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Porosity formation in AI-9 wt % Si-3 wt % Cu-X alloy 
systems: measurements of porosity 
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Ddpartement des Sciences Appliqudes, Universitd du Quebec a Chicoutimi, Chicoutimi 
(Quebec), Canada, G7H 2B1 

A set of 72 experiments was carried out to study the effects of solidification conditions, 
hydrogen content and additives on the formation of porosity in AI-9 wt% Si-3 wt% Cu-X 
alloy systems. It was found that not all alloying elements contribute to porosity formation in 
the AI-Si-Cu base system. Some of these elements, e.g. magnesium, titanium and 
phosphorus, tend to reduce both pore size and density. Hydrogen is the strongest element 
that induces porosity formation, its effect being reinforced either by the addition of 
strontium or by increasing the solidification time, or both. Grain refining is found to reduce 
pore density and pore size, and results in a fine dispersion of the pores throughout the alloy 
matrix. The necessary precautions to be taken in measuring the porosity in these alloys are 
reviewed in this paper. Accurate measurements of porosity using image analysis need 
careful adjustment of optical parameters, namely focus, illumination and grey level, as well 
as a careful selection of the number of field measurements required to represent correctly 
the sample surface. 

1. Introduction 
One of the biggest problems in aluminium castings 
is porosity, primarily caused by turbulent transfers 
during pouring of the molten metal. Apart from 
affecting the surface finish, porosity, in particular 
hydrogen-induced porosity, is always a cause for 
concern because it is detrimental to the mechanical 
properties. 

The formation of porosity in solidifying metals can 
be attributed mainly to two effects: shrinkage, result- 
ing from the volume decrease accompanying solidifi- 
cation, and the evolution of dissolved gases, resulting 
from the decrease in solubility of these gases in the 
solid as compared to the liquid metal [1-11]. These 
effects may manifest themselves separately or, as is 
more often the case, simultaneously, interacting with 
each other to develop the resulting porosity observed. 
On account of this, it is difficult, in most casting 
situations, to state which factor is predominant in 
causing the porosity. Precipitation of hydrogen in the 
solid state is also a third possible cause [-1, 3]. 

A vast amount of theoretical work as well as various 
experimental studies investigating the phenomenon of 
porosity have been reported in the literature [2-15]. 
Different types of porosity have been observed, mech- 
anisms of pore formation suggested and models de- 
veloped to substantiate them. 

The present work covers the results of a study 
carried out to determine the role of solidification para- 
meters, hydrogen content, alloying elements and addi- 
tives on porosity formation in A1-9 wt % Si-3 wt % 
Cu-X alloy systems. This article focuses on the para- 
meters that affect the accuracy of porosity measure- 

ments, in particular those made employing image 
analysis. Metallographie aspects of the work and the 
effect of the different parameters on porosity forma- 
tion will be dealt with in comprehensive detail in 
a forthcoming article. This study is part of an exten- 
sive ongoing research programme covering the differ- 
ent factors involved in the production of quality alu- 
minum automotive alloy castings. 

2. Experimental procedure 
Aluminium alloys containing 9 wt % Si - 3 wt % 
Cu-0.15 wt % Fe were prepared from pure elements 
and supplied in the form of 12.5 kg ingots. Table I lists 
the desired chemical compositions of the alloys used in 
the present study. The compositions were adjusted by 
adding alloying elements or additives using aluminium 
binary master alloys. Table II lists the final composi- 
tions of the alloys, as obtained from inductive couple 
plasma (ICP) analysis. In Table I, the alloys are classi- 
fied into three main groups: f, h and s alloys, corres- 
ponding to a group of iron (Fe), a group of hydrogen 
(H), and a group of strontium (S), respectively. 

The alloys were melted in a silicon carbide crucible 
of 7 kg capacity using an electrical resistance furnace. 
The melting temperature was adjusted at 735 _+ 5 ~ 
Two tapered wedge steel moulds were employed, one 
at an opening angle of 5 ~ and heated at 40 ~ the 
second at an opening angle of 30Q and heated at 
300 ~ The schematic diagrams of these moulds are 
shown in Fig. la, b, respectively. Prior to pouring, the 
mould was inclined at 35 ~ with respect to the vertical 
axis, and moved up slowly during pouring. 
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T A B L E I Aimed compositions (wt %) and hydrogen levels (ml 100 g-1 A1) for the alloys prepared for the present work 

Alloy Zn Fe Mg Mn Ti Sr P GR ~ (Ti) H Si Cu 

fl 
12 
B 
f4 
f5 
f6 
f7 
f8 

hl 
h2 
h3 
h4 
h5 
h6 
h7 
h8 

sl 
s2 
s3 
s4 
s5 
s6 
s7 
s8 

0 0.1 0.0 
0 0.1 0_6 
0 1.0 0.0 
0 1.0 0.35 0.6 
3 0.1 0.0 
3 0.1 0.6 
3 1.0 0.0 
3 1.0 0.6 

