
Statistical Analysis of Ultimate Tensile Strength of
Grain Refined and Modified Al-Si Alloys (LM-25,

LM-6 and LM-30) Using ANOVA
Abstract — The fact that Aluminium is used in all sectors of engineering and manufacturing is undisputable. The addition of grain refiners and

modifiers to the commercially available aluminium silicon alloys improves the mechanical properties of these alloys and provides technical and

economic advantages. Commercially available Al - Si alloys LM25 (hypoeutectic ˂ 12% Si), LM6 (eutectic 12% Si) and LM30 (hypereutectic >

12% Si) are grain refined with 0.2%Al-5Ti-1B, 1%Al-3B and modified with 0.3%Al-10Sr master alloys. The Ultimate Tensile Strength (UTS) of

these samples is analysed statistically using ANOVA, to predict the percentage contribution of the independent variables on dependent variable.

Al, Si, Grain refiner, Peak load and elongation are the process parameters selected for performing ANOVA for UTS. The analysis concludes that

Si content and the peak load has maximum significance.

Index Terms— Al-Si alloy, Hypoeutectic, Eutectic, Hypereutectic, Grain refiners, Modifier, UTS, ANOVA

——————————  ——————————

1 INTRODUCTION
HE binary alloy system of Al – Si is extensively used for
casting owing to its casting characteristics and excellent
fluidity, and the eutectic is formed at 11.7 wt % Si. The

addition of grain refiners and modifiers further refines the
uniform distribution of eutectic Al and Si in the alloys. The
commercially available Al-Si hypoeutectic alloy LM25 with
Al-Si ˂ 12wt %, eutectic alloy LM6 with Al-Si 12wt % and
hypereutectic alloy LM30 with Al-Si >12wt % is considered for
this study. The master alloys Al-5Ti-1B (0.2 wt. %) and Al-3B
(1wt. %) are used as grain refiners and the master alloy Al-
10Sr (0.3 wt %) is used as modifier. The strength to weight
ratio of aluminium is superior to steel, and aluminium is one
of the lightest structural metal. An attempt is made in this
study to analyse and predict the percentage contribution of
the independent variables (Al, Si, Grain refiner, Peak load and
elongation) on dependent variable (UTS). Tensile test was
conducted on the untreated and treated samples. And the re-
sults are analysed statistically with ANOVA.

2 PREPARATION OF SAMPLES
The commercially available eutectic Al-Si alloy LM6 was
heated in an induction furnace at 720˚C. The melt was de-
gassed with hexachloroethane. A portion of the Al-Si melt was
poured into the graphite mould and remaining molten alloy is
placed into the furnace. This is the casting of the untreated
specimen.   In the next step, the estimated amount of Al-5Ti-1B
master alloy chips were added to LM6 alloy melt and stirred
approximately for about 30s. After 5 minutes of holding, a part
of melt has been poured into the graphite mould as in the ear-
lier case, and the specimen was designated for recognition.
The same procedure was repeated by adding calculated
amount of Al-3B and Al-10Sr to the melt, and the specimen
were designated accordingly. These experiments were con-
ducted without addition of any lubricants or coolant. The

same procedure is repeated for LM25 and LM30. A total of 12
specimens were obtained as shown in Table 1.

Table 1 : Prepared Sample Designation

Grain

refiners
0.2% Al-5Ti-1B 1% Al-3B 0.3% Al-10Sr

Untreated

Alloy

Samples Samples Samples

Untreated

LM-25

LM-25+0.2%

Al-5Ti-1B

LM-25+1%

Al-3B

LM-25+0.3%

Al-10Sr

Untreated

LM-6

LM-6+0.2%

Al-5Ti-1B

LM-6+1%

Al-3B

LM-6+0.3%

Al-10Sr

Untreated

LM-30

LM-30+0.2%

Al-5Ti-1B

LM-30+1%

Al-3B

LM-30+0.3%

Al-10Sr

3 STUDY OF MICROSTRUCTURE
The untreated Al-Si samples and those treated with various
grain refiners were mechanically polished using standard me-
tallographic techniques before the examination. A filtering
electron magnifying instrument furnished with Energy Dis-
persive X-Ray Spectroscopy (EDS) (Model- FEI Quanta-200,
scanning electron microscope, NE Dawson Creek Drive,
Hillsboro, USA) was used to obtain the SEM micrographs of
the samples.

The micrographs of the untreated samples and the samples
treated with 0.2 wt % Al-5Ti-1B, 1 wt % Al-3B, 0.3 wt % Al-
10Sr are shown in Fig.1 to Fig.3. When a liquid alloy is cooled,
nuclei or seed will begin to form in many parts of the melt
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simultaneously. Heterogeneous nucleation provides a method
for control of the grain size of the solidified casting. By creat-
ing numerous sites for heterogeneous nucleation a fine grain
size can be obtained.

