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Abstract

Semi-solid metal processing (SSMP) is an ideal method of producing high-quality products with fewer defects in casting
technology. Viscosity is the most important physical and chemical property for the flow behaviour of the SSMP. Currently,
there are several approaches, both theoretical and experimental, to evaluate the viscosity of semi-solid metals. This paper
comprehensively reviews the single point and multi-point viscometry for SSMP. Features, similarities, and limitations of
different viscometers for SSMP applications are then compared. The effect of influencing factors on the viscosity behaviour
of SSMP is also highlighted. The importance of the non-dendritic globular microstructure and the instantaneous drop in
viscosity caused by the scattering of solid particles during SSMP are explained. It is expected that the study will assist the

researcher in identifying the best method of viscosity measurement during SSMP.

Keywords Semi-solid metal processing - Viscosity - Properties - Behaviour - Viscometer

1 Introduction

Fleming and his colleagues introduced the semi-solid metal
processing (SSMP) at MIT in the 1970s [1]. SSMP has been
widely known as an important technology for over 50 years.
SSMP involves the processing of alloys between solidus and
liquidus temperatures. Generally, SSMP consists of two
main categories: rheo route and thixo route [2]. The rheo
route involves preparing a liquid phase semi-solid metal
(SSM) slurry and transferring directly into a die or mould to
form the component. In rheo routes, liquid metal alloy emul-
sion is stirred during solidification [3]. This method uses
the same concept similar to mechanical stirring, producing
globular microstructure feedstock billet [4]. Thixo route is
based on three steps: first, the preparation of a feedstock bil-
let having a globular and non-dendritic microstructure. The

P4 Asnul Hadi Bin Ahmad
asnul@ump.edu.my

Department of Mechanical Engineering, College
of Engineering, Universiti Malaysia Pahang, Lebuhraya Tun
Razak, 26300 Gambang, Kuantan, Pahang, Malaysia

Centre for Automotive Engineering, Universiti Malaysia
Pahang, 26600 Pekan, Pahang, Malaysia

Energy Centre, Maulana Azad National Institute
of Technology, Bhopal 462003, India

second step is to reheat the feedstock billet for a particular
time to obtain a semi-solid structure between the solid and
the liquid state. The third step is to obtain the shape of the
mush state, which has thixotropic characteristics [5]. Sev-
eral advantages were found with thixo route over the rheo
routes [6].

Viscosity properties play an important role in the die-
filling behaviour of the SSM process during the casting pro-
cess [7]. Density, molecular weight, solid fraction, particle
size, distribution, chemical analysis, pouring temperature,
and solidification time are among the important metallurgi-
cal parameters affecting the viscosity of the SSM process [8,
9]. SSMP viscosity measurements are normally based on the
physical properties, chemical reaction, and low viscosity of
metals. SSMP is a short-term behaviour; therefore, special
attention needs to be paid during viscosity measurement.
Problems in the study of the viscosity properties of certain
pure metals (Al, Mg, Cu, Zn, Fe, and Si) and alloys have
been explained by several researchers [10-13].

Rheology is a branch of physics that studies the flow and
decay of materials [14]. The rheological property of SSMP is
equal to the value of fluidity behaviour in liquid metals. Viscos-
ity and flow behaviour is important in the casting process of
commercial products such as automotive spare parts, aerospace
equipment, electronic parts, machinery, and construction materi-
als. SSMP is suitable for the processing of high-quality goods
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Fig.1 (a) Typical micrographof
dendritic microstructure (b)
Globular microstructure of the
semi-solidalloy sample [30]

with low gas porosity, lower shrinkage, and light metals such
as aluminium, magnesium, and copper [15]. It has been found
that the SSMP method is the best way to eliminate the short-
comings of conventional casting and produce better products
[16, 17]. However, the viscosity and flow behaviour needs to be
controlled efficiently to avoid typical casting defects. Therefore,
emphasis should be given to the viscosity measurement method
of SSMP.

There are numerous methods to calculate the viscosity of
metals during different processing stages. A standard method
typically used to measure the viscosity of SSMP is the capillary,
oscillating vessel, oscillating body or plate, falling ball or body,
draining vessel, oscillation levitation, concentric cylinder, cone,
and cone plate, drop-forge. Some of these methods were com-
piled and studied by Brooks et al. [18] for liquid metal viscosity
measurement. However, the viscosity value of the SSMP was
not included in the measurement.

Many researchers have studied a viscometer with
two basic types, which consists of Newtonian and non-
Newtonian fluids [19-21]. However, only several studies
have provided a detailed discussion on SSMP viscosity
measurement. Besides, it should be noted that there are
still some aspects that are unclear or contradictory in the
literature regarding SSMP viscometer [22-24]. Nonethe-
less, there has been limited information available in the
literature on the SSMP viscometer.

This review article aims to provide a brief description of the
SSMP’s viscosity behaviour and various viscosity measurement
methods. Factors influencing the viscosity and rheo/thixo meth-
ods of SSMP are also discussed. In particular, it provides an

Fig.2 Photo sequence illustrat-
ing the billets sliced by an
ordinary knife [31]
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insight on its viscosity measurement methods followed by a dis-
cussion on limitations. Overall, the review will be useful for new
researchers in selecting the best from the existing viscometer or
designing a new viscometer with desirable characteristics.

2 Characterization of SSMP

SSMP is the formation of a non-dendritic shape microstruc-
ture using mechanical agitation of solidifying metals within the
solid-liquid temperature range. The dendritic shape is a typical
microstructure in the casting process, whereas advanced globu-
lar grains in the liquid matrix are predominant microstructures
in the SSMP [25]. Many researchers have described algorithms
for the dendritic to globular morphology [26-29]. Non-den-
dritic spherical morphology is vital for a better understanding
of SSMP. The microstructure of thixotropic behaviour of semi-
solid aluminium-silicon alloy is shown in Fig. 1.

The non-dendritic nature of the solid phase gives exclusive
rheological properties to the metal slurries. Metal slurry with
a solid phase of up to 50% would flow homogeneously with
an effective viscosity that is greater than liquid alloy. As metal
emulsions are formed into parts, the higher viscosity would lead
to less turbulent mould filling, producing high-quality parts by
minimizing the entrapment of air and particles [31]. The semi-
solid state in general consists of both the liquid and solid-state
where non-dendritic solid particles are scattered in the liquid
matrix and becomes liquid due to the instantaneous drop in vis-
cosity. Semi-solid billets produced in the rheo casting process
can remain in a solid state and can be easily cut with an ordinary
knife when the shear force is applied, as shown in Fig. 2.
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SSMP is consistent with the thixotropic behaviour of alloys
with non-dendritic microstructure [32]. Due to its microscopic
structure in SSMP, it contains solid spheroids in a liquid matrix.
The viscosity depends on the time and shear rate so that if
sheared, it flows, and if it is permissible to stand, it thickens again.
This activity contributes to laminar rather than turbulent die fill-
ing. Besides, it avoids defects such as porosity, and improves
mechanical properties. Therefore, several researchers are inter-
ested in examining the microstructure of SSM [33-36]. The vis-
cosity of SSM emulsions depends on the process parameters and
the metallurgical properties of the alloy [37]. Several study results
suggest that temperature and applied shear strength, solid fraction
and its morphology, dendritic or spherical and solid particle size,
and distribution are important parameters affecting the viscos-
ity of a semi-solid billet [38—40]. SSMP alloys have undergone
several changes over the past five decades. Nevertheless, despite
the intense competition of traditional casting and, in particular,
die-casting processes, and the emergence of additive manufactur-
ing (AM), there seems to be a resurgence in core technology [41].
The following provides a detailed overview of the rheology of
SSM and its process evolution, as well as a more recent develop-
ment, an indication for future prospects.

3 Viscosity

Viscosity is a direct measurement of the internal friction
of fluid during SSMP. The viscosity and flow behaviour of
SSMP is an important characteristic of filler capacity in the
casting process. It leads to the kinetic performance required
for the design and material deformation. The viscosity is
considered in terms of microstructural evaluation [42]. Many
researchers have reported that pressure, molecular weight,
shear rate, temperature pouring time, and holding time influ-
ence the viscosity behaviour [37, 43]. Newton’s law of vis-
cosity defines the relationship between shear stress and the
shear rate of fluid under mechanical stress. The ratio of shear
stress to shear rate is constant for a given temperature and
pressure and is defined as the coefficient of viscosity. The
viscosity diagram based on the shear stress and shear rate is
shown in Fig. 3. In an SSMP, the fluid continues to flow only

Force (F)

2 Velocity(U)

Distance

Shear stress=F/A Shear rate=U/A

Fig.3 Illustration diagrams for viscosity in terms of shear stress and
shear rate [46]

as long as the shear stress and shear ratio are applied over the
SSM fluid [44]. The SSMP viscosity varies greatly depend-
ing on the shear rate and the slight temperature change [45].

