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ABSTRACT

A simple and effective recycling approach of magnesium alloys can offer economic and environmental benefits. This study demonstrates that by simply remelting
AZ91/AZ80 machining chips and shape casting, the tensile properties of the castings can be preserved and substantial grain refinement can be achieved, compared to
casting from ingots using the same alloy. Cooling curves for the samples, obtained through the immersion thermocouple method, showed that nucleation event
density in chip melts consistently exceeds that in ingot melts, particularly at low undercoolings. Tensile tests showed that chip castings exhibit a slightly higher 0.2%
proof stress than castings from ingots, with increases of 5% and 1% for as-cast and solution-treated conditions, respectively, due to the Hall-Petch effect. Elongation to
fracture was similar for both chip and ingot samples, with fractography indicating entrainment defects, rather than grain size, predominantly determined this
outcome. These combined results indicate that the shape casting of AZ91/AZ80 machining chips could be used as part of the closed-loop recycling of magnesium.

1. Introduction

Alloy recycling is a crucial pathway to drive the transition towards a
circular economy, ultimately contributing to achieving net-zero emis-
sions by 2050, as it can significantly reduce the consumption of raw
materials and energy and decrease greenhouse gas emissions. Magne-
sium (Mg) alloys, as the lightest structural metals, have been widely
used in the automotive and aerospace industries, contributing to
increased energy efficiency and reduced carbon emissions. However,
primary Mg production is energy-intensive, which may offset the ben-
efits associated with utilizing magnesium parts [1]. The energy required
for recycling Mg is only 5 % of that needed to produce an equivalent
weight of primary Mg [2-4], underscoring the need to expand Mg
recycling for both economic and environmental gain.

Among all magnesium alloys, the AZ series containing Al and Zn is
the most widely used [5]. Mg-9Al-0.7Zn-0.2Mn (wt%) is particularly
favoured due to its balance of mechanical properties and corrosion
resistance [6]. It is referred to as AZ91 when used for casting [7] and
AZ80 for forgings [8], with the former commonly employed for thin-
walled integrated automotive components [9] and the latter for
advanced automotive wheels [9,10]. Both applications generate chips
during machining. For example, the chips produced by the machining of
die-castings account for approximately 7 % of the final part’s weight
[11], whereas this percentage can be greater for forgings. Therefore,
recycling these chips holds significant potential.

For magnesium alloy scrap, which encompasses trimmings, chips,
and rejected parts, conventional recycling primarily uses chemical
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methods, including flux or fluxless refining and hydrometallurgical
processes [2,12]. Specifically for chip recycling, extrusion has been
proposed as a solid-state technique [13]. The benefits are that it prevents
oxidation during recycling and results in material with a fine grain size,
enhancing strength and ductility [14]. This technique is especially apt
for recycling mixed chips of magnesium alloys and aluminium alloys to
produce alloys that are challenging to cast directly (e.g. AJ62 mixed
with A390) [11]. However, its limitations include the production of only
elongated components with specific cross-sectional shapes and the long
duration of the entire process cycle [15]. Another technique that utilizes
chips for processing Mg alloys is thixomolding. This semi-solid pro-
cessing technique uses granules obtained by mechanically comminuted
ingots as feedstock material, enabling the production of net-shape
components with complex geometries [16]. However, thixomolding
does not usually use recycled machining chips. In contrast, directly
remelting and shape casting could be a simple and efficient method for
recycling clean magnesium alloy chips, yet there is limited research
reported on this subject. Since casting has consistently been the primary
manufacturing method for magnesium alloy components, accounting for
approximately 98 % of magnesium structural applications [17], recy-
cling chips of AZ91 and AZ80 through shape casting could broaden their
application potential.

To verify the quality and usability of castings made from chips, two
key factors must be considered. Firstly, it is necessary to ascertain
whether a fine grain size can be obtained without the addition of grain
refiners. A small grain size is desirable for magnesium alloy casting since
it usually improves both processability and performance. For example,
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during casting, a small grain size reduces casting defects [18] and hot
tearing susceptibility [19] and, during subsequent deformation pro-
cessing, it improves the microstructure uniformity and formability
[20-23]. In service, a small grain size provides grain boundary
strengthening [24,25] and can also improve corrosion resistance
through finely dispersed p-Mg;7Al;5 phase particles [26,27]. However,
grain refinement in Mg-Al based alloy castings remains a challenge. Mg-
Zr master alloys, as the sole commercial grain refiner for magnesium
alloys at present [23], are ineffective for alloys containing Al, Si, and Mn
due to the formation of stable intermetallic phases[28,29]. Although
extensive studies have been conducted on the grain refinement of
magnesium alloys [25,28-32], there remains an ongoing need for
improved grain refinement approaches for Mg-Al alloys. One approach
developed in recent years [23,33] achieved grain refinement in cast
AZ91 through an intensive melt shearing technique and attributed this
to the role of dispersed magnesium oxide (MgO) particles. Considering
the presence of natural MgO on the surfaces of machining chips and their
high surface area to volume ratio, it is interesting to explore if using
recycled machining chips as feedstock for shape casting has any grain
refinement effect.

