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Abstract

Driven by ever increasing structural light-weighting demands of the transport sector and a desire/need to even better understand the complex
behaviour of certain casting processes with Aluminium alloys, the hot tearing susceptibility of Al-Cu binary alloys with a solute content of
0.5, 3.0, and 5.0wt% Cu has been investigated through physical experiments and numerical simulations, i.e. virtual experiments. Both the
temperature at the hot spot, the designed critical point for hot tearing, and the load at the end of the test bar, have been measured in the physical
experiments and compared with the simulation results. The test samples with 0.5 and 3.0 wt% Cu showed hot tears while those with 5.0wt% Cu
had no sign of such tearing. The simulations performed with the ProCAST virtual casting software tool have duplicated well the temperature and
the trend in the load development seen in the physical experiments. The evolution of the solid fraction, strain rate, strain, stress, and hot tearing
indicator has been investigated in detail to reveal the correlation between the physical and numerical experiments.
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Introduction

In the transport sector, energy conservation and emissions reduction
are today’s top priorities as the sector addresses sustainable develop-
ment. Structural light-weighting is one of the most efficient techniques
for achieving these goals [1,2]. With one (material) solution to reduc-
ing weight in a structure being the use of aluminium and its alloys
[3-6], this demand for light-weighting in this sector is set to signifi-
cantly grow the demand for aluminium alloys (or Al-alloys). Indeed,
it has been reported that the overall weight of a rail carriage-body has
been halved due to the extensive use of wrought Al-alloys in replacing
steel in this structure [7]. Casting is the most common manufacturing
process used to create Al-alloy parts in this sector. Aluminium and its
alloys have a much higher thermal expansion coeflicient than other
metals used for structural parts like steel. Because of this, the stress
related defects due to thermal contraction during (the solidification
and cooling within) a casting process is normally higher than the same
defects in those other metals [8]. As the size of a shape casting ora DC
casting ingot increases, so too does its thermal stress. This may lead
to distortion, cold cracking, or hot tearing. It is this hot tearing, the
undesired formation of irregular cracks that develop during the solidi-
fication of these castings [8,9], that is the focus of this paper.

It is well accepted that the cause of such hot tearing is generally at-
tributed to the development of thermally induced tensile stresses and
strains in a casting as the metal contracts during the late stage of solidi-
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fication and solid-state shrinkage. Factors contributing to the for-
mation of hot tearing include mushy zone deformation, liquid metal
feeding and the supersaturation of vacancies [10-13]. The solidified
grains are surrounded by liquid films during the late stage of solid-
ification, and consequently, these semi-solid materials exhibit quite
low strength and ductility [14]. How all these interact will depend on
the mechanical properties of the alloy in the mushy zone because they
determine the ability of the solidifying metal to retain its shape and
transfer forces.

Al-Cu alloys have been investigated by numerous researchers [15-25]
revealing that hot tearing susceptibility follows a lambda curve rela-
tionship when hot tearing severity is correlated to the solute content.
They show that Al-0.5wt%Cu and Al-1wt%Cu alloys have the high-
est hot tearing susceptibility, and that susceptibility decreases as the
Cu content increases [16-19]. Studies also demonstrated the influence
of Cu concentration, superheating and the amount of eutectic on hot
tearing susceptibility [17-21]. All these variables play a significant role
in the formation and development of hot tearing. Indeed, Li et al. [26]
note that grain size has a large impact on their formation. Viano [19]
reported that at a low solute level (0.5wt% Cu), the grain size of the al-
uminium alloy without grain refinement is more than 5mm and there
are very few grain boundaries perpendicular to the direction of strain.
The higher hot tearing susceptibility at lower Cu contents can be ex-
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plained by the presence of coarser grains, the extent of the mushy
zone, a larger linear contraction and there being less residual liq-
uid available for feeding (for example) the non-equilibrium eutectics
[12]. The granular model demonstrates that the grain size has a large
effect on the ‘overpressure’ required to overcome the capillary forc-
es at the liquid-void interface. Because of this dependence, the hot
tearing susceptibility increases with grain size [27]. However, even
grain refined Al-Cu shows severe hot tearing, indicating that hot
tearing is a complex and alloy-dependent phenomenon with many
variables influencing its formation [19].