Molten liquids and liquid metals should flow better into
the die cavity during the casting process. The viscosity of the
SSMP depends on the effects of the flow process, especially
on the squeeze casting and thixotropic processes [47]. In the
very short-term behaviour of SSMP, the cooling rate and
internal and external variables affect the flow behaviour of
semi-solid emulsions. Nevertheless, during the SSMP, it is
possible to create better products by accurately predicting
the defined flow behaviour, pressure, temperature, shear rate,
and time of the SSM emulsion. Therefore, viscosity calcula-
tion is significant in the casting process.

3.1 Effect of pressure on viscosity

As the pressure increases, the distance between the atoms
in the material decreases and, thus, the viscosity of the
liquid is increased. Moreover, casting under pressure will
improve the excellent metallurgical quality of the matrix
alloys. Pressure loss is the cause of the cessation of mould
filling during the flow of semi-solid emulsion. Therefore,
pressure is very important for mould filling capacity in cast-
ing processes [48]. The viscosity of liquids other than water
increases exponentially with isotropic pressure, and the vis-
cosity decreases first before further increasing rapidly. The
importance of viscosity and pressure is evident when using
the high/low pressure die casting process [49].

3.2 Effect of temperature on viscosity

Temperature and thermal conductivity greatly affect the
viscosity and microstructure of SSMP [39]. On the other
hand, the viscosity of the SSMP decreases as the tempera-
ture increases [22]. Temperature gives the activation energy
to the molecules of the material that causes them to move
[50]. This movement only occurs when the liquid molecules
pass each other. The ease of flow depends on the attractive
force between molecular chains and molecules. In SSMP, it
is necessary to maintain a constant temperature throughout
the process [51].

3.3 Effect of shear rate on viscosity

The shear rate is an important behaviour of the flow process,
the rate at which the fluid is sheared or worked during flow.
High viscosity fluids can stay in the same place depend-
ing on the shear rate, while low viscosity fluids can spread
quickly. Many researchers [52-54] have explained that the
viscosity of a fluid can significantly affect the viscosity of
SSMP based on the shear rate. Figure 4 shows the most com-
mon types of fluid flow curves.
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Fig.4 Typical flow curve for (a) shear stress versus shear rate and (b) viscosity versus shear rates [55]

The behaviour of the fluids and the effect of viscosity on
the shear rate are illustrated in Table 1. According to several
reviews and articles based on the shear rate for rheological
studies of materials [56-58], fluids with Newtonian behav-
iour behave at a certain shear rate, when the viscosity of the
fluid is constant. But collisions between small molecules or
atoms scatter the particle energy as the shear rate changes
in other behaviour fluids. Similarly, when the shear stress of
Newtonian fluids is high, they may become non-Newtonian.
If the relationship between the shear rate and the shear stress
is non-linear, then the fluid may be non-Newtonian. In a semi-
solid metal processing system with a non-dendritic micro-
structure, the viscosity varies based on the shear-thinning or
thickening behaviour. Increasing the shear rate and coupled
with the material’s deformation causes the SSMP’s viscosity
to decrease involving.

3.4 Effect of time on viscosity

Viscoelastic materials are naturally time-dependent, and the
rheological properties differ while examining them at differ-
ent frequencies and shear rates [59]. In a thixotropic process,
the viscosity of SSM fluid decreases with time at a constant
shear rate. It takes a long time to reach a constant viscosity
value due to the changes in shear rate due to thixotropy, and
the sample always achieves the same equilibrium value [16].

Rheopexy behaves contrary to thixotropy, increasing viscos-
ity with respect to time, not reaching equilibrium viscosity
[60]. The time-dependent shear rate and viscosity changes
are shown in Fig. 5.

4 Viscosity measurements methods

Rheometry is used to determine rheological parameters. One
of the essential parameters in rheometry is the viscosity meas-
urement of fluids. In particular, the viscosity of any fluid is
determined by its flow behaviour. A study of the rheological
behaviour of SSM reveals the need for viscosity and viscom-
eter [61]. Many viscometers are in use to measure dynamic
shear viscosity or viscosity based on the material, measure-
ment method, measuring instruments and sources of measure-
ment errors [62]. The most common techniques used to calcu-
late the viscosity of SSMP are the capillary method, oscillating
method, a falling body, draining vessel method, oscillating
levitated drop method, concentric cylinder method, cone and
plate method, parallel plate rotary method, and parallel plate
compression method [63]. The description of the classification
is given in Fig. 6. Viscometers are classified according to the
behaviour, properties, and application method. The following
of this review describes the types, measurement methods, fea-
tures, and limitations of a viscometer.

Table 1 Influence of shear rate
and viscosity on the behaviour
of fluids

Behaviour Shear rate Viscosity value Viscosity
index
Newtonian behaviour For all Constant =1
Shear-thinning behaviour Increased Decreased <1
Shear-thickening behaviour Increased Increased 1>1
Plastic behaviour Until the shear stress Infinite []=x
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Fig.5 Schematic diagram showing the viscosity of the thixotropic
behaviour of semi-solid emulsions with time and shear rate [60]

4.1 Capillary method

The capillary viscometer is known as the best viscometer for
measuring the viscosity of Newtonian fluids. Nevertheless,
SSM and non-Newtonian fluid viscosity can be measured by
adjusting the shear rates within two minutes [19, 20]. Vis-
cosity is measured in terms of the time it takes for the fluid
to exit through the capillary tube under pressure applied on
a given amount of SSM [64]. To calculate the viscosity of
the capillary tube viscometer, the flow rate, pressure drop,
radius of the capillary and the length and shear rate of the
capillary, and shear stress must be considered. The capil-
lary viscometer measures the viscosity based on the Hagen
Poiseuille equation as in Eq. (1) as follows.

Fig. 6 Illustration of the clas-
sification of viscometers for
semi-solid metal processing

APzR*
n=—-

8LO )

where P is the pressure drop along the length of the capillary
in Pa, R is the radius of the tube in m. L is the length of the
capillary in m; Q is the flow rate m*/s through the tube. This
is related to the pressure drop in the capillary tube and the
shear viscosity of the fluid to tested at low rates.

The capillary viscometer for SSMP is a single-point
system used to calculate viscosity by measuring the flow
rate and pressure difference of SSM fluids between two
terminals, as shown in Fig. 7. It is directly proportional
to the capillary pressure drop in the capillary tube and
inversely proportional to the flow rate. Equal focus on
both fluid entry and outflow and the length, diameter, and
design of the capillary are taken into account to reduce the
kinetic energy effect, and the design and construction of
the capillary should also clearly illustrate the jet formation
or surface tension that occurs during exit [65]. It is better
to use a capillary viscometer with different capabilities
depending on the SSM measurement methods. A capillary
viscometer with different designs and pressure capabilities
is required to suit the SSMP of rheo and thixo routes.

In rheo method viscosity measurements, a device that
reflects the amount of fluid in a pressure vessel is required.
Moreover, the fluid pressure and temperature must be
measured before the fluid enters the capillary tube [66].
The most tedious techniques are to accurately measure the
amount of SSM fluid placed in a pressure vessel and to
record the amount of fluid discharged during the process.
For different SSM and non-Newtonian fluid measurements,
adjusting the pressure using tubes with different diame-
ters is the operating range. The data from the density and
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viscosity study of SSM fluids, the measured pressure, tubes
of known diameter, and the volume of the fluid flowing
through the pipe at a given time will help to understand the
problems involved in designing a new viscometer [67]. The
capillary tube must be longer to obtain a stable laminar low
regime. End effects may lead to incorrect results when the
ratio of length to the inside diameter of the capillary tube
is low. It has been predicted that when the ratio between
length and radius is greater than sixty-five, the entrance
effect due to sudden constriction of the fluid streamlines
are negligible [19]. Although increasing the applied pres-
sure increases viscosity and measured relaxation time,
studies have shown there is no relaxation time [54]. The
kinetic energy at the capillary inlet leads to a drop in pres-
sure [68].

