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Abstract
This research aims to evaluate Al-Al joints fabricated by overcasting liquid 2024 Al alloy onto Zn-electroplated 2024 Al alloy
solid inserts followed by solidification under pressure. The effects of three most influencing process parameters including
squeeze pressure, die temperature and melt temperature on the mechanical properties of as-casted and aged overcast joints were
investigated. Response surface methodology with central composite design was employed for experimental design and devel-
opment of empirical models. The observed responses in this research include ultimate tensile strength and hardness. Adequacy
and validity of the developed models were verified through ANOVA and confirmation experiments, respectively. For both as-
casted and aged overcasting conditions, the results revealed melt temperature as the most significant process parameter affecting
ultimate tensile strength and hardness followed by die temperature and squeeze pressure. The comparative analysis of the two
conditions suggested aged overcasting as the better alternative which resulted in 5.7~9.8 and 3.6~12.4% improvement in ultimate
tensile strength and hardness, respectively.
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1 Introduction

Aluminium possesses high strength, formability and perme-
ability characteristics and is therefore considered as ideal can-
didate for low-weight applications. It is being excessively
used in aerospace and automotive industry [1, 2]. With the
emergence of innovation and new technologies in industry,
aluminium alone cannot fulfill the requirements of industry.
Therefore, the demand of metal joining technique is growing
rapidly [3]. Currently, both similar and dissimilar metals are
being joined through these techniques. These can be classified
into three major groups including (1) solid with solid bonding
(brazing [4], rolling [5], friction stir welding [6], laser welding
[7], explosive welding [8], surface activated bonding [9] and
hydrostatic extrusion [10]), (2) solid with liquid bonding (hot
dipping [11] and overcasting [12]), and (3) liquid with liquid

bonding (continuous casting [13] and direct chill casting [14]).
It is worthy to note that solid with solid bonding is a lengthy
process and requires high investment for shape and substrate
design. Liquid with liquid bonding is also not an economical
solution and therefore not commercially suitable for industrial
practices [15].

Solid with liquid bonding also termed as overcasting is
considered as the best joining technique due to its superior
characteristics including high production efficiency, excellent
performance, design flexibility, mass saving and low operat-
ing cost [16]. Overcasting has emerged as a proven process for
joining a variety of dissimilar metals including aluminium
(Al) and iron (Fe) alloys [17], semi-solid aluminium (Al)
and stainless steel alloys [18], Al and copper (Cu) alloys
[12], stainless-steel and structural-alloy-steel [19], magnesium
(Mg) and aluminium (Al) bimetallic castings [20], Mg-Al bi-
metal macro-composite [21], high chromium (Cr)-cast iron
and medium carbon (C)-steel bimetal [22, 23], and grey iron
and copper (Cu) alloys [24]. The joining of similar metal such
as Mg and Mg alloys [25] has also been reported in literature.
However, the joining of aluminium-aluminium alloys has not
been perfectly achieved due to the presence of aluminium
oxide (Al2O3) layer on the aluminium alloy surface [16].
This surface layer has much higher melting point (2072 °C)
than the molten metal, which limits wettability while pouring
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of molten material [26]. This problem was addressed by Papsi
et al. [16] who replaced high melting point (2072 °C) layer of
Al2O3 with low melting point (420 °C) zinc coating. When
wrought aluminium alloy is used for overcast joint during
gravity casting, casting defect including porosity and cracks
is formed at interface [27]. Koerner et al. [28] and Rubner
et al. [29] successfully addressed these defects in conventional
overcasting by applying high pressure during overcasting, al-
so known as squeeze overcasting. This reduction in defects
was obtained due to sound metallurgical bonding in the pres-
ence of high pressure [3, 30]. A number of researchers have
employed squeeze casting to fabricate similar or dissimilar
wrought aluminium-alloy overcast joints. Examples include
joining of 6101 wrought aluminium with Zn-coated 6101
wrought aluminium [3], and joining of aluminium A356 with
zinc-electroplated aluminium 6101 [31]. Heat treatment can
also be employed to further enhance the mechanical proper-
ties. Wang et al. [14] developed bimetal 8090-3003 joint and
reported that hardness of heat-treated joint was more than as-
casted joint at the interface. Papsi et al. [16] fabricated the
aluminium-aluminium overcasting joint and observed that ag-
ing treatment significantly increased the hardness near the
interface. Zhang et al. [32] overcasted A356 onto AA6060
extruded plates and revealed that mechanical properties of
overcasted joints were increased after aging treatment. The
quality of product fabricated through squeeze casting depends
upon the mechanical properties which are greatly affected by
various process parameters of squeeze casting including
squeeze pressure, die temperature, pressure duration, time de-
lay and melt temperature [33–44] as shown in Fig. 1. The
figure also represents different approaches employed by pre-
vious researches on different materials for both metal joining
and squeeze casting. The materials on which these researches
have been conducted are shown on lower x-axis for metal
joining (similar or dissimilar) and upper x-axis for single metal
manufacturing. Y-axis, on the other hand, demonstrates the
researches conducted by employing solid-solid bonding,
solid-liquid bonding and liquid-liquid bonding. As an exam-
ple, solid-solid bonding method was used to joint Al 6061
with AlSiCu alloys [4]. The figure also details the process
parameters used by researchers. It can be seen from the figure
that squeeze pressure, die temperature and melt temperature
are important process parameters influencing the mechanical
properties of casted aluminium alloys.

