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Impact of coolant Water floW rate and temperature undersIde coolIng slope on solIdIfIcatIon 
WIth mIcrostructure and mechanIcal propertIes of casted aZ91 mg alloy

Present study describes about the effect of coolant water flow rate and coolant water temperature underside cooling slope on 
structural characteristics of casted aZ91 Mg alloy. here, over the cooling slope, hot melt flows from top to bottom. additionally, 
under the cooling slope, coolant water flows from bottom to top. Slurry gets obtained at bottom of cooling slope by pouring aZ91 
Mg melt from top of the slope. Coolant water flow rate with coolant water temperature underside cooling slope warrant necessary 
solidification and shear to obtain aZ91 Mg slurry. Specifically, slurry at 5 different coolant water flow rates (4, 6, 8, 10, 12 lpm) 
and at 5 different coolant water temperatures (15, 20, 25, 30, 35°C) underside cooling slope are delivered inside metal mould. 
Modest coolant water flow rate of 8 lpm with coolant water temperature of 25°C (underside cooling slope) results fairly modest 
solidification that would enormously contribute towards enhanced structural characteristics. as, quite smaller/bigger coolant water 
flow rate/temperature underside cooling slope would reason shearing that causes inferior structural characteristics. ultimately, 
favoured microstructure was realized at 8 lpm coolant water flow rate and 25°C coolant water temperature underside cooling slope 
with grain size, shape factor, primary α-phase fraction and grain density of 63 µm, 0.71, 0.68 and 198, respectively. Correspond-
ingly, superior mechanical properties was realized at 8 lpm coolant water flow rate and 25°C coolant water temperature underside 
cooling slope with tensile strength, elongation, yield strength and hardness of 250 MPa, 8%, 192 MPa and 80 hV, respectively.
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1. Introduction

On account of tough environmental guidelines across the 
sphere, the thriving focus always stays at bringing out eco-friendly 
materials with superior strength, decreased weight, higher potential 
and greater safety. due to the mentioned demands, light weight-
ing is mandatory but not optional. In addition, outgoing works on 
cell run vehicles, natural fuels and biotechnology too supplement 
secondary burden of weight. For example, hybrid electric vehicle 
uses less fuel than conventional one. Since, that uses electric-drive 
technology for enhancing its performance by regenerative brak-
ing. Furthermore, practice with typical high speed steel (hSS), 
tailor welded blank (TWB) or hot press would never serve the 
purpose. hence, materials lighter than hSS having enhanced 
strength definitely remain vital [1-3]. As a result, magnesium al-
loys stay widely utilized as impending type materials for numerous 
household and engineering practices. Yet, it remains 33% lighter 
than aluminium alloys [3]. Correspondingly, magnesium alloys 
are subjected to various thermal and mechanical practices. how-
ever, casting stands as a basic method for Mg alloys production.

In addition, studies on microstructures of squeeze casting of 
light alloys/composites are also reported in texts [4]. Parametric 
effects of mold or die casting on strength or creep of behaviors 
of AZ91D was also described [5]. Besides, parametric effects on 
thermal behaviours of high pressure die casting (hPdC) of Mg 
alloys have also been investigated [6]. Rheological properties 
pertaining to viscosity and shear rate of aZ91 alloys at semisolid 
condition was investigated [7]. Comparative tribological proper-
ties relating to corrosion and wear behaviours of die-casted and 
injection moulded AZ91D alloy was examined [8]. Studies on 
microstructure of cooling slope (CS) cast and thixoformed al al-
loy blocks was reported [9]. Additionally, details about semisolid 
materials (SSM) processing on structural behaviours was also 
described widely [10]. Structural properties of thixomolded and 
SSM processed Mg alloys were compared as well [11]. Stud-
ies on microstructures of CS casting of cast iron (CI) was also 
reported in literature [12]. Rheo-diecasting practice was also 
developed for billet casting of Mg alloys [13]. Besides, influence 
of melting practice on the structural characteristics of aZ91 Mg 
alloys was studied [14]. Investigations of microstructures on 
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thixoformed and CS cast A357 alloy was also carried out [15]. 
Furthermore, studies on microstructures of CS cast a356 alloy 
is also reported in texts [16]. 