Another factor is whether the native MgO on machining chip surfaces
might have a detrimental effect on the quality of castings produced from
remelted chips. It is widely reported [34-40] that introducing the oxide
layer from the surface of molten magnesium into the melt can lead to the
formation of damaging entrainment defects. These defects act as pre-
existing cracks in the castings, which may result in a significant reduc-
tion in fracture toughness and ductility. Thus, evaluating the tensile
properties and oxide defects of castings made from chips versus from
ingots is necessary.

Therefore, this study uses the grain size and tensile performance of
castings as metrics to study the feasibility of recycling AZ91/AZ80 chips
via a direct shape casting route. First, the grain size of castings made
from chips and ingot feedstock under different cooling rates is
compared, with cooling curves being utilised to analyse the distribution
of nucleation events. Then, the tensile performance of castings made
from chips and ingot feedstocks, both in as-cast and solution-treated
states, is examined, and fractography and defect analysis are conduct-
ed to assess whether the large surface-to-volume ratio of chips adversely
affects tensile performance.

2. Experimental

The starting materials, both chips and ingots, were commercial al-
loys supplied by Non Ferrum GmbH, with a composition of 8.67 wt% Al,
0.60 wt% Zn, 0.26 wt% Mn, and 0.03 wt% Si. According to ASTM
standards [7,8], this composition lies within the overlapping region of
AZ91 and AZ80 alloys. The chips were machined from the same batch of
ingots using a cutting mill, in ambient air without applying any coolant
or lubricant, and their size distribution, determined by sieve analysis
according to ISO 4497 [41], is shown in Table 1. Fig. 1 shows the
morphology of the as-received chips at different magnification levels,
with Fig. 1(a) displaying the macroscopic morphology of the chips and
Fig. 1(b) showing representative external surfaces of the chips. The
shapes of the chips include granular and saw-tooth forms, attributable to
varying cutting speeds, with the granular form typically corresponding
to higher cutting speeds than the saw-tooth form [42]. Additionally,

Table 1

Size distribution of chips.
Size distribution Value
> 4000 pm 0.0 %
> 3150 pm 0.6 %
1000-1400 pm 31.2%
< 1000 pm 4.8 %
< 710 pm 0.3 %
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each chip features a smooth rake face and rough, sometimes saw-
toothed, flank faces, with their microscopic morphologies shown in
Fig. 1(c) and (d). In Fig. 1(e), energy-dispersive X-ray spectroscopy
(EDX) elemental analysis shows that some of the particles are oxides,
while the majority of the areas do not exhibit detectable levels of
oxygen.

For gravity casting, 120 g of the alloy was placed into a mild steel
crucible, heated to 680 °C, and held at this temperature for 30 min in a
resistance furnace under an argon atmosphere. Subsequently, the
molten alloy was poured into a steel mould (Mould I), which was pre-
heated to 200 °C, producing cylindrical rods with a diameter of 12 mm
and a length of 15 cm. To record cooling curves, a K-type thermocouple
was pre-fixed within Mould I, with its tip positioned at the centre of the
cross-section of the cast rod, 10 cm above the base. Cooling curves were
recorded using a Keysight 34972A data acquisition system at a fre-
quency of approximately 23 Hz.

Another steel mould (Mould II) was used to cast tensile specimens
(overall dimensions: ®17 mm x 100 mm) and compression rods (®13.5
mm x 100 mm), requiring slight stirring to ensure thorough melting of
the alloy before casting due to its complex cavity shape. 180 g of the
alloy was heated to 680 °C using the same equipment and methods as
described above and held for 25 min. Subsequently, a truncated conical
stirrer was inserted into the molten alloy and stirred at 60 RPM. The
maximum Reynolds number in the liquid during the stirring process was
estimated to be around 1 x 103, suggesting that it largely remained
within the laminar flow regime. After 5 min of stirring, the stirrer was
withdrawn, and the molten alloy was poured into Mould II, which was
preheated at 200 °C, once the melt had stopped spinning.

