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Triaxial Compression on Semi-solid Alloys

FATIN N. ALTUHAFI, CATHERINE O’SULLIVAN, PETER SAMMONDS,
TE-CHENG SU, and CHRISTOPHER M. GOURLAY

Multi-axial compression of the mushy zone occurs in various pressurized casting processes.
Here, we present a drained triaxial compression apparatus for semi-solid alloys that allow liquid
to be drawn into or expelled from the sample in response to isotropic or triaxial compression.
The rig is used to measure the pressure-dependent flow stress and volumetric response during
isothermal triaxial compression of globular semi-solid Al-15 wt pct Cu at 70 to 85 vol pct solid.
Analysis of the stress paths and the stress–volume data show that the combination of the solid
fraction and mean effective pressure determines whether the material undergoes shear-induced
dilation or contraction. The results are compared with the critical state soil mechanics (CSSM)
framework and the similarities and differences in behavior between equiaxed semi-solid alloys
and soils are discussed.

https://doi.org/10.1007/s11661-021-06213-9
� Crown 2021

I. INTRODUCTION

PRESSURIZED metal casting processes (e.g.,
high-pressure die casting and squeeze casting) and
processes that combine deformation processing with
solidification processing (e.g., twin-roll casting and
semi-solid forging) have the potential to be the most
cost-effective and least environmentally damaging metal
processing routes. Each of these processes applies
multi-axial compression to the mushy zone, and the
rheological response determines how the semi-solid
material deforms in the die and/or how defects such as
deformation-induced macrosegregation occur. To opti-
mize these processes, it is necessary to have a predictive
understanding of the pressure-dependent rheology of
semi-solid alloys at solid fractions where a solid network
is present, for semi-solid morphologies ranging from
equiaxed dendritic to globular (Figure 1).

Past research has shown that compressive deforma-
tion of semi-solid alloys can lead to different types of
behavior. The solid network can be compressed expel-
ling liquid[1–3] as a consequence both of grain rear-
rangement and grain deformation. The network can also
exhibit Reynolds’ dilatancy[4] (also known as shear-in-
duced dilation) where the grains push or lever one
another apart as they begin to rearrange (translate and
rotate) under load and extra liquid is drawn into the
expanding interstices between grains.[5–8] Since the solid
network can contract or dilate, causing liquid to be
expelled or drawn-in, volumetric strains can be impor-
tant during the compressive deformation of semi-solid
alloys. As the solid fraction increases within the solid
network (Figure 1), deformation of the grains is thought
to become an increasing component of deformation and
constitutive models often treat the rheology as vis-
coplastic deformation of a strain-rate-sensitive partially
cohesive porous solid skeleton saturated with liquid
(e.g., [3,9]). There is also a complex coupling between the
rearrangement and/or deformation of the solid and flow
of the liquid within the low permeability mush.[10,11]

Good constitutive models that capture such volumet-
ric strains and the pressure-dependent rheology, and
link between the low solid fraction suspension regime
and high solid fraction regime remain a significant
challenge, and this area is under continuous develop-
ment.[9,12] The tests required to support the development
of such models are non-trivial, and one approach to
expedite modeling capabilities is to look for analogue/
similar materials and assess whether models or general
frameworks that describe their behavior under different
conditions can be used or adapted for use with
semi-solid metals.
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In previous publications, some similarities in the
response to loading have been noted between semi-solid
alloys and granular soils,[2,5,13] and a range of mechan-
ical testing procedures similar to those developed to
study soil mechanics have been applied to semi-solid
alloys, including vane tests,[14,15] direct shear tests,[16,17]

confined uniaxial filtration,[2,3] and triaxial compres-
sion.[18–20] However, while these tests are similar to tests
procedures used in soil mechanics, unfortunately, they
lack some important features necessary to enable a
comprehensive understanding of the material behavior.
For example, while the direct shear test devices used in
soil mechanics can apply a normal stress and measure
volumetric strains, these features have been omitted in
direct shear testing on semi-solid alloys.[16,17] The most
common approach to measuring semi-solid deformation
has been unconfined compression (i.e., parallel plate
compression),[1,11,21–28] but these tests usually lack a
method to link the volumetric behavior to the applied
stress regime. In one study that did measure volume
changes during parallel plate compression,[29] it was
found that volumetric strains can be an important part
of the semi-solid mechanical response.