0 

1 0 
0 

1.5 0.55 0 
0.7 
0.7 
0.7 
0.7 # 

0 0 
0 0 
0 0.7 
0 0.55 0.7 
3 0 
3 0 
3 0.7 
3 0.7 

0.3 

0.3 

0.13 0.015 

t 0.13 0.015 

0.00 0.000 
0.25 0.030 
0.00 0.030 
0.25 0,000 
0.00 0.030 
0.25 0.000 
0.00 0.000 
O.25 0.O30 

0 
0.006 
0.006 
0 0.02 0.25 
0.006 
0 
0 
0.006 

0 0.00 0.1 
0 0.02 0.4 
0.006 0.00 0.4 
0.006 0.02 0.1 
0 0.00 0.4 
0 0.02 0.1 
0.006 0.00 0.1 
0.006 0.02 0.4 

0.003 0.02 0.25 

a GR, grain refiner (A1-5 wt % Ti-1 wt % B). 

TABLE II Actual compositions of the cast aIioys (wt %) used in the present work (obtained from ICP analysis) 

Alloy Si Cu Zn Fe Mg Mn Ti Sr P 

fl 
t2 
f3 
f4 
f5 
f6 
f7 
f8 

hl 
h2 
h3 
h4 
h5 
h6 
h7 
h8 

sl 
s2 
s3 
s4 
s5 
s6 
s7 
s8 

8.93 

3.08 0.01 0.22 0.32 0.00 0.140 0.013 0.0000 
3.18 0.01 0.16 0235 0.60 0.150 0.023 0.0019 
3,19 0.10 1.19 0.31 0.00 0,150 0.090 0.0000 
3.31 0,06 1.06 0.33 0.62 0.140 0.022 0.0000 
3.23 0.70 0.19 0.29 0.00 0.137 0.012 0,0033 
2.77 0.70 0.19 0:28 0.06 0.148 0.014 0.0000 
2.78 0.80 1.00 0.28 0.00 0.110 0.014 0.0000 
2.94 1.13 0.95 0.27 0.60 0.140 0.015 - 

3.02 1.48 0.54 0.08 0.35 0.130 0.024 0.0000 
3.32 1.51 0.60 0.09 0.20 0.190 0.022 0.0000 
3.06 1.49 0.55 0.08 0.30 0.130 0.017 0,0030 
3.05 1.47 0.55 0.08 0.28 0.140 0.017 0.0033 
2.98 1.50 0.55 0.66 0.29 0.130 0.024 - 
3.41 1.56 0.57 0.77 0.26 0.190 0.024 0.0000 
3,68 1.56 0.57 0.61 0.36 0.140 0.017 0.0037 
3.12 1.47 0.53 0.66 0,30 0.190 0.027 0.0011 

3.40 0.00 0.57 0.02 0.30 0.040 0.002 0.0020 
3.16 0.00 0.56 0.01 0,30 0,270 0.043 0,0025 
3.06 0.00 0.43 0.33 0.31 0.050 0.042 0.0025 
3.35 0.00 0.53 0.24 0.30 0.290 < 0.002 0.0025 
2.84 1.80 0.56 0.01 0.31 0.030 0.030 0.0025 
2.90 1.90 0.79 0.01 0,31 0.090 < 0.002 0.0025 
3.16 1.70 0.54 0.67 0.30 0.030 < 0.002 0.0025 
2.87 1.80 0.97 0.30 0.30 0.060 0.038 0.0025 

T h e  A l s c a n  T M  uni t  is o n e  o f  the  c o m m e r c i a l  tech-  

n i q u e s  a v a i l a b l e  fo r  d i r ec t  m e a s u r e m e n t  o f  t he  m e l t  

h y d r o g e n  con ten t .  T h e  m e l t  t e m p e r a t u r e  is m e a s u r e d  
s i m u l t a n e o u s l y .  I n  t he  p r e sen t  work ,  the  m e l t  h y d r o -  
gen  level  was  m o n i t o r e d  us ing  an  A l scan  T M  unit .  I n  

add i t i on ,  s p e c i m e n s  were  a lso  cas t  s i m u l t a n e o u s l y  in 

R a n s l e y  m o u l d s  (for e a c h  p 0 u r i n g / c a s t i n g )  f r o m  w h i c h  
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"Rans l ey"  samples  were  m a c h i n e d  for d e t e r m i n a t i o n  of  

the  h y d r o g e n  c o n t e n t  us ing  the  L e c o  subfus ion  tech-  

nique.  This  is one  of  the  s t anda rd  m e t h o d s  for  ob ta in -  
ing accura te  analysis  o f  the  h y d r o g e n  con t en t  in a me l t  

[161. F o r  each  p o u r i n g ,  spec imens  for  c h e m i c a l  ana ly -  

sis were  a lso  taken .  T a b l e  I I I  lists the  h y d r o g e n  c o n -  

tents  o b t a i n e d  f r o m  L e c o  ana lys i s  o f  the  a l loy  samples .  
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Figure 1 Schematic diagram of (a) cold mould, and (b) hot mould 
(all dimensions in mm). 

