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Abstract 

The influence of solidification conditions on the microstructure 
of Al-Si-Cu alloys was examined using two molds: an endchill 
mold that provided different cooling rates along the 
solidification axis, and a sand mold comprising different fins. 
Melt hydrogen, Sr, Ti levels were also varied. In all 24 
alloys/135 conditions were investigated. Statistical analysis of 
porosity data for end-chill mold samples showed good fits for 
percentage porosity, and average/maximum pore area/pore 
length response parameters. At low solidification times, pores 
nucleated predominantly in intergranular regions, were mostly 
elongated, and occurred along the grain boundaries. Probability 
of pore nucleation in interdendritic regions increased at higher 
solidification times, and pores were more rounded. In sand 
castings, hydrogen levels of - 0 . 3 ml/100g produced extremely 
large pores, even at high cooling rates. For sound castings, 
proper melt degassing and preheating of the sand mold are 
essential to ensure against occurrence of reaction porosity along 
the casting surface. 

Introduction 

Cast aluminum alloys, particularly those belonging to the 
aluminum-silicon (Al-Si) system, have been developed over the 
years in keeping with the continuing demands of the aerospace 
and automotive industries for smaller, lighter-weight, and more 
cost-effective components possessing premium mechanical 
property and quality requirements [1-4],While developments in 
lightweight metals have traditionally been initiated by demands 
from the aerospace sector, the declining sales of the industry 
have turned the focus and market around to the commercial 
sector - primarily in the automotive field. In North America, the 
commercial potential of aluminum alloys has risen sharply, as 
evidenced by the increasing use of these materials in automobile 
components by companies like Ford, General Motors and 
Chrysler, as well as by European and Japanese carmakers [5], 
Weight reduction - a prime consideration for all automakers, 
together with the metal's durability and its life cycle cost are the 
main factors that have encouraged these companies to increase 
the use of aluminum in their vehicles, and R & D efforts are 
continually being directed in furthering the development of 
improved Al-Si base alloys. The installation of an aluminum 
molding line at Metal Casting Operations for the production of 
cylinder heads amply witnesses this fact [6]. 

solidification rate, microstructural control is also achieved 
through grain refinement and modification, where small 
additions of Al-Ti-B and Al-Sr master alloys, respectively, 
provide the means for producing refined microstructures and the 
required morphology of constituent phases [7], 

As for porosity, its formation is attributed mainly to two effects: 
shrinkage, resulting from the volume decrease accompanying 
solidification, and the evolution of dissolved gases, resulting 
from the decrease in solubility of these gases in the solid as 
compared to the liquid metal. Hydrogen, the only gas capable of 
dissolving to a significant extent in molten aluminum but 
exhibiting very low solubility in the solid state, is mainly 
responsible for the gas porosity in a casting, together with the 
pressure during solidification, the chemical composition and 
solidification range of the alloy, and the solidification rate. 
Shrinkage porosity can also occur as "microshrinkage" or 
"microporosity", dispersed in the interstices of dendritic 
solidification regions. Limited or inadequate liquid metal 
feeding in the dendritic solidification area gives rise to this type 
of porosity [8-10], 

Grain refining, modification and the inclusion content of the 
melt also influence porosity formation. Melt cleanliness, with 
particular regard to the presence of oxides and inclusions, is 
recognized as an important factor that influences hydrogen gas 
nucleation [11], More often than not, the various factors 
contributing to porosity manifest themselves simultaneously, 
interacting with each other to develop the porosity observed. 

Although porosity in aluminum alloys has been variously 
investigated, detailed systematic data on different alloy systems 
in terms of parametric studies of the porosity formation and 
distribution is generally not available. In particular, in the case 
of the cast aluminum alloy 319, which ranks as one of the 
commercially important alloys used in automotive applications 
on account of its excellent casting characteristics and good 
mechanical properties, relatively fewer studies are to be found in 
the literature compared to A356, another commercially 
important automotive alloy [12, 13]. In fact, studies reported by 
our group [14, 16] appear to be among the few that cover 
porosity formation in Al-Si-Cu-Mg alloys compared to the 
numerous investigations on Al-Si cast alloys. 