With the inoculation of the grain refiners and the modifier
into the Al-Si alloy melt heterogeneous nucleation sites are
created for solid α-Al and this results in finer grain size.

The presence of primary silicon structures in as-cast un-
treated sample can be noted, and it is observed that the Si in
the treated samples has undergone spheroidization. Among
the samples of LM-25 alloy, the sample modified with 0.3wt%
(Al-10Sr) has maximum UTS of 275MPa, owing to the sphe-
roidization of Si particles. Also, among the 12 samples tested
in this study, the sample LM25+0.3wt% (Al-10Sr) is the sam-
ple with the maximum UTS value of 275MPa.

Fig.1 : LM-25 samples (a) Untreated alloy, (b) Al-5Ti-1B,
(c) Al-3B & (d) Al-10Sr

Among the samples of LM-6 alloy, the sample modified with
0.3wt% (Al-10Sr) has maximum UTS of 219MPa, due to modifica-
tion of Si particles.

Fig. 2: LM-6 samples: (a) Untreated alloy, (b) Al-5Ti-1B,
(c) Al-3B & (d) Al-10Sr

Correlating the UTS readings of LM-30 with the micro-
graphs of LM30, the sample treated with 0.2wt% Al-5Ti-1B has
good response to the tensile strength, which may be due to the
presence of Ti in the master alloy. May be due to over modifi-
cation of Si, the addition of 0.3wt% (Al-10Sr) to LM-30 does
not show much improvement in the UTS.

a b

c da b

c d
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Fig. 3: LM-30 samples: (a) Untreated alloy, (b) Al-5Ti-1B, (c)
Al-3B & (d) Al-10Sr

4 TENSILE TEST
The tensile test of the samples was conducted on the Universal
Testing Machine (Model: UNITEK 9450PC Instron Industrial
Products).

Fig. 4 Tensile test specimen

Fig. 5 Tensile test specimen

The Fig.4 shows the dimensions of the tensile test
specimen which is as per the ASTM E8 standard, and Fig.5
shows the tensile test specimen. Tensile tests are conducted
with a crosshead speed of 2mm/min, and data is obtained by
induced programming for further assessment.

4.1 Study of UTS Results
Table 2 shows the peak load and the percentage elongation
and ultimate tensile strength values for different samples. As
shown in Fig 6 tensile strength of untreated samples of all the
three alloys (LM25, LM6 and LM30) has significantly in-
creased after grain refinement with 0.2wt %Al-5Ti-1B,
1wt%Al-3B and 0.3wtwt %Al-10Sr. The maximum UTS for
LM25, LM6 and LM30 is noted for samples LM-25+0.3wt%
(Al-10Sr), LM-6+0.3wt% (Al-10Sr) and LM-30+0.2wt% (Al-5Ti-
1B) respectively.

Grain refining and alloying modifies the microstructure
and improves the mechanical properties of Al. This can be
observed in the UTS values of untreated and treated samples
of LM-25, LM-6 and LM-30.
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Table 2. Ultimate Tensile Strength for Different Alloys
with Grain Refiners

Sample Peak load
in KN

Elongation
%

UTS
(MPa)

Untreated LM-25
(Alloy 1) 18.835 3.093 240

LM-25+0.2wt% (Al-
5Ti-1B) (Alloy 2) 19.945 3.093 254

LM-25+1wt% (Al-3B)
(Alloy 3) 20.365 3.093 259

LM-25+0.3wt% (Al-
10Sr) (Alloy 4) 21.575 5.155 275

Untreated LM-6
(Alloy 1) 16.258 3.093 209

LM-6+0.2wt% (Al-
5Ti-1B) (Alloy 2) 16.748 4.167 213

LM-6+1wt% (Al-3B)
(Alloy 3) 16.78 3.093 215

LM-6+0.3wt% (Al-
10Sr) (Alloy 4)

17.078 4.082 219

Untreated LM-30
(Alloy 1)

17.678 3.093 225

LM-30+0.2wt% (Al-
5Ti-1B) (Alloy 2) 19.418 4.167 247

LM-30+1wt% (Al-3B)
(Alloy 3)

18.325 2.128 233

LM-30+0.3wt% (Al-
10Sr) (Alloy 4) 17.883 3.093 228

Fig. 6 UTS (MPa) for all the types of alloy samples of LM-25,

LM-6 and LM-30

Fig. 7-9 shows the variation in UTS for individual un-
treated and treated Al alloys of LM-25, LM-6 and LM-30 re-
spectively. The maximum UTS of 275MPa is recorded for LM-
25+0.3wt% (Al-10Sr). Correlating this with the microstructure

of the sample in Fig.1(d), it can be seen that the eutectic Si has
changed structure, and Sr contributes for the same.  For the
LM-6 alloy also the addition of 0.3wt% (Al-10Sr) gives the
maximum UTS of 219MPa.