3.  R e s u l t s  a n d  d i s c u s s i o n  
3.1. T h e r m a l  a n a l y s i s  
Three pairs of thermocouples (Chromel-Alumel, type 
K), were each placed in the two moulds at positions 
from which samples for metallographic observations 
were prepared. Each pair consisted of two ther- 
mocouples separated by a 5 mm distance. Fig. 2a-c 
shows the temperature-time curves obtained from 
small (S), medium (M) and large (L) samples, respec- 
tively, taken from the positions shown in Fig. 1. In all 
three cases, the arrest corresponding to the 

(A1 + A12Cu ) eutectic reaction could not be resolved 
under the directional solidification conditions of the 
study, when the solidification front is normal to the 
eutectic growth direction [17]. Based on earlier ther- 
mal analysis work on 380 alloy [18], the solidus tem- 
perature was taken to be 500 ~ Table IV summarizes 
the data obtained from Fig. 2. 

TABLE III Hydrogen measurements (ml 100 g- 1 AI) 

Alloy H2 

fl 0.22 
f2 0.25 
f3 0.20 
f5 0.25 
f6 0.31 
f7 0.31 
f8 0.25 

hl 0.06 
h2 0.52 
h3 O.49 
h4 0.13 
h5 0.57 
h6 0.12 
h7 0.13 
h8 0.45 

sl 0.28 
s2 0.24 
s4 0.23 
s5 0.26 
s6 0.21 
s7 0.21 
s8 0.29 
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Figure 2 Temperature-time curves for (a) small, (b) medium, and 
(c) large samples. 
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TAB L E I Y Solidification parameters 

Specimen Thermocouple Solidification Solidus velocity, 
position (cm) ~ time, ts (s) V~ (cm s-  1) 

Small (S) 3.0 12.5 0.450 
3.5 

Medium (M) 8.0 25.2 0.360 
7.5 

Large (L) 8.0 70,9 O. 114 
7.5 

a Height as measured from the bottom of the mould. 4" 0 ' ' I I L I 
60 80 100 120 140 160 

Graduation in focus adjustment 
3 . 2 .  I m a g e  a n a l y s i s  

As shown in Fig. 1, three samples termed small (S), 
medium (M) and large (L) were cut from each casting, 
and their upper surfaces polished for measurements of 
porosity. The porosity was quantified using a Leco 
2001 image analyser, in conjunction with an optical 
microscope (Olympus PMG3). The accuracy of pore 
size and pore density measurements using image anal- 
ysis depends on four parameters: focus, illumination, 
grey level and the number of images analysed per 
sample. 

Focus is one of the most important parameters for 
precise determination of pore shape and size. All im- 
ages were measured at a magnification of x 50. Each 
image, however, was first adjusted at x 500 (the focus- 
ing being very sensitive at such high magnification), 
before switching to • 50. The microscope employed in 
the present investigations is provided with a fine focus 
knob that is graduated into 200 divisions. With re- 
spect to the latter, and at x 50, the image was under 
focused between 0 and 40 divisions, well focused be- 
tween 60 and 120 divisions, and over focused between 
140 and 200 divisions, respectively. On changing the 
magnification from x 500 to x 50, a final focusing of 
about +_ 10 divisions was required. Fig. 3a--c shows 
the dependence of measurements on focusing. 

Illumination is another important factor to be con- 
sidered in precise measurements of porosity. When the 
illumination is too high, the image analyser monitor 
screen tends to become magenta coloured (a deep 
purplish red). The intensity of illumination was there- 
fore controlled in such a way that only one magenta 
spot was seen on the screen. Fig. 4a-c exemplifies 
the variation in number Of pores, pore length and 
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Figure 3 Dependence of (a) number of pores, (b) average pore 
length, and (c) per cent surface porosity on the adjustment of focus. 

per cent of surface porosity (about 0.85% the porosity 
volume fraction) with intensity of illumination. As can 
be seen, measurements are unreliable when the illu- 
mination is either low (dark screen) or high (magenta 
screen) .  

The grey level for the Leco 2001 image analyser 
ranges between 0 and 225, 0 corresponding to black, 
and 225 to white. The grey level was adjusted in such 
a way that all pores were saturated, i.e. having the 
same colour. This adjustment was made only once 
prior to carrying out all measurements (72 specimens 
measured in total). 

The last parameter that requires attention is the 
number of images needed to produce reliable data. As 
shown in Fig. la, the dimensions of the small sample 

1 2 4 6  
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Figure 4 Dependence of (a) number  of pores, (b) average pore length, 
and (c) per cent surface porosity on light intensity. 
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Figure 5 A typical pore distribution curve. 