Triaxial compression tests on semi-solid alloys where
the sample is subjected to controlled pressure are limited
in the literature. Some pioneering triaxial compression
tests on semi-solid alloys have been carried out by
Martin et al.[2,18] and Nguyen et al.[19,20] on semi-solid
Sn-15 wt pct Pb. However, these tests had no means of
continuous measurement of the sample interstitial liquid
change during tests. Using this configuration, sample
contraction could be studied by the expulsion of liquid,
however, it was impossible to quantify or detect any

increase in sample volume by liquid in-flow during
shear-induced dilation.
This paper describes the design and development of a

novel triaxial setting for semi-solid alloy testing. The
design aim was to enable acquisition of data which link
the volumetric deformation behavior with the applied
stress regime in a semi-solid alloy at a range of confining
pressures. The resultant rig allows measurement of
specimen volumetric change due to either the in-flow or
expulsion of liquid from the sample. Specimens of
globular semi-solid Al-15 wt pct Cu alloy samples were
tested to obtain such data and to evaluate the potential
use of soil mechanics deformation theories for mushy
zone behavior interpretation.

II. METHODS

A. Triaxial Testing Requirements

The testing apparatus developed in this research is
similar, in principle, to the triaxial testing apparatus
proposed by Bishop,[30] illustrated in Figure 2(a), that is
widely used in mechanical testing of soil (both in
research and engineering practice) to advance under-
standing and determine appropriate parameters for use
in engineering design and analysis. Adaptations to the
conventional apparatus configuration were required to
allow testing of semi-solid alloy samples at high tem-
peratures. In this section, an overview of the conven-
tional soil mechanics triaxial apparatus is presented and
compared to a triaxial cell previously used for semi-solid
alloy testing[18–20] before a description of the new
designed cell is presented.

Fig. 1—Semi-solid microstructure development in a uniform thermal field. Top: equiaxed dendritic solidification. Bottom: globular grains during
solidification or remelting.
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The soil mechanics triaxial cell comprises of a
pressure vessel/cell which accommodates a cylindrical
sample with a height–diameter ratio that is usually 2:1.
The cell can be pressurized to subject the sample to
three-dimensional homogeneous pressure (hydrostatic
pressure), and a vertical ram allows a deviator stress to
be applied, while monitoring the change in sample
volume by measuring the liquid (water in the case of
soils) entering or leaving the sample usually with a
calibrated pressure–volume controller or volume gauge.

In liquid-saturated samples, the stress must be
adjusted to account for buoyancy effects; the principle
of effective stress states that the strength and deforma-
tion characteristics depend on the effective stress tensor
r¢[31]:

r0 ¼ rtot � u; ½1�

where rtot is the externally applied total stress tensor and
u is the pressure tensor for the interstitial liquid in
between the grains. The symbol ‘‘¢’’ is included when

stresses are expressed in terms of effective stress. This
principle is usually applied to fully saturated samples
when all the interstices are completely filled with liquid
(no air/gas present). A significantly different meaning of
the ‘effective stress’ is witnessed in Eq. [1] compared with
the same term in solid mechanics where it usually refers
to the von Mises stress (a scalar).
To allow free deformation, samples are encased

within thin flexible membrane and uniform stress termed
a ‘‘confining’’ or ‘‘cell’’ pressure (r0cell) is applied to the
sample sides. Shearing is typically performed by apply-
ing a vertical deviator stress q to an initially isotropically
loaded sample so that r0cell equals the minor and
intermediate principal stresses, i.e., r0cell ¼ r03 ¼ r02, and
the major principal stress (vertical stress) is
r0v ¼ qþ r0cell. The mean effective pressure p0 is as
follows:

p0 ¼ r0l þ 2r0cell
3

� �
: ½2�

Fig. 2—(a) Schematic diagram of conventional triaxial cell with the full set-up. (b) Triaxial testing setting used by Nguyen et al.[20] and Martin
et al.[2]. After Nguyen et al.[20]
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The data obtained from a triaxial test can be linked to
the Mohr–Coulomb model for material yield, in which
the shear stress and mean effective pressure can be
related to the deviator stress q and the mean effective
pressure p0, and the angle of shearing resistance of the
material /0ð Þ at any time during triaxial shear loading
can be calculated from the relation[32]:

sin /0ð Þ ¼ 3 q=p0ð Þ
6þ q=p0ð Þ : ½3�

Triaxial testing of soil can be performed in either
drained or undrained conditions. In this paper, we will
focus on drained conditions as it allows full monitoring
of volumetric deformation of the sample, relevant to the
aim of this research. In drained tests on saturated
samples, water can freely flow to and from the void
space by providing liquid storage with access to the
sample to compensate for volume change of the sample
during dilation and to accommodate any excess volume
during sample contraction. The volume of the liquid
that moves into or out of the sample is accurately
monitored to give the change in sample volume and the
change in solid fraction (often expressed in terms of a
void ratio, e, the ratio of the volume of total interstices
in the sample to the volume of solid). In a zero porosity
semi-solid alloy, e can be defined in terms of solid
volume fraction, gs as follows:

e ¼ 1� gsð Þ
gs

½4�

Figures 2(a) and (b) enable a direct comparison
between the triaxial testing technique used for soil
testing[30] with the triaxial testing apparatus used previ-
ously for semi-solid alloy testing[1,3] which enables the
application of similar stress regime but lacks any
method to detect any increase (dilation) of sample
volume as it only monitors the liquid metal expelled by
the sample.