This research seeks an enhanced understanding of the mechanical
aspects of the Al-Cu alloys on the hot tearing formation, largely by
investigating the correlation between the development of stress and
strain, and the formation of hot tearing. Most of the experiments
were performed virtually, i.e. by numerical simulation with a finite
element analysis (FEA), appropriately validated by judiciously cho-
sen physical experiments. Those previously mentioned mechanical
properties parameterise the constitutive equations at the heart of the
numerical model that will be used to investigate hot tearing during
solidification. Therefore, knowledge (to some precision) of these
properties is crucial to the performance of the virtual experiments
done with that numerical model [15-17].

A virtual prototyping approach was used for the experiments. The
validation of each of the cases investigated numerically was done
with a single physical experiment, the underlying principal behind
virtual prototyping or simulation based engineering to give it an-
other name. This greatly saves on the cost in time, manpower and
material of what would otherwise been an expensive set of physi-
cal experiments, with the variations all being done numerically. The
closeness seen in the results of these two approaches in casting en-
vironments over the past 30 years has long given us the confidence
that this approach is sound. Indeed, if we find that our physical ex-
periment does not agree with our numerical experiments, it is more
likely that the simulation of the casting process may have overlooked
an experimental parameter and/or boundary/loading conditions in
the numerical model.

Experimental and FEA Model

Experimental Procedure

A modification of the hot tearing test rig reported elsewhere

Load Cell

Figure 1: (a) Plan view of the mould [16, 19, 20] and (b) casting with mould.

FEA Model

In this study, the ProCAST virtual casting software tool [28] has
been used to simulate the stress and strain development, and the
hot tearing formation. Figure 2 shows the CAD model of the CHT
(cast hot tearing) rig. The base is divided into three opposite parts,
forming an H-shaped empty bin after splicing, which can cope with

[16,19,20] was used in this study. Figure 1 shows a picture of the
casting and a schematic plan view of the mould. The steel mould (a
medium carbon steel AISI1026) has a combined centre pouring res-
ervoir and riser that feeds the centres of two test bars. This creates a
hot spot and feeder into the centre of bars. Anchoring the two ends
of a cast bar produces tensile stresses within it. One bar is restrained
from both ends and is used to observe hot tears. The other bar has
one end restrained and its other end connected to a load cell and is
used for data collection (load and temperature). A type K thermo-
couple located in the hot spot is used to measure that temperature.
As indicated in Figure 1a, the mould was lined with ceramic fibre in-
sulation in specified areas to assist in producing the designed direc-
tional solidification. A ceramic fibre paper (of 2mm thickness) was
used on the top surface of the mould. A boron nitride coating (Py-
rotek PM 6040) covered the rest of the mould surface. A Foseco in-
sulation sleeve with a density of 0.5 kg/m3 (Kalmin-60) was used for
the riser. This provided a metalostatic head to supply feed material to
the cast bars during solidification and to assist in mould filling. The
riser also served as a sprue.

Hot tearing experiments were performed on three Al-Cu binary al-
loys: 0.5 wt%Cu, 3.0 wt%Cu, and 5.0 wt%Cu. The alloys were pre-
pared from a commercially pure aluminium (99.96%) and pure cop-
per (99.999%) using an induction furnace in a 5kg batch, melted in
780°C, held for 15 minutes, and then poured into the ingot mould.
The alloy was remelted using an induction furnace at 750°C, held for
10 minutes, and once it reached 720°C, poured into the preheat
mould (200°C). A K-type thermocouple (0.25mm diameter wire
with 310 stainless steel sheath) conformed to ANSI specification has
been installed in the center of the test bar (the hot spot), the stan-
dard of error is 1.1°C (0r 0.4%) in the range of -40°C to 1100°C. A
load cell (HYLY-019) was attached to the slide block at the end of
the test bar as shown in Figure 1b. It has a measuring range of
0-1000 N, +0.5%E.S. in accuracy, and 1.0-1.5mv/v in resolution. A
data acquisition unit with 8 channels was used to record tempera-
ture and load. After casting, the cast bars were visually examined for
hot tears.