T A B LE  V Results of eight porosity measurements  made on the s2S specimen 

Measurements  no. 1 2 3 4 5 6 7 8 

All pores 
Surface porosity (%) 0.38 0.35 0.34 0.34 0.34 0.32 0.33 0.33 

Exponential  part  of pore density versus pore length distribution curve 
Density, pores cm -2  272 250 282 236 240 259 245 196 
Limiting length, ~tm 106 87 77 84 93 87 87 87 
Average length, gm 25.2 21.3 16.8 21.4 23.2 21.6 21.1 21.6 
Standard deviation 25 21.1 17 21.5 23.3 21.6 21.3 21.5 

Irregular part  of pore density versus pore length distribution curve 
Density, pores cm -2  29 
M a x i m u m  length, gm 196 
Average length, Ixm 139 
Standard deviation 24 

Exponential  part  of pore density versus pore 
Density, pores c m -  z 207 
Limiting area, ~tm 2 300 
Average area, gm z 69 
Standard deviation 68 

37 45 37 33 35 36 38 
193 193 193 196 180 193 193 
127 119 125 130 126 127 125 
27 30 27 26 25 26 27 

area distribution curve 
204 232 186 185 208 198 154 
300 227 269 289 289 289 300 

69 49 63 66 66 65 62 
69 49 63 67 67 66 63 

Irregular part  of pore density versus pore area distribution curve 
Density, pores cm -a  94 83 94 
M a x i m u m  area, x 1000 gm 2 20.6 20.3 20.3 
Average area, gm 2 3842 4002 3505 
Standard deviation 4294 4198 4116 

87 87 86 83 80 
19.8 20.2 18.8 20.2 20.3 

3765 3771 3512 3852 4025 
4085 4146 3632 4235 4241 

1 2 4 7  



T A B L E  VI Statistical parameters based on the eight porosity T A B L E  VI I  Percentage surface porosity for small (S) a and large 
measurements  made on the s2S specimen (L) b samples 

Statistical parameter  Average, p Standard Precision, 
deviation, cy % cy/p 

All pores 
Surface porosity (%) 0.341 0.018 5 

Exponential  part  of pore length distribution curve 
Density, pores c m -  2 248 24.4 10 
Limiting length, g m  88 7.8 9 
Average length, pm 21.5 2.2 10 
Standard deviation 21.5 2.2 10 

Irregular part  of pore length distribution curve 
Density, pores cm -z  36 4.3 12 
M a x i m u m  length, pm 192 4.8 2 
Average length, gm 127 5.3 4 
Standard deviation 26 1.7 6 

Exponential  part  of pore area distribution curve 
Density, pores cln -z  197 21 11 
Limiting area, pin 2 283 23 8 
Average area, pm 2 64 6.1 10 
Standard deviation 64 6.1 10 

Irregular part  of pore area distribution curve 
Density, pores cm -2 87 4.7 5 
M a x i m u m  area, 20 0.5 3 
x 1000 pm 2 

Average area, gm z 3784 182 5 
Standard deviation 4118 195 5 

are 1 x 3 cm. For  such a sample, the number of fields 
needed to cover the entire surface are six (rows) x 16 
(images per row) at a magnification of x 50. Since the 
sample was in direct contact with the inner surfaces of 
the mould, the cooling rate at its periphery would be 
much higher than that near the centre. For  this reason, 
image readings from the outer edges were discarded. 
The number of fields then required to scan the rest of 
the sample was four (rows) x 14 (images per row). In 
selecting the field of view, precautions were taken at all 
times to avoid cutting-off of any pores. A similar 
procedure was followed for the medium and large 
samples. 

Fig. 5 shows a typical pore distribution curve ob- 
tained from an s2S alloy sample. It consists of two 
parts: an exponential part comprising smaU pores 
(marked I), and an irregular part representing large 
pores (marked II). The two parts are separated by 
a limiting value. For  an appropriate evaluation of the 
consistency of measurements made following the 
abovementioned procedure, the porosity in the s2S 
sample was measured eight times. The results are 
shown in Table V. Based on these measurements and 
the associated standard deviation, the precision of the 
measurements could be evaluated as shown in Table 
VI. As can be noted, errors in measuring the exponen- 
tial parameters (small pores) are of the order of 10%. 
For  the large pores, the errors drop to about 5%. 

Tables VII-X summarize the variation in porosity 
parameters for small and large samples covering the 
entire solidification range employed in the present 
investigation. Taking into consideration the alloying 
elements, additives and hydrogen levels present in 

Alloy sample Surface porosity (%) 

flS 0.451 
f lL  1.160 
f2S 0.236 
f2L 0.444 
f3S 0.068 
f3L 0.269 
f4S 0.152 
f4L 0.513 
f5S 0,280 
f5L 0.813 
f6S 0.611 
f6L 1.506 
fTS 0.207 
f7L 0.730 
f8S 0.260 
fSL 0.396 

h lS  0.064 
h l L  0.094 
h2S 1.990 
h2L 2.433 
h3S 2.250 
h3L 3.066 
h4S 0.044 
h4L 0.065 
h5S 1.830 
h5L 2.835 
h6S 0.145 
h6L 0.218 
h7S 0.032 
h7L 0.114 
h8S 1.804 
h8L 2.522 

s lS 0.061 
s l L  0.680 
s2S 0.366 
s2L 1.308 
s3S 0.0210 
s3L 0.2466 
s4S 0.062 
s4L 0.282 
s5S 0.358 
s5L 1.285 
s6S 0.042 
s6L 0.624 
s7S 0.110 
s7L 0.675 
s8S 0.060 
s8L 0.389 

aS = t s ~  12.5s. 
bL = t s ~  71s.  

each alloy/sample, the following observations were 
made. 