Capillary viscometers are very useful for measuring the
viscosity of SSMP, but there are some drawbacks in their
use. During the dynamic viscosity calculation of SSM, it
is not advisable to use similar metals as capillary bodies
owing to the high melting point, pressure, and volumetric
flow of metals and alloys. In a study related to SSMP pour-
ing temperature and holding temperature effects, aluminium
alloys are often set at the temperature range of about 1200 C
[69]. Nevertheless, Pb, Bi, Zn, Cd, Sb, Ga, In, Sn, Cu, and

Table 2 Synthesis of capillary viscometer aspects

+——— Punch

+—— Die
Heated billet
Capillary tube

Catch pot +— Work bench

Coolant exists

(b)

Ag are successfully measured to 1100 °C with a percentage
of accuracy +0.5. Depending on the high temperature, high
shear stress, and density of different fluids, changes in the
size of the capillary tubes are required. This is closer to the
accuracy processing condition than the rotary viscometer. In
SSMP viscosity measurement, a major error can occur due
to losses and end edge effects. Features of capillary viscom-
eters are presented in Table 2.

4.2 Oscillating-type method

The oscillating-type viscometer can be classified into two
types: oscillating vessel viscometer and oscillating body or
plate viscometer [70].

4.2.1 Oscillating vessel method

Oscillating vessel viscometer is commonly used for liquids
and liquid metals viscosity and density measurements [71].
It is ideal for measuring the low viscosity of SSM alloys
such as Al-Cu and Al-Cu-Si [11]. The viscosity of SSMP
is calculated based on the frequency and duration of the
oscillating vessel. It is better than a capillary viscometer in
measuring low viscosity more accurately and easily.

Principle Advantages Disadvantages Measuring error factors Most preferable
references
Based on Poiseuille’s law, the flow eSimple design eDifficult to clean capillary tubes eKinetic energy losses [78-83]

ePortable

eSuitable for rheo and thixo
routes

eReasonable inventory cost

eEasy to measure

of fluid through the narrow
tube resulting from hydrostatic
or applied pressure with time

eDifferent diameters, different lengths, and
different body viscometers needed for their
pressure ratios and fluid characteristics

ePressure losses

eViscous end effects

eFree of gas bubbles

eOxides inclusions, turbulence
eEffects of surface tension
eThermal effects

eWall defects
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A schematic diagram and photo view of the oscillating
viscometer is shown in Fig. 8. A is the oscillating initiator
it is connected with the suspension wire, B is the He—Ne
laser and photodetectors placed on a vibration-free table, C
is the furnace, D is the thermocouple, it is used to measure
the temperature, E is the temperature controller for the fur-
nace, F is the inert gas intake, G is the vacuum system, H is
the vibration-free table, I is the inertial disc and mirror, J is
the quartz window for the laser beam, K is the layout of the
electronic instruments including a timer interval counter,
multimeter, computer for data acquisition, and control, and
L is the schematic diagram.

The samples were placed on a cylindrical aluminium
crucible and covered with a molybdenum lid. Molybde-
num screwed to a suspension rod, which is suspended
through a length torsion wire. Torsion wire is connected
with a rotary solenoid to initiate oscillations, and sus-
pension wire is set to sink inside the water. The laser
beam is mounted directly on the flat mirror located on
the suspension wire. The torque system, which is set to
oscillate around its vertical axis, will occur with the grad-
ual humidity of the vessel’s motion [74]. The continuous
oscillation of the vessel is measured with the help of a
light source attached to the suspension wire (Fig. 8). The
angular displacement and oscillating time of the vessel
holding the viscosity measuring fluid should be meas-
ured. The motion of the oscillation vessel is calculated
by the solution of the second-order differential equation
presented in Eq. (2).

Fig. 8 Oscillating vessel
viscometer with (a) photo view
[72] and (b) schematic diagram
[73]

&0 do
I = (W>+L(a+f0)—0 @)

When I, is the moment of inertia of the oscillating ves-
sel, ¢ is the absolute time, L is the function of the density
and viscosity of the sample of fluids, and fis the constant
force of the torsional wire, Roscoe analysis [75] viscosity
equation is presented in Eq. (3),

_ 1y6 ? 1 3)
"=\ ZRHZ ) 7T

where 7 is the viscosity, 0 is the logarithmic decrement,
R is the inner vessel radius, H is the sample height in the
vessel, p is the density of the sample, and T is the oscil-
lation period.

In the study of Beckwith and Newell research, the
numerical error is smaller than the Roscoe analysis, and
the difference in viscosity value is less than 0.5%, so this
error is measured by ignoring the test error. Moreover, the
shape, dimensions, symmetrical design, and high oscilla-
tion frequency are considered significant [76]. The effect
of surrounding air resistance may affect the measurement.
To precisely determine the viscosity of the SSM process,
the oscillating cup is heated by the electromagnet through
the tube of the heating furnace. The temperature gradient
of the sample is controlled by changing the temperature
of heating furnaces. Nevertheless, the sample still has a
temperature gradient. Therefore, the insulating layer of the
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i Laser

Oscillation

Laser source
initiator AT

= > buao it

/1 — Time counter
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Gas protection
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thermal insulation layer outside the heating device can be
increased to reduce the temperature gradient. Studies show
that as the thickness of the insulating layer increases by
more than 10 mm, the temperature gradient decreases [77].

When measuring the viscosity of Zn-Al alloys with
an oscillating cup viscometer, uncertainty appears to be
between 3 and 5%. A more sophisticated viscometer must
be developed for alloys with different alloys and at differ-
ent temperature ranges [72]. The temperature and concen-
tration dependencies of the viscosity for liquid Cu-In-Sn
alloys with a liquid state have inherent microscopic parts
with a short distance range. The viscosity of low viscos-
ity liquid Cu-In-Sn alloys obtained at high-temperature
dependencies up to 800 ‘C was successfully measured
using the oscillating shipping method [78]. In 2001,
Brooks et al. [79] reconstructed oscillating viscometer
to calculate the decrement of logarithmic and the period
of the oscillations by using multiple diode arrays to the
decaying waveform. It has been upgraded to measure the
viscosity of high melting point materials with maximum
temperature capacities ranging from 1200 to 1650 C [79].
It is known that this viscometer can be upgraded to a wide
range of temperatures with a radius error of less than 0.5%.
Furthermore, the main advantages of this device are the
relatively small size of the model, the good consistency of
the temperature field, and the fully automatic calibration
system.

4.2.2 Oscillating vessel or plate method

It is also an oscillating vessel-type viscometer, but the plate
or body is completely immersed in the liquid, as shown in
Fig. 9. Viscosity is calculated based on the displacement
and oscillation time of the vessel or plate. The calculation
methods are the same for both.

This system also measures the amplitude of the oscil-
lation as a function of time. The oscillations are formed

Sine wave

Power amplifier generator

{omos — === |

Oscillator

Leaf spring

Laser
displacement
transducer

Computer

-‘\‘\ Oscillating plate

Fig. 9 Diagram of an oscillating body/plate viscometer [18]

@ Springer

according to the total humidity experienced by all parts of
the suspended system [80]. The oscillations and frequency
patterns vary due to plate/body oscillations on the free sur-
face depending on the operating conditions. Moreover, the
natural frequency of each vibration mode is in excellent
agreement with the predictions obtained by splashing theory
in the case of stationary liquids [81]. Although oscillating-
type viscometers are suitable for measuring low viscosity,
rapid measurement, and easy cleaning and maintenance of
the device, the lack of standard instruments can cause meas-
urement problems. Especially in liquids of varying viscosity,
it has a measurement error of < 2%, but for metals, up to 30%
of the measurement error is associated with high tempera-
tures. There appear to be some issues in the equation and
accurate measurements of the vessel as the vessel or plate
size increases. Therefore, errors related to the viscosity and
density of the fluid, various cup or plate shapes, sizes, and
the frequency of oscillations need to be studied [76]. It is
essential to moisten the cylinder wall with the liquid that
is tested for accurate results. Sometimes, slippage between
the liquid wall interface and errors can occur due to the low
humidity of the viscous forces [82].

4.2.3 Falling ball method

In a falling ball or counterbalanced viscometer, the ball is
placed into the liquid as if it were in an oscillating body/plate
type. This method designed for liquid metals by considering
the time taken to pull a ball from liquids at a constant force.
Calibration to the standard reference of viscosity and sample
density is essential to obtain viscosity values [83].

The sample ball is mounted on a cylinder containing fluid
kept at a constant temperature. The loading pin should be
released, and the ball brought to the starting position. The
distance the ball passes at the specified time is outlined. A
stainless steel spherical ball attached via a platinum-rhodium
wire is lifted from the SSM fluid at a very slow speed by the
opposite weight motion [84], which is represented in Fig. 10.
High temperature and low viscosity fluids such as Fe and FeS
were successfully measured by ultrafast synchrotron X-ray
imaging using the advanced falling ball viscosity measure-
ment [85]. A wide viscosity measurement range of 1073 to
107 Pa s is determined. Although it is suitable for measuring
materials with different temperatures and pressures, there are
some difficulties in measuring viscoelastic fluids. The shear-
ing stress caused by the strain on the structure in the semi-
solid state is continuous and must be recorded. The results
of a study by Jo et al. [86] show that the speed of a falling
sphere in a fluid can be monitored and accurately measured
using two linear image sensors and by graphically mapping
the terminal speed to facilitate its subsequent processing. The
main disadvantage of the falling ball requires a certain dis-
tance to reach the free-falling. Also, the thermal expansion
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Fig. 10 Schematic diagram of (a) counterbalanced viscometer and (b) falling ball weight and velocity diagram [18]

of the falling ball at a high temperature is another drawback.
Moreover, high shear devices are intensive, more expensive,
and need a skilled worker [87].