Two important factors that determine the eventual quality and 
properties of such cast components are the solidification rate and 
porosity: solidification rate affects the microstructure, as well as 
the porosity formed, whereas porosity affects the surface quality, 
soundness, corrosion resistance and other properties. Apart f rom 

This lack of design data, particularly in the know-how of 
controlling the formation of porosity and its effect on secondary 
properties (e.g., fatigue, wear, corrosion, etc.) in these alloys 
poses constraints on their applicability. Addressing this issue by 
providing such data would certainly remedy the situation. The 
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aim of the present project, therefore, was to distinguish the 
different factors affecting porosity and to determine their 
individual and combined effects on porosity formation in 319 
alloys in relation to product quality; the systematic data 
generated from the work to be used to obtain a response surface 
model of the porosity behaviour of this alloy. The present 
investigation was undertaken to perform: 
(a) A study of the effect of hydrogen content (0.1-0.4 ml/100g 
Al - 3 levels coded H I , H2, H3), modification (strontium: 0-300 
ppm - 3 levels coded SI , S2, S3), and grain refinement (TiB2: 0-
0.02 wt%, coded T) on the porosity formation and distribution in 
319 alloys (24 alloys representing H, HS, HT and HTS series). 
(b) A parametric study of the evolution of porosity in the Al-Si-
Cu-Mg system in order to develop a response surface model of 
the porosity behaviour of this alloy system as a function of alloy 
and process parameters. 

Experimental Procedures 

The 319.2 aluminum alloy used in this study was supplied in the 
form of 12.5-kg ingots. The chemical composition of the as-
received alloy is shown in Table 1. The ingots were melted in a 
silicon carbide crucible of 7 kg capacity, using an electric 
resistance furnace. The melting temperature was held at 735 ± 
5°C. At this temperature, the molten metal was either degassed 
using high purity argon or gassed (H2~0.32-0.36 ml/100g Al). 
Melts were also modified using Al-10wt%Sr master alloy (~70-
90 ppm Sr level) and grain refined by means of Al-5wt% Ti-
lwt%B master alloy to obtain a 0.02 wt% Ti content. 

Casting was done using a rectangular-shaped end chill mold 
made of refractory material. The chill consisted of a copper box 
at the bottom through which cold water was circulated. Prior to 
casting, the mold was preheated to 150°C to drive out moisture. 
Table 2 indicates the average dendrite arm spacings (DASs) and 
local solidification times that were obtained from their cooling 
curves corresponding to different distances from the chill end. 

Samples were sectioned from the cast blocks in the horizontal 
orientation at varying heights (5, 10, 20, 40 and 100 mm) above 
the water-chilled copper base, f rom which metallographic or 
tensile test sheet specimens were prepared for metallographic 
observations or tensile testing purposes [10], respectively. 

For the sand mold castings, alloy melts were poured into the 
cooling fin sand molds preheated to about 105°C to remove 
moisture. Preliminary investigations of the microstructures 
obtained from the different fin sections gave dendrite arm 
spacings (DASs) as shown in Table 3. From these it was decided 
to select the fins #s 1, 5 and 9 for comparison purposes with 
end-chill samples having similar DASs. 

Results and Discussion 

Α-End Chill Mold Cast Microstructures 

Before sectioning the end-chill castings for preparing the 
metallographic and tensile test specimens, they were 
radiographically examined to obtain an idea of the general pore 
morphology and distribution in the three H l (O.lml/lOOg), H2 
(0.25ml/100g) and H3 (0.36ml/100g) alloy series. The main 
observations noted from the corresponding radiographs were as 
follows. 
(i) For a given hydrogen content, pore density increased with 
increase in local solidification time, i.e., proceeding from the 
end-chill bottom to the top of the casting. 

(ii) Increasing the hydrogen level intensified the pore density 
with a marked decrease in the central sump shrinkage cavity. 
(iii) Addition of strontium (i.e. HS3 ingots) contributed 
significantly to the increase in pore density. 
(iv) Grain refiner addition (in terms of a 0.02 wt% Ti addition) 
decreased the grain size, leading to finer pore sizes compared to 
the H ingots. However, it did not have an influence in increasing 
the pore density, as HTS3 ingots showed lower pore densities 
than HS3 ingots, probably due to the fact that the original TiB2 

particles in the as-received alloy lost their grain refining effect 
(termed "fading") during remelting of the alloy. 