(b)

different heat transfer conditions between different parts of the
casting and the mould. The same material data and boundary
conditions were used for each case simulated, except of course for
the alloying percentage. The FEA model itself is largely created
automatically by ProCAST’s VISUAL meshing and modelling tool
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whose user interface has a casting industry focus. One imports a
CAD model of the part, cleans up any small irregularities in the CAD
model, and then defines the components of the casting within that
CAD model, discretizing this into 761,821 tetrahedral elements and
139,755 nodes. The quality of the meshes was checked to achieve the
required convergence.

Heat transfer coefficient: In Figure 2a, two distinct sets of
interfacial heat transfer coefficients have been designated for the

200 mm
50

Material model: In this study, an Elasto-Plastic model was
employed to simulate stress and strain. Specifically, the Elastic model
incorporated thermal expansion coefficients, Youngs modulus, and
Poisson’s ratio and the Plastic model incorporated yield stress and
the hardening coefficient. The material properties defined for both
the Elastic and Plastic models varied with temperature. The linear
hardening is defined as follows [28]:
0= 0g+He", 1)

here, oo is yield stress, €” is plastic strain, and H is the plastic modulus.

To determine the material properties for the three alloys, ThermoCalc
was utilized, with the thermal properties data calculated using the
back diffusion model [29]. Additionally, the solid fraction profile for
each alloy was obtained from MatPro® utilizing the Thermotech
TT-Al database under back diffusion conditions.

Hot tearing criteria: The hot tearing indicator (HTI) has been
used to predict hot tearing. This model is based upon the total strain
which occurs during solidification [28], i.e. it is “strain driven” in
that it computes the elastic and plastic strain at a given location (or
node) when the fraction of solid is between CRITFS (usually 50%)
and 99%. The HTI is computed based on the Gurson Damage Model
[28]. It is defined by accumulated plastic strain in the mushy zone
that corresponds to the void nucleation described in that model:

HTI=8=J e?dt  t<t<t (2

Here, 5_,3. is the critical accumulated effective plastic strain for the
initiation of hot tearing, £P is the effective plastic strain rate, f¢

(b)

Figure 2: The heat transfer coeflicient setting separately of the four end regions and the cen-tral region, (a) two interfacial heat transfer coeflicients, (b) and
(c) restricted surfaces (T re-fers to the node at which the hot spot temperature was measured, and S to refers the node at which the end stress of the bar was
measured).

mould-to-casting interface to replicate the intended experimental
rig configuration. The far ends of the bars, depicted in white, have
been assigned an interfacial HTC1 of 500 W/m*K, while the central
portion, highlighted in red, has an HTC2 of 200 W/m™K.

Restrained surfaces for stress simulation: As depicted in
Figure 2b, mirroring the authentic casting procedure, solely one end
is affixed to a dynamometer to gauge load, whereas the remaining
three ends are constrained from displacement.

3 restricted surfaces

(c)

denotes the time when the coherency temperature is reached, and s
is the time when the solidus temperature is reached.

Results

Load and Stress Development

Figure 3 shows the load measurements obtained from the experi-
mental setup and the temperature data recorded by the hot spot
thermocouple, alongside the simulated temperature profiles and sol-
id fraction distributions at the specific location of the test bar. Ad-
ditionally, the effective stress values at the end of the cast bar are
presented. Looking at the low solute alloy, Al-0.5wt% Cu, depicted
in Figure 3a, the progression of load initiation is observed during
the primary a-phase of aluminium solidification, culminating in a
rapid escalation to 775N within a concise timeframe of 68 seconds
post-solidification. In contrast, for the higher solute alloys, Al-3wt%
Cu and Al-5wt% Cu depicted in Figures 3b and Figures 3c, the load
development is instigated subsequent to a phase of rapid cooling,
eventually reaching levels of 800N and 875N at 70 seconds and 75
seconds, respectively. Looking again at the Al-0.5wt% Cu alloy, its
solidification behaviour shows a remarkable decline in solid frac-
tion from 0.1 to 1 at a critical temperature of 650°C, accomplished
in a mere 2 seconds. Again in contrast, the solidification kinetics for
Al-3wt% Cu and Al-5wt% Cu alloys necessitate 48 seconds and 75
seconds, respectively, to attain complete solidification from a solid
fraction of 0.1 to 1.
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Figure 3: Simulated hot spot temperature and the stress at the end of the bar.