4.2.4 Oscillating levitation method

The oscillating levitation method is used to avoid container
wall from being damaged by the sample when measuring
viscosity, surface tension, pressure, and thermal-depended
properties. It is called the “container-free” method. One of
the three different processes, electromagnetic, electrostatic,
and aerodynamic, is used to heat the material in the levita-
tion technique [88]. Melting and solidifying a levitated sam-
ple during container-free measuring process avoids contact
with a container. The frequency induced by an electromag-
netic levitator is five times greater than the surface oscilla-
tion. As shown in Fig. 11, the high-speed camera records
frequencies radially mounted perpendicular to the coil axis.
Sample temperature is monitored by a pyrometer [89].
Microgravity and viscosity tests are often performed
using frequency oscillations and scattering of oscillations.
The frequency of the surface oscillations of fluid is based on
the assumption that the surface tension relates to Rayleigh’s

formula, but it must be adjusted for solids and SSM [90]. For
example, many problems arise when the viscosity of molten
molybdenum, tantalum, osmium, rhenium, and tungsten is
measured with the advanced process by the oscillating drop
levitated method. Surface tensions of these metals must be
evaluated due to the difference in the density of the fluids
and the impact of the sample mass and droplets, the fre-
quency of high-density metals, the effect of possible con-
tamination, and the temperature dependence viscosity. The
last concern is the effect of positioning the force on the latter
measurement. Although the improved process minimizes the
effect, the levitated model is not free from external forces.

Experimental champer Syringe
p per =

LS

Camera lenses ~ Illuminating system

K

Vibration-proof table

Computer

Fig. 11 Diagram of oscillating levitated viscometer [91]
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The density, surface tension, and viscosity of liquid oxides such
as Al,O; accurately are measured by a laser-heated aerodynamic
levitation system. Although the current system works well, deter-
mining viscosity, high precision data, and high melting for liquid
oxide properties has drawbacks inherent to the current technique
[92]. The Wunderlich and Mohr literature predicts that the viscos-
ity of viscous fluids from 7.4 to 15 mPa can be calculated with an
initial sample decay of 5 to 10% in the 220 K temperature range
[93]. This measurement method works best on the properties of
laser melting droplets to calculate the surface tension and viscos-
ity of metals reinforced by nanoparticles [94]. Surface tension is
considered essential for measurements [95]. Figure 12 represents
the oscillating types of viscometers and their features.

4.3 Draining vessel method

The fluid flows through a hole at the bottom under the effects of
gravity, including surface tension effects, density, and viscosity.
Viscosity is measured by the time taken for the sample volume
and the amount of fluid exiting through a hole [18]. Molten
aluminium is mostly measured by this technique [96], as shown
in Fig. 13 where the viscosity is calculated by using Eq. (4).

Oscillating vessel
> Oscillating vessel is used

> Fluid placed in the vessel

> Measuring based on the
oscillation of the vessel
with time

= Need standardized vessel
size
\. J

2apr 0 Qexp

Qup 4

— ar,’b
2% (=52 )

where 7 is the viscosity(Nsm™), a is the polynomial con-
stant that describes the slope of the discharge coefficient
curve (no units), b is the polynomial constant that describes
the y-intercept of the discharge coefficient curve (no units),
p is the density (kg/m?), r is the orifice radius, Q is the volu-
metric flow rate of the experiment (m?/s), A is the experi-
mental liquid head above a point of reference (m), g is the
gravitational constant (m/s?), and o is the surface tension of
a liquid (N/m).

The induction coil is used in this technique, and the
induction coil is turned off and tested after the sample has
melted. The electromagnetic forces generated from the
induction coil create loops into the melting point, usually
ignored in calculations. The temperature change of the meas-
ured fluid affects the viscosity [96]. Despite the advantages,

= Oscillating body or plate is
used

> Body or plate placed in
the fluid
Measuring based on the
oscillation of the body or
plate with time
Lack of commertial

\ equipment <4

Oscillating type viscometer

= Counter balancing sphere
ball is used

= Sphere ball placed in the
fluid

= Measuring based on the
ball travelled distance
with time

= Not good for viscoelastic

fluids
\, J

Fig. 12 Types of oscillating viscometer and its features
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Fig. 13 Diagram of draining vessel viscometer [18]

such as the simplicity of the design and the absence of mov-
ing elements, surface tension and normal pressure are the
main problems [97].

4.4 Rotary method

The rotary viscometer is widely used to study the rheologi-
cal properties of non-Newtonian fluids [98]. In low viscos-
ity liquid metals, such as SSMP, there must be a uniform
and constant shear rate in the melt to calculate the viscosity
parameters. The rotational viscometer involves holding the
fluid in a container or over a plate and rotating the area to
measure the shear stress produced [99]. They are classified
into concentric cylinder (coaxial cylinder) method, cone and
plate rotary method, and parallel plate rotary method. The
main physical characteristics of the rotational viscometer
must be calculated before the viscosity measurements are
computed to determine the marginal effect of the container
and bob systems. The fluids of the SSM process, which
exhibit normal pressure effects, generate pressure in the
direction of fluid movement as the pop and plate rotate on
the viscometer. Thus, turbulent vortices occur at higher rota-
tional speeds due to higher flow rates.

4.4.1 Concentric cylinder method

It consists of two concentric cylinders with different diam-
eters. The outer cylinder cup and inner cylinder pop are
located in the same centre to rotate the cup or pop. The
fluid’s torque and shear rate are measured in angular deflec-
tion with a torque gauge setup on the pop. Concentration cyl-
inder measurement systems require relatively large sample

volumes [100]. Working with SSM fluids and cylindrical
suspensions in coaxial cylinder systems, low viscosity
makes them more sensitive to large areas, so they produce
better data with lower shear rates and viscosity. The result-
ing angular velocity of a given torque is calculated from the
conformational curves of the SSMP fluid viscosity values.
Based on the experimental study results, there are issues
such as end effects, wall slip, inertia and secondary flows,
viscous heat effects, eccentricities, and the need for space
between cylinders [101, 102].

4.4.1.1 Searle-type viscometer In the Searle-type viscom-
eter, the outer cylinder (cup) is fixed, and the inner cylinder
(bop) is set to rotate, for example, Stormer viscometer and
Brookfield viscometer [103]. The inner cylinder (bop) of the
Searle-type viscometer is connected to a torque measuring
unit, and pop are separated from the torque measuring unit
through a steel tube, as shown in Fig. 14 [104]. The elec-
tric heating furnace is used to provide a constant tempera-
ture. The temperature is controlled by using thermocouples
embedded in different places inside the body of the machine.
The viscosity is calculated by using Eq. (5) as follows.

_ T (11 .
’1_47rLN r2 o2 )

where T is the measured torque, L is the liquid altitude inside
the cylinder, N the angular speed of the rotor,  is the viscos-
ity, r; is the inner cylinder radius, and r, is the outer cylinder.
According to Hirrari et al. [106], semi-solid alloys using
this method provide excellent results on the effects of the
rheological compounds of the solid, the cooling rate, and the
shear rate on the SSM liquid viscosity. It can be geometri-
cally expressed in terms of the flow behaviour of a fluid.

In a Searle-type viscometer, the rapidly rotating fluid
moves outward near the inner cylinder, causing the “Tailor
vortices” in the fluids due to barriers between the cylinders.
Hence, the flow becomes turbulent due to the increasing
rotational speed. Also, flow is turbulent due to the high
temperature, shear stress, the variation of dynamic vis-
cosity coefficients, and different grades of steel and alloy
oxidation compounds. In the Searle-type viscometer, it is
advantageous to use a pop of zirconium and alumina com-
pounds to measure the viscosity of steel and alloy [107]. The
rheological behaviour of the pseudoplastic and thixotropic
properties of alloy A 201 has been studied using a Searle-
type viscometer [101]. The steady-state flow curve with the
shear rate of 60 to 260 s~! has been estimated in the analysed
shear rate range. Moreover, the power-law indexes were 35%
and 45% for a fraction of solid 1.35 and 1.49, respectively.