Porosity measurements were carried out for all castings 
produced. Parameters measured were the average and maximum 
pore area, pore length and the percentage porosity. Overall 
observations were summarized as follows. 
1. Variation in dendrite arm spacing (DAS) and grain size as a 
function of local solidification time is shown in Figure 1. The 
addition of TiB2 (HIT alloy) leads to a significant reduction in 
the grain size, and also a reduction in the DAS compared to the 
base alloy H I . The increase in DAS and grain size is observed to 
be relatively slow for distances >40 mm from the chill end. 
2. The changes in the average Si particle area and length 
obtained for the alloy for different strontium additions to the 
melt are shown in Figure 2. It can be seen that the Si particle 
size is dependent on the α-AI DAS. Apparently, for the low Si 
content of the alloy (~6 wt%), an addition of 90 ppm Sr is 
sufficient to produce more or less complete modification of the 
Si particles, even at cooling rates of 0.4°C/s (DAS ~90 pm). 
3. Among the intermetallics and other constituents observed in 
the microstructure, the ß-iron Al5FeSi phase (observed in the 
form of needles in the microstructure) is known for its 
detrimental influence on the tensile properties. The brittle nature 
of the ß-needles and their sharp tips create zones of localized 
stress that contribute to the degradation in properties [10], 

Our earlier studies [3, 11] have shown that these ß-needles are 
very active as pore nucleation sites in that small pores are often 
found nucleated along the long sides of the needles. Such a 
mechanism is expected to result in an increase in pore density, 
which is strongly related to the metal feedability or the ease with 
which the molten metal can flow into the different sections of 
the casting mold. However, in spite of the harmful effect of the 
ß-needles as pore nucleation sites, their presence seems to limit 
pore growth. Figure 3 shows how the ß-needles limit the lateral 
growth of both gas and shrinkage pores. Proper control of this 
phase thus becomes important from both properties and porosity 
points of view. Essential features observed in regard to the 
occurrence of the ß-Al5FeSi phase in this study are as follows. 

(i) The DAS critically affects the size of the ß-needles, the latter 
being indicative of the volume fraction of the phase obtained in 
the sample. Figure 4 shows the microstructures of HI alloy 
sample (degassed alloy, no melt treatment) obtained from the 
100mm level above the chill, revealing an abundant number of 
ß-platelets at this slow cooling rate. 
(ii) In the unmodified alloy (HI) , sympathetic (preferential) 
nucleation of the needles is observed, leading to the branching 
of several needles f rom a parent needle. Addition of Sr is seen to 
reduce this effect, the Sr poisoning the nucleation sites and 
assisting in the dissolution of the ß-needles. An addition of 300 
ppm Sr (HI S3 alloy) is seen to accelerate the dissolution 
process, leading to the fragmentation of the needles into smaller 
segments ( c f . 60-80pm with 120-1200pm in untreated HI alloy). 
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Table I Chemical composition of the 319.2 alloy (wt%). 

Element (wt%) 
Si Cu Fe M i Mg Ti Sr Zn Ni 

6.23 3.77 0.46 0.14 0.06 0.073 0.0003 0.08 0.008 

Table II Variation in local solidification time and dendrite arm 
spacing as a function of distance from the chill end. 

Distance Local Average 
from chill solidification DAS 
end (mm) time(s) (μηι) 

5 172 15 
10 222 28 
20 345 52 
40 593 73 
100 1222 95 

Table III. Variation in dendrite ami spacing as a function of fin 
thickness in cooling fin sand mold casting. 

F i n Fin Average 
N o thickness DAS 

(mm) (μηι) 
1 2.5 25 
5 7.5 53 

9 24.5 85 

Λ- _ * -
A-IOfgm Sr A-90p̂m Sr A-IBÔfTlSr A-30tyjp<n Sr 
L.10̂ 1 Sr L-90̂T1 Sr L-lflÔm Si L-3t«ppm Sr 

Local solidificatjon time (s) 

Figure 2. Variation in average Si particle area Α (μηι2) 
and length L (μηι) as a function of local solidification 
time for different Sr concentrations. 

Grain size 

MO S00 
Local aoHdifleation time {·) 

Figure 1. Variation in grain size and DAS as function 
of local solidification time for HI and H I T alloys. 

Figure 3. Role of ß-Al5FeSi needles in restricting tlie growth of a 
gas pore. Note tlie presence of small pores along tlie long sides 
of tlie ß-needles (arrowed). 