(a) Al-0.5Cu alloy (b) Al-3Cu alloy (c) Al-5Cu alloy
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Comparing actual data with simulated data, it is evident that
temperature fluctuations closely align with the measured values.
However, the simulated stress exhibits a distinct behaviour, gradually
escalating during the isothermal solidification phase, reaching
10MPa before experiencing a rapid surge to 70MPa post-isothermal
solidification completion. In contrast, the actual load manifests
post-isothermal process, exhibiting a rapid rise inversely correlated
with the temperature decline. Although direct comparison between
simulated stress and actual load proves challenging due to their
disparate nature as distinct quantities, they nonetheless exhibit
analogous developmental trends. The gradual increase in the
actual measured load might have encountered some delay owing to
frictional forces between the test components and the mould, yet this
didn't significantly alter the overarching trend.

Both experimental findings and simulation outcomes reveal a
discernible deceleration in the solidification rate of aluminium alloy
as the copper content escalates. The Al-0.5wt% Cu alloy achieves full
solidification within 20 seconds, contrasting with the Al-3wt% Cu
and Al-5wt% Cu alloys, which require extended times of 50 seconds
and 80 seconds, respectively. Moreover, the Cu content has the same
effect on the load, and as the Cu content increases. Specifically, load
values elevate to 775N, 800N, and 875N at time intervals of 150
seconds for alloys with increasing copper content, respectively.

Hot tearing and HTI

Figure 4 shows the observed hot tearing phenomenon in the cast rod
and the distribution of HTT in the simulation of the studied Al-Cu

alloy. According to Figures 4a, and Figures 4b,, significant thermal
tearing occurred in Al-0.5wt% Cu and Al-3wt% Cu, with cracks
penetrating the entire cast bar. In the case of the low-solute alloy
comprising 0.5wt% Cu, the crack width measures approximately
1.8mm and is accompanied by numerous smaller cracks at its
termination. Interestingly, in the case of the high-solute alloy
comprising 3wt% Cu, the crack width is narrower, measuring only
0.5mm, although it too is accompanied by multiple smaller cracks.
Conversely, as seen in Figure 4c , the high-solute alloy with 5wt% Cu
shows no significant thermal tearing phenomenon.

Figures 4a, —c, show the HTI distribution of the aluminium alloy
at the end of the solidification process during the simulation. The
content of Cu in the alloy has a direct impact on that HTT distribution.
The low solute alloy 0.5wt% Cu has the peak of HTT appearing in
the centre of the casting bar, at approximately 0.022, it being quite
concentrated. The high solute alloy 3wt% Cu and 5wt% Cu have their
peak HTT appear in the centre of the cast bar and the two corners of
the joints, at approximately 0.022 and 0.03 respectively, and although
in contraction, the peaks vary slightly.

This means that as the Cu content in the aluminium alloy increases,
the peak distribution of HTT becomes more dispersed, gradually
shifting from the central position to the corner positions of the
connection. Nevertheless, the peak at the central position can still be
maintained at about 0.02, and the area of each peak range increases
with the Cu content, and the peaks around it have a much closer
value and a larger area.

10 mm

Figure 4: Photographs of hot tearing in (al) Al-0.5wt%Cu, (b1) Al-3wt%Cu and (c1) Al-5wt%Cu alloy; and simulated HTT in (a2) Al-0.5wt%Cu, (b2) Al-

3wt%Cu, and (c2) Al-5wt%Cu.

Development of Stress, Strain, and Formation of Hot
Tearing

Figure 5 shows the longitudinal simulation data over time for
three aluminium alloys with different copper contents, including
temperature, solid fraction, effective stress, effective strain, and HTI
curves. In Figures 5a -c, it is quite clear that there is a significant
difference between the temperatures at the distal and central regions,
and that this difference decreases with the increase of Cu content.
At 84.5 seconds, the temperature difference between the distal and
central temperatures of Al-0.5wt% Cu is about 175°C, while Al-3wt%
Cuand Al-5wt% Cuare 135°C and 100°C, respectively. In Figures 5a,-
c,» the solidification of all alloys gradually diffuses from the far end to
the centre. Al-0.5wt% Cu achieved complete solidification after 84.5
seconds, which is much faster than the 98 seconds of Al-3wt% Cu
and the 118 seconds of Al-5wt% Cu. The stress corresponding to the
solidification also accumulates from the far end and extends to the