Microstructural properties of SSM casting of a356 alloy 
billets obtained via serpentine channel was also studied [17]. 
Influences of nozzle size/height and plate tilt/length on semisolid 
condition of CS cast A356 alloy was investigated as well [18]. 
Studies on quality of a356 alloy slurry produced through serpen-
tine channel is also available [19]. Besides, studies on parametric 
influences (concerning casting temperature, roll speed, plate 
angle with vibration) on structural characteristics of CS strip 
cast AZ91/AZ31 alloy was also described [20,21]. numerical 
studies on effects of pouring temperature, plate gradient/length 
alongside cooling rate on solidification behaviours of CS cast 
A356 alloy was also done [22,23]. Additionally, microstructure 
with mechanical characteristics of squeeze cast a356 alloy 
produced via vibrating CS was also examined [24]. Studies on 
microstructures of cast iron produced via cooling slope are also 
reported [25]. Studies on structural characteristics of CS cast 
ZCuSn10P1 alloy were also described [26]. Investigations were 
done on influences of process parameters on structural properties 
of CS cast A356 alloy produced by semisolid forming (SSf) [27]. 
Investigations on effects of plate length/tilt on production of CS 
cast A356/A380 alloy feedstocks were also done [28]. Studies on 

optimization of pouring temperature for CS cast hypereutectic 
Al-Si alloy were described as well [29].

Very general cooling slope casting associated experimental 
investigations mentioned so far definitely involve some important 
process parameters as reported before in some texts. But, reported 
investigations completely suffer from non-appearance of coolant 
water flow rate and coolant water temperature underside cooling 
slope. To finest of authors’ observations, there remain not a single 
experimental investigation on impact of coolant water flow rate and 
coolant water temperature underside cooling slope on solidification 
with microstructure and mechanical properties of casted aZ91 Mg 
alloy destined for CS semisolid casting. With this posture, present 
research establishes experimental studies on impact of coolant 
water flow rate and coolant water temperature underside cooling 
slope on solidification with microstructure and mechanical proper-
ties of casted aZ91 Mg alloy destined for CS semisolid casting.

2. experimental

Fig. 1 depicts the experimental section (destined for car-
rying out investigations) that entails tundish, stainless steel 
cooling slope, water channel and stainless steel metal mould 
(to produce castings).

 
   (a)          (b) 

 
(c)      (d) 

Fig. 1. Experimental section involving (a) photograph of setup, (b) schematic of setup, (c) photograph of metal mould and (d) photograph of a 
semisolid casting
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2.1. materials

Commonly used aZ91 alloy was deployed as test material 
in current study. Chemical composition of aZ91 alloy remains as 
(by wt.): 8.3-9.7%Al, 0.35-1%Zn, 0.2%Mn, 0.1%Si, 0.03%Cu, 
0.002%Ni, 0.005%Fe and balance Mg. The liquidus and solidus 
temperatures of AZ91 alloy are just about 598°C and 470°C, 
respectively.

2.2. melt preparation and treatment

aZ91 alloy pieces are utilized in present study. aZ91 alloy 
melt gets prepared within silicon-carbide crucible positioned 
inside resistance furnace. Besides, for appropriate grain modi-
fication/refinement, the melt undergoes chemicals treatments 
with carbides (for carbon inoculation) and other additive TiB2. 
Information pertaining to melting with treating practices also 
illustrated previously [22,23].

2.3. melt pouring and slurry production

Basically 1.5 kg of aZ91 alloy melt (at 605°C) was slowly 
released into metal mould using cooling slope of length 250 mm 
with gradient 60º. Specifically, alloy slurry at five diverse cool-
ant water flow rates (4, 6, 8, 10 and 12 lpm) and at five diverse 
coolant water temperatures (15, 20, 25, 30 and 35 °C) underside 
cooling slope are delivered inside metal mould. With K-type 
thermocouple, temperature of alloy slurry at slope outlet too 
was recorded regularly. Information on melt pouring and slurry 
production too illustrated previously [22,23].

