were compared to each other; see
Table 4. For alloys A and B the UTS for the HIPed samples is slightly lower while the ef is comparable.
For alloys C and D the UTS is comparable and there is a slight increase in ¢; of the HIPed samples.

Microstructural examination of the bulk material did not show any variation between HIPed and
as-cast samples.
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Table 4. Mechanical properties with one standard deviation of samples not having any visible oxides
at the fracture surface.

As-Cast (SDAS 10) HIPed (SDAS 10)
Tensile Property Aand B Cand D Aand B Cand D
UTS (MPa) 295 + 14 21+ 22 273 + 19 220 + 14
e (%) 64+25 16+ 06 7.0+ 3.1 26+08

4. Discussion

There were variations in tensile test results with various sludge factors and Fe:Mn ratios.
The alloys having the lowest SF and highest Fe:Mn ratio and hence contained [-particles
(alloys A and B) exhibited the highest UTS and ey It was shown that either an increase in Fe:Mn ratio
or longer solidification time, in terms of SDAS, will increase the length of (3-particles. Similar length of
B-particles could, therefore, be achieved in two alloys with different Fe content by having different
solidification times. Similar UTS and ¢; were obtained in the two different alloys with similar length of
B-particles, (regardless of the SDAS), hence, the 3-particle length seems to be correlated to the UTS
and ¢;. What further suggest a strong influence of 3-particles on mechanical properties is the vast
amount of particles at the fracture surfaces. The area fraction of 3-particles in the bulk was seen to
increase with higher Fe content. The area fractions 3-particles in the two alloys with similar average
3-particle length were 1.21% =£ 0.58% and 2.08% = 0.27%, respectively. Hence, the particle length
appears more important than the area fraction in these ranges.

Comparing the YS of alloy A with alloy B, the latter exhibits on average approximately 12 MPa
higher YS. This difference in YS may be attributed to larger 3-particles as well as their area fraction.
The (3-particles are expected to have significantly higher yield strength because they are significantly
harder than the matrix. -particles have been measured to have a microhardness value of 650 4= 60 HV
compared to the aluminum matrix with a hardness value of 74 £ 5 HV [27]. The higher yield strength
of alloy B is therefore assumed to be due secondary particle strengthening where the matrix transfers a
portion of the load onto the complex 3D structures of 3-particles [28]. In addition to this the mismatch
in thermal expansion between the 3-particles and the matrix phase [29]. These two effects are both
originating from dispersion hardening effects [30].

The lack of variations in UTS and ef between alloys C and D with sludge particles towards
the fracture could be explained by the randomness in distribution and size of sludge particles,
in which no significant difference was concluded. No measurements of area fractions or sizes of sludge
were conducted because the inconsistent distribution of particles would render results which are not
appropriate for analysis. The reason for not detecting any differences is linked to the manufacturing
of samples and the fact that the precipitation of sludge starts in the molten metal. When the samples
are molten in a vertical position, as in directional solidification equipment, nucleated particles can
settle towards the bottom. Sludge particles are thought to settle to a greater extent than 3-particles
due to different nucleation temperatures and Stokes velocities. Sludge particles nucleate at higher
temperature and have more time to settle. Their lower aspect rations, compared to (3-particles, makes
the drag factor lower and Stokes velocities higher. The settlement of sludge particle and nucleation
was not possible to control in the equipment, hence, the distribution and particle sizes became random.
The differences in settling between sludge and -particles also explain the morphology variation along
the reduced section in samples containing sludge.

HIPed samples of alloys A and B had similar density as as-cast samples. Hence, the porosity
in alloys A and B was relatively low already in the as-cast condition. This is due to nucleation and
growth of the -particles in alloys A and B at lower temperatures, in comparison to the sludge in
alloys C and D [31]. At the lower temperature the hydrogen content is lower and the (3-particles do
not nucleate porosity to the same extent as the sludge particles in alloys C and D. The analysis of the
fracture surfaces from alloys C and D showed that as-cast samples had significantly higher amount
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of porosity compared to the HIPed; the area of porosity was reduced from 7.4% to 1.5% with HIPing.
The higher level of porosity in as-cast samples from alloys C and D made the effect of HIPing more
pronounced in those alloys, in terms of density. It is believed that the primary formed sludge may act
as nucleation sites for hydrogen porosity and/or hinder pores to escape.