B. New Triaxial Testing Apparatus for Semi-solid Alloys

A schematic diagram of the new apparatus is shown
in Figure 3. The test set-up uses pressurized argon gas to
apply a controlled confining pressure to a cylindrical
sample 24.4 mm in diameter and 50 mm in height. The
sample comprising the cylindrical alloy, its top ceramic
cap (with low thermal conductivity), and a stainless steel
mesh placed at the base of the sample are all enclosed in
a tight-fitting, thin aluminum jacket (wall thickness 0.3
mm) which can easily deform under test conditions
considered here. A novel feature of this testing config-
uration is the liquid-metal reservoir held within a
customized thermally conductive ceramic unit situated
beneath the sample. This reservoir is connected to the
sample through a stainless steel mesh at the base of the
sample which allows liquid to flow into and out of the
sample to the reservoir while retaining the solid material
in the sample. The sieve aperture size of 150 lm was
selected based on prior observation of the grain sizes

that form in this material at the temperatures considered
here; direct observation of the microstructure post
testing, as described below, confirmed the grain sizes
were>150 lm. The reservoir was made to have a sliding
ceramic shuttle base and it can accommodate the excess
liquid metal that is expelled from the sample, in case of a
sample that exhibits a compressive response. The
reservoir can also provide liquid metal to the sample
in case of sample dilation. In this way, the sample
volumetric change can be monitored by the change of
the liquid metal entering and leaving the reservoir. The
reservoir ceramic shuttle acts as an interface between the
liquid metal and the silicone oil which fills the external
pipe connection and the 50 mL intensifier. Any volume
change in the liquid metal in the reservoir is reflected in
the volume of silicone oil in the intensifier, which was
calibrated for volume change measurement. The com-
plete assembly, which includes the jacketed sample with
its top cap and the lower reservoir, is isolated from the
surrounding pressurized gas in the rig with a second
long thin-walled aluminum tube (thickness = 0.3 mm)
which extends to the upper stainless steel piston at the
top, and to the lower stainless steel piston at the bottom
and sealed with two sets of O-rings at each end
(Figure 3).
The deviator load is applied by the axial ram with a

displacement-controlled actuator system and is mea-
sured with a specifically designed 20 kN capacity load
cell with minimum drift at higher temperatures. Sample

Fig. 3—Schematic diagram of the internal components of the new
triaxial cell.
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heating is achieved by the means of two heating
elements and two Eurotherm temperature controllers,
while the temperature of the sample is monitored using a
K-type thermocouple which is placed around 3 to 5 mm
deep at the middle-top of the sample. Another two
thermocouples are placed on the external wall of the
sample assembly jacket to monitor the temperature of
the jacket during testing.

After installing the sample assembly in the rig, the
confining pressure is applied and the heating stage is
commenced. During the heating stage, the sample
assembly is kept open to atmosphere to avoid any air
pressure building up in the sample, and the valve to the
oil-filled intensifier is kept open to allow any thermal
expansion of reservoir material, which is in its solid state
at this stage, without exerting excessive thermal pressure
on the system. After stabilization, the sample assembly
is evacuated of air to maintain an air-free system. Then
the shearing stage is commenced by applying controlled
axial load. Using this method, the pressure in the
interstitial liquid (u) and liquid metal in the reservoir is
kept zero during the test.

At the end of the shearing stage, the sample assembly
is left in the pressurized rig to cool down with the valve
to the intensifier closed. The sample assembly is then
retrieved and post-test characterization of the sample is
carried out.

C. Tested Material and Test Details

Al-15 wt pct Cu samples with a globular morphology
were used. The microstructure was generated by heat
treating the cast alloy in the semi-solid state at 553 ± 1
�C (corresponding to ~ 5 ± 1 �C above the eutectic
temperature) for 8 days, followed by cooling in air.
Samples were then machined to the desired dimensions.
The resulting samples had equiaxed globular grains with
size of 162 ± 8 lm (using the mean linear intercept
method)[9] on six etched micrographs under polarized
light. Figure 4 shows a typical anodized micrograph to
show the grain morphology. This example was taken
after deformation at low confining pressure, but this had
little effect on the grain shape. The interstitial eutectic
regions (black) were excluded when measuring the
particle dimensions. This large-grained globular mor-
phology was selected to generate a relatively stable mi-
crostructure that would not coarsen significantly during
isothermal triaxial testing.