(iii) A tendency for thickening of tlie ß-needles is observed with 
grain refining, along with tlie sympathetic nucleation/branching 
effect noted in tlie untreated alloy. The thickening takes place 
via a step-like motion of ledges as shown in Figure 5. Brittle 
fracture of thick needles was observed to occur, different f rom 
tlie fragmentation that occurs due to Sr modification. 
(iv) A comparison of the ß-needle densities for H I , H I T , HI S3 
and H1TS3 alloys at the 100 m m level (DAS - 9 0 μηι) reveals 
that tlie HI S3 alloy sample gives tlie lowest needle density 

Figure 4. Microstructure of HI alloy sample obtained at 100mm 
level above the chill end showing tlie relative abundance of ß-
Al5FeSi needles. 

(Figure 6). Addition of grain refiner decreases tlie beneficial 
effect obtained with Sr addition. 

Figure 7 presents tlie microstructure of HI alloy. At 100mm 
distance from the chill, pores were seen in the interdendritic 
regions, disconnected, their lengths approximately the same as 
the dendrite arms or even less. The microstructure of HI S3 alloy 
at 100mm is shown in Figure 8. The pores were rounded, and an 
increase in both pore size and percentage porosity was observed. 
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Figure 5. Microstructure of H I T alloy at 100 m m distance above 
the chill, showing (a) thickening of the ß-A15FeSi needle via a 
step-like motion of ledges (arrowed). 

• • 
Figure 6. Histogram comparing the ß-needle densities of 
Hlal loys at 100 mm distance from the chill end. 
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Figure 7. Microstruchires showing porosity distribution in HI 
alloy at 100mm distance above the chill end. 

In the grain refined alloy (HIT), a well dispersed distribution of 
small pores was observed, the pores occurring either at the grain 
boundaries or within the grams. The variation in percentage 
porosity with DAS for degassed and filtered melt castings of the 
HI alloys under different melt treatment conditions is 
summarized in Figure 9. 

It is well established that hydrogen is the strongest determinant 
of all the parameters that contribute to porosity formation. This 
was clearly evidenced from the micro struchires of the H3 alloy 
samples. At 5mm distance from the chill, two distinct pore 
morphologies, elongated and rounded, could be observed, as 

. . Wi; · ·· J Ä > - : - ς ;'·.-. V- Jr ·. . ' ' 
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Figure 8. Microstruchires showing porosity distribution in HI S3 
alloy at 100mm distance above the chill end. 
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Figure 9. Variation in % porosity with DAS for HI alloys. 

shown in Figure 10(a). At 100mm distance, however, the 
majority of pores were rounded, Figure 10(b). The hydrogen-
strontium interaction effect on porosity (H3S3 alloy containing 
300ppm Sr) resulted in pores that were mostly round as opposed 
to the mixture of rounded and elongated forms observed in the 
case of H3 alloy (at 5mm distance from the chill). This treatment 
was also associated with an increase in the areal pore density. 
An increase in the solidification time (i.e., at 100 m m above the 
chill) resulted in pores that were larger and more spherical than 
those observed in H3 alloy. 

Samples obtained from H3TS3 alloy (containing 0.02%Ti) and 
etched in Keller's reagent were examined to determine the 
nucleation mechanism of pores. At low solidification times (5 
m m distance from the chill) the pores (elongated or rounded) 
were mostly found nucleated at or along the gram boundaries. 
At intermediate solidification times (20 m m distance from the 
chill), while most of the pores were nucleated in the 
intergranular regions, some were observed in the interdendritic 
regions, Figure 11. At the highest solidification time (100 m m 
distance from the chill) also, the possibility of pore nucleation in 
the intergranular regions was still evident. 

As mentioned previously, the porosity data for the 135 end-chill, 
and 24 sand-cast samples was further analysed to obtain (i) pore 
density vs. pore area and (ii) pore density vs. pore length 
distributions, f rom which the average and maximum pore 
area/pore length values and respective pore densities were 
determined for the two parts of the distribution curves 
representing small and large pores. The area percent porosity 
was also determined in each case. These values constitute the 
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Figure 10. Microstructures of H3 alloy samples at (a) 5mm, and 
(b) lOOmrn distance from the chill end. 