In terms of UTS and ey, the differences between alloys were less pronounced. The UTS was not
improved by the HIPing process; however, the ¢; showed an indication of improvement for alloys
C and D increasing from 1.1% to 1.8% after HIPing. However, the fact that alloys C and D still
are the two alloys having the lowest mechanical properties remain. According to measurements by
Surappa et al. [32] there is a significant reduction in ¢; and also a trend of reduction of UTS in samples
with an area fraction of porosity greater than 1%. This is in agreement with the results in this paper
where HIPed samples from alloys C and D showed reduction in porosity and a small increase in ey,
compared to as-cast samples.

When excluding samples with thick oxides on the fracture surfaces the same trends were seen;
HIPing cause a slight improvement of the ¢; but the UTS was not improved for alloys C and D.
It can, therefore, be concluded that the lower UTS and ef in alloys C and D, compared to alloys A and B,
are mainly linked to the difference in the morphology of Fe-rich particles that was achieved by
increasing the SF and not to thick oxides or porosity.

Through SEM it was confirmed that the fracture surface had (3-particles on either side of the
fracture, showing a strong particle-matrix bonding and cleavage of the particles. In addition, fracture
patterns, such as river marks, were seen on the surfaces of 3-particles. Examination of polished
cross-sections of the fracture path showed a fracture linked by p-particles. Secondary cracks towards
the center of 3-particles and secondary cracks stretching from the matrix into the particles and not
being diverted at the particle-matrix interface indicate a strong particle-matrix bonding.

Transverse cracks in 3-particles seen in the bulk samples are due to the strain in the sample during
tensile testing, and not from sample preparation. This is concluded from the fact that 3-particles
oriented parallel to the test direction are more prone to cracks than 3-particles transverse to the test
direction and during sample preparation are the samples ground and polished at random directions.
[-particles parallel to the test direction are more easily cracked due to the lower energy required to
create the fracture surface which is smaller than the surface generated when a transverse particle
fracture. Similar cracks parallel to the fracture surface were observed in sludge particles. Due to the
predominant orientation of the cracks parallel to the fracture surface where they assessed as cracks
and not effects of bifilms. However, the morphology of sludge particles makes them less affected
by orientation.

Due to similar chemical composition in all alloys, except the additions of Fe, Mn, and Cr, followed
by the same procedure for sample production, it is assumed that the Al-matrix has similar strength
in all alloys studied. The alloys containing sludge particles had lower tensile properties than alloys
containing 3-particles. This is believed to be due to sludge particles having contributed to the larger
surface area of cracked particles and coalescence of fractured particles is what causes the fracture of
tensile samples. One explanation to why the surface area of fractured sludge would be larger is because
sludge does not have the orientation effect that 3-particles do, making more or less every sludge
particle susceptible to cracking. It is also important to remember that it is not only the morphology
that differs between {3-particles and sludge, but the chemical composition and crystal structures are
also different. Hence, mechanical properties of the two Fe-rich particles needs to be studied further.

The fracture surface examined in SEM showed that crack propagation occurs through cleavage.
In the case of a “pre-cracked” central axis no fracture surface would have been expected since the
surfaces would be separated by a bifilm. The fracture features hence indicate that 3-particles nucleating
on oxides do so preferentially in an angle towards oxides, in accordance with in situ observations by
Terzi et al. [17].
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5. Conclusions

From examinations of tensile-tested EN 46000 alloy, with variations in Fe, Mn, and Cz,
the following can be concluded:

e Two alloys with different chemical compositions and different solidification rates (SDAS),
but with similar 3-particles size, exhibited similar UTS and ey.

e Mn and Cr additions to the Al-Si alloy modified the morphology of (3-particles into sludge
particles and decreased mechanical properties. Hence, the use of these modifiers should be used
with care.

e Sludge governs, to some extent, the formation of porosity in the directional solidified samples.
The porosity at the fracture surfaces increased in alloys where the Fe-rich particles were modified
into sludge.

e  Fe-rich -particles and sludge fracture preferably through cleavage without influence of oxides,
but not by particle-matrix decohesion.
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