centre, and the stress peaks of all alloys appear near the far end of the
casting rod. The effective stress peaks of Al-0.5wt% Cu appear at 15-
25mm and 150-160mm, and continue to increase with the increase
of solidification. The effective stress peaks in Al-3wt% Cu are at
15-30mm and 150-170mm, and Al-5wt% Cu at 15-40mm and 140-
170mm. These two high solute alloys accumulate additional effective
stress peaks towards the centre position as solidification progresses,
resulting in a wider distribution of effective stresses. However, it is
worth noting that the highest effective stress peak value in Al-5wt%
Cu alloy ultimately appeared at around 50mm and 120mm near
the centre, at approximately 27.5MPa, which is the highest effective
stress peak among the three alloys.

As the solidification increases, the effective strain of the three alloys
gradually accumulates (symmetrically). The first peak of Al-0.5wt%
Cuis 0.01 at 48.5 seconds, and as the solidification progresses towards
the centre, the effective strain gradually increases and different peaks
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appear. The strain at the centre position (80mm-100mm) rapidly
increases from 0 at 80.5 seconds to 0.0225 within 4 seconds. During
the initial solidification stage, Al-3wt% Cu exhibits a peak of 0.01 at
50mm (58 seconds) and a slight decrease at 50mm-70mm. At the
centre position (70mm-110mm), the solid fraction exceeds 50%, and
there is an effect change from 0 to 0.0225, which is the same as the

effective strain of Al-0.5wt% Cu, but it takes 20 seconds. Al-5wt%
Cu reaches a peak of 0.015 at 45mm and ultimately reaches 0.0275
(116.8 seconds) at the centre. By comparison, with the increase of
copper content, the increase in effective strain at the centre position
gradually becomes gentle, but Al-5wt% Cu has the highest peak.
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Figure 5: Simulated evolution of temperature, solid fraction, effective stress, effective strain and HTT of (a) Al-0.5wt%Cu, (b) Al-3wt%Cu, and (c) Al-5wt%Cu

alloys.
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The progress of HTT at different positions follows a pattern similar to
the effective strain, but the three alloys show significant differences
but also exhibit left-right symmetry. Al-0.5wt% Cu exhibits multiple
peaks at both ends and reaches 0.0225 in the final solidification stage
(solid fraction exceeding 60%), indicating a narrow distribution of
its HTI peak. Al-3wt% Cu gradually increases to a weak peak, then
slightly decreases, and finally rises to 0.020, but the rate of increase
is significantly lower than Al-0.5wt% Cu. The changes in Al-5wt%
Cu and Al-3wt% Cu are similar, but the overall values are relatively
high, reaching a weak peak of 0.0155. After a slight decrease, they
finally rise to 0.0275. By comparing the cracks generated by actual
casting rods, it was found that the relatively uniform distribution of
HTI in the direction of elongation and solidification may more likely
be the key to reducing the thermal tearing of Al Cu alloy than the
value of HTL

Discussion

As shown in Figure 5, the simulations revealed that there are
significant differences between the three alloys in temperature
gradient, solid fraction, effective stress and strain, and HTT in the
last few seconds before the solidification in the hot spot when the
hot tearing occurs. These differences may be useful to explain the
mechanism of the hot tear formation for these binary alloys.

Temperature Gradient, Cooling Rate, and Solid Frac-
tion at The Hot Spot Region

Figure 6a shows temperature gradient and cooling rate extracted
from the simulated temperature at the hot spot at the time it was
solidified. Both temperature gradient and cooling rate at the hot spot
decreased with the Cu increase, the temperature gradient decreasing
from 2.0, to 1.6, and finally to 1.0°C/mm while the cooling rate
decreasing from 1.25, to 0.8 and finally to 0.5°C/s.