Figure 11. Microstructure obtained from H3TS3 alloy sample, 
etched in Keller's reagent. 

response parameters that are obtained as a result of tlie alloy 
parameters (chemical composition) and tliennal parameters 
(solidification time and solidus velocity) of each sample (viz., 
tlie predictor or controlling parameters). 

B-Sand Mold Cast Micro stmctures 

The porosity data obtained from image analysis for tlie sand cast 
samples was treated as described previously, to obtain tlie 
average and maximum pore area/pore length values, and 
respective pore densities for tlie two parts of the corresponding 
pore density vs. pore area and pore density vs. pore length 
distribution curves, pertaining to the small and large pores. The 
area percent porosity was also detennined in each case. The sand 
cast fin samples exhibited essentially tlie same micro structural 

features as those of tlie endchill cast samples. As shown in Table 
3, the dendrite ami spacing (DAS) increased from 25 μηι to 85 
μηι on proceeding from fin #1 to fin #9. The size of tlie 
micro structural constituents also varied, accordingly. 

From the porosity point of view, the HI samples, particularly fin 
i s 1 and 5, were seen to exhibit tiny pores scattered randomly 
over tlie sample surface. The fin #5 sample of HI alloy clearly 
revealed that the porosity was mainly shrinkage-type. Increasing 
the hydrogen level to H3 produced a dramatic change in the 
amount of porosity observed in tlie fin samples (Figure 12). The 
rounded morphology of these pores in Figure 13 is typically 
characteristic of gas porosity. With grain refiner addition, tlie 
pore morphology tended to be predominantly spherical, as 
shown in Figure 14 (a) for H3T alloy samples corresponding to 
fin # 5.Strontium addition, on tlie other hand, produced irregular 
pore morphology, as observed in tlie case of tlie H3S3 fin #1 
sample shown in Figure 14(b). 
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Figure 12. Micro structure showing porosity distribution in sand 
cast sample of HI alloy fin #9, showing shrinkage-type porosity. 

Φ 
400/1 m 

Figure 13. Microstructure showing porosity distribution in sand 
cast sample of H3 alloy fin #5, showing gas-type porosity. 

Thus, for producing sound sand castings, it is important that tlie 
melt hydrogen level should not exceed 0.1 ml/100 g, i.e., the 
melt should be properly degassed, as at high hydrogen levels, 
even the influence of a high cooling rate is not sufficient to 
prevent tlie occurrence of large pores in tlie solidified structure. 
Also, proper preheating of tlie sand mold before casting will 
ensure against the occunence of reaction porosity along tlie 
casting surface. 

C-Statistical Analysis of Porosity Distribution using Multiple 
Regression 
Statistical analysis using data reduction techniques has been 
increasingly applied to quantitatively predict porosity fonnation 
in alloy castings based on tlie results obtained from a planned set 
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each term), where the closer to zero the p-level, the more certain 
the relationship between the predictor term and the response 
parameter. 

Table IV summarizes the predictor variables used to develop the 
various response surface models (response parameters), and the 
t-values and significance levels obtained for each predictor in 
the respective cases. As may be noted, hydrogen is the 
parameter that has the greatest impact on the percentage 
porosity, followed by the DAS, and then Sr, these parameters 
showing the highest t-values and zero significance levels (the 
0.00000 p-levels quoted in the table are actually 0.000000). 
However, as far as the other response parameters are concerned, 
1.e., those that correspond to the pore size (pore area/pore 
length), it is the DAS that has the greater influence compared to 
hydrogen. The strongest impact of DAS is on the maximum pore 
area, with a t-value of 22.35 compared to 8.721 for hydrogen. 

In the case of the end-chilled samples, good fits were obtained 
for almost all the response parameters, viz., for percentage 
porosity, and maximum pore area, average pore area, maximum 
pore length, and average pore length for the irregular part of the 
porosity distribution curves (i.e., big pores), with R2 values 
ranging between 0.873 and 0.768. The maximum pore area 
showed the highest R2 value (0.873), with percentage porosity 
(0.832) and average pore area (0.831) following closely. For all 
models, the predictor variables were H, DAS, Sr, Ti and Mg, 
with solidification time (TS) and Cu as additional predictors in 
some of the models, like those for percentage porosity and 
average pore area. 