Aluminum (commercial 1050A) was chosen for the
sample jacketing system. This jacketing system com-
prises two thin tubes. The first tube which encloses only
the tested sample and the ceramic top cap is machined to
have an inner diameter that is a close fit to the sample.
The second outer long jacket encloses the sample and
the liquid-metal reservoir components together and
provides a seal for the whole sample assembly against
the cell pressure (Figure 3). As noted above, both
jackets were machined with a wall thickness of 0.3
mm. For the liquid reservoir, an alloy of eutectic

composition (Al-33 wt pct Cu) was used. Thus, on
reheating to a test temperature in the range 549 to 555
�C, the Al-33 wt pct Cu reservoir material will com-
pletely melt and, in the attached Al-15 wt pct Cu sample,
the eutectic will melt leaving a mixture of globular a-Al
grains of controlled solid fraction and interstitial liquid
with composition similar to the liquid in the reservoir.
While the near-pure Al jacket will remain solid it will act
as a ductile confining membrane.
Three samples were tested at different confining

pressures: 300, 600, and 1200 kPa. A fourth sample
was tested at 300 kPa and then sheared at slightly higher
temperature to investigate the effect of temperature, and
thus the initial solid fraction, on the sample behavior.
Table I gives details of each test and introduces the
nomenclature adopted. All tests started with 7.8 ± 0.05
g of Al-33 wt pct Cu in the reservoir which was retrieved
and weighed after each test and compared with the
measured volumetric data of the test. The mass fraction
of solid was calculated from the initial alloy composition
and temperature using the Lever rule within Thermo-
Calc 2019a software with the ALDEMO v.2.0 database,
assuming full equilibrium due to the 8-day semi-solid
heat treatment. This was converted to a volume fraction
using the solid and liquid densities of semi-solid Al-Cu
alloys in Reference 33. The solid fraction was adjusted
to account for the volumetric change recorded as liquid
was expelled or drawn-in during the compression and
shearing stages. The final solid fraction deduced by this
method was then compared with measurements from
image analysis of each (post-test) fully solid sample.
Selected samples were prepared for ‘post-mortem’

microstructure characterization to assist with the inter-
pretation of the results. Samples were cross-sectioned,
ground, and polished using standard metallographic
procedures and then anodized for 60 seconds in an
HBF4 solution. Reflected light optical microscopy was
performed with and without polarized light.

Fig. 4—Typical globular morphology of 300 kPa–549 �C sample
anodized and viewed under polarized light.
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III. RESULTS

A. Isotropic Compression Stage

All four tests started with a heating stage. The sample
was subjected to the designated confining pressure
before the heating and stabilization stage. The cell
pressure was controlled during the heating stage and
shearing stage to stay constant using two automated
valves and a controller. It is important to understand the
main differences between typical soil mechanics tests
and these tests on semi-solid alloys. In mechanical
testing of soil, the isotropic compression stage is
achieved by applying the confining pressure at a
controlled rate, or by applying the full confining
pressure to a fully isolated sample (with drainage
inhibited) and then monitoring the volumetric change
once drainage of the sample is allowed—this point
marks the start of the compression stage. In the case of
semi-solid alloys, the full confining pressure was applied
to the completely solid sample before the start of heating
stage. Drainage was permitted during the heating stage
to avoid any additional thermal pressure in the system.
This means that there is no explicit point at which the
heating stage ends and the compression stage starts and
here it is assumed that the compression stage starts when
the eutectic melts and the alloy reaches its semi-solid
state at 548 �C (Figures 5(a) and b). The change in solid
fraction and thus the void ratio of the sample was
calculated based on both the change in temperature of
the sample and the volumetric change recorded during
the compression stage, as the temperature of the sample
during this stage was not constant.

Figure 5(b) shows the variation in volumetric strain
with time during the isotropic compression stage, the
volumetric strain was calculated from the volumetric
change in the intensifier and corrected for the expected
thermal expansion of the reservoir material. The thermal
expansion correction was estimated from a test which
was carried out on the same amount of reservoir
material (Al-33 wt pct Cu) with a dummy ceramic
sample to measure the volumetric expansion of the
reservoir material only. The isotropic compression stage
was around 30 minutes in duration and started at the
point when the sample reached its eutectic temperature.
In Figure 5(b), a positive volumetric strain is considered
to be contractive, and is associated with the expulsion of
liquid from the sample.

Liquid flows out of the sample because the interstices
decrease in volume due to (i) the grains being pushed
into a more tightly packed arrangement and (ii) the
viscoplastic deformation of the soft grains into their
surrounding interstices. In a soil consisting of hard sand
grains, mechanism (i) is dominant. For semi-solid
metals, it is expected that both (i) and (ii) occur.

The results in Figure 5(b) indicate that the volumetric
strain increases with increasing confining pressure, i.e.,
during isotropic compression, the volume of liquid
expelled is higher when the confining pressure is higher.
It is also noted that no clear stable, ultimate volume is
reached within the designated isotropic compression
time (Figure 5(b)), most likely due to viscoplastic

deformation of the solid phase. Referring to
Figure 5(b), at a given time, there is a slight difference
in the volumetric strains for 300 kPa-549 and 300
kPa-555 indicating that 300 kPa-555 which was tested at
higher temperature (lower solid fraction) was more
compressible than 300 kPa-549.

