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BASAVAKUMAR KG The microstructures and impact toughness of hypoeutectic Al-Si 
cast alloys were studied before and after the forging process along 
with various melt treatments like grain refinement, modification, 
and combination of both. Results indicate that the forging process 
after combined grain refined and modified of hypoeutectic Al-
Si cast alloys results in microstructures consisting of uniformly 
distributed α-Al dendrites, interdendritic network of fine eutectic 
silicon and fine CuAl

2
 particles in the interdendritic region. These 

alloys exhibited improved impact toughness in cast condition when 

ONE of the major driving forces for 
the development of Al-Si cast alloys 
is the superior wear resistance, low 

coefficient of thermal expansion (CTE), 
high corrosion resistance, high strength to 
weight ratio and excellent castability, which 
makes them potential candidate materials 
for a number of tribological applications 
in automobiles and other engineering 
sectors.[1-5] However, their low fracture 
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toughness impedes broader applications 
of these alloys.[6-8] The microstructure of 
Al-7Si alloy consists of large elongated 
primary ά-Al grains and the eutectic sili-
con (plate like) induces poor ductility to 
the castings. Unmodified acicular silicon 
structure acts as internal stress raisers in 
the microstructure and provides an easy 
path for fracture. The silicon crystals, 
which have three-dimensionally complex 
shapes that are very brittle, congregate at 
the grain boundaries of the ά-Al matrix. 
The low fracture toughness originates in 
the microstructure of these alloys that is 
influenced by ά-Al dendrite arm spacing 
and cell size. The improvement in impact 
toughness is dictated by the type, size, 
shape, and distribution of second phase 
particles in the matrix and matrix mi-
crostructures.[9-20] The production of cast 

Al alloys with improved quality (better 
structure and mechanical properties) in-
volves: 
(1) addition of alloying elements during 
melting and treatment of liquid alloy (re-
fining and/or modification) and/or 
(2) application of heat treatment, with 
the disadvantage of prolonged period of 
time and energy input and/or 
(3) stirring during solidification and/or 
(4) plastic deformation (extrusion, roll-
ing, and forging) with the disadvantage 
of time and energy input, with the first 
option being the most easy and efficient. 
The addition of grain refiner and modi-
fiers convert large elongated ά-Al grains 
into fine equiaxed ά-Al grains and eutec-
tic silicon (plate like) into fine particles 
respectively.[3, 9] Strengthening of Al-Si al-
loys is achieved by adding small amount 

of Cu, Mg, or Ni and the silicon provides 
good casting properties.[17-20] Copper im-
proves impact toughness at the expense 
of ductility and corrosion resistance. 
Also copper results in the precipitation 
of CuAl

2
 particles and depending on the 

cooling rate and modifier level, this phase 
could appear as block and/or (Al-CuAl

2
) 

fine eutectic colonies in the microstruc-
ture.[13-18] The combination of alloying 
addition and the liquid alloy treatments 
is a good option to get better control of 
the microstructure during solidification 
and hence improve the impact toughness, 
eliminating the need of heat treatments, 
and resulting in reduction of production 
cost. 

Several experimental results have been 
reported describing the use of grain re-
finers and modifiers to obtain a fine-
grained microstructure of hypoeutectic 
Al-Si alloys.[5-11] The effect of grain refine-
ment and/or modification and combined 
addition of both on the impact tough-
ness of Al-7Si and Al-7Si-2.5Cu cast al-
loys before and after the forging process 
have not yet been sufficiently elucidated, 
except for hardness, and some reports 
on tensile properties.[12-16] The purpose 
of the present study is to improve the 
impact toughness of Al-7Si and Al-7Si-
2.5Cu cast alloys using forging process 
after grain refiner and/or modifier and 
combined addition of both and to discuss 
the mechanisms of improvement.

compared to those treated by individual addition of grain refiner 
or modifier. The improved impact toughness of hypoeutectic Al-Si 
cast alloys is related to breakage of large aluminium dendrites and 
uniform distribution of eutectic silicon and fine CuAl

2
 particles in the 

interdendritic region due to the forging process (50% reduction). 
This paper attempts in investigating the influence of forging process 
on microstructural changes and impact toughness of hypoeutectic 
Al-Si cast alloys before and after melt treatments 