Comparing the effects of Sr and Ti additions, Sr has the greater 
influence on the percentage porosity and average and maximum 
pore area parameters. Pore lengths, on the other hand, are 
controlled more by Ti than by Sr. This is to be expected, in view 
of the effect that gram refiner addition has on reducing the gram 
size and, hence, the grain boundary facets along which the pores 
form, in other words, the pore lengths. These results support the 
qualitative micro structural observations of porosity distribution. 

With respect to the sand cast samples, a good fit was obtained 
solely for percentage porosity (with an R2 value of 0.859). None 
of the other response parameters could be fitted with the data 
available. The reason for this is mainly attributed to the limited 
experimental data available (24 cases only), as well as the 
extremely large pore areas observed in the case of these samples, 
in particular, those corresponding to the H3 alloys. Another 
possibility could be the difference in the mode of solidification 
for the two mold types, where the two thermal parameters of 
solidification time and solidus velocity that satisfactorily 
account for the mold factor in the end-chill mold samples may 
not be adequate in the sand mold case. In their study of 
microporosity formation in A356 alloy, Tynelius et al. [7] have 
also reported that much larger pore sizes are obtained for sand 
castings compared to permanent mold castings. 

As in the percentage porosity model for the end-chill samples, 
the predictor variable having the strongest impact on the 
percentage porosity for the sand cast samples was hydrogen, 
followed by the DAS, as seen in Table IV. The influence of the 
DAS was somewhat reduced compared to the end-chill case. 
Colored 3D contour plots of various response parameters were 
plotted as a function of two predictor variables at a time for the 
end-chill and sand mold cases. Figure 15 (a-c) shows the 3D 
surface plots obtained from the endchill mold under different 
working conditions. For a given hydrogen level, decreasing the 
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Figure 14. Microstructures of sand cast alloy samples showing 
the effect of: (a) grain refiner addition in H3T alloy-fin #5 
sample, and (b) combined influence of Sr and gram refiner 
additions in H3TS3 alloy-fin #5 sample. 

of experiments (factorial design), where the response parameters 
(porosity) can be quantitatively related to the predictor 
parameters (alloying and melt conditions). This methodology is 
very efficient in that it not only provides information with much 
less effort, but also provides information about the interactions 
between the controlling variables, which is a significant factor in 
the search for optimum conditions - in this case that of 
obtaining quality castings with minimum porosity. This 
approach, termed Response Surface Methodology has been 
successfully applied to other Al alloy systems [7, 18]. 

In the present case, the method of multiple regression analysis 
using stepwise reduction was selected, due to its ability to detect 
and evaluate the interactive effects of the predictor parameters 
on the response parameters [19, 20], The analysis was carried 
out using the Statistica for Windows software program supplied 
by StatSoft Inc. [21]. Data sets for the endchill and sand mold 
samples were built up using both independent and dependent 
variables. The thirteen independent or controlling parameters 
were the alloy parameters, i.e., Si, Cu, Zn, Fe, Mg, Mn, Ti 
compositions, as well as the Sr and hydrogen levels, the grain 
refiner addition, the DAS and the solidification time (TS) and 
solidus velocity (VS). Predictor terms were constructed using 
these variables and tested for their ability to predict the response 
(porosity) parameters. The two data sets were explored using the 
Statistica software program, to find the predictor terms that gave 
the best possible fit to the data set. This was done by evaluating 
the R2 value (fraction of variance of the data set, with R2 = 1 
representing a perfect correlation), the t-value (to assess the 
relative strength of each predictor term), and the p-level or 
significance number (measure of the relative significance of 



cooling rate (Figure 15(a)) leads to remarkable increase in the 
percentage porosity. Addition of Sr up to 350ppm also 
contributes to porosity fonnation but to a lesser extent compared 
to that obtained from cooling rate (Figure 15(b)). Grain refining 
using TiB2 is the only parameter that is seen to reduce tlie 
percentage porosity (Figure 15(c)). 

Figure 15. The 3D response surface plots obtained for endchill 
mold cast samples showing variation in percentage porosity as a 
function of (a) H2-DAS, (b) H2-Sr, and (b) Sr-Ti interactions. 

Figure 16 (a, b) presents tlie 3D surface plots produced from tlie 
cooling fin sand mold revealing similar behaviour or trend of 
cooling rate (fin thickness) and grain refiner as that exhibited by 
tlie samples obtained from the end chill mold. 