B. Shearing Stage

During shearing, a loading ram displacement rate of
0.002 mm/s was used for all tests to avoid build-up of
excess interstitial liquid pressure during loading and to
allow the liquid metal in the sample interstices to migrate
through the sample. Samples were sheared to 12 to 14 pct
of axial strain. The sample height after the compression
stage, and before shearing commenced, was calculated
from the difference in ram displacement readings before
starting the test and the start of the shearing stage when
the ram is lowered to touch the sample assembly.
The deviator stress (q) recorded during shearing is

plotted against axial strain in Figure 6(a). The samples
sheared at 600 and 1200 kPa showed an increase in q
with axial strain until they reached their steady state,
they also exhibited a purely contractive behavior during
shear deformation. The contractive volumetric strains in
Figure 6(b) were associated with the expulsion liquid
from these samples. In contrast, sample 300 kPa-549,
which was sheared under a lower confining pressure of
300 kPa, mobilized a peak in the deviator stress before it
reached its steady state (Figure 6(a)). Sample
300kPa-549 deformed with a clear increase in volume
(negative volumetric strain) throughout the shearing
stage (Figure 6(b)). This dilation corresponds to liquid
being drawn into the sample from the liquid reservoir.
Figure 6 also shows the influence of the solid fraction

at the start of shear deformation for samples with the
same confining pressure. Samples 300 kPa-555 and 300
kPa-549 were both sheared under the same confining
pressure of 300 kPa but at different temperatures (555
�C and 549 �C). Sample 300 kPa-549 had e= 0.43 (solid
fraction, gs = 0.70, Table I) at the start of shearing and
exhibited a net dilative response, so that liquid was
drawn into the sample; whereas sample 300 kPa-555
which was looser with e = 0.47 (gs = 0.68, Table I) at
the start of shearing exhibited a net contractive
response, and liquid was expelled from the sample.
Microstructure characterization of samples was car-

ried out after the tests by the means of optical
micrographs. Images of the central regions of the three
samples sheared at temperatures of 549/550 �C are
shown in Figure 7. These are segmented images pro-
duced using the trainable Weka segmentation plugin[34]

in Fiji ImageJ[35]; the raw images are given in Supple-
mentary Figure S2. Quantitative analysis of these and
similar images gave average final solid fractions of 73,
78, and 87 pct, which is reasonably consistent with the
calculated values from the test data (68, 74, and 84 pct in
Table I) considering that an increase of 3 to 5 vol pct
could be caused by some of the remaining liquid
solidifying onto a-Al globules on cooling, as well as
uncertainties associated with image segmentation,
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sample temperature, and composition. The data gener-
ated from image analysis support the interpretation that
the measured volumetric strains were due to the in-flow
and expulsion of liquid from the sample.

300 kPa-549, which gave a macroscopic dilative
response in Figure 6, contained microstructural features
consistent with dilatancy. For example, Figure 8 shows
a band of higher eutectic fraction linked to a bulge in the
sample, which will have been a band of higher liquid
fraction prior to cooling. This dilatant shear band is
similar to shear bands in dense samples of soil under-
going shear-induced dilation, strongly supporting the
interpretation that the stress–strain behavior of the 300
kPa-549 sample in Figure 6 is due to shear-induced
dilation with liquid being drawn into the sample. At the
same time, strain localization presents a significant
challenge in the interpretation of granular material
behavior in tests including triaxial compression, and the
zone of localized deformation can be referred to as a
shear band, fault, rupture zone, or simply a failure
plane.[36,37] The point of initiation of localized defor-
mation in the sample is often dictated by the location
and direction of loading, the geometric configuration,
and the boundary conditions.

IV. DISCUSSION

Since the triaxial compression method used here is
similar to that widely used in soil mechanics, it is useful
to interpret the measured semi-solid alloy behavior in a
soil mechanics framework and to compare the response
between the two types of material.
Figure 9 shows the development of the angle of

shearing resistance, /’ which was calculated using
equation (3), against axial strain. An ultimate (end-of-
test) /’ of around 20� for all tests can be noted, while
sample 300 kPa-549 (which underwent shear-induced
dilation, Figure 6) exhibited a maximum angle of
shearing resistance of about 25� at around 5 pct axial
strain before falling to reach the ultimate value. The
maximum (peak) angle of shearing resistance is associ-
ated with the point of maximum dilation (Figure 6(b)),
similar to past work on shearing of dense soil sam-
ples.[32,38] These values of /0 are relatively low compared
with values measured for sands (between 27� and 33� for
ultimate and 35� to 45� for maximum angle of shear-
ing[38]). However, data for almost spherical relatively
smooth glass ballotini samples tested in a soil mechanics
triaxial cell give an ultimate /0 of 21�.[39] These