It is clearly evident from Fig. 1 that only conventional
technique has been employed for overcasted joints. Other
widely applied techniques reported in research include facto-
rial design [33], Taguchi method [34–36], Taguchi and ge-
netic algorithm [37, 38], Taguchi and grey rational analysis
[39], response surface methodology and genetic algorithm
[40], response surface methodology [41, 42], RSM and arti-
ficial neural network [43], and fuzzy logic [44]. Out of these
techniques, artificial neural network, genetic algorithm and

fuzzy logic are soft computing techniques, whereas Taguchi
method, factorial design and response surface methodology
are statistical techniques. Although soft computing tech-
niques have the capability to effectively predict the re-
sponses, however, large amount of data is required.
Furthermore, repetitive hit and trials are employed to adjust
parameters for obtaining useful responses which is time con-
suming as evident from the findings of Karnik et al. [45].
Statistical techniques, on the other hand, require less number
of experiments to get useful insight. Out of these statistical
techniques, Taguchi method and factorial design are
employed for screening experiments [46]. Comparatively, re-
sponse surface methodology is considered as cost-effective
technique due to embedded properties of data fitting and
estimation using less number of experiments [41, 42, 47].

Aluminium (2000 series) alloys are extensively used in
aerospace and heavy transport vehicle structures due to their
embedded properties including better damage tolerance and
high resistance to fatigue crack growth than other series of
aluminium alloys. Wrought aluminium alloy 2024 is being
used extensively for many commercial applications including
fuselage structures, wing tension members, shear web, ribs
and structural parts where fatigue performance, stiffness and
excellent strength are required [1, 48]. From the literature
review, it has been found that squeeze overcasting to join Al
alloys 2024-2024 has not been investigated in greater detail by
pervious researchers. It is also evident that aging has the ca-
pability to improve certain mechanical properties; however,
there exist little or no work-related aging effects on overcast
2024-2024 Al alloy joints. Therefore, the purpose of this work
is to evaluate as-casted and aging effects on mechanical prop-
erties of overcast aluminium-aluminium alloy joints fabricated
through squeeze casting.

2 Experimental details

This section briefly describes material composition, solid in-
serts preparation and their surface treatment, experimental set-
up, overcast joints manufacturing and measurements of re-
sponse variables. The process of overcasting involves pouring
of molten metal over solid inserts. In this research, wrought
aluminium alloy 2024 has been used for both molten metal
and solid inserts due to its commercial significance in auto-
mobile and aerospace industry. The chemical composition of
wrought aluminium alloy 2024 is provided in Table 1. The
same was verified through optical emission spectroscopy.