2.4. sample preparation

Thick sample of 20 mm got shaped from all mould castings 
of aZ91 alloy. Various classes of emery papers got considered 
to enhance samples’ surface features [22,23]. It succeeded with 
SiC powder and diamond paste polishing. In other words, each 
aZ91 alloy casting undergoes usual practices like cutting (us-
ing power hacksaw), grinding (using abrasive grinding wheel), 
normal polishing (using different grades of sandpapers) followed 
by SiC powder polishing alongside diamond paste polishing 
and etching (using appropriate acetic glycol solution), More 
appropriately, processed samples undergo etchant treatment 
using acetic glycol solution (20 ml acetic acid, 1 ml hNO3, 
60 ml ethylene glycol and 20 ml water). lastly, samples undergo 
metallographic testing for optical microscopy.

2.5. microstructural evaluation

Microstructural characterization on grain size, shape fac-
tor, primary α-phase fraction and grain density got carried out 

on samples’ micrographs. In addition, particle shape factor 
(or globularity) is referred as 4πA/P2 i.e. 4π(area)/(perimeter)2. 
That ranges from 0 (for dendrite) to 1 (for circle). Furthermore, 
grain density (count/sq. mm) remains determined deploying 
Sigma Scan Pro (version 4.0) image analysis software. More 
information on micrograph and microstructural evaluation 
practices also illustrated previously [22,23].

2.6. mechanical properties

Tensile samples of size 25×5 mm were shaped from all 
castings. essential sample tests were accomplished by InStRon 
5567 showing 10–3/s strain rate. Presently, en ISo 6892-1 test-
ing standard is used. In addition, hardness samples of dimension 
40×20 mm were shaped from semisolid castings. hardness tests 
were done using Zeiss Uhl VMht 0.001 Vickers hardness 
tester. diamond indenter operates on load 1.96 N and dwell 
time 20 s. These tests were done to evaluate strength, elongation 
and hardness of aZ91 alloy castings.

3. results and discussion

Comprehensive tests were carried out for experimental 
study on impact of coolant water flow rate and coolant water 
temperature underside cooling slope on solidification with 
microstructure and mechanical properties of casted aZ91 Mg 
alloy destined for CS semisolid casting. Present study conveys 
on perceptive moderate coolant water flow rate and temperature 
that would bring pretty modest solidification with microstructure 
and mechanical properties of cooling slope casting. Initially, for 
test case aZ91 alloy melt at 605°C temperature was discharged 
on cooling slope of 250 mm length and 60° gradient concerning 
8 lpm coolant water flow rate along with 25°C coolant water 
temperature underside cooling slope.

3.1. Impact of coolant water flow rate underside  
cooling slope

For experimental investigation on impact of coolant wa-
ter flow rate underside cooling slope on solidification with 
microstructure and mechanical properties, conscientious tests 
were carried out with generation of aZ91 alloy slurry (at slope 
outlet) for five diverse coolant water flow rates (4, 6, 8, 10 and 
12 lpm) underside cooling slope. Elevated coolant water flow 
rate concerns less slurry temperature at slope outlet. Magnitude 
of solidification upsurges with coolant water flow rate ow-
ing to taking away of more heat by coolant water during the 
process. Therefore, solid fraction increases with coolant water 
flow rate underside cooling slope. Table 1 sums up tempera-
ture with solid fraction summary of alloy slurry released from 
slope outlet at five diverse coolant water flow rates underside  
cooling slope.
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tABle 1

Temperature with solid fraction summary of aZ91 alloy slurry 
released from slope outlet at five diverse coolant water flow rates 

underside cooling slope

Coolant water flow rate 
underside cooling slope (lpm) toutlet (°c) solid fraction by 

scheil equation (%)
4 592 15
6 589 20
8 582 24
10 578 29
12 576 32

3.1.1. microstructure of semisolid castings

5 different castings were obtained at five different coolant 
water flow rates underside cooling slope. Samples were prepared 
to capture micrographs for metallographic study. Fig. 2 illustrates 
representative microstructures of mould castings of aZ91 alloy. 
It only discloses about variations in pragmatic morphology of 
castings obtained at different coolant water flow rates under-
side cooling slope. Besides, microstructural characterizations 
get performed deploying Sigma Scan Pro (version 4.0) image 
analysis software [22,23]. 