EXPERIMENTAL DETAILS
Before the forging process, hypoeutec-
tic Al-Si alloy was prepared by melting 
commercially available pure aluminium 
(99.7%) along with Al-20%Si master al-
loy in clay graphite crucible in a pit type 
resistance furnace under a cover of flux 
(45% NaCl + 45% KCl + 10% NaF) and 
the melt was held at 720ºC. After degas-
sing with 1% solid hexachloroethane, 
master alloy chips duly packed in alumin-
ium foil were added to the melt for grain 
refinement. For modification Al-10%Sr 

master alloy was used with addition level 
being kept constant at 0.02wt%Sr.[9] The 
melt was stirred for 30 seconds with zir-
conia coated iron rod after the addition 
of grain refiner and/or modifier. Melts 
were held for five minutes and poured 
into a cylindrical graphite mould (30 
mm diameter and 150 mm height) sur-
rounded by fireclay brick. Table1 gives 
the details of the alloys and grain refine-
ment and modification treatment. The 
chemical compositions of the cast alloys 

and master alloys, assessed using atomic 
emission spectroscopy, are presented in 
Table2.

The material in the form of a billet is 
forged at a temperature in the range of 
275°C to 350°C, at which simultaneous 
precipitation and dynamic recovery can 
occur. This deformation temperature is 
below the normal forging temperature of 
375°C-475°C, but is higher than the nor-
mal peak ageing temperature for alumin-
ium alloys of 120°C-200°C. The processed 
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billet, which develops a fine grain size, is 
extremely soft at elevated temperatures 
and in an ideal condition well-suited for 
precision forging or for reduction to fine 
grains. Impact toughness test pieces were 
made from the forging processed billet 
by machining along the longitudinal di-
rection. The standard Charpy specimens 
10×10×55 mm with a 2.0 mm V-notch 
were prepared. Tests were carried out at 
room temperature. Before conducting 
the Charpy test, the samples were an-
nealed at temperatures in the range of 
325º-350ºC in order to relieve the internal 

stresses. A Charpy impact test machine 
was used for measuring the absorbed en-
ergy by the samples as impact toughness 
during impact testing. Figure1 shows the 
schematic of the Charpy impact test.

Table3 gives the average value of three 
test pieces made from single casting. The 
microstructures of the samples cut from 
the longitudinal section of the billets 
were studied. Image analyser (Lieca) was 
used for investigating the particle size 
distribution in the alloy. A few select-
ed grain-refined and modified samples 
were characterised using SEM and XRD. 

A JEOL JSM-5800 scanning electron mi-
croscope (SEM) was employed for exam-
ining the fractured surface.

Microstructures of Al-7Si and Al-
7Si-2.5Cu cast alloys treated by 
grain refiner, modifier, and forging 
process
Figure2 illustrates the microstructures of 
Al-7Si and Al-7Si-2.5Cu cast alloys treat-
ed by forging process before and after 
modification and combined addition of 
both refiner and modifier.

It was observed that the forging pro-
cess after modification and combined 
addition of both refiners and modifiers 
have profound influence on the micro-
structures of Al-7Si and Al-7Si-2.5Cu 
cast alloys. Alloys without any grain re-
finer addition have shown larger grain 
size measuring up to 220 μm. The pres-
ent experimental results confirmed that 
the addition of grain refiner Al-1Ti-3B 
to hypoeutectic alloy significantly refines 
the coarse columnar primary ά-Al grains 
to fine equiaxed ά-Al grains (60-75 μm) 
due to the presence of AlB

2
/TiB

2
 and or 

TiAl
3
 particles present in the master al-

loys (Al-1Ti-3B master alloys) which are 
nucleating agents during the solidifica-
tion of ά-Al grains. The eutectic silicon 
particles appear to be unaffected as ex-
pected. Also the addition of modifier (Sr) 
to Al-7Si-2.5Cu cast alloy changes the 
plate like eutectic silicon to fine particles 
and fine CuAl

2
 particles in the interden-

dritic region.[5,16] The results also suggest 
that forging of hypoeutectic Al-Si alloys 
after addition of refiner, modifier to Al-
7Si-2.5Cu cast alloys along with copper 
shows more uniformly distributed ά-Al 
grains (50-55 μm), fine broken grains of 
silicon and fine CuAl

2
 particles in the in-

terdendritic region compared to the indi-
vidual additions. 