Searle type is a high sensitivity viscometer that is gener-
ally suitable for low shear rates. The flow curves of plastic,
pseudoplastic and dilatants differ in different dimensions
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Fig. 14 Searle-type viscometer of (a) Schematic drawing [105] and (b) Rotational view [37]

of the inner and outer cylinders and rotational speed [108].
Nevertheless, Searle-type viscometer curves are more accen-
tuated. Searle-type viscometer flows wider thixotropic loops.
In measuring the viscosity of this type of viscometer, it is
essential to note the high Taylor vortex formation in SSM
fluids. Taylor loops dissipate energy and cause an increase
in torque measurements.

4.4.1.2 Couette-type viscometer The Couette-type Vvis-
cometer, developed by Corey in the 1970s, also excels at
measuring the rheological properties of SSM fluids [109].
It is slightly different from the Searle-type viscometer. The

Fig. 15 Couette-type viscom-
eter with (a) schematic [112]
and (b) rotational view [37]

(@)
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pop is fixed and designed to rotate the cup, and the inner
cylinder is connected to a torque measuring unit, as shown
in Fig. 15, for example, Macmichael viscometer. Both cup
and the bob are made up of stainless steel, the cup and bob
surfaces are precisely shaped, and the spacing between the
two surfaces must be equal at all points, or the fluid rise in
the cylinder is significantly asymmetric. The centre of the
cylinder is set to be symmetrical, and the height of a given
radius of fluid is averagely recorded. Due to the precise con-
struction of the instrument, the SSM fluid viscosity values
are closely detected [110]. This method proposed for higher
shear rate measurements, which means shear rates above

Stationary

~—— cylinder (bop)

Inner cylinder (bop)
= OQuter cylinder (cup) ‘ Rotary
Motor cylinder (cup)
(b)
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100,000 s~!. The Couette-type viscometer method allows
the smallest angular velocities to measure the large viscos-
ity (ca 10'! Pas). In the Berberian study, small angles can be
measured over a long period of time at temperatures as low
as 105 to 123 K, 3.2x 10" Pa s [111].

This method helps measure shear thin and time-depend-
ent behavioural materials. In time-dependent measuring,
flow characteristics and shear rates may change rapidly, so
it is best to use automatic control and recorded systems.
Although this method is used in a Newtonian or non-New-
tonian fluid, Giiciiyener et al. [113] strongly recommend
non-Newtonian behaviour. Still, errors associated with the
severity of the end effects are more common at higher shear
rates, and therefore they should be corrected [113]. Other
methods for assessing viscosity are challenging to viscosity
measurement due to the effects of oxidation and pollution.
Therefore, the Couette-type rotating viscometer is ideal for
measuring the viscosity of high-temperature and high shear
fluids [114]. Studies by Wunderlich and Brunn [115] show
that the shear rate contributes significantly to the viscosity
measurement of the Couette-type viscometer and that there
is a limit to the apparent shear viscosity by determining the
gap and width in the surfactant sample [115]. The cooling
shaft can be installed in a temperature control bath for a
rotating cup type to control the temperature. The coefficient
value of the dynamic viscosity of the SSM fluid during
SSMP can be accurately measured in terms of shear rate
and time. But the yield values are different from the Searle-
type viscometer.

4.4.1.3 Vane viscometer The vane is set in the centre of the
cylinder to be completely immersed in the liquid as shown
in Fig. 16. The vane rotates at a constant speed and is usually

Fig. 16 Vane viscometer sche-
matic diagram with (a) general
view and (b) inner view of the
vane [118]

operated in rate control mode. The torque produced by the
SSM fluid is measured by a torque measuring unit set with the
vane [116]. During the vane rotation, the SSM fluid that rotates
between the cylinder and the vane acts as another body, which
gives the yielding surface equivalent to the cylindrical surface
of the vane; this cylindrical body is called a rigid cylinder so
that no secondary flow occurs between the blades. To meas-
ure the SSM fluid’s viscosity, the mechanical force, resistance,
time, and associated shear pressure exerted by the rotation of the
vane must be calculated. Vane-type pops can lead the secondary
flows; this can affect the torque measurements. Grooved bob is
used to prevent slip and reduce torque [117].

Vane-type viscometer measures the flow characteristics of the
non-Newtonian fluids and low strain modulus and shear state.
Its simplicity of fiction, ease of cleaning, and elimination of
outer wall slippery effects are specific advantages of a vane-type
viscometer [119]. The discussion on the comparison of concen-
trated cylinder viscometers is shown in Table 3.

4.4.2 Cone and plate method

The sensitivity of the rotational resistance of the sample
fluid placed between a fixed plate and the rotating cone is
measured by the accurate torque meter attached to the cone,
as shown in Fig. 17 with the calculation for viscosity is pre-
sented in Eq. (6).

3T0COS*0(1 - 6/2)

n= (6)

2rwor’

where 7 is the viscosity(pas),d is the cone angle (rad), T
is the torque, w is the angular velocity (rad/s), and r is the
radius of the cone(m).

<..._._.____-___.__---____...
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Table 3 Concentric cylinder viscometers comparative analysis

Searle-type viscometer

Couette-type viscometer

Vane-type viscometer

oCup is stationary, but bob rotates

el ow shear rate and high-temperature materials

o]t is necessary to produce a transparent quartz- eCleaning is difficult
based outer cylinder to observe the Taylor
vortices in molten metals

eMore sensitive

e Alignment setting is challenging

depended on fluids

oCup is rotating, but bob is stationary
eHigh shear rate and high-temperature materials

eMost suitable for shear-thinning time

oCup is stationary, but the vane rotates

eThe simplicity of fiction

eEase of cleaning

eElimination of extreme wall slippery eftects
eMostly suitable for non-Newtonian fluids

eCausing error to occur in misalignment settings e Vane-type pops can affect torque measurements

and lead to secondary flows

Low viscosity liquids measured ranging from 1 to 50,000
poizes, and the shear rate ranged from 0.0002 to 9000 s
[121]. Since the strain and shear rate are calculated using
angular displacement and spacing, the larger the error may
be in the spacing system when the smaller cone angle.
Depending on which cone angle to use, the shear rate vari-
ations against the spacing can be corrected compared to the
propagation of the interval. Newtonian fluid in a cone and
plate flow, the shear rate for a spontaneously wide spacing
is close to the cone, and when the cone angle approaches
p =2, the viscometer spacing becomes very narrow. The
fluid rarely discharges from the shear stress, so the viscosity
of the Newtonian fluid is measured by controlling the fluid
in the space between the cone that rotates perpendicular to
the stationary disc [122]. Noori et al. [123] explained that
the viscosity of a cone and plate could be used to accurately

-—— Motor

Torsion spring

—

} —=—— Dial indicator

-— Rotary cone

Stationary
Circular plate

(@)

Fig. 17 Cone and plate viscometer with (a) general view [112] and (b) inner view [120]
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measure the viscosity of liquid metals with very small par-
ticles. This method is practically feasible for determining
zero shear viscosity. However, the particle in the test sam-
ple should be five to ten times smaller than the gap in the
cone. If the particles are large, the particles may stick to the
cone’s surface, resulting in noise and affecting the meas-
urement. Substances with higher solids are more likely to
be discharged from the interval under higher shear rates.
Therefore, due to this limitation, the cone and plate method
is seldom being used [124].

4.4.3 Parallel plate rotational method
Mooney viscometer consists of two parallel circular plates,

the lower plate is stationary, and the upper plate is rotating,
as shown in Fig. 18. A parallel plate rotary viscometer is

- Axis of rotation

Rotary upper shaft

.- Rotary cone

r

~ =— SSM fluid

i=e— Stationary
circular plate

(b)
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Fig. 18 Parallel pate rotational F
viscometer with (a) photo view
and (b) constructional view of
disc and plate
o \
Rotating plate R
Sample
Y gap
Fixed plate
(@) (b)

used to measure the viscosity of liquid metals, aluminium
alloys, and composites. Because it is used with a separation
between plates, it is not as sensitive to the gap setting and
is therefore suitable for testing samples with a temperature
gradient. Thick materials and non-uniform particles cannot
be measured using a cone and plate viscometer [125]. Ran-
dom particles of different shapes of molten metal can be
easily measured with a parallel plate rotational viscometer.
This can be used to predict a wide range of viscosity from
softening to melting.

The main disadvantage of parallel plates rotary viscome-
ter is that the shear rate and the data output vary greatly with
the temperature variation of the sample [126]. The sample
is likely to shrink during the test. Furthermore, the torque
produced varies according to the quantity of the sample,
thus affecting the viscosity value [127]. Table 4 provides a
comparison of cone and plate viscometer and parallel plate
rotary viscometer.