For the slow cooling experiments, 180 g of the alloy was heated to
700 °C and held for 30 min. Then, the crucible was removed from the
furnace and placed in ambient air. A K-type thermocouple was imme-
diately inserted into the molten alloy, with its tip positioned at the
centre of the cross-section, approximately 1.5 cm above the bottom of
the crucible (the melt depth was about 3 cm). An insulating board was
placed on top of the crucible to prevent ignition of the alloy. Cooling
curves were recorded using a Pico Technology TC-08 thermocouple data
logger with a sampling rate of 5 Hz.

Throughout these processes, the crucible, stirrer, and both moulds
were pre-coated with boron nitride aerosol spray from Precision Ce-
ramics. All thermocouples were calibrated with commercial-purity
aluminium before and after use, and the error did not exceed 0.5 °C.

For tensile testing, the tensile rods were cut off from Mould II cast-
ings. Some tensile rods were tested in the as-cast condition and others
were subjected to T4 solution heat treatment before tensile testing. For
solutionising, specimens were exposed to a temperature of 410 + 4 °C in
a forced-air convection oven for a duration of 20 h, followed by a water
quenching process, in compliance with the ASTM B661 standard [43].
The density of the tensile specimens was measured using the Archimedes
method specified in ASTM B962 [44] before the tensile test, and the
volumetric porosity of the specimens was computed by comparing it to
the density of a hot-rolled AZ91 sample, considered as void-free (with a
density of 1.81 g/cm®). Subsequently, tensile tests were performed on
both cast and heat-treated specimens, following the ASTM B557M
standards [45]. Tensile testing was performed using an Instron 5969
universal testing machine at a strain rate of 1.0 x 10-%s~! where strain
was measured using strain gauges. A minimum of 6 tensile specimens
was tested under each condition to ensure the repeatability of the
results.

For metallographic preparation, cross-sections close to thermocou-
ples or fracture faces were selected, and the sampling locations for chip
and ingot samples were kept consistent. These samples were ground
sequentially with SiC abrasive papers of 1200, 2000, and 4000 grit with
water, followed by polishing to a mirror-like finish using an ethanol-
diluted colloidal silica suspension. Subsequently, an etching method
adapted from reference [46] was employed, where the samples were
stirred in an etching solution composed of glacial acetic acid, deionised
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30 pm

Fig. 1. (a) Macroscopic morphology of as received AZ91 machining chips, (b) representative external surfaces of chips, (c) microscopic morphology of the rake face,

(d) microscopic morphology of the flank face, and (e) EDX surface mapping.

water, and anhydrous ethanol in a ratio of 1:44:156 for 100 to 200 s. The
samples were then rinsed with anhydrous ethanol, and the surface was
dried with compressed air.

For microstructure characterisation, an Olympus BX53M optical
microscope equipped with polarised light and a retardation wave plate
was utilised to inspect the grain morphology of the etched samples. The
average grain size of a-Mg in each sample was measured using the linear
intercept method, following the ASTM E112 standard [47]. Secondary
dendrite arm spacing (SDAS) was measured using the linear intercept
method recommended by Ref [48]. The fracture morphology was
captured using a Hirox HRX-01 microscope fitted with a high-range
turret zoom lens HR-2500(E), and the images obtained were analysed
with ImageJ software to measure the area fraction of defects on the
fracture surfaces. Observation and analysis of chips, polished planes,
and fracture surfaces were conducted using a Zeiss AURIGA scanning
electron microscope (SEM), which was furnished with an Oxford In-
struments INCA x-sight energy-dispersive X-ray spectroscopy (EDX)
detector.

3. Result and discussion
3.1. Grain refinement effect from chips feedstock

In this work, we discovered that using recycled chips as feedstock
resulted in substantial grain refinement during casting. For slow-cooled
samples with a liquid cooling rate of 0.7 °Cs™! (between 650 °C and
630 °C), the grain size of chip samples (300 + 18 pm) was reduced by 84
% compared to ingot samples (1879 + 76 um). As the liquid cooling rate
increased to 87 °Cs ™!, unstirred gravity-cast chips exhibited a grain size
(142 + 8 um) decrease of approximately 50 % relative to ingot samples
(286 + 43 um). The same grain refinement effect was also observed in
castings from Mould II, where chip castings always exhibited smaller
grain sizes than castings from ingots cast under the same conditions. The
specific grain sizes are shown in Fig. 2, where (a) to (d) display optical
microscope images of etched samples from slow-cooled and gravity-
casting processes, and (e) summarises the average grain sizes and
standard deviations for each condition, with each group containing at
least six samples.