Impact toughness
Impact toughness of Al-7Si and Al-7Si-
2.5Cu cast alloys mainly depends on the 
shape, size and distribution of the ά-Al 

Table1: Test specimens of Al-7Si and Al-7Si-2.5Cu cast alloys 
(prepared at 720ºC and 5 min holding time
Sl no. Alloy designation Alloy composition Addition level of 

GR (wt%)
Addition level of 
modifier (wt%)

1 HP-1 Al-7Si -- --

2 HP-2 Al-7Si-2.5Cu -- --

3 HP-3 Al-7Si-2.5Cu-0.02Sr -- 0.02

4 HP-4 Al-7Si-2.5Cu-0.02Sr-
1M13

1.0 0.02

Note: GR: Grain refiner (M13=Al-1Ti-3B); Modifier (Sr-Strontium)

Table2: Chemical analysis of cast alloys and master alloys
Alloy Composition (Wt %)

Si Fe Sr Ti B Al

Al 0.11 0.16 - - - Balance

Al-7Si 6.98 0.17 - - - Balance

Al-10Sr 0.12 0.17 10.0 - - Balance

Al-20Si 20.13 0.18 - - - Balance

Al-1Ti-3B 0.16 0.17 - 1.13 2.25 Balance

Al-5Ti-1B 0.15 0.17 - 5.62 1.04 Balance

Figure1: Schematic of Charpy impact test
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grains, eutectic silicon morphology and 
CuAl

2
 blocks in the interdendritic region. 

Table3 shows the relationship between 
the energy absorbed by the samples dur-
ing impact testing and the alloy composi-
tions. The absorbed energy of untreated 
Al-7Si-2.5 cu alloy is 2.54 J/cm2. Forging 
process (50% reduction) after the com-
bined addition of Al-1Ti-3B grain refiner 
and Sr modifier to Al-7Si-2.5Cu along 
with copper, the energy absorbed in-
creases markedly with the value of over 
30.6 J/cm2. This value is almost 15 times 
that of the untreated hypoeutectic alloy. 

Fracture surface observation 
Figure3 shows the fractured surfaces 
of impact samples before and after the 
forging process as seen under SEM: HP-2 
representing untreated Al-7Si-2.5Cu cast 
alloy and HP-4 representing being treat-
ed with grain refiner and modifier along 
with forging process.

The untreated sample shows a rough 
surface due to the large grains in the al-
loy and the particles of eutectic silicon 
and intermetallic compounds at the 
grain boundaries. The sample treated 
using copper (HP-2) shows a rough sur-
face due to the large grains in the alloy 
and the particles of eutectic silicon and 
intermetallic CuAl

2
 phase formed along 

the inter-dendritic region. The sample 
containing copper, modifier (Sr) and 
forging, (HP-2-FP), shows a fine frac-
ture surface, including a couple of dim-
ples and intermetallic fine CuAl

2
 phase 

formed along the inter-dendritic region 
compared to HP-2. The sample treated by 
the combined addition of both grain re-

finer (Al-1Ti-3B) and modifier (Sr) along 
with forging (HP-4-FP), shows a fine and 
homogeneous fracture surface with many 
dimples indicating good toughness and 
intermetallic CuAl

2
 phase formed along 

the inter-dendritic region.

DISCUSSION
Impact toughness of Al-Si and Al-7Si-
2.5Cu as cast alloys depends mainly on 
the shape, size and distribution of the ά-Al 
grains, eutectic silicon morphology, and 
CuAl

2
 blocks in the interdendritic region.

[19-20] The microstructure of Al-7Si alloy 
consists of large elongated primary ά-Al 
grains and the eutectic silicon (plate-like) 
induces poor ductility to the casting. Un-
modified acicular silicon structure acts as 
internal stress raiser in the microstruc-
ture and provides easy path for fracture. 
The addition of grain refiner (Al-1Ti-3B), 
modifier (Sr) and forging converts large 
ά-Al grains into fine equiaxed ά-Al grains, 
eutectic silicon (plate-like) into fine parti-
cles and fine CuAl

2
 blocks in the interden-

dritic region resulting in improved impact 
toughness. The improvements observed 
in the present study are mainly due to the 
structural changes owing to the forging 
process after grain refined, modified and 
combined effect of grain refiner and mod-
ifier in these alloys. It is important to note 
that the alloy has been cast in a graphite 
mould surrounded by fireclay brick (slow 
cooling) after grain refinement and modi-
fication. Thus, further improvement in the 
impact toughness can be expected for fast 
cooled castings, as this can lead to further 
refinement of the microstructures.