4.5 Sliding plate method

Sliding plate viscometers are generally considered to be the
best way to evaluate the viscosity of fine-grained materials. The
sliding plate—shaped viscometer consists of two flat parallel
plates. The lower plate is stationary, and the upper plate cre-
ates a controlled deformation of the shear rate by moving at a
constant speed. At the same time, a load cell is used to measure
the total shear force. It is used to create a constant shear force
using the weight suspended from a pulley. It is necessary to
apply a uniform temperature and pressure to the fluid. Further-
more, the moving plate is set to move at the close with the fluid
at a minimum gap so that the frictional force and shear stress
associated with it is measured while moving, as represented in
Fig. 19. Multiple sources of error can be found by changing the
interval; explicit shear stress decreases when gaps are reduced at
a constant shear rate. Furthermore, friction error can occur due
to end and edge effects and surface tension. Normal stress dif-
ferences cannot be determined using force measurements. There

Table 4 Comparison between cone and plate and parallel plate rotary viscometer

Cone and plate rotary viscometer

Parallel plate rotary viscometer

oCone angle should be below the 4 degree

eZero shear viscosity can be measured

oThe average particle diameter of the particle material in the sample
should be five to ten times smaller than the gap

eWhen measuring the larger particle, the result is noisy data or jam

eMaterials with larger solids will be ejected from the gap when measured

under higher shearing rates
eThicker materials can be tested
eThe shear rate is constant throughout the shearing gap
eMaximum shear rate is limited
eHomogeneous flow

eBy separating the plates at small intervals, the liquids with uniform
thin particles can be easily measured

oNo sensitivity to gap system

eSuitable for testing samples with a temperature gradient

o]t is used to predict a wide range of viscosity from softening to
melting

eShear flow varies with gap height and radius

eNon- homogeneous flow
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Fig. 19 Schematic diagram of
parallel plate sliding viscometer

Rotating plate

Pressure

are problems in measuring high shear rates fluids due to total
strain and the maximum displacement of the sliding plate [128,
129]. The viscosity is calculated by using Eq. (7) as follows.

_Fh

=1V (N

where F is the force and # is the height of the sample. A is
the area of the moving plate and V is the velocity [130].

4.6 Parallel plate compression method

The parallel plate compression viscometer was first con-
structed and used by Laxman and Flemming [131] to study
Sn—Pb semi-solid metals. It is easier to measure viscosity
for SSMP than any other viscometer. Based on this, the drop
forge viscometer is designed and built by Yurko and Flem-
mings in 2002 to measure the viscosity of semi-solid alu-
minium alloy. Drop forge viscometer can be used to calcu-
late shear rates greater than 10> s™! at times less than 10 ms
than other viscometers. For a parallel plate viscometer, the
top plate is suspended and then allowed to come under the
influence of gravity. As a result, the upper plate semi-solid
sample is compressed at high speeds. The fall of the plate
is measured with the help of a high-speed digital camera,
and the fluid’s viscosity is determined [132]. The minimum
viscosity obtained in this method depends on the maximum
achieved shear rate but not the shear duration. A very rapid
decrease in viscosity with increasing shear rate, in line with
arelatively slow increase in viscosity with decreasing shear
rate, requires some modifications to this method of meas-
uring viscosity. In 2006, a new parallel plate compression
machine for commercial-scale was designed and tested for
viscosity measurement by Lashkari and Gomashchi [133].
The parallel plate compression viscometer consists of two
parallel plates. Commonly, both plates are made from graph-
ite, and boron nitride—coated refractory material to prevent
them from sticking to the billet. Deadweight is added to the

@ Springer

upper plate to provide the force on the billet during compres-
sion. During the test, the controlled upper plate, with the
help of pneumatic action, is released towards the lower plate
under its weight. It is based on monitoring and recording the
changes in test object height with time. It consists of dead
weight, a pneumatic controller, guide shafts, and a resist-
ant heating furnace. The test piece is placed between two
parallel plates, and deadweight is applied to the top of the
billet outside by a guided platen through two or four straight
vertical axes. The billet sample is kept inside a furnace to
keep its temperature constant during the compression test,
as shown in Fig. 20. In the parallel-plate compression vis-
cometer, viscosity is calculated using the Stefan equation.
For this, the motion and continuity equations are reduced as
shown in Egs. (8) and (9).

%%(rv,) +da_v; =0 ©)
Dead weight
1 -J:L [1
I |
Furnace Semi solid billet

Fig.20 Schematic diagram of the parallel plate compression viscom-
eter [134]
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where p is the pressure, v is the velocity, u is the viscosity, r,
h, and z are coordinate systems with the origin of the z-axis,
and v, and v, are the velocity components of r and z direc-
tions. Equation (10) refers to the Stefan equation.

_ 2
oo 3uV (dh)

27hS \dt (10

where F is the applied force on the specimen, y is the vis-
cosity, & is the height, v is the specimen volume, and the
compression velocity is dh/dt.

d®h\ _ —=3pv? /dh
m”(dﬂ) T ohS (dt) (1

2
p= —2nh5mp<g+ %)/3V2% (12)
The applied force is the mass of the plate multiplied by
the deceleration, m, (dzh/dtz). Hence, the Stefan equation
balanced the applied force of viscosity experiments con-
ducted at high and low forces as shown in Eq. (11), from
which the equation for viscosity is summarized by Eq. (12).
The result of the strain—time graph obtained by record-
ing the displacement of the top platen with time is treated
mathematically to calculate the viscosity of the SSM billet
[135]. The liquid—solid temperature range on the parallel-
plate drop-forge viscometer is measured using an extensive
displacement laser sensor of the cylinder model, which effec-
tively analyzes the viscosity time dependence and shear rate.
However, the measurement system for SSM viscosity should
further improve the shear flow rate, RAM speed and billet
slip. The comparison between a sliding plate viscometer and a
parallel plate compression viscometer is presented in Table 5.

5 Critical analysis of viscometers

Capillary viscometer measures the viscosity based on Poi-
seuille’s law. It is also easy to measure the viscosity of a fluid
with two SSMP techniques, such as rheo and thixo routes.

Accurate measurements can be made in 2 to 3 min. Depending
on the pressure and density of the fluid, the capillary tube with a
diameter of 1.5, 1.0, and 0.5 mm and a length/diameter ratio of
16 mm is used on the capillary viscometer. It can be measured
accurately up to 0.5% at temperatures up to 1200 °C. Capillary
tubes are very small, so difficult to clean. In SSMP viscosity
measurement, the effects of wall slip, wall adhesion, and wall
edge illustrate major issues, such as the high melting fracture,
high shear stress, and shear rate. However, capillary viscometer
functionality is easy in measuring viscosity and density, and
requires a small amount of sample fluid, and temperature con-
trol is simple and inexpensive. Capillary viscometers provide
a direct measurement of viscosity for flow rate, pressure, and
various dimensions.

The oscillating vessel viscometer measures the viscosity
of rheo route fluids with a maximum temperature of 1500 °C
at SSMP with an error less than 0.5% using highly sensitive
industrial equipment. Furthermore, the main advantages of
this device are the relatively small size of the model, the
excellent stability of the temperature, and the fully auto-
matic calibration system. Oscillating-type viscometer is
suitable for low viscosity materials. It is an accurate cali-
bration method; maintenance and cleaning are easy to com-
pare than the capillary method. But standardized vessel or
plate sizes should be determined. In measuring the viscosity
of a fluid, potential errors related to the shape and size of
the vessel, densities, and frequency of oscillation should be
explored. The viscosity and density cannot be determined
simultaneously. It is necessary to moisten the vessel or plate
and cylinder wall with the liquid. Sometimes, the slippage
between the fluid wall interface can cause errors due to the
low humidity of viscous forces. The main concern is the lack
of commercial equipment.

A falling spherical counter balanced viscometer can
measure viscosity in a few seconds based on the amount
of resistive viscous motion of a fluid as it rises upward
from the liquid due to the opposite weight of the ball
immersed throughout the stationary SSM fluid. Sim-
ple design, easy to measure fluids at high temperatures
and high pressures but are not suitable for viscoelastic

Table 5 Comparative analysis of parallel plate sliding method and parallel plate compression method

Parallel plate sliding method

Parallel plate compression method

eThe lower plate is fixed, the upper plate sliding over the fluid (upper
plate move horizontal wise)

eSuitable for rheo routes

e Viscosity measured based on horizontal force, pressure, and velocity

e Accurate measurement is difficult

o]t can only measure the liquid with a thin particle

eNormal stress differences cannot be determined using force measure-
ments

eEdge failure is much less

oThe lower plate is fixed, the upper plate compresses the fluid (upper
plate move vertical wise)

eSuitable for thixo routes

eViscosity measured based on vertical force, pressure, time

e Accurate measurement is possible

eParticle size is no matter

eEasy to design and set up errors are less likely to occur

eHigher ram speed, high acceleration,

billet slipping is the main

disadvantage
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fluids. Since a certain distance is required to reach the
free fall, the time associated with gravity, the weight of
the falling object, and the thermal expansion of the ball
at high temperatures are the main disadvantages. High
shearing equipment uses accessories’ parts that are inten-
sive, maintenance is expensive, and ultra-skilled labour
is required.