1. For  a given hydrogen level, not all alloying ele- 
ments necessarily contributed to porosity formation. 
In fact, a number of these elements showed an oppo- 
site effect, for example, magnesium, titanium and 
phosphorus. 

2. Hydrogen was the strongest factor related to por- 
osity formation, followed by strontium (added as AI-10 
wt % Sr master alloy). Grain refining (through the addi- 
tion of A1-5 wt % Ti-1 wt % B) reduced both per cent of 
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TABLE VIII  Average and maximum pore areas for small (S) and TABLE IX Average and maximum pore lengths for small (S) and 
large (L) samples large (L) samples 

Alloy 
sample 

Pore density versus pore area distribution curve 
Exponential part Irregular part 

Average Maximum Average Maximum 
area (gm 2) area (gm 2) area (gm 2) area (gm 2) 

flS 54.00 258.0 4 902.0 22 601.0 
flL 74.75 305.0 15 913.0 57 630.0 
f2S 66.00 258.0 4 666.0 142 348.0 
f2L 67.00 321.0 8 988.0 105 665.0 
f3S 54.00 271.0 741.0 3465.0 
f3L 72.00 341.0 1963.0 27 501.5 
f4S 64.00 291.0 1213.0 11061.0 
f4L 58.00 248.0 4245.5 101841.5 
f5S 67.00 248.0 3 085.0 35 277.0 
f5L 99.00 434.0 6 753.0 83 270.0 
f6S 50.00 250.0 7 200.0 48 148.0 
f6L 64.00 281.0 13 837.0 69 324.0 
f7S 66.40 300.0 1 581.0 24 958.0 
f7L 70.00 316.0 3 7 4 7 . 5  85184.5 
f8S 55.00 769.0 2093.0 32216.0 
fSL 81.00 352.0 2831.0 27099.5 

hlS 65.00 271.0 972.0 6 087.0 
hlL 85.50 354.0 1 525.0 7 851.5 
h2S 52.00 219.0 8 781.0 83 819.0 
h2L 66.50 343.0 23 991.5 397 341.5 
h3S 58.00 248.0 15 847.0 83 911.0 
h3L 62.00 259.5 43 615.0 153 917.0 
h4S 50.50 248.0 644.0 3588.0 
h4L 63.50 284.0 1449.0 26 390.0 
h5S 66.00 271.0 13 522.0  105494.0 
h5L 63.00 310.0 25 369.5 50 471.5 
h6S 59.50 248.0 1218.0 11 704.0 
h6L 73.00 321.0 1796.0 45 827.5 
h7S 49.50 250.0 486.0 1 821.0 
h7L 61.00 331.0 921.0 5 556,0 
h8S 57.50 269.0 7 837.0 45 750.0 
h8L 57.50 281.0 15 186 .0  39448.9 

slS 83.00 321.0 2620.0 23 170.0 
slL 120.00 286.0 9 860.0 58 302.0 
s2S 64.00 283.0 3 784.0 20 042.0 
s2L 75.00 341.0 14406.0 69 706.0 
s3S 42.00 196.0 507.0 2512.0 
s3L 98.00 364.0 2169.0 29 277.0 
s4S 78.50 331.0 2 497.0 26 458.0 
s4L 67.50 305.0 4 0 1 1 . 0  26168.0 
s5S 63.00 279.0 3 178.0 26 561.0 
s5L 66.50 469.0 8 352.0 89 648.5 
s6S 67.00 248.0 2 320.0 13 399.0 
s6L 106.50 429.0 6813.5 217915.5 
s7S 58.00 227.0 1515.0 18 011.0 
s7L 89.50 372.0 4191.5 12 790.4 
sgS 52.00 239.0 918.0 5036.0 
s8L 70.00 290.2 2 679.0 48 989.0 

Alloy 
sample 

Pore density versus pore length distribution curve 
Exponential part Irregular part 

Average Maximum Average. Maximum 
length (gin) length (Ixm) length (gin) length (gm) 

flS 16.70 73.9 122.0 209.0 
flL 22.07 98.3 185.5 376.5 
f2S 18.80 86.8 150.0 598.0 
f2L 18.62 104.5 198.5 619.0 
f3S 15.20 103.0 135.0 135.0 
f3L 17.75 116.0 181.0 278.0 
f4S 18.70 106,0 137.0 203.0 
f4L 18.80 115.0 213.0 657.5 
f5S 21.60 90.0 143.0 286.0 
f5L 24.75 129.0 175.5 522.6 
f6S 16.80 83.9 154.0 323.0 
f6L 18.50 103.0 215.5 437.0 
f7S 20.40 100.0 157.0 296.0 
f7L 18.76 113.0 195.0 627.0 
fSS 15.60 103.0 158.0 367.0 
f8L 21.70 119.0 169.0 283.0 