Wrought aluminium alloy 2024 solid inserts were prepared
in the form of rectangular bar having dimensions of 90 mm×
13 mm× 4 mm. After preparation of aluminium solid inserts,
their surface was polished with abrasive papers to make the
smooth and burs free. Polishing was followed by three steps
chemical treatment process (Table 2). The purpose of
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chemical treatment was to remove the oxides and lubricants
from the surface of solid inserts. Since the presence of zinc
layer is compulsory for the effective bonding between solid
and liquid material in overcasting process, therefore, zincate
treatment was performed after the chemical treatment [49, 50].
In zincate treatment process, only 200–300 nm zinc layer was
developed on the surface of solid inserts. This minor layer was
not enough for effective bonding because of the chances of
zinc layer evaporation during the pouring of melt [29]. To

overcome this issue, electroplating process was performed
on the solid inserts to achieve the zinc layer with 5 μm thick-
ness. It must be noted that 5 μm zinc layer thickness has been
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Fig. 1 Overview of previous research on metal joining methods (similar or dissimilar metal), alternative materials and analysis techniques

Table 1 Material composition

Elements Cu Mg Mn Ti Ni Si Al

Weight % 3.85 1.19 0.59 0.02 0.03 0.16 94.16
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reported as the optimum thickness to achieve strong bonding
between solid inserts and molten metal [3, 31, 51].

Three squeeze overcasting process parameters including
squeeze pressure (SP), die temperature (DT) and melt temper-
ature (MT) were selected in this research. The upper and lower
levels of parameters values were selected on the basis of trial
runs. Special care was made to ensure defect free bond. The
process parameters along with their levels are provided in
Table 3.

Experiments were performed based on central composite
design (CCD) matrix using response surface methodology
(RSM). Overall, 17 experiments were performed with three
process parameters each at three levels. Overcasting was per-
formed using vertical hydraulic press having 100 t capacity.
H13 forged steel die was used for the squeezing of melt. The
following procedure was adopted for overcasting: (i) First of
all, the wrought aluminium alloy 2024 was melted in electric
resistance furnace having heating capacity of 1200 °C at
5 kW, and (ii) preheating of die was performed prior to the
melting process. Zinc-coated solid insert with ejection pin was
fitted in the base plate of die before preheating of die. The die
was preheated with oxyacetylene torch, whose temperature
was measured with infrared thermometer (SMART-
SENSOR: AR330). (iii) Once the required temperature of
melt and die was achieved, the melt was poured in die follow-
ed by application of pressure. (iv) The pressure was main-
tained until the solidification of melt. After solidification,
the pressure was released and billet was removed from the
die. Finally, ejection pin was removed from the billet. The
schematic illustration of overcasting process along with casted
billets (140 mm length × 62 mm diameter) is presented in
Fig. 2a, b respectively.

The observed responses for this research include ulti-
mate tensile strength and hardness. Samples for ultimate
tensile strength and hardness testing were extracted from

the billets by using Milling Machine and EDM Die Sink
Machine, according to the ASTM standard: E8/E8M-11
and E384-11, respectively (Fig. 2c–e). It is pertinent to
mention that tensile sample of Al 2024-2024 overcast joint
material constitutes a sandwich structure (squeeze cast
2024-2024 solid insert-squeeze cast 2024) in the gauge
section as presented in Fig. 2d.

Overcasting experiments were performed at (i) as-casted
and (ii) aged conditions. In as-casted condition, the samples
were extracted from the overcast billets without any additional
treatment. In aged treated, on other hand, samples were
overcasted followed by heat treatment in the order (a) solution
treatment of samples at 500 °C for 2 h, (b) quenching of
samples in cold water and (c) artificial aging of samples at
170 °C for 2.5 h.