Fig. 7 Ultimate Tensile Strength of LM-25 for all grain refiners

Fig. 8 Ultimate Tensile Strength of LM-6 for all grain refiners
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Fig. 9 Ultimate Tensile Strength of LM-30 for all grain refiners

Results indicate that there is improvement in yield
strength, UTS and elongation percentage. The test results in-
variably suggest that addition of grain refiner (mix) enhances
the UTS. But, there is variation of Si content in the three alloys
considered for this study. Hence, to further determine the sig-
nificant factor influencing the UTS a statistical analysis was
conducted.

4.2 Statistical Analysis of Ultimate Tensile Strength
The purpose of ANOVA is to investigate the significant factors
which influence the dependent variable. Basically experience
or literature determines these factors, but, they may or may
not be the significant factor. Hence ANOVA helps in finding
these factors. H.M.Somashekhara et al used the Taguchi Tech-
nique and ANOVA to optimize surface roughness in turning
operation, and Taguch’s parameter design was used to obtain
optimum condition with lowest cost, minimum number of
experiments and industrial engineers can use these method
for decision making. Taguchi methods are successfully ap-
plied to Al-Si composites to optimize process parameters. In
the present study, statistical analysis of ultimate tensile
strength of LM-25, LM-6 and LM-30 was carried out to predict
the percentage contribution of the independent variables on
dependent variable. The process parameters selected for per-
forming ANOVA for UTS are Al, Si, Mix(Grain refiner), Peak
load (KN) and elongation.

Table 3 depicts the ANOVA analysis of ultimate tensile
strength for the LM-25, LM-6 and LM-30 respectively. It is
seen that Si and Peak load has maximum significance due to F
ratio value of 98.56 and 70.56.

Table 3 ANOVA analysis of Ultimate Tensile strength

Fig. 10 Pie of UTS and percentage contribution of the inde-
pendent variables

Fig. 10 shows the percentage contribution of the process pa-
rameters and the percentage contribution of Si is 67% and
peak load is 20% compared to other process parameters such
as Al (12%), Mix(1%) and elongation (0.02%) respectively. Si
followed by Peak load is the major influencing parameter on
ultimate tensile strength (UTS) of the alloys. Similarly the mix
of grain refiner has the least effect on UTS. Fig. 11 clearly de-
picts that the residual plots are equally distributed on either
side of the reference points.

Multiple linear regression model of Ultimate tensile strength :

Ultimate tensile strength = -122.6 - 1.142 Al + 1.65 Si -
0.900 Mix + 13.213 Peak Load -0.598 % elongation (1)
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Fig. 11 Residual and observation plots of Ultimate tensile
strength

The general regression equation for Ultimate tensile strength
(UTS) is as shown in the Equation 1. It shows the influence of
independent variables on dependent variable of ultimate ten-
sile strength. Table 4 and 5 shows the coefficient of determina-
tion of 99.02% with a T-value is more for Peak load and the Si.
It indicates that both the process parameters are more influen-
cing on other parameters.

Table 4 UTS Model summary

Table 5 Coefficients of UTS

Table 6 shows the measured and the predicted values of the
UT strength.

Table 6 Model summary of Ultimate Tensile Strength

Fig. 12 Measured and predicted values of Ultimate tensile
strength

Fig. 13 Error graph of Ultimate tensile strength

A graph of experimental values against predicted values is
drawn for all LM-25, LM-6 and LM-30 as depicted in Fig. 12.
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Fig. 13 shows the error between the variables from the pre-
dicted equation. It clearly shows that the error is less than 5%
and the predicted points are very close to the measured val-
ues. Hence the predicted equation is good predictive capabili-
ty with the acceptable accuracy. Finally results clearly show
that addition of grain refiners / modifier improves the Ulti-
mate tensile strength.

5 CONCLUSION

The samples of LM-25, LM-6 and LM-30 treated with
0.3wt% Al-10sr, 0.3wt% Al-10sr and 0.2wt%Al-5Ti-1B have
UTS of 275 MPa, 219MPa and 247MPa respectively. The cor-
responding increase in UTS values of these samples being
14.5%, 4.8% and 9.8% respectively. The overall significant
sample being LM-25+0.3wt% Al-10sr (275MPa) with a increase
in UTS by 14.5 %.  Si content and Peak load has maximum
significance for Ultimate Tensile Strength.

REFERENCES

1. Chapter 1 : Introduction to Aluminium-Silicon Casting Alloys, ASM

International 2004.

2. V.P. Patel, H.R. Prajapati , Microstructural and mechanical properties

of eutectic Al - Si alloy with grain refined and modified using gravity

die and sand casting, IJERA, Vol. 2, Issue 3, (2012) 147-150.