3.1.2. structural characterization of semisolid castings

Fig. 3 shows structural characterization of previously de-
picted mould castings microstructures of aZ91 alloy. Pragmatic 

that initially grain size reduces with increase in coolant water 
flow rate (underside cooling slope) till 8 lpm and then trend 
reverses. Whilst, shape factor, primary α-phase fraction, and 
grain density enhance with coolant water flow rate till 8 lpm 
and then trend reverses. as, firstly, shearing increases with 
coolant water flow rate underside cooling slope on account of 
nucleation and grain growth besides flow inertia. But, afterward, 
shearing decreases with further increase in coolant water flow 
rate underside cooling slope on account of particle sticking 
and deposition/accumulation besides flow inertia. ultimately, 
favored microstructure got realized at 8 lpm coolant water 
flow rate underside cooling slope with grain size, shape factor, 
primary α-phase fraction and grain density of 63 μm, 0.71, 0.68 
and 198, respectively.

3.1.3. mechanical properties of semisolid castings

Fig. 4 shows mechanical properties of semisolid castings 
of aZ91 alloy. Pragmatic that initially strength, elongation and 
hardness increase with coolant water flow rate (underside cool-
ing slope) till 8 lpm and later trend reverses. Mainly it occurs 
because of influence of grain refinement on mechanical prop-
erties that gets fully realized from hall-Petch effect. Certainly, 
smaller grain causes higher strength, whilst, higher shape factor 
and/or homogeneity causes higher ductility. ultimately, superior 
mechanical properties got realized at 8 lpm coolant water flow 
rate underside cooling slope with tensile strength, elongation, 
yield strength and hardness of 250 MPa, 8%, 192 MPa and 
80 hV, respectively. 

 
(a)      (b) 

 
 (c) 

Fig. 2. Microstructures of semisolid castings obtained at coolant water flow rates (underside cooling slope) of (a) 4 lpm, (b) 8 lpm and (c) 12 lpm
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3.2. Impact of coolant water temperature underside 
cooling slope

For experimental investigation on impact of coolant water 
temperature underside cooling slope on solidification with 
microstructure and mechanical properties, conscientious tests 
got carried out with generation of aZ91 alloy slurry (at slope 
outlet) for five diverse coolant water temperatures (15, 20, 25, 
30 and 35°C) underside cooling slope. Elevated coolant water 
temperature concerns more slurry temperature at slope outlet. 
Magnitude of solidification declines with upsurge in coolant 
water temperature owing to taking away of less heat by coolant 
water during the process. Therefore, solid fraction decreases with 
increase in coolant water temperature underside cooling slope. 
tABle 2 sums up temperature with solid fraction summary of 
alloy slurry released from slope outlet at five diverse coolant 
water temperatures underside cooling slope.

3.2.1. microstructure of semisolid castings

5 different castings were obtained at five different cool-
ant water temperatures underside cooling slope. Samples were 
prepared to capture micrographs for metallographic study. Fig. 5 
illustrates representative microstructures of mould castings of 

aZ91 alloy. It only discloses about variations in pragmatic 
morphology of castings obtained at different coolant water tem-
peratures underside cooling slope.

3.2.2. microstructural properties of semisolid castings

Fig. 6 shows structural characterization of previously 
depicted mould castings microstructures of aZ91 alloy. Prag-
matic that initially grain size, shape factor and primary α-phase 
fraction increase with coolant water temperature till 25°C and 
then trend reverses. Whilst, grain density reduces with increase 
in coolant water temperature till 25°C and then trend reverses. 