Ultimate tensile strength was measured using 810-Material
Test System (MTS) having capacity of 100 KN at ambient
temperature and strain rate of 0.005 mm/s. Three tensile sam-
ples were tested for each experimental run, and the average
was taken as observed ultimate tensile strength. Stress-strain
curve for 2024-2024 overcast joint material under as-casted
condition for experimental run (No. 9) is provided in Fig. 3. It
is clear from the figure that maximum strength was achieved
at 202 MPa, which is termed as ultimate tensile strength. The
hardness was measured using Micro Vickers hardness test
machine (HV-1000). For measurement, a load of 0.2 KN
was applied for 10 s and the hardness was measured on HV
scale. For each experimental run, the hardness was measured
at three randomly chosen points along the joint. The average
was used as final hardness value. The designed experiments
along with observed responses and their standard deviation
have been provided in Table 4.

3 Results and discussions

The present section provides detail regarding development of
empirical models, validation of developed models, their anal-
ysis using response surface plots and comparison of as-casted
with aged 2024-2024 overcast joints.

3.1 Development of empirical models

Empirical models for observed responses (ultimate tensile
strength and hardness) have been developed through

Table 2 Chemical treatment
process Chemical treatment Chemical Operative situation

1. Degreased C3H6O Ambient temperature, ultrasonic cleaning for 5 min

2. Alkali etching Strong alkaline solution NaOH
(100 g/l, pH > 13)

For 1 min at 55 °C

3. Acid pickling 50% HNO3 Room temperature for 30 s

Table 3 Process parameters with their levels

Process parameters Levels

Units Low Medium High

Squeeze pressure (SP) MPa 50 90 130

Die temperature (DT) °C 150 200 250

Melt temperature (MT) °C 750 800 850
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regression analysis for both as-casted and aged overcast con-
ditions. The adequacy of developed models was verified using
analysis of variance (ANOVA) technique. ANOVA has been
carried out to determine the impact of process parameters and
their interactions on the individual response and to identify the
statistical significance [52, 53]. ANOVA can be applied for
both continuous (numeric) and categorical input variables [46,
54]. Important terms involved for conducting analysis of var-
iance include degree of freedom (df), sum of squares (S.S),
means squares (M.S) and p value. The p value is measured
through degree of freedom, sum of squares and means
squares. The comparison of observed value with desired sig-
nificance level indicates the significance of investigated pa-
rameter. In response surface methodology, the model is first
developed and checked for its significance by using ANOVA.
Related information including the significant process param-
eters are then identified (if model is found significant) using
analysis of variance method described earlier [54–57].
Statistical adequacy of developed models is tested with the
help of ANOVA, if adequacy measures R2 (correlation coef-
ficient), adjusted R2 and predicted R2 are used. The adequacy
is the measure of prediction capability of the developed
models [40, 42, 58, 59].

3.1.1 Ultimate tensile strength (UTS)

For both as-casted and aged overcast conditions, the fit sum-
mary suggests quadratic relationship as the best fit model. For
as-casted 2024-2024 overcast joints, ANOVA results revealed
that main and quadratic effects including squeeze pressure,
die temperature, melt temperature, (squeeze pressure)2 and
(melt temperature)2 were significant model terms. For aged

Punch 

Ejection pin 

2024 insert 

material

Squeeze 

cast 2024 

Cavity die 

(a)

Die base plate 

(b)

(c)

2024 insert 

material

(d)

(e)

Overcast joint 

Fig. 2 Schematic illustration of a overcast joint process, b casted billet, c machined billet, d dimension of tensile sample in mm and e dimension of
hardness sample in mm

0

50

100

150

200

250

0.009 0.020 0.045 0.099 0.220

S
tr

es
s 

 (
M

P
a)

Strain

Fig. 3 Stress-strain curve for Al 2024-2024 overcast joint (as-casted
experiment run no. 9)

Int J Adv Manuf Technol (2018) 96:1377–1392 1381



overcast condition, an additional interaction effect of (die
temperature × melt temperature) has been found significant.
Other model terms were insignificant for both conditions and
therefore eliminated to improve model adequacy. ANOVA
for ultimate tensile strength has been provided in Table 5.
The results show that UTS models for both conditions are

significant (p values are less than 0.05). The value of adequa-
cy measure R2, adjusted R2 and predicted R2 are close to 1,
which indicate the adequacy of the developed models. The
developed empirical models for the prediction of ultimate
tensile strength under as-casted and aged 2024-2024 overcast
joints are presented in Eqs. (1) and (2).