Strain, Strain Rate, Strain Gradient, and HTI

In Figures 6b and 6¢, effective strain, strain rate, strain gradient (the
rate of change of the effective strain with distance), and the HTI
at the hot spot in the last moment of the solidification are plotted
against Cu content for the three alloys. In effective plastic strain was
0.028, higher than that of Al-0.5wt%Cu (0.022) and Al-3wt%Cu
(0.020) which were much the same. The well-designed feeding hot
spot in this study has a strain rate of 0.0055/s for Al-0.5%Cu alloy,
much higher than the 0.00035/s of Al-3wt%Cu and the 0.0005/s of
Al-5%Cu. The strain gradient decreased with the increase of Cu
content, from 0.0014 of Al-0.5wt%Cu, 0.00065 of Al-3wt%Cu, to
0.00014 for Al-5wt% Cu as shown in Figure 6b.
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Figure 6: (a) Temperature gradient and cooling rate, (b) effective strain and strain rate, and (c) HTT and HTT gradient against Cu content.

As Figure 4 shows, the HTT is the highest at the hot spot where the hot
tearing occurred. However, as recommended in ProCAST Manual
[28] the HTI value cannot be compared between different alloys.
In this study, the Al-0.5wt%Cu and Al-3.0wt%Cu alloys with lower
HTIs of 0.022 and 0.020 exhibited hot tearing while the HTI 0.28 of
the Al-5wt%Cu alloy did not. The differences of the HTI gradient
against the longitude between the experimental alloys show that the
HTI gradient for Al-3wt%Cu reaches 0.0007 which is significantly
lower than 0.0037 for the Al-0.5wt%Cu alloy but not much different
from 0.0005 for Al-5wt%Cu.

Hot tearing theories have been proposed based on the understanding
of the stress and strain development during the solidification. Early
theories were based on strain accumulation in hot spot regions, but
subsequent studies have suggested that strain rate rather than actual
strain was the critical parameter for hot tearing. Sistaninia et al. [30]
have further demonstrated that the dependence of hot tearing on
either strain or strain rate is associated with the feeding condition
of the mushy zone. When the mushy zone can be fed sufficiently,
the critical factor for hot tearing is strain rate, but conversely, when
the mushy zone cannot be fed sufficiently, hot tearing will also be
affected by strain accumulation.

The large differences in both strain rate and strain gradient in the
Al-0.5wt%Cu and Al-5wt%Cu alloys agree with the occurrence of
hot tearing. However, very little difference is found between the
Al-3wt%Cu and Al-5wt%Cu alloys on either strain rate or strain
gradient, an indication that the complexity of the hot tearing and
alloy-dependent phenomenon being one with many variables
influencing its formation.

Correlation of Stress and Strain Development at The
Hot Spot and the End of the Test Bar

Figure 7 shows the evolution of temperature, solid fraction, stress and
strain at both the hot spot and the end of the test bar. The temperature
at the end of the bar drops rapidly as shown in Figures 7a and 7a, for
the Al-0.5wt%Cu alloy, where the solidification started at 16 seconds
and was completed at 20 seconds. The stress started to build up once
solidification was completed at 20 seconds and gradually increased
to 5MPa within 20 seconds, with no significant increase until 90
seconds. No strain was developed at the end of the bar. On the other
hand, the temperature at the hot spot changed more slowly, the
solidification started at 54 seconds and was completed at 83 seconds.
The stress started to build up at 80 seconds when the solid fraction
was about 0.20, with full solidification taking a further 4 seconds, by
which time the stress had increased to 3MPa. Strain also starts at 80
seconds and rises linearly to 0.09 in 4 seconds.

Increasing Cu content to 3.0wt% and 5.0wt% saw solidification
at the end of the test bar begin at 12 seconds and 10 seconds and
be completed at 32 seconds and 45 seconds. The stress of the Al-
3wt%Cu and Al-5wt%Cu alloy started at 19 seconds and 18 seconds
when the solid fraction had reached 0.5 and 0.4 respectively. It then
increased to 3MPa and 10 MPa at 40 seconds and remained so for 40
seconds. Similarly, no strain occurred.