hlS 19.20 123.0 173.0 184.0 
hlL 18.10 110.0 188.0 248.0 
h2S 21.60 90.3 175.0 458.0 
h2L 19.85 98.3 216.0 371.0 
h3S 21.10 93.3 229,0 431.0 
h3L 16.95 107.7 321.0 675.0 
h4S 14.40 103.0 - 
h4L 17.00 109.5 183.0 424.0 
h5S 18.60 106.0 224.0 468.0 
h5L 17.75 119.0 357.0 691.0 
h6S 17.90 113.0 147.0 199.0 
h6L 18.85 120.5 219.0 527.0 
h7S 12.90 87.1 - - 
h7L 16.75 98.3 129.0 213.0 
h8S 19.90 93.3 175.0 386.0 
h8L 18.05 105.0 247.0 703.0 

slS 27.30 113.0 179.0 235.0 
slL 29.20 146.5 245.0 338.0 
s2S 21.50 88.5 127.0 192.0 
s2L 21.30 119.0 217.0 408.0 
s3S 12.90 90.0 - - 
s3L 26.70 171.0 198.5 373.0. 
s4S 19.70 116.0 215:0 215.0 
s4L 19.00 99.8 159.0 399.0 
s5S 22.50 103.0 158.0 273.0 
s5L 24.50 103.0 185.0 454.5 
s6S 24.50 113.0 141.0 141.0 
s6L 26.35 169.0 290.0 344.0 
s7S 19.00 100.0 173.0 350.0 
s7L 21.80 154.0 217.0 514.0 
s8S 15.70 90.3 144.0 200.0 
s8L 20.80 123.0 182.0 395.0 

surface porosity and pore size. It resulted, however, in 
a more uniform distribution of pores (see also [19, 20]). 

3. Increasing the local solidification time or reduc- 
ing t he  so l idus  ve loc i ty  i n c r e a s e d  b o t h  the  p o r e  size 

a n d  p e r  c e n t  o f  sur face  p o r o s i t y .  

3.3. Radiographic and microstructural 
evaluation 

P la t e s  for  r a d i o g r a p h i c  e x a m i n a t i o n  w e r e  cu t  as 

s h o w n  s c h e m a t i c a l l y  in  Fig.  1. B o t h  sur faces  were  

p o l i s h e d  p r i o r  to  tes t ing .  T h e  m a i n  o b s e r v a t i o n s  a re  

s u m m a r i z e d  in  T a b l e  X I a - c  for  the  t h r e e  g r o u p s ,  i.e. 

Fe,  H a n d  Sr, respec t ive ly .  T h e  s y m b o l s  c a n d  h ind i -  

ca te  a co ld  o r  a h o t  m o u l d ,  respec t ive ly .  

T h e  effect  o f  i n c r e a s i n g  the  h y d r o g e n  c o n t e n t  f r o m  

0.06 to  0.57 ml  100 g - 1  AI o n  e n h a n c i n g  p o r o s i t y  

f o r m a t i o n  is e x e m p l i f i e d  in Fig.  6. G r a i n  re f in ing  

( m e a s u r e d  as  0.02 wt  % Ti) r e s u l t ed  in small ,  well  

d i s p e r s e d  p o r e s  e v e n  a t  l o w  c o o l i n g  r a t e s  ( e m p l o y i n g  

a m o u l d  c o a t e d  w i t h  r e f r a c t o r y  m a t e r i a l  a n d  h e a t e d  

at  300 ~ Fig .  7. As  seen  in  T a b l e s  I I  a n d  III ,  t he  
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T A B L E  X Pore density (number of pores cm -2) for small (S) and 
large (L) samples 

Alloy Pore density-pore length Pore density-pore area 
sample distribution curve distribution curve 

Exponential Irregular Exponential Irregular 
part part part part 

flS 213.0 58.40 101.0 90.10 
flL 239.5 68.10 199.1 108.40 
f2S 208.0 11.30 171.1 48.10 
f2L 372.0 23.05 315.0 79.55 
f3S 575.0 1.00 469.0 57.30 
f3L 842.5 11.25 746.0 108.00 
f4S 552.0 10.20 461.0 lOl.O0 
f4L 601.0 30.70 493.0 138.00 
f5S 295.0 22.50 231.0 86.00 
f5L 414.5 50.70 344.0 121.50 
f6S 173.0 52.20 141.0 83.90 
f6L 244.0 57.85 206.0 96.50 
f7S 534.0 14.30 436.0 113.00 
f7L 787.0 39.00 644.0 179.00 
f8S 794.0 18.40 707.0 105.00 
f8L 648.0 76.10 540.0 134.00 

hiS 271.0 2.00 225.0 48.10 
h lL  182.0 10.20 176.0 31.75 
h2S 641.0 173.00 476.0 33.00 
h3L 388.5 116.50 327.0 t78.00 
h3S 255.0 86.00 203.0 138.00 
h3L 245.0 57.85 210.0 91.75 
h4S 362.0 - 319.0 43.00 
h4L 363.0 9.20 319.5 48.10 
h5S 422.0 63.50 351.0 134.00 
h5L 490.5 56.30 421.0 126.00 
h6S 539.0 10.20 453.0 97.30 
h6L 544.5 14.30 473.5 78.30 
h7S 340.0 - 305.0 34.80 
h7L 555.0 16.40 495.0 85.00 
h8S 488.0 135.00 396.0 227.00 
h8L 492.5 127.50 414.0 167.00 