UTS As−castedð Þ ¼ –5850:31435þ 2:38530� Squeeze Pressureð Þ þ 0:90890� DieTemperatureð Þþ
14:36984�Melt Temperatureð Þ– 0:0000625� Squeeze Pressure� DieTemperatureð Þ–
0:000125� Squeeze Pressure�Melt Temperatureð Þ– 0:0011� DieTemperature�Melt Temperatureð Þ–
0:010682� Squeeze Pressure2
� �þ 0:00076338� DieTemperature2

� �
– 0:00863662�MeltTemperature2
� �

ð1Þ

UTS Agedð Þ ¼ –5524:57007þ 2:20754� Squeeze Pressureð Þ þ 0:95986� DieTemperatureð Þþ
13:61042�Melt Temperatureð Þ– 0:0000625� Squeeze Pressure� DieTemperatureð Þþ
0:00� Squeeze Pressure�Melt Temperatureð Þ– 0:0011� DieTemperature�Melt Temperatureð Þ–
0:010264� Squeeze Pressure2
� �þ 0:000630986� DieTemperature2

� �
– 0:00816901�MeltTemperature2
� �

ð2Þ

3.1.2 Hardness

The fit summary for hardness suggested quadratic relationship
as the best fit model for both the overcasting conditions.
ANOVA results highlight that main effects of squeeze

pressure, die temperature, melt temperature, interaction effects
of (squeeze pressure × melt temperature), (die temperature ×
melt temperature), and quadratic effects of (squeeze pressure)2

and (melt temperature)2 are the significant model terms asso-
ciated with the hardness while considering as-casted

Table 4 Design of experiments (DOE) with observed responses

Run no. Process parameters Observed responses

Squeeze pressure
(MPa)

Die temperature
(°C)

Melt temperature
(°C)

Ultimate tensile strength (MPa) Hardness (HV)

As-casted
Avg.

S.D Aged
Avg.

S.D As-casted
Avg.

S.D Aged
Avg.

S.D

1 50 250 750 214 1.09 235 0.89 90 0.38 98 2.31

2 130 200 800 253 2.18 272 2.07 115 2.81 120 4.02

3 90 150 800 247 1.38 267 4.01 109 3.81 116 3.19

4 130 250 750 237 0.67 257 2.36 93 2.91 103 2.04

5 50 150 850 218 3.01 238 0.39 92 0.96 100 2.18

6 50 150 750 185 2.49 205 1.89 90 0.91 97 1.81

7 130 150 850 245 2.97 265 1.35 104 1.29 111 1.09

8 90 200 800 263 1.06 281 1.93 111 3.07 118 4.01

9 130 150 750 202 0.98 222 0.95 92 4.21 98 3.91

10 50 250 850 247 1.04 267 4.03 99 3.48 113 0.98

11 130 250 850 258 4.05 279 3.59 118 2.49 125 1.39

12 50 200 800 236 3.89 256 1.39 105 1.02 112 4.89

13 90 200 850 255 2.89 275 1.93 106 1.92 110 2.74

14 90 200 800 265 3.62 283 2.94 114 2.47 121 2.95

15 90 200 750 225 1.03 245 3.01 91 3.91 98 3.05

16 90 250 800 280 0.92 297 2.49 121 2.81 128 2.07

17 90 200 800 262 3.8 282 4.06 113 1.91 118 4.25

Standard deviation = Average value − observed value /no. observed values

Avg. average, SD standard deviation
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aluminium alloy 2024-2024 joints. For aged overcast joints,
main, interaction and quadratic effects include squeeze pres-
sure, die temperature, melt temperature, (squeeze pressure and
melt temperature), (die temperature and melt temperature),
(squeeze pressure)2, (die temperature)2 and (melt tempera-
ture)2. The ANOVA results of hardness after elimination of

insignificant model terms are presented in Table 6. The ade-
quacy measures R2, adjusted R2 and predicted R2 are closer to
one which indicates the adequacy of the developed models.
The empirical models for the prediction of hardness under as-
casted and aged overcasting conditions are provided in Eqs.
(3) and (4), respectively.