Table I. Details of Triaxial Tests on Al-15 Wt Pct Cu

Test
Cell Confining
Pressure, kPa

Temperature
at the Start
of Shearing, �C

Estimated Solid Fraction/Void
Ratio at Start of Shearing (After

Compression Stage)
Volumetric Strain
During Compression
Stage (Pct)

Final Solid Fraction/
Void Ratio

Solid
Fraction

Void
Ratio

Solid
Fraction

Void
Ratio

300 kPa–549 300 549 0.70 0.43 1.3 0.69 0.45
300 kPa–555 300 555 0.67 0.47 2.0 0.68 0.46
600 kPa–550 600 550 0.71 0.40 3.1 0.74 0.35
1200 kPa–550 1200 550 0.75 0.32 8.5 0.84 0.19

Fig. 5—Isotropic compression stage (a) sample temperature development with time during compression stage. (b) Volumetric strain development
during compression stage.
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moderately low values of angle of shearing are likely to
be because the 8-day semi-solid coarsening used in this
work, and further time during semi-solid deformation,
produced particularly smooth globules (Figure 4) which
will give a low friction coefficient.

Extensive experimental research on both cohesive
soils (clays) and cohesionless soils (sands) has estab-
lished that, irrespective of the initial packing density or
stress state, when a given soil is subject to shear
deformation, the packing density and stress state can
be described by a unique relationship in e:q:p¢ space
termed the Critical State Locus or line (CSL). A
three-dimensional perspective of the CSL is presented
in Figure 10(a).[40] For simplicity, this relationship is
often presented using two (two-dimensional) projec-
tions. The first projection maps the CSL onto the p¢–q
plane, as is illustrated in yellow on Figure 10(a). This
projection is also presented in Figure 10(c) and it is clear
that from this perspective the CSL plots as a straight
line. The second projection maps the CSL onto the e- p’
plane which is illustrated in blue on Figure 10(a). It is
clear from Figure 10(a) that the projection onto this
plane is a curve. However, in soil mechanics, this
projection is most often plotted on a semi-logarithmic
scale (e–log p¢) as in Figure 10(b); using these axes it
appears as a straight line. Figure 10(b) shows also a
typical path of isotropic compression of a sample
(represented by gray curve), at pressures lower than
the material yield pressure when it joins what is called
the Isotropic Normal Compression Line (Iso NCL,
shown in Figure 10(b) by the broken black line). The Iso
NCL is a unique line for the material that all isotrop-
ically compressed samples will join eventually when they
are compressed beyond their yield pressure. Within the
Critical State Soil Mechanics (CSSM) framework, the

initial ‘‘state’’ of the material, i.e., the initial values of e
and p¢ and their position relative to the CSL for the
material under consideration, determines the mechanical
behavior. Upon the application of shear loading or
deformation, samples with combined e and p¢ values
that lie above the CSL, e.g., point A shown in
Figures 10(a) and (b), will contract (the grains will
move to be closer to each other and liquid will be
expelled), producing a denser sample with lower void
ratio (higher solid fraction) at a point such as A’. When
the e–ln p¢ combination is below the CSL, as is the case
for point B (Figures 10(a) and (b)), the sample will dilate
during shearing (the solid particles will move apart from
each other and liquid will be drawn in) reaching failure
or steady state at a point such as B’ where the sample
has higher void ratio (lower solid fraction); i.e., both e
and p¢ determine whether a soil is considered to be loose
or dense. The peak (maximum) angle of shearing
resistance (/0

peak) is mobilized during dilation of dense

samples. In granular materials, if two samples of
different densities are subject to triaxial shearing at the
same effective confining pressure (r0cell ¼ r03), the denser

sample will mobilize a higher /0
peak (as in Test 300

kPa-549 in Figure 9). The ultimate, or critical state,
angle of shearing resistance (/0

cs) is mobilized when a
steady state is reached at which increasing the strain will
not cause any increase in the stress. The value of /0

cs is
an intrinsic property of a soil or granular material which
does not change with the initial states of different
samples that can be created from the given material. In
line with this overall trend of material behavior, the data
on Figure 9 show that each sample mobilized approx-
imately the same value /0 = /0

cs of 20� at the end of
testing.