The solidification at the hot spot started at 35 seconds and 30
seconds and ended at 98 seconds and 114 seconds for Al-3wt%Cu
and Al-5wt%Cu alloys as seen in Figure 7b and Figure 7c. The
stress of Al-3wt%Cu started at 80 seconds when the solid fraction
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was 0.5 and reached 5MPa when fully solidified, while the strain
appeared at 82 seconds when the solid fraction was 0.6 and increased
rapidly to 0.017 within 16 seconds of full solidification. The strain
of Al-5wt%Cu also appeared at 80 seconds and the solid fraction
was the same at 0.5 and increased slowly within 34 seconds of full

solidification to 10 MPa. The strain of Al-5wt%Cu also occurs at 80
seconds when the solid fraction is 0.5, which increases slowly to 10
MPa within 34 seconds of complete solidification, and the strain also
occurs at 82 seconds, but the solid fraction is slightly lower than 0.6
and finally reaches 0.022 at the completion of solidification.
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Figure 7: Stress and strain development at the hot spot (in black) and the end bar (in red). (a) Al-0.5wt%Cu; (b) Al-3.0wt%Cu; and (c) Al-5.0wt%Cu.

Past work demonstrated that the observed increase in the load at the
Non-Equilibrium Solidus (NES load) can serve as an indicator of
their hot tearing susceptibilities, and that this NES load mirrored the
amount of the unfed shrinkage and thus was related to the pressure
drop in the mushy zone [12,25,31]. For the current setup, there is no
correlation on the stresses and strain development between the hot
spot and the end of the test bar. Due to the qualitative comparison
between load measured and stress simulated, it is concluded
that there is no relationship between load value and hot tearing
susceptibility.

Even through no quantitative comparisons between the measured
load and the simulated stress can be made because they are different
quantities, the trend is the same, indicating that they are qualitatively
comparable. The starting stress is earlier than that of measured load,
which may have been due to the friction between the slide and mould
surface in the experiments. The load measured and stress simulated
may not be directly related to the stress and strain development in
the hot spot of the centre of the test bar. The relationship between
the end and the centre of the bar needs to be further investigated
and clarified.

Conclusions

Numerical experiments (i.e. simulation) and physical experiments
were used to investigate the hot tearing susceptibility of Al-Cu binary
alloys with solute contents of 0.5, 3.0, and 5.0wt% Cu. The following
conclusions about the influence of Cu composition can be made in
respect of the hot tearing susceptibilities during the casting of these
alloys: Large tears in the Al-0.5wt%Cu alloy are present. In the Al-
3wt%Cu alloy, the primary tear is significantly smaller, and in the
Al-5wt%Cu alloy, there was no sign of hot tearing. The Al-0.5wt%Cu
and Al-3.0%Cu alloys with lower HTIs of 0.022 and 0.020 exhibited
hot tearing while the Al-5wt%Cu alloy with a HTT of 0.28 did not.
The differences of the HTT gradient against the longitude between
the three experimental alloys show that the HTT gradient reaches just
0.0007 for Al-3wt%Cu, significantly lower than the 0.0037 for Al-

0.5wt%Cu but not much different from the 0.0005 for Al-5wt%Cu.

Simulations show that in the last moments before solidification was
complete, both the temperature gradient and cooling rate at the hot
spot dropped with the Cu increase, in particular, the temperature
gradient dropped from 2.0, 1.6, to 1.0°C/mm while the cooling rate
dropped from 1.25, 0.8 to 0.5°C/s. The broader region of slower
solidification growth of the Al-5wt%Cu alloy leads to a higher
permeability in the mushy zone, so therefore a higher ability to heal
micro-pores and reduce hot tearing susceptibility. In comparison,
the quicker increase in solid fraction over a narrower band for the
lower solute content alloys translates into an order of magnitude
drop in permeability in the last stages of solidification, leading to
a lower ability to heal micro-pores. There is not much difference in
effective strains between the three alloys. Interestingly though, the
Al-0.5wt%Cu alloy showed both a much higher strain rate at the
hot spot of the test bar than that of the Al-3wt%Cu and Al-5wt%Cu
alloys, as well a higher strain gradient along the longitudinal
direction.

It is believed that the low permeability, high strain rate, and high
strain gradient in the last moment of solidification are attributable to
the formation of hot tears in the Al-0.5wt%Cu alloy. However, very
little difference is found between Al-3wt%Cu and Al-5wt%Cu on
either strain rate or strain gradient indicating the complexity of the
hot tearing and alloy-dependent phenomenon with many variables
influencing its formation. Simulations also indicated that there is no
correlation on the stresses and strain development between the hot
spot and the end of the test bar for the CHT rig used in this study.
Due to the qualitative comparison between load measured and stress
simulated, it is also concluded that there is no relationship between
load value and hot tearing susceptibility.
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