Hardness As−castedð Þ ¼ –3428:86884– 0:94433� Squeeze Pressureð Þ– 1:09249� DieTemperatureð Þþ
9:07778�Melt Temperatureð Þ þ 0:0005� Squeeze Pressure� DieTemperatureð Þþ
0:001625� Squeeze Pressure�Melt Temperatureð Þ þ 0:001� DieTemperature�Melt Temperatureð Þ
– 0:00189261� SqueezePressure2
� �þ 0:000788732� DieTemperature2

� �
–

0:00581127�MeltTemperature2
� �

ð3Þ

Hardness Agedð Þ ¼ –3391:19956– 0:55460� Squeeze Pressureð Þ– 1:36066� Die Temperatureð Þþ
9:01423�Melt Temperatureð Þ þ 0:0003125� Squeeze Pressure� Die Temperatureð Þþ
0:0010625� Squeeze Pressure�Melt Temperatureð Þ þ 0:00105� Die Temperature�Melt Temperatureð Þ–
0:00147447� Squeeze Pressure2
� �þ 0:00145634� Die Temperature2

� �
– 0:00574366�Melt Temperature2
� �

ð4Þ

3.2 Validation of the developed empirical models

To validate the empirical models developed for both the over-
cast conditions, eight confirmation experiments were conduct-
ed. The values of process parameters for the experiments were
chosen from the design space, which were different from those
used for model development. To clearly visualize the differ-
ence between actual and predicted values, the percentage error
was calculated using Eq. 5 [60]. The validation results of
empirical models developed for ultimate tensile strength and
hardness under as-casted and aged conditions are provided in
Table 7.

Percentage error ¼ actual value−predicted value

predicted value

����

����� 100 ð5Þ

It is evident from Table 7 that percentage error is less than
5%, which indicates the validity of the developed empirical
models. It can be established from the validation results that
developed models have the capability to predict the responses
accurately with minor deviation.

3.3 Response surface plots

The variations in effects of process parameters (squeeze pres-
sure, die temperature and melt temperature) on the response
variables (ultimate tensile strength and hardness) for both the
as-casted and aged overcast joints have been analysed using
3D response surface plots. It must be noted that these surface
plots elaborates the effect of two process parameters at the
central levels of third process parameter.

  50

  70

  90

  110

  130

150  

175  

200  

225  

250  

195  

221  

248  

274  

300  

  
U

lt
im

at
e 

T
en

si
le

 S
tr

en
g
th

  

  Squeeze Pressure   Die Temperature  
  50

  70

  90

  110

  130

150  

175  

200  

225  

250  

195  

221  

248  

274  

300  

  
U

lt
im

at
e 

T
en

si
le

 S
tr

en
g
th

  

  Squeeze Pressure   Die Temperature  

(a) (b)

Fig. 4 Response surface plots showing the effects of squeeze pressure and die temperature on ultimate tensile strength for a as-casted overcast joints and
b aged overcast joints
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3.3.1 Response surface plots for ultimate tensile strength
(UTS)

Figure 4a, b represents the effects of squeeze pressure and die
temperature on the ultimate tensile strength for as-casted and
aged overcast 2024-2024 joints, respectively. While compar-
ing these responses, it can be observed that the varying effects
of squeeze pressure and die temperature on the ultimate tensile
strength are similar. Ultimate tensile strength is more sensitive
to variation in die temperature as compared to squeeze pres-
sure. Furthermore, ultimate tensile strength has non-linear re-
lation with squeeze pressure, while linear relation with die
temperature. Ultimate tensile strength increases with increase
in die temperature. Furthermore, ultimate tensile strength in-
creases with increase in squeeze pressure up to a certain level
and then decreases with further increase in squeeze pressure. It
is pertinent to mention that highest ultimate tensile strength of
297.48 MPa has been achieved for aged overcast joints as
compared to ultimate tensile strength of 279.14MPa achieved
in as-casted overcast joints.