Fig. 6—Shearing stage (a) development of deviator stress during shearing stage using the new apparatus. (b) volumetric strain vs. axial strain
during shearing stage.
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The test series documented here considered a range of
initial e values and applied cell pressures, r0cell, so that a
CSL could be identified, enabling the data to be

explored within the CSSM framework. For any drained
triaxial compression test, the combination of stresses
experienced by that particular sample during shearing
(the stress path) will plot as a straight line on the p0 � q
plane with a gradient of 3:1, as shown in Figure 10(c).
(This gradient can be derived by expressing r01 in
Equation 2 in terms of q and r0cell). The schematics on
Figure 10(c) indicate that the stress path for a sample
such as A will approach the CSL monotonically.
However, in the case of a dense sample, such as B, the
stress path will extend beyond the CSL as the peak
deviator stress is mobilized, returning to the CSL at
large strains. Figure 11(a) presents the stress paths for
the four tests completed in the current study. Using this
approach to present the data, the CSL is taken as the
locus of points that give the p0 and q values at the end of
each tests, as shown in Figure 11(a). Just like sample B
on Figure 10(c), the stress path for test 300 kPa-549
extends above the CSL, as it mobilizes its maximum
deviator stress before it returns along the same linear
path to end close to the CSL; this is a response that is
typical for dense, dilative soils.[32,38,41] The fact that a
linear relationship between the end of tests points is
observed here, indicates that this material conforms to
our understanding of material behavior within the
CSSM framework. The slope (M) of the CSL plotted
on the p0 � q axes is directly related to /0

cs as

sin /0
cs

� �
¼ 3M= 6þMð Þ. The M value for the tests

described here is around (M = 0.8), reflecting the value
of /0

cs stated above. The ballotini samples in Reference
39 had M = 0.82.
The responses observed during the triaxial tests are

plotted in the mean effective stress–void ratio (e–log p¢)
plane in Figure 11(b) using the semi-logarithmic axes
typically employed in soil mechanics. The sample states
at the end of the isotropic compression stage are
indicated by the black circles in the figure. These points
enable the compression behavior of the material to be
described by the black line labeled ‘‘compression line’’ in
Figure 11(b). Comparing this compression line with the
typical behavior of soil during compression shown
previously in Figure 10(b), e.g.,[42] it can be seen that
the pressures reached in these tests of semi-solid alloy
(black curve in Figure 11(b)) do not reach the yield
pressure of the material, when the material compression
follows the straight normal compression line (NCL),
rather the data agree well with the curved gray part of
the compression curve in Figure 10(b).
The black points defining the compression line on

Figure 11(b) also represent the sample condition at the
start of the shearing stage during the test. The thin gray
dotted lines on Figure 11b) describe the e–p¢ relation-
ships during the shearing stage of the experiments. The
data at the end of each test, when it is assumed that a
critical state has been attained, are represented by the
gray circles on Figure 11(b). These points lie approxi-
mately on a straight line (in the e-log p’ plane) consistent
with the concept of a Critical State Line and adhering to
the CSSM framework presented in Figure 10. The CSL
in Figure 11(b) lies to the left of NCL on this plane,

Fig. 7—Segmented micrographs of polished vertical sections. (a) 300
kPa-549, (b) 600 kPa-550, and (c) 1200 kPa-550 sample. The a-Al
grains are light gray and eutectic (interstitial liquid during tests) are
dark gray.
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similar to Figure 10(b), again confirming that the
material behavior conforms to the CSSM framework.
It can be seen from Figures 6, 9, and 11 that, for the

globular semi-solid alloy at ~ 70 to 85 vol pct solid
studied here, it is the combination of initial solid
fraction, gs (or void ratio, e) and initial mean effective
pressure, p¢, that determine whether the material will
undergo shear-induced dilation or contraction, and
knowledge of the location of a sample relative to the
CSL in e:q:p¢ space enables prediction of the response to
shear. Samples whose initial state (i.e., following any
compression state) is to the right of and above the CSL
in the e–log p¢ plane contract during shearing, experi-
encing a reduction in void ratio (increase in solid
fraction) prior to reaching the CSL, as in samples 600
kPa–550 and 1200 kPa–550 in Figure 11(b). On the
other hand, samples whose initial state is on the left of
and below the CSL will exhibit some dilation (decrease
in solid fraction) and mobilize a peak stress during
shearing before reaching their CSL as in the case of
sample 300 kPa–549 in Figure 11(b). This is consistent
with the CSSM framework developed for soils e.g.,
References 32,43–45.
The idea of applying soil mechanics theories to model

the mushy zone has also been considered in the previous
literature,[3,13,14,46] for example by the use of Terzaghi’s
concept of effective stress[31] and the application of some

Fig. 8—Raw and segmented micrographs of the polished 300 kPa–549 �C sample with a bulge and dilatant shear band.

Fig. 9—Development of angle of internal shearing resistance during
shearing stage.
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laboratory testing procedures similar to those carried
out on soils.[3,14,17,18,20,22,47] Further to this, in the
present work, it can be deduced that globular semi-solid
alloys at ~ 70 to 85 pct solid have a pressure sensitivity
similar to soils both in terms of the pressure-dependent
flow stress, and also a pressure-dependent volumetric
response, and the concept of a critical state locus in
e:q:p¢ space seems to be both valid and useful for
predicting the rheological response of semi-solid alloys,
at least for the range of solid fraction and strain rate
used.