Fig. 3. Structural characterization of semisolid castings relating coolant water flow rates (underside cooling slope) with (a) grain size/shape fac-
tor and (b) α-phase fraction/grain density

Fig. 4. Mechanical properties of semisolid castings relating coolant water flow rates (underside cooling slope) with (a) tensile strength/elongation 
and (b) yield strength/hardness

tABle 2

Temperature with solid fraction summary of aZ91 alloy slurry 
released from slope outlet at five diverse coolant water temperatures 

underside cooling slope

coolant water temperature 
underside cooling slope (°c) toutlet (°c) solid fraction by 

scheil equation (%)
15 574 35
20 577 30
25 582 24
30 591 17
35 595 8
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(a)      (b) 

 
 (c) 

Fig. 5. Microstructures of semisolid castings observed at coolant water temperatures (underside cooling slope) of (a) 15°C, (b) 25°C and (c) 35°C

Fig. 6. Microstructural properties of semisolid castings relating coolant water temperatures (underside cooling slope) with (a) grain size/shape 
factor and (b) α-phase fraction/grain density

fig. 7. Mechanical properties of semisolid castings relating coolant water temperatures (underside cooling slope) with (a) tensile strength/elonga-
tion and (b) yield strength/hardness
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as, firstly, shearing decreases with increase in coolant water 
temperature underside cooling slope on account of low solidifica-
tion magnitude. But, afterward, shearing increases with coolant 
water temperature underside cooling slope on account of high 
solidification magnitude. ultimately, favored microstructure got 
realized at 25°C coolant water temperature with grain size, shape 
factor, primary α-phase fraction and grain density of 63 μm, 0.71, 
0.68 and 198, respectively.

3.2.3. mechanical properties of semisolid castings

fig. 7 shows mechanical properties of semisolid castings 
of aZ91 alloy. Pragmatic that initially strength, elongation and 
hardness increase with coolant water temperature till 25°C 
thereafter trend reverses. Mainly it happens due to influence of 
grain refinement on mechanical properties that gets fully realized 
from hall-Petch effect. Certainly, homogeneous grain distribu-
tion along with higher primary α-phase fraction (resulting from 
moderate cooling, solidification together with grain growth and 
better dissolution of constituent particles) causes higher strength, 
whilst, higher shape factor and/or homogeneity causes higher 
ductility. ultimately, superior mechanical properties got real-
ized at 25°C coolant water temperature with tensile strength, 
elongation, yield strength and hardness of 250 MPa, 8%, 192 
MPa and 80 hV, respectively.

4. conclusions

Comprehensive experiments conducted for studying impact 
of coolant water flow rate and coolant water temperature under-
side cooling slope on solidification and structural characteristics 
of casted aZ91 Mg alloy. Coolant water flow rate with coolant 
water temperature underside cooling slope ensure necessary so-
lidification and shear for generating aZ91 semisolid slurry. aZ91 
Mg alloy slurry at 5 different coolant water flow rates (4, 6, 8, 10 
and 12 lpm) and at five different coolant water temperatures (15, 
20, 25, 30 and 35°C) underside cooling slope are delivered inside 
metal mould. Modest coolant water flow rate of 8 lpm with cool-
ant water temperature of 25°C (underside cooling slope) results 
fairly modest solidification that would enormously contribute 
towards improved structural properties. Since, relatively smaller/
bigger coolant water flow rate/temperature underside cooling 
slope would reason some shearing that causes inferior structural 
properties Eventually, preferred microstructure was obtained at 
8 lpm coolant water flow rate and 25°C coolant water tempera-
ture underside cooling slope with grain size, shape factor, primary 
α-phase fraction and grain density of 63 µm, 0.71, 0.68 and 198, 
respectively. Correspondingly, enhanced mechanical proper-
ties were obtained at 8 lpm coolant water flow rate and 25°C 
coolant water temperature underside cooling slope with tensile 
strength, elongation, yield strength and hardness of 250 MPa, 8%, 
192 MPa and 80 hV, respectively. hence, modest magnitudes of 
cooling slope parameters lead to superior structural properties.
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