siS 65.0 2.30 45.5 21.90 
siL 346.5 26.60 265.5 107.35 
s2S 247.0 36.20 197.0 86.70 
s2L 390.0 72.15 326.0 136.50 
s3S 193.0 - 166.0 27.60 
s3L 358.5 10.50 288.5 82.50 
s4S 128.0 1.00 107.0 21.50 
s4L 429.0 24.60 377.0 76.80 
s5S 336.0 26.60 255.0 107.00 
s5L 303.5 65.00 231.0 137.50 
s6S 69.6 1.00 54.3 16.40 
s6L 328.6 30.00 265.0 92.00 
s7S 762.0 7.20 205.0 64.50 
s7L 636.5 22.50 510.5 148.50 
s8S 330.0 6.10 787.0 49.10 
s8L 576.0 73.50 471.0 128.50 

Table 11(a) Continued. 

Alloy Evaluation 

f4h 

f5c 

f5h 

f6c 

f6h 

f7c 

f7h 

f8c 

fSh 

Fine to moderate grain; heavy gas porosity in top half 
of slice; moderate segregation. 

Fine grain; moderate, dispersed porosity; 
heavy segregation. 

Moderate grain; moderate, dispersed porosity; heavy, 
dispersed segregation. 

Fine to moderate grain; heavy porosity; 
heavy segregation. 

Fine to moderate grain; heavy porosity; 
moderate to heavy segregation. 

Fine to moderate grain; moderate to heavy porosity 
in top half; moderate to heavy segregation. 

Moderate grain; moderate porosity in top half; 
moderate segregation. 

Fine grain; moderate to heavy porosity and gas cavities; 
heavy segregation. 

Moderate grain, moderate to heavy porosity near 
top half. 

Table l l(b) Radiographic evaluation, group of hydrogen (H) 

Alloy Evaiuation 

hlc 
h ih  
h2c 

h2h 
h3c 

h3h 
h4c 
h4h 

h5c 

h5h 
h6c 

h6h 

h7c 
h7h 

h8c 

h8h 

Fine grain; very light porosity; very coarse segregation. 
Fine grain; very light porosity; very coarse segregation. 
Very fine grain; heavy porosity and gas cavities; light 

segregation. 
Very fine grain; very heavy porosity; light segregation. 
Very fine grain; very heavy porosity and gas cavities; 

moderate to heavy segregation. 
Very fine grain; very heavy porosity; light segregation. 
Fine grain; very light porositY; heavy segregation. 
Fine grain; very light porosity; heavy and well dispersed 

segregation. 
Fine grain; heavy porosity and gas cavities; light to 

moderate segregation. 
Fine grain; heavy porosity; light segregation. 
Moderate grain; light porosity; moderate gas cavities; 

heavy segregation. 
Moderate grain; very light porosity; moderate to heavy 

segregation. 
Fine grain; very light porosity; some dense inclusions. 
Fine grain; very light porosity; moderate to heavy 

inclusions; dispersed segregation. 
Fine grain; very heavy gas porosity and gas cavities; 

moderate segregation. 
Fine grain; heavy porosity; moderate to heavy 

segregation. 

Table ll(c) Radiographic evaluation, group of strontium (Sr) 

Alloy Evaluation 
Table 11 (a) Radiographic evaluation, group of iron (Fe) 

Alloy Evaluation 

flc 

f lh  

f2c 

f2h 

f3c 
f3h 

f4c 

Moderate grain, moderate to heavy gas porosity; 
heavy copper segregation. 

Moderate grain; heavy gas porosity; moderate 
to heavy copper Segregation. 

Moderate grain; moderate gas porosity; moderate to 
heavy copper segregation. 

Moderate grain; moderate to heavy gas porosity; 
moderate to heavy copper segregation. 

Fine grain, light to moderate porosity; heavy segregation. 
Fine to moderate grain; light to moderate porosity 

near top half; moderate to heavy segregation. 
Fine to moderate grain; heavy porosity; moderate 

gas cavities; moderate to heavy segregation. 

sic 

s lh 
s2c 

s2h 

s3c 

s3h 

s4c 

s4h 

Moderate to coarse grain; moderate to heavy gas 
porosity; light to moderate copper segregation. 

Coarse grain; coarse gas porosity. 
Fine grain; moderate to heavy gas porosity; heavy copper 

segregation. 
Fine grain; heavy, coarse gas porosity; heavy copper 

segregation. 
Coarse grain, light gas porosity; heavy copper 

segregation. 
Coarse grain; light to moderate gas porosity; heavy 

copper segregation. 
Fine grain; moderate gas porosity; light to moderate 

copper segregation. 
Fine grain; heavy gas porosity; light to moderate to 

copper segregation. 
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Table 11 (c) Continued. 