Viscosity is calculated by measuring the shear rate
produced by holding the liquid in a container or plate and
rotating that part on a rotary viscometer. Concentration
cylinder methods are best suited for low viscosity fluids
less than ten psi of SSMP rheo route fluids. Determining
the shear stress and shear rate on a rotary viscometer is
only possible if the shear gap is very short. Therefore,
the spacing between the cylinders should be set to less
than 0.99. For the SSMP method, direct measurements of
the shear ratios are available only if the shear rate across
the shear interval is constant or very high. The vane is
submerged in the fluid and rotates at a constant speed,
resulting in a uniform pressure distribution throughout
the cylinder. Secondary flow does not occur. The main
advantages of vane-type viscometers are its ease of fab-
rication, ease of cleaning, and the elimination of serious
wall slippery effects. Table 6 presents the advantages,
limitations, and principles of various viscometers.

In rotary plate viscometers, the temperature of the sam-
ple is more likely to decrease, thus varying the shear rate
and output of the sample. The rotational viscometer is
selected depending on the particle size in the sample and
the nature of the fluid. It is practically possible to deter-
mine the zero shear viscosity in a cone and plate viscometer
calibration. The size of the particle material in the sample
must be five to ten times smaller than the cone diameter to
avoid the resulting noise and error in measurement at higher
shear rates. The small-angle can lead to errors arising, so
importance is given to eccentricities and alignment settings.
Figure 21 briefly presents the main essences of the various
viscometers.

Sliding plate viscometers are commonly used to assess
the viscosity of microscopic materials. The temperature and
pressure of the SSM fluid must be maintained uniformly
throughout the measurement. The viscosity is measured by
placing the stationary plate and the moving plate close to
the fluid at minimum intervals. Furthermore, error friction
is likely to occur due to gap, end and edge effects and surface
tension. There are problems with measuring high shear rate
fluids. The parallel plate compression method is suitable
to measure the viscosity during SSMP’s thixo method. In
this method, the viscosity is measured accurately in vertical
force, pressure, and time. Particle size is a no matter; plate
settings and measurement methods are easy; thus, chances
of errors are minimal.

@ Springer

6 Future perspective and direction
for viscosity measurement

The capillary viscometer is known as the best viscom-
eter for measuring the viscosity of Newtonian and non-
Newtonian fluids for reasons such as simplicity, accuracy,
and similarity to process flows as extrusion dies and no
free surface. However, problems in the range of shear
ratios must be solved during the viscosity measurement
of non-Newtonian fluids [136]. It is necessary to develop
a viscometer that can measure the viscosity of liquids at
multiple shear rates in a short period [137]. Capillary
viscometers are currently unavailable for evaluating the
rheology of dispersions with shear-dependent viscosities.
Especially in the viscosity measurement of molten metal
at high temperature, the effects of the wall edge effect such
as wall slip and wall adhesion should be noted. There are
significant issues such as high shear stress and shear rate
[138]. It is recommended to apply a thin layer of coat-
ing on the capillary tube inside to reduce the wall effect.
The length and diameter of the capillary tube must be
determined during the new viscometer design, depend-
ing on the surface tension, particle size, and cooling rate
of the molten metal. In case of turbulence at the capil-
lary entrance and outlet, numerical errors may occur, thus
reducing the accuracy of the evaluation process. Turbu-
lence can be corrected by taking samples into account.
Furthermore, a continuous shear rate scanning process
should be performed. The capillary viscometer for semi-
solid metals requires more attention [139].

Oscillation viscometers provide many advantages, includ-
ing high precision, high sensitivity to small changes in vis-
cosity, quick accumulation of data, and easy cleaning [140].
However, it only works at a certain shear rate. After the
measurement, any errors caused by the viscometer or meas-
urement procedure could not be corrected, and viscosity val-
ues often give different test results, even for melts of pure
components. Therefore, the performance of the oscillating
cup viscometer should be further improved to obtain reli-
able viscosity data of molten metals. Difficulties in measur-
ing high viscous fluids need to be addressed [141]. Emphasis
is needed on accurate time measurement on the oscillating
viscometer. No one pays attention to the error caused by envi-
ronmental vibration and noise. A direct counter of the pulse
time interval can be selected to measure the viscosity-related
attention time to deal with this. Moreover, improvements are
needed on the commercially oscillating viscometer.

The falling ball viscometer measures the viscosity based
on the relative balance between the forces of pressure, vis-
cosity, and gravity. The special feature of this method is
that the wall does not influence the rate of fall of the ball.
However, the ball’s density, diameter, and metal material



1453

1435-1459

The International Journal of Advanced Manufacturing Technology (2022) 119

s[erroyewr arnjeroduwo)
-y31y pue el reays Y3y

‘urddiys [rem ‘saoioj

awn yIm el

[#1T ‘6011 JNOLIp ST SutuRI[De I0J 9[qeIINS pue J)BINJOY e renzaur ‘Sumjas denye 0101, 01 1eoys uodn Surpuada(fe 1910w00sIA 2dA1-9139n0))
S[BIOW U)[OW UT SAONIOA Surddiys rem
JO[AR], 9} 9AIOSQO 0) IOPUI[AD ‘SQOTIIOA JO[AR], ‘SMO
I9)no paseq-zjrenb juoredsuen s[eLoyew armyeradwo)-ySiy AIepuo099s ‘s9010J eNIoUL owmn yIm
[80T ‘L0T ‘S01] ' oonpoid 01 A1essa03U ST JJe pUR 3JeI J83YS MO e ‘Sumas dene 0101, 01 1eoys uodn Surpuado(fe 13)0w00SIA 9dA)-opIeag
Inoqe| [[Is PIaNe Kysuop
IN0J0 9qABW SAOTIIOA SJuUSWATO Suraow oN J99JJ0 UOTSUQ) pue ‘A)ISOOSIA “UOISUQ)
“J[NOLYIP ST SUTUBI[D [[em pue JuowaInseaw o[duwis pue Aseje  9oeJIns pue ‘dssaid ‘0z1s Qoejns Suipnpour ‘A)iaeId
[96 ‘81] doueudjurew anjerodwore  sAo[[e wnrurwinfe 1oy 9[qeinse JeOIy) J[ZZON e 01 01,01 JO S)00J QY3 Iopu) e JIOJOWIODSIA [9SSAA SuruteIq
PIeY a3uer JueISuOd
juowraInseaw Yomb K10 @ Ieays pauyep e Jo Yor[ ® J 9JeIqQIA 0) parmnbar
aInseow 0) Ased ‘sontadoid uo popuadop 1omod oy aInseawr
st [erojew arnjeroduwdl-ySiyge QuIL], "pIY ) JO UOTSUI] o udAI3 © Joy doxp
[c6 ‘s8] oarsuedxo A1op @ POYIoW SSI[ JOUTEIUO) e ooejInge ,01 03,01 ordures Jo uone[IosQe  IJOUWIOISIA PAJLIAI] SUNE[IOSO
worqoid
urew oy SI SJUSWINSLIW
[eLISJEW JNISB[Q0DSIA ‘[[Bq paje[noreds
Surye; jo uorsuedxo reuroy e sping QoueuLIUTRW st oouapuadap owr) pue
A71$09 ST 90URUIIUTEW UBIUO}MAN-UOU 0] J[qeInSe amyerodwd) ‘[req ayy Q0uR)sISaI s)1 ‘pinbi| v
pue syred syuowooe[doye Uone[[Ioso pue Jo 1yStom pue uorsuedxo ojur S[[ej [[eq & uaym
[98—¥8] aarsuedxge  Areqides uey) ssons 1eays y3iHe [ewLIay @ L0101 01 ‘ME[ S, )01S UO pasege I0JOWODSIA [eq SUI[[e]
juarpeId
9z1s are[d paziprepue)s pooNe aanIsuas A[ySige  ormeradwo) ‘suojsudwIp
KIIAT)ORI TROTWIAYD SIUSWIAINSBAW YOI e pue sadeys ojerd 10 Jwy jo porrad pue J9JOWOISIA
[08 ‘6L] ) Aq paroaye st ajerd oy e Aseod urues[De Apoq SNOLIEA @ 010V 0T  opmrduwe UODE[[IS0 Jje[de arerd 10 Apoq Sune[osQ
Jqe[reAe
jou Juowdinba [eroIOWIWO) e Asea juarpel3 arjerodwo) Qi jo
difs 03 o1qrssod oq AeJNe  oIe QoUBUUIBW pUE FUTUBI[)e ‘saz1s pue sadeys dno porurad pue apnjrjdwe
[sL-11] SJUSWINIISUT JUBISUOD PION @ K11S00SIA MO] J0] POOD)e SNOLIEA ® 501 01 0T UONR[[IOSO [0SSOA @  IOJOWIOISTA [9SS9A SUNE[IOSO
sonredoxd
Juopuadap-awn ‘s109Jop
[TeM ‘S109JJ0 [eULIay)
‘UOTSUQ) 90BJINS JO SIOYS
sping £20U9[NQIN) ‘SUOISN[OUL wm ym aanssaid
JAISS 1€ 10J JUSUWINSLaw SOPIXO ‘s9[qqnq ses jo pardde 10 onjeIsoIpAy
spmyg Kseo pue 9JeIndoye 991J ‘S)09JJ0 PUS SNOISTA wo1j Sunnsar aqn)
UBIUOJMAN JOJ 9[qelIns AIoA @ oarsuadxoure ‘sasso[ ainssaid molreu ay) ysnoay)
ued[d 0] JNOLJIJe J1qeriode ¢598S0] ASI0UD pIng JOo MO[ ) ‘Me[
[L9—#9] spIng jusdn[sueI) I0J A[UO Pas e oiduige onjeuryje 501 01,01 S,9[[INASIO] UO pasege 19)owodsIA Are[[ide)
[9A9]
S90UIRJAI JUSWRINSBIW
J[qexayard JsO Syrewoy sagejueApy SIOIIQ 9[QISSO] K)ISOOSTA ordrourxd Suryiop JQJOWODSIA