As illustrated in Table3, the energy ab-

sorbed by Al-7Si and Al-7Si-2.5Cu cast al-
loys increase with the forging process after 
addition of grain refiner (Al-1Ti-3B) and 
modifier (Sr). As shown in Figure2, the 
microstructure of untreated Al-7Si and 
Al-7Si-2.5Cu cast alloys consists of large 
primary ά-Al grains, including dendrites, 
interdendritic networks of eutectic sili-
con plates, and intermetallic CuAl2 phase 
formed along the interdendritic region. 
Unmodified acicular silicon structure 
acts as internal stress raiser in the micro-
structure and provides easy path for frac-
ture, which is the primary reason for the 
low impact toughness of these alloy. It is, 
therefore, concluded that breaking up of 
these microstructures and dispersing the 
eutectic silicon (plates) uniformly and in-
termetallic CuAl

2
 blocks to fine blocks of 

CuAl
2
 phase formed along the interden-

dritic region, would help in improving the 
impact toughness of the alloys. Changing 
the coarse columnar ά-Al grains to fine 
equiaxed ά-Al grains also results in im-
proved impact toughness. As shown in 
Figure2 (HP-4), the microstructure of 
hypoeutectic Al-Si cast alloy treated with 
the forging process after combined ad-
dition of both grain refiner (Al-1Ti-3B) 
and modifier (Sr) along with copper con-
sists of more uniformly distributed ά-Al 
grains, fine broken grains of silicon and 
intermetallic fine CuAl

2
 phase formed 

along the interdendritic region, which fur-
ther improves the impact toughness. The 
absorbed energy increases markedly with 
the forging process after combined addi-
tion of grain refiner and modifier along 
with copper, reaching the value of over 
30.6 J/cm2, which is about 15 times greater 
than that of the untreated alloy. 

Conclusion
The effect of the forging process before 
and after melt treatments on the impact 
toughness of the Al-7Si and Al-7Si-2.5Cu 
cast alloys was investigated and the follow-
ing conclusions were drawn:
1. Impact toughness of Al-7Si and Al-7Si-
2.5Cu cast alloys depends mainly on the 

Table3: Influence of forging process before and after grain refinement and/or modification 
on the impact properties (energy absorbed) of  Al-7Si and Al-7Si-2.5Cu cast alloys
Sl no. Alloy designation Energy absorbed (J/cm2)

Before forging After forging 

1 HP-1 1.0 4.6

3 HP-2 2.54 10.1

4 HP-3 3.0 20.3

5 HP-4 3.6 30.6
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RESULTS 
Figure2: Optical photomicrographs of Al-7Si alloy before and after forging process

HP-1 – untreated; HP-2 – Al-7Si-2.5Cu alloy untreated; HP-3 – with modifier (0.02% Sr); and HP-4 – with grain refiner (1% of M13) and modifier (0.02% Sr) 
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shape, type, size and distribution of ά-Al 
grains, silicon particles and CuAl

2
 phases 

in the matrix.
2. The increase in impact toughness con-
sists of two parts: the breakage of the 
elongated primary ά-Al grains into more 
uniformly distributed ά-Al grains owing 
to the forging process after refinement 
and the plate-like eutectic silicon to fine 
broken particles of silicon and massive 
blocks of CuAl

2
 to fine micro constitu-

ents of CuAl
2
 by the forging process after 

modification.
3. The forging process after combined ad-
dition of grain refiner and modifier (Al-
1Ti-3B + Sr) to Al-7Si-2.5Cu alloy shows 
remarkably improved impact toughness 
(30.5 J/cm2) when compared to that of 
un-treated Al-7Si-2.5Cu alloy (2.54 J/
cm2).