The effects of squeeze pressure and melt temperature on
ultimate tensile strength for as-casted and aged overcast
joints are presented in Fig. 5a, b, respectively. It is evident
from the figures that the ultimate tensile strength is non-
linearly related with squeeze pressure and melt temperature.
Ultimate tensile strength increases with increase in squeeze
pressure to a certain level and then decreases; similar behav-
iour can be observed by increasing melt temperature.
Furthermore, the effects of melt temperature and squeeze
pressure on aged overcast joints are 6.65% higher than as-
casted overcast joints.

Figure 6a, b demonstrates the effects of die temperature and
melt temperature for both overcast joints conditions. It is
clearly evident that ultimate tensile strength relates non-
linear with melt temperature and linear with die temperature.
Ultimate tensile strength is maximum at middle levels of melt
temperature; contemporarily, it increases with increase in die
temperature. Similar trend is observed for aged overcast joints.
It is observed that melt temperature significantly affects the
ultimate tensile strength as compared to the die temperature.
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Fig. 6 Response surface plots showing the effects of die temperature and melt temperature on ultimate tensile strength for a as-casted overcast joints and
b aged overcast joints
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Fig. 5 Response surface plots showing the effects of squeeze pressure and melt temperature on ultimate tensile strength for a as-casted overcast joints
and b Aged overcast joints
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3.3.2 Response surface plots for hardness

The 3D response surface plot demonstrating the effects of
squeeze pressure and die temperature on the hardness for as-
casted joints (Fig. 7a) is similar to aged overcast joints
(Fig. 7b). The response surface plots depict the direct influ-
ence of squeeze pressure and die temperature on hardness. It
can be observed that hardness for as-casted overcasted is af-
fected more by squeeze pressure than die temperature. While
for aged condition, influence of die temperature is more than
the squeeze pressure on hardness. For both conditions, hard-
ness increases with increase in die temperature. While with
increase in squeeze pressure, hardness increases up to a certain
value and then decreases.

Figure 8a, b demonstrates the effects of melt temperature
and squeeze pressure on hardness. By comparing these plots,
it is clearly evident that similar behaviour of hardness can be
observed by varying squeeze pressure and melt temperature. It
is clear from the plots that melt temperature significantly af-
fects hardness as compared to squeeze pressure. Hardness
increases with the increase in both squeeze pressure and melt

temperature up to a certain level, and further increase in these
process parameters results in decrease.

The effects of die temperature and melt temperature on
hardness are presented in Fig. 9a, b. The figures indicate that
hardness is minimum at low levels of die temperature andmelt
temperature and vice versa. Furthermore, the effect of melt
temperature is very large as compared to die temperature.

From the 3D response surface plots, it can be observed that
at low levels of squeeze pressure, die temperature and melt
temperature, low values of ultimate tensile strength and hard-
ness can only be achieved. This is due to premature solidifi-
cation at low squeeze pressure and die temperature [40] and
incomplete diffusion of two metals because of improper melt-
ing of zinc coating at low melt temperature [51]. Similarly, at
highest levels of melt temperature and squeeze pressure, low
values of ultimate tensile strength and hardness are attained
due to the fact that melting of Zn at excessive high tempera-
ture occurs which ultimately results in poor metallurgical
bonding [31, 51]. Furthermore, higher pressure levels yield
the propagation of micro crakes and reduced mechanical
properties [61], because at higher levels of pressure and
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Fig. 8 Response surface plots showing the effects of squeeze pressure and melt temperature on hardness for a as-casted overcast joints and b aged
overcast joints
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Fig. 7 Response surface plots showing the effects of squeeze pressure and die temperature on hardness for a as-casted overcast joints and b aged overcast
joints
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temperature, diffusion of one metal to other was disturbed
due to micro crakes [10].