While these experiments have shown the potential of
interpreting and modeling semi-solid alloy deformation
within a framework similar to CSSM, further features
need to be added in future to generalize this framework
for semi-solid alloys. For example, other microstruc-
tural parameters are needed in addition to the solid
fraction (void ratio) such as the dendrite/grain envelope

fraction and envelope shape, and the strain rate depen-
dence of the CSL in semi-solid alloys needs to be
considered.[46] The framework also needs to link to/from
suspension flow at lower solid fraction and to/from the
viscoplastic deformation of a solid skeleton saturated
with liquid at higher solid fraction.[9]

This work has shown the value of developing drained
triaxial compression apparatus with a liquid reservoir
capable of measuring both the in-flow and out-flow of
interstitial liquid during the isothermal deformation of
semi-solid alloys. While these experiments are signifi-
cantly more complex than techniques such as parallel
plate compression and direct shear that have been
widely applied to semi-solid alloys previ-
ously,[1,11,21,22,24–27] this approach enables the changing
solid fraction (or void ratio), deviator stress, and the
mean effective pressure to be known during compression
and shearing (Figures 11(a) and (c)), which are the key

Fig. 10—Schematic diagram showing the critical state framework with two drained shearing test paths (a) critical state line (CSL) in p¢, q, e
space. (b) Projection of the CSL on the e–ln p’ plane, with the normal compression line (NCL). (c) Projection of CSL in p¢–q plane.
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parameters in a critical state framework (Figure 9).
Knowledge of the changing solid fraction during shear-
ing is of additional importance for semi-solid alloys
because, when liquid is expelled or drawn-in from a
region of mush due to shear-induced contraction or
dilation, it creates macrosegregation which affects the
microstructure and properties of the casting, especially
when strain localization occurs. Furthermore, knowl-
edge of whether a local region will undergo shear-in-
duced contraction or dilation provides knowledge of
whether this form of deformation-induced macrosegre-
gation will be negative or positive in this region. Such
triaxial compression is likely to be relevant in, for
example, the soft rolling reduction applied near the end
of the sump in the continuous casting of steels,[48] and in
twin-roll casting of Al and Mg alloys.[49]

V. CONCLUSIONS

A new drained triaxial compression apparatus based
on Bishop’s triaxial apparatus used in mechanical
testing of soil has been developed for semi-solid alloys.
Drained triaxial compression experiments have been
performed on globular semi-solid Al-15 wt pct Cu at 70
to 85 vol pct solid, with confining pressures from 300 to
1200 kPa. The results were then analyzed and compared
with past work on soils in similar apparatus. The
following conclusions can be drawn:

– Describing the pressure-dependent yielding behavior
in terms of the Mohr–Coulomb model, all samples
had an ultimate or critical state angle of shearing
resistance, /0

cs � 20�. This is lower than typical

values for granular soils but is close to values
obtained for tests on smooth glass ballotini and so is
consistent with a semi-solid microstructure consist-
ing of globules with smooth solid–liquid interfaces.

– The semi-solid samples all deformed with significant
volumetric strains during shearing, where shear-in-
duced contraction or shear-induced dilation
occurred depending on the combination of solid
fraction and confining pressure.

– Interpreting the triaxial data within the critical state
soil mechanics (CSSM) framework, the semi-solid
alloy had a pressure sensitivity similar to soils both
in terms of the pressure-dependent flow stress, and
also a pressure-dependent volumetric response. The
concept of a critical state locus in e:q:p¢ space seems
to be both valid and useful for predicting the
rheological response of semi-solid alloys, at least
for the range of solid fraction and strain rate used
here.

– It is anticipated that a critical state soil mechanics
(CSSM)-like framework could be applicable to
semi-solid alloys after modifications to account for
additional microstructural parameters and a strain
rate dependence to the critical state locus (CSL).
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APPENDIX A: NOTATION

Tensor quantities are in bold font

e Void ratio, ratio of volume of voids to
volume of solids

gs Solid volume fraction, ratio of volume of
solid to total volume

p¢ Mean effective pressure or stress
q Deviator stress
u Interstitial liquid pressure or pore liquid

pressure in soil mechanics
dy, dx Displacement in Y and X direction
cgb Interfacial energy of a grain boundary
csl Interfacial energy of a solid–liquid

interface
/¢ Angle of shearing resistance
/0
cs

Ultimate, or critical state, angle of
shearing resistance

/
0

peak
Peak (maximum) angle of shearing

resistance
rtot Total stress
r¢ Effective stress
r0cell Effective cell pressure, confining pressure
r01; r

0
2; r

0
3 Major, intermediate and minor effective

stress
r0n Normal effective stress
s Shear stress
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