References
1. Mondolfo, Lucio F, Aluminium Alloys: 
Structure and Properties. Butterworths, 
England, 1979, pp756-75
2. ASM Handbook, Casting. ASM Interna-
tional, Materials Park, Ohio, 1989, pp785-
91
3. Kori, SA, BS Murthy, M Chakraborthy, 
‘Development of an Efficient Grain Refin-
er for Al–7Si Alloy and Its Modification 
with Strontium,’ Materials Science and 
Engg, A 283, 2000, pp94-104
4. ‘ASTM Standard E647, Standard Test 
Method for Measurement of Fatigue 
Crack Growth Rates,’ Annual Book of 
ASTM Standards, vol.03.01, 2000
5. Hafiz, ME and T Kobayashi, ‘Tensile 
Properties Influencing Variables in Eutec-
tic Al-Si Casting Alloys,’ Scripta Metallur-
gica et Mater, 30 (4), (1994), p475 
6. Hellawell, A, ‘Splat Cooling and Meta-
stable Phases,’ Progress in Mater. Sci., Per-
gamon Press, 15 (1973)
7. Sonsino, CM, J Ziese, ‘Fatigue Strength 
and Applications of Cast Aluminium Al-
loys with Different Degrees of Porosity,’ 
Int. J. Fatigue 15 (2) (1993), pp75-84.
8. Green, N, J Campbell, ‘Influence of Ox-
ide Film Filling Defects on the Strength of 

Al-7Si-Mg Alloy Castings,’ AFS Trans. 102 
(1994), pp341-7
9. Skallerud B, ‘Fatigue Life Assessment of 
Aluminum Alloys with Casting Defects,’ 
Eng. Fract. Mech. 44 (6) (1993), pp857-74.
10. Iwahashi, Y, J-T Wang, Z Horita, 
M Nemoto, TG Langdon, ‘Principle of 
Equal-channel Angular Pressing for the 
Processing of Ultra-fine Grained Materi-
als,’ Scripta Mater, 1996, 35:143
11. Nishida, Y, T Ando, M Nagase, S-W 
Lim, I Shigematsu, A Watazu, Scripta Ma-
ter 2002, 46:211
12. Akamatsu, H, T Fujinami, Z Horita, 
TG Langdon, ‘Influence of Rolling on 
the Superplastic Behavior of an Al-Mg-
Sc Alloys after ECAP,’ Scripta Mater 2001, 
44:759
13. Watanabe, H, T Mukai, K Ishikawa, K 
Higashi, ‘Low Temperature Superplastici-
ty of a Fine-grained ZK60 Magnesium Al-
loy Processed by Equal-channel-angular 
Extrusion,’ Scripta Mater 2002, 46:851
14. Mabuchi, M, H Iwasaki, K Yanase, K 
Higashi, ‘Low Temperature Superplastici-
ty in an AZ91 Magnesium Alloy Processed 
by ECAE,’ Scripta Mater 1997, 36:681
15. Neishi, K, Z Horita, TG Langdon, 
‘Achieving Superplasticity in a Cu–40%Zn 

Alloy through Severe Plastic Deforma-
tion,’ Scripta Mater 2001, 45:965
16. Zhilyaev, AP, B-K Kim, GV Nurislam-
ova, MD Baro, JA Szpunar, TG Langdon, 
Scripta Mater 2002, 46:575
17. Apps, PJ, JR Bowen, PB Prangnell, 
‘The Effect of Coarse Second-Phase Par-
ticles on the Rate of Grain Refinement 
During Severe Deformation Processing,’ 
Acta Metall Mater 2003, 51:2811
18. Lados Diana A, Diran Apelian, ‘Fatigue 
Crack Growth Characteristics in Cast Al–
Si–Mg Alloys: Part I, Effect of Processing 
Conditions and Microstructure,’ Mater. 
Sci. Engg. A 385, (2004), p200
19. Ma, Aibin, Kazutaka Suzuki, Makoto 
Takagi, Mater. Sci. Engg. A 399, (2005), 
p181
20. Ma, Aibin, Kazutaka Suzuki, Makoto 
Takagi, ‘Impact Toughness of an Ultraf-
ine-grained Al–11mass%Si Alloy Pro-
cessed by Rotary-die Equal-channel An-
gular Pressing,’ Acta Materialia 53 (2005), 
p211

This article was first published in the 
June 2000 issue of Indian Foundry Jour-
nal, vol.66, issue 6. Basavakumar K G can 
be contacted at bkumarkg@gmail.com

Figure3: SEM observations for the fractured surfaces of the hypoeutectic 
Al-Si cast alloys (HP-2 – Al-7Si-2.5Cu; and HP-4 – Al-7Si-2.5Cu-1M13) 
subjected to impact testing before and after forging