SIJOWOISIA JINSS 10§ sermjesy pue sopdourld 9 ajqeL

pringer

A's



1454

The International Journal of Advanced Manufacturing Technology (2022) 119:1435-1459

Table 6 (continued)

&

Most preferable

references

Remarks

Advantages

Possible errors

measurement

Viscosity
level

Working principle

Viscometer

Springer

(117, 119]

eSuitable for non-Newtonian

eLow shear rate

eSecondary

1072 to 108

eShear rate with time

Vane viscometer

fluids only

eNo accrue cap problem

flow, surface tension

[99, 122]

eHigh shear cone edge
eNoisy and jam

eZero shear viscosity can be

oGap settings,
particle size

1072 to 108

eCone angle and shear

Cone and plate rotational

measured
eShear rate is limited

rate with time

viscometer

eCompare than cone plate less eSkinning problem [125, 127]

eEnd and edge effect

10' to 108

eThe radius of the plate,

Parallel plate rotational

viscometer

jam

shear rate with time

[128, 129]

oEnd effect problems

eLess edge effect

107 to 10° oGap setting, edge effect,

eForce required to move

Dual sliding plate viscometer

eSuitable for low viscosity fluids eNormal pressure, force,

pressure and shear rate

the sliding plate

temperature maintenance is

difficult
eTemperature gradient affects

and inexpensive

[131-133]

10! to10° eShear flow on the surface ~ eEasy to clean

ePressure, shear rate with

Parallel plate compression

viscometer

the measurement

eMostly use this one method for

plate

time

thixo process

make a large difference in the viscosity value. Moreover,
it challenging to maintain a constant temperature along
the entire length of the pipe and requires a large amount of
test material compared to other viscometers [142]. When
measured in this method, the viscosity is greatly affected
by the inertia, drag force, and lift force. When measuring
viscosity at high-temperature conditions, the problems
caused by the thermal expansion defect of the falling ball,
and the distance it takes to reach the free-fall must be
minimized [143]. In addition, the cost of using high shear
devices and the need for a skilled worker also should be
minimized.

For Newtonian fluids, the viscosity from torque and
rotational speed is very easy to estimate with a rotational
viscometer. Rotational rheometers for SSM are used to
examine the viscosity by shearing for a certain time. Prob-
lems using a rotary viscometer for SSM fluids and com-
pletely viscous materials should be eliminated. Computa-
tional rheology should be used to evaluate the processing
of data collected from a rotational rheometer. The major
error in coaxial cylinder viscometers is that the end effect
that arises from pulling the fluid on the ends of the bob
should be corrected. Problems that arise are the shear rate
and apparent viscosity, and the shear rate varies across the
fluid [144].

Wall slip is another phenomenon that affects rheological
measurements on all types of rotary viscometers. Surface
tension causes secondary forces when there is a tiny symme-
try variation in the viscosity measurement system, which is
more dominant at lower shear rates. As a result, the material
appears to be strong in shear thinning, albeit almost New-
tonian [145]. Vane-type bobs are not suitable as they can
lead to secondary flows that affect torque measurements.
However, a groove prevents the bob from slipping without
significantly affecting torque [146]. The Searle- or Couette-
type viscometer has a low wall slip effect. Nevertheless, the
turbulent vortices that occur at both viscometers at high
rotational speeds greatly affect the measurements. Viscous
heat effects, eccentricities, and the need for space between
cylinders must be adjusted. There are no suitable viscom-
eters to measure viscosity at high temperatures. Therefore,
most rheological experiments have been performed using
low-temperature alloys [17].

The cone and plate do not allow the representative fluid
to enter the narrow part of the viscometer as there is a sus-
pended substance in the fluid. Therefore, the gap should be
five to ten times smaller than the average particle diameter
of the particle material in the sample. The result of measur-
ing the larger particle is noisy data or jam. This defect can
be corrected by adjusting the cone angles and increasing the
rotational speed [147]. Furthermore, the viscosity measure-
ment is considered to be best implemented within a closed
system.
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Multi
point

Single
point

Viscometer Rheo

routes

Thixo
routes

Based on
pressure

Based on
time

Based on
shear rate

Based on
oscillations

Capillary viscometer

X

x
SR

Oscillating vessel viscometer

Oscillating body / plate

Falling ball viscometer

Draining vessel viscometer

Oscillating levitated viscometer

Searle type viscometer

Couette type viscometer

Vane type viscometer

Cone and plate viscometer

Parallel plate rotary method

Dual sliding plate viscometer
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Fig. 21 Critical analysis of SSMP viscometers in the tabular diagram

The dual sliding plate and rotary parallel plate viscom-
eters have normal pressure, shear rate, temperature, and end
effect problems. When a parallel plate rotary viscometer
measures SSM viscosity, the shear rate shows greater varia-
tion with sample temperature. The sample is likely to shrink
during the test. Therefore, it is essential to keep the pres-
sure and temperature constant throughout the measurement
[148]. The torque produced varies depending on the quantity
of the sample.

In a parallel plate compression viscometer, the ram speed
is high, and higher acceleration occurs, making it difficult
to measure viscosity. It is recommended that a hydraulic
pressure be used instead of a dropforge and pneumatic pres-
sure. Also, the pressure and temperature variation should
be recorded with the help of a computer [149]. It helped to
maintain accurate measurements.

7 Conclusions

In this review, the basic features of semi-solid metal pro-
cessing, viscosity behaviour, and various methods of vis-
cometry are illustrated. The following are the key findings
of the study:

e Itis inferred that the viscosity of SSM is greatly affected
by time-dependent properties, such as temperature, pres-
sure, and shear rate.

e The viscosity measurements from the capillary, oscillat-
ing vessel, concentric cylinder, and vibration methods are

reliable while draining vessel and sliding plate viscom-
eters are not accurate.

e Inrotary-type viscometers, problems such as setting the
gap between the cylinders, secondary flow, and surface
tension in the concentric cylinder methods are of signifi-
cant concern in torque and shear rate calculations.

e However, the concentric cylinder method is much better
than the conical and parallel plate rotation method when
viewed in terms of errors such as end and edge effects.

e The wall effects and the various errors caused by losses
significantly affect the accuracy of the capillary viscom-
eter. In the same way, the RAM speed, billet slip, and
calibration issues affect the viscosity measurement in a
parallel plate compression viscometer.

o Therefore, it can be concluded that there is no efficient
and specific viscometer to measure viscosity in the thixo
method.

e The various parameters of the liquid metal particles,
chemical reactions, accuracy, and numerical models need
to be assessed for each viscometer.

e Therefore, further investigations are needed to design a
standard viscosity measurement method of SSM to be
useful for future researchers for practical purposes.
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