3. Satya Prema, Shreeshail G.Y, T.M. Chandrashekharaiah, Analysis of

machining parameter and surface finish of Al - Si alloys with grain

refiners and / or modifier, Materials Science Forum,     ISSN: 1662-

9752, Vols. 830-831, (2015) 91-94

4. Y. Zedan,  A.M. Samue1, F.H. Samuel,  S.Alkahtani, The Influence of

Microstructure and Composition on the Machinability of Al-Si Al-

loys, ICAA13,  (2012)

5. Satya Prema, Murali G.E, T.M. Chandrashekharaiah, Studies of Mi-

crostructures and Mechanical Properties on Al-Si Alloy(A390) using

Grain refiners and/or Modifier, International Journal of Scientific &

Engineering Research, Volume 7, Issue 8, August-2016 580 ISSN

2229-5518

6. K. A. Jayasheel Kumar, Dr. C. M Ramesha, Tensile and Impact Prop-

erties Evaluation of Eutectic, Hypereutectic and Special Eutectic

Aluminium Alloys under Various Heat Treated Conditions By Expe-

rimental Approach, International Journal of Scientific Research in

Computer Science, Engineering and Information Technology © 2018

IJSRCSEIT | Volume 4 | Issue 5 | ISSN : 2456-3307

7. Devappa, T.M. Chandrashekharaiah, Studies on the Effect of Minor

Addition of Sr and Mg on the Microstructure and Mechanical Prop-

erties of A413 Alloy, International Journal of Engineering Research &

Technology (IJERT) ISSN: 2278-0181, IJERTV4IS060032, Vol. 4 Issue

06, June-2015

8. Roger Lumley, Fundamentals of Aluminium Metallurgy: Production,

Processing and Applications, Woodhead Publishing Series in Metals

and Surface Engineering, Elsevier, 2010

9. Mondolfo L. F., Aluminium Alloys: Structure and Properties, Text

Book, Elsevier, 2013

10. Bharath V., Nagaral M., Auradi V., Kori S. A., Preparation of 6061 Al-

Al2O3 MMC's by Stir Casting and Evaluation of Mechanical and

Wear Properties, Procedia Materials Science, 2014, 6:1658-67

11. Shin S. S., Kim E. S., Yeom G. Y. and Lee J. C., Modification Effect of

Sr on the Microstructures and Mechanical Properties of Al-10.5Si-

22.0Cu Recycled Alloy for Die Casting, Materials Science and Engi-

neering, 2012; A532: 151-157

12. Ghani J. A., Choudhury I. A., Hassan H. H., Application of Taguchi

method in the optimization of milling of Al alloy, Journal of Mate-

rials Processing Technology, vol.145, no.1, 2004, p. 84-92,

DOI:10.1016/S0924-0136(03)00865-3

13. Yong Z. P., Jun Z., Xiuli, F., Xing A., Optimization of surface rough-

ness based on multi-linear regression model and genetic algorithm,

Advanced Materials Research, vol. 97-101, 2010, p. 3050-3054,

DOI:10.4028/www.scientific.net/AMR.97- 101.3050

14. Rana R. S., Rajesh Purohit and Das S., Reviews on the Influences of

Alloying elements on the Microstructure and Mechanical Properties

of Aluminium Alloys and Aluminium Alloy Composites, Interna-

tional Journal of Scientific and Research Publications, Vol.2, Issue 6,

June 2012

15. Angadi B. M., Chennakesava Reddy A., Auradi V., Nagathan V.V.,

Kori S.A., Effect of Al-5Ti-B Addition on Microstructure, Mechanical

and Thermal Properties of Hypereutectic Al-20Si Alloy, International

Conference on Advanced Material Technologies – 2016, 27th and

28th December 2016

16. Machining of Aluminium and Aluminium Alloys, ASM Handbook

Volume 16, Machining

17. Reddy Sreenivasulu, Chalamalasetti Srinivasa Rao, Effect of Drilling

Parameters on Thrust Force and Torque during Drilling of Alumi-

nium 6061 Alloy – based on Taguchi Design of Experiments, Journal

of Mechanical Engineering, Vol. ME 46, December 2016

18. Somashekhara H.M., Lakshmana Swamy N., Optimizing Surface

Roughness in Turning Operation using Taguchi Technique and

ANOVA, International Journal of Engineering Science and Technolo-

gy, Vol. 4 No.05 May 2012

19. Siddesha H. S., Shantharaja M., Study of Cyclic Constrained Groove

Pressing Factors on Hardness Behavior of Al/Sic – MMC Subjected

to Severe Plastic Deformation, IOSR Journal of Engineering, Vol. 3,

Issue 7, July 2013, pp 27-35

International Journal of Scientific & Engineering Research Volume 12, Issue 2, February-2021 
ISSN 2229-5518 166

IJSER © 2021 
http://www.ijser.org

IJSER