Conclusions 

1. With respect to solidification time (as a function of DAS), tlie 
interaction effect of other parameters, namely hydrogen (H2), 
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Figure 16. The 3D response surface plots for percentage porosity 
obtained from sand mold cast samples as a function of (a) DAS-
H2 , and (b) grain refiner-H2 interactions. 

modifier (Sr) and grain refiner (TiB2) levels on porosity follows 
the order: H2 > Sr > TiB2 . 
2. At low solidification times, pore nucleation takes place 
predominantly in intergranular regions, pores are mostly 
elongated and lie along the grain boundaries. Probability for 
pore nucleation in interdendritic regions increases at higher 
solidification times, and tlie pores tend to be more rounded. 
3. Addition of Sr enhances tlie sphericity of tlie pores and 
increases the porosity vol% and pore size. Grain refining results 
in smaller pores, well dispersed within tlie casting. Sr improves 
alloy ductility and also poisons nucleation sites of ß-Al5FeSi 
phase needles Fragmentation and dissolution of ß-needles takes 
place with increasing Sr, reducing their harmful effect. 
4. H2 levels of - 0 . 3 ml/lOOg produce extremely large pores in 
sand castings, even at high cooling rates. To produce sound 
castings, tlie melt be properly degassed to minimize the H2 level. 
5. For endchill mold samples, good fits for %porosity, max pore 
area, av pore area, max pore length, and av pore length are 
obtained from statistical analysis of tlie porosity data, validating 
micro structural/qualitative observations reported previously [3], 
Hydrogen has tlie greatest influence on %porosity, followed by 
DAS and Sr. Pore size is controlled more strongly by DAS than 
by H2 , the strongest impact of DAS being on the max pore area. 
Whereas % porosity and pore area are more influenced by Sr 
than by Ti addition, pore length is controlled to a greater extent 
by tlie latter. Magnesium is also observed to have an influence 
comparable to that of hydrogen on the pore size (area/length). 
6. For sand-cast samples, due to tlie limited experimental data 
available, a good fit of tlie statistical data is obtained only for tlie 
percentage porosity, where, as in the end-chill case, hydrogen is 
seen to have tlie strongest impact, followed by tlie DAS. 
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Table IV Response surface models obtained for porosity behavior in end-chill and sand-cast samples 

Response 
Parameter 

(Model) 

Predictor Variables Used in Model 
(T-values and significance levels given below each) 

R2 value 

End Chill Mold 

Percentage 
Porosity 

Η DAS Sr Ti Mg Cu TS 
0.832 Percentage 

Porosity 
9.470 7.902 6.564 -2.910 3.674 3.112 -2.078 0.832 Percentage 

Porosity 
.00000 .00000 .00000 .00426 .00035 .00228 .03969 

0.832 

Maximum 
Pore Area 

(Mm2) 

Η DAS Sr Ti Mg 
0.873 

Maximum 
Pore Area 

(Mm2) 
8.721 22.350 4.782 -3.684 8.403 0.873 

Maximum 
Pore Area 

(Mm2) .00000 .00000 .000005 .00033 .00000 
0.873 

Average 
Pore Area 

(Mm2) 

Η DAS Sr Ti Mg Cu TS 
0.831 

Average 
Pore Area 

(Mm2) 
6.125 11.085 7.0599 -3.838 5.316 2.494 -2.821 0.831 

Average 
Pore Area 

(Mm2) .00000 .00000 .00000 .00019 .00000 .01388 .00555 
0.831 

Maximum 
Pore Length 

(μηι) 

Η DAS Sr Ti Mg TS 
0.812 

Maximum 
Pore Length 

(μηι) 
6.061 7.110 4.682 -5.458 6.346 3.376 0.812 

Maximum 
Pore Length 

(μηι) .00000 .00000 .000007 .00000 .00000 .00097 
0.812 

Average 
Pore Length 

(μηι) 

Η DAS Sr Ti Mg 
0.768 

Average 
Pore Length 

(μηι) 
5.333 16.639 3.478 -5.145 5.167 0.768 

Average 
Pore Length 

(μηι) .00000 .00000 .000687 .000001 .000001 
0.768 

Sand Mold 

Percentage 
Porosity 

Η DAS Int VS-Ti Ti 
0.859 Percentage 

Porosity 
9.212 3.754 2.137 -2.863 0.859 Percentage 

Porosity 
.00000 .00145 .04655 .01033 

0.859 
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