Alloy Evaluation 

s5c 

s5h 
s6e 

s6h 

s7c 

sTh 

s8c 

s8h 

Fine grain; moderate to heavy porosity near top; 
heavy segregation. 

Fine grain; heavy gas porosity; heavy segregation. 
Moderate grain; heavy porosity and gas cavities; light 

dispersed segregation. 
Moderate to coarse grain; heavy coarse porosity; light 

dispersed segregation. 
Moderate grain; moderate porosity with gas cavities in 

centre; moderate segregation. 
Moderate to coarse grain; heavy porosity in top half of 

slice; moderate segregation. 
Moderate grain; moderate to heavy gas cavities near top 

half of slice; moderate segregation. 
Coarse grain; moderate porosity; moderate segregation. 

m i n i m u m  hydrogen  level used with the highest stron- 
t ium concent ra t ion  (300  p.p.m) is abou t  0.25 ml 
100 g -  1 A1. Thus,  it is somewhat  difficult to determine 
the role of  s t ront ium alone f rom a direct compar i son  
with other  plates (having hydrogen  contents  
< 0.25 ml 100 g - 1  A1). S t ron t ium contr ibutes  con- 

siderably to bo th  poros i ty  vo lume fraction and pore  
size [-19], as exemplified in Fig. 8. 

Micros t ruc tura l  observa t ions  were made  on 
polished, unetched surfaces of  the samples  corres- 
ponding  to small  (S), med ium (M) and large (L) shown 
in Fig. 1 (and denoted by the letters S, M, L accord-  
ingly, in the alloy sample  designations given in the 
tables). Fig. 9a, b shows the effect of  soldification t ime 
for a degassed alloy (in the absence of Sr or  grain 

Figure 6 Radiographs corresponding to (a) hl, and (b) h5 alloys. 

Figure 7 Radiographs corresponding to h6 alloy. 
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Figure 8 Radiographs corresponding to (a) sl, and (b) s5 alloys. 

Figure 9 Optical microstructure of pores viewed in (a) hlS, (b) hlL, (c) h5S, and (d) h5L samples. 
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Figure 10 Optical microstructure of pores viewed in (a) h6S, and (b) h6L samples. 

Figure 11 Optical microstructure of pores viewed in (a) slS, (b) slL, (c) s5S, and (d) s5L samples. 

refiner addition). While it was rather difficult to ob- 
serve any pores in the small sample, Fig. 9a, a few 
irregular/elongated pores could be observed for the 
large sample, Fig. 9b. The corresponding per cent sur- 
face porosities for the S and L samples are 0.06 and 
0.08 %, respectively (see Table VII). 

The pores in samples containing 0.57 ml H 100 g-  1 
i.e. h5 alloy revealed two distinct morphologies, namely 
irregular and rounded, depending on the local solidifi- 
cation time. The length of the irregular pores (marked 

A in Fig. 9c) is approximately the same as the dendrite 
arm spacing, or slightly more. Such pores are normal- 
ly termed "shrinkage pores", and are caused by an 
insufficient flow of liquid metal to fill the spaces be- 
tween the dendrites, especially in the case of a cold 
mould. The fact that the volume fraction of this cat- 
egory of porosity is very low is attributed to the high 
silicon content (9 wt %) of the alloy, which consider- 
ably improves its fluidity [16]. The gas pores are 
characterized by their rounded form (marked B in 
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Fig. 9c). Increasing the solidification time leads to 
a rapid increase in the pore size as demonstrated in 
Fig. 9d. 

Grain refining has an opposite effect to that of 
hydrogen. Addition of TiB2 (as 0.02 wt % Ti) to the hl 
alloy did not cause a noticeable effect at either low 
(Fig. 10a) or high (Fig. 10b) solidification time. Table 
VII shows the respective surface porosities to be 0.14 
and 0.22%. 

In unmodified alloys, e.g. sl, pores are mainly due 
to gas as inferred by their rounded shape, Fig. l la,  
with a significant increase in their size for high solidifi- 
cation times, Fig. 1 lb. In the alloys with 300 p.p.m. Sr, 
the number of pores increases, as illustrated in 
Fig. llc. The pores, however, are of the same size as 
those shown in Fig. l la,  and evenly distributed 
throughout the microstructure without forming a con- 
tinuous network. A similar observation was made for 
the large sample, as seen in Fig. l ld. 

4. Conclusions 
1. Accurate measurements of porosity using image 

analysis need careful adjustment of optical para- 
meters, namely focus, illumination and grey level, and 
a careful selection of the number of fields of measure- 
ment required-to correctly represent the sample surface. 

2. Not all alloying elements contribute to porosity 
formation in A1-Si-Cu base systems. A number of 
these elements, e.g. magnesium, titanium and phos- 
phorus, result in reducing both pore size and density. 

3. Hydrogen is the strongest element influencing 
porosity formation. Its effect is reinforced either by the 
addition of strontium, or by increasing the solidifi- 
cation time, or both. 

4. Grain refining reduces pore density and size, and 
results in a fine dispersion of the pores throughout the 
alloy matrix. 
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