The above discussion represents the main, interaction and
quadratic effects of process parameters (squeeze pressure,
die temperature and melt temperature) on the response var-
iables (ultimate tensile strength and hardness). There is al-
ways a need to control these process parameters in such a
manner that optimum results could be attained. Table 8 rep-
resents the summary of main, interaction and quadratic fac-
tors affecting the response variables for both overcast joint
conditions.

It is clear from Table 8 that main factors (squeeze pressure,
die temperature and melt temperature) significantly affect the
response variables. The interaction factor (squeeze pressure ×
melt temperature) influences hardness for both as-casted and
aged overcast conditions, whereas (die temperature × melt
temperature) affects all response variables except ultimate

tensile strength for as-casted overcast joints. The quadratic
factors (squeeze pressure)2 and (melt temperature)2 influence
all response variables, whereas hardness under aged overcast
joints condition is influenced by (die temperature)2 only.
Consequently, the most vital factor influences the response
variables is melt temperature followed by squeeze pressure
and die temperature.

3.4 Comparison of as-casted and aged 2024-2024
overcast joints responses

The discussion in the previous sections clearly highlights that
aged overcast joints results in better ultimate tensile strength
and hardness as compared to as-casted overcast joints. To
further demonstrate the effectiveness of aged overcast joints,

Table 8 Summary of main, interaction and quadratic factors affecting
the ultimate tensile strength and hardness

Factors Ultimate tensile
strength (MPa)

Hardness (HV)

As-casted Aged As-casted Aged

Squeeze pressure: A ✓ ✓ ✓ ✓

Die temperature: B ✓ ✓ ✓ ✓

Melt temperature: C ✓ ✓ ✓ ✓

Squeeze pressure × die
temperature: AB

Squeeze pressure ×melt
temperature: AC

✓ ✓

Die temperature ×melt
temperature: BC

✓ ✓ ✓

(Squeeze pressure)2: A2 ✓ ✓ ✓ ✓

(Die temperature)2: B2 ✓

(Melt temperature)2: C2 ✓ ✓ ✓ ✓
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Fig. 9 Response surface plots showing the effects of squeeze pressure and melt temperature on hardness for a as-casted overcast joints and b aged
overcast joints
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comparison between both conditions is provided in Figs. 10
and 11. It must be noted that the values of response variables
have been drawn from the design space provided in Table 4. It
is evident from the figures (Figs. 10 and 11) that improvement
in ultimate tensile strength and hardness has been observed in
the range of 5.7~9.8 and 3.6~12.4%, respectively, for age
overcast joints.

The effectiveness of squeeze overcasting can be ob-
served by comparing maximum ultimate tensile strength
and hardness obtained through squeeze overcasting with
the corresponding values of base metal itself (Fig. 12). It
is clearly evident from Fig. 12 that 40 and 48.5% improve-
ment in ultimate tensile strength has been achieved for as-

casted and aged overcasted joints, respectively. Similarly,
39 and 47% improvement in hardness has been achieved
through as-casted and overcasting, respectively. These sig-
nificant differences in ultimate tensile strength and hard-
ness clearly justify the deployment of squeeze pressure
during overcasting.

4 Conclusions

The aim of this research was to evaluate and improve ultimate
tensile strength and hardness of squeeze casted Al-Al joints
under as-casted and aged overcasting conditions. This has
been achieved through detailed investigation of the effects of
squeeze pressure, die temperature and melt temperature on as-
casted and aged overcasted joints. Response surface method-
ology has been used to design experiments and develop em-
pirical models of ultimate tensile strength and hardness. The
following conclusions can be drawn from this research:

& For both as-casted and aged overcast conditions, melt tem-
perature has been identified as the most significant process
parameters affecting the ultimate tensile strength and
hardness.

& Maximum ultimate tensile strength and hardness can be
achieved near the middle levels of melt temperature and
squeeze pressure and at the highest level of die temperature.

& The comparison of the developed empirical models for
both overcasting conditions revealed that aged overcasting
has a tendency to increase ultimate tensile strength and
hardness by 9.8 and 12.4%, respectively as compared to
overcasting under as-casted condition.

The findings of this research will aid the manufacturing
industries in developing lightweight materials with excellent
mechanical properties.
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