The grain size of ingot samples exhibited a strong sensitivity to the
cooling rate, being significantly reduced from 1879 + 76 ym in slow

cooling (0.7 °Cs™1) to 286 + 43 um in gravity casting (87 °Cs™1). In
contrast, the fine grains in chip samples demonstrated a weaker
dependence on the cooling rate, only reducing from 300 + 18 pm to 142
=+ 8 um, as evident from two additional comparisons. Firstly, in Fig. 2(b)
and (d), there is a larger variation in grain size from the edge to the
centre in ingot samples. Another piece of evidence comes from the last
two groups in Fig. 2(e), which were sampled from different rods of the
same castings. As they were sharing an identical melt, the variations in
grain size can be attributed exclusively to disparities in cooling rate and
flow conditions, with the former being inversely correlated with casting
diameter. The sampling cross-section of the compression rod has a
diameter of 13.5 mm, whereas the tensile rod is 8.6 mm. For reference,
the diameter of the mould I casting is 11.9 mm.

Despite differences in grain size, chip samples and ingot samples
with the same cooling conditions show highly similar secondary
dendrite arm spacing (SDAS). Using micrographs such as those in Fig. 3,
the average SDAS are 14.9 + 0.7 pm and 15.1 + 0.4 pm for gravity-cast
chip and ingot samples, respectively, and 64.7 + 1.5 pm and 64.8 + 1.9
pm for slow-cooled chip and ingot samples, respectively. These simi-
larities indicate highly similar cooling rates within each experimental
set for both chips and ingots due to the relationship between SDAS (12)
and the local freezing time (At) [49], which can be simplified as Eq. (1),
and has been confirmed to be approximately valid for AZ91 [50-55].

/120((At)1/3

3.2. Thermal analysis of solidification process

To analyse the effects of chip feedstock on a-Mg nucleation, cooling
curves for both chips and ingots were recorded during unstirred slow
cooling and unstirred gravity casting, as illustrated in Fig. 4. Three pa-
rameters were measured for cooling curve analysis: (i) the cooling rate
in the liquid between 650 °C and 630 °C; (ii) the minimum temperature
before recalescence, Tnin; and (iii) the temperature rise of recalescence.
Experiments were repeated six times for each condition, and the pa-
rameters are presented in Table 2. In both solidification conditions, it
can be observed that chips and ingots shared the same cooling rate, and
that chips consistently exhibited higher T, and smaller recalescence
compared to ingots. The difference between chips and ingots is the
largest for slow cooling. It is also clear in Fig. 4 and Table 2 that, as the
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Fig. 2. The micrographs of (a) slow-cooled chip melts, (b) slow-cooled ingot melts, (c) non stirred gravity-cast chip melts in Mould I, and (d) non stirred gravity-cast
ingot melts in Mould I. (e) average grain size of samples solidified from chip melts and ingot melts under different solidification conditions.

cooling rate increases, both chips and ingots show a pronounced
decrease in Ty, as is commonly reported in equiaxed solidification
[56-58].

Grain initiation typically requires two conditions: nucleation sites
and sufficient undercooling (thermal and/or constitutional). As the melt
temperature decreases, the undercooling increases, initiating grain
nucleation and growth at nucleation sites, and releasing latent heat. Tyin
is reached when the rate of latent heat release equals the rate of external
heat extraction. This is then followed by recalescence where the latent
heat flux caused by the growth of grains in the undercooled melt exceeds

the external heat flux [59-61].

As shown in Fig. 4(c), during the slow cooling process, chips
exhibited a higher T, than ingots, indicating that a sufficient number
of nucleation and growth events were activated within a smaller

undercooling range. In contrast, at this temperature ('I‘:‘ig’s), the rate of
latent heat release in the ingot melt was insufficient, causing the melt
temperature to continue decreasing. This led to the further growth of
existing grains while new grains continued to nucleate. Eventually, at a
deeper undercooling, the rate of latent heat release in the ingot melt

caught up with the heat extraction rate. Therefore, it was evident that
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Fig. 3. Optical microscope images of samples solidified from chip melts and ingot melts after colour etching: (a) slow-cooled chip melt, (b) slow-cooled ingot melt,
(c) gravity-cast chip melt from Mould I, and (d) gravity-cast ingot melt from Mould I.

@) 650 . .
Chips, slow cooling
Ingots, slow cooling|
600 4
—_
O
<
° 550
2
51
2 5004
g
]
[
450
400 T T T T T T T
0 100 200 300 400 500 600 700 800
Time (s)
(©) 605 - .
—— Chips, slow cooling
Ingots, slow cooling
6004 _
o 599,
O 2
o 597.4
£ 505
51
a
&
)
=
590 4
585 T T T T T T
60 80 100 120 140 160 180 200
Time (s)

(b) 650

—— Chips, gravity casting
— Ingots, gravity casting|

600

5504

500

Temperature (°C)

450+

400 T

T T T T

9
Time (s)
(d) 605

—— Chips, gravity casting
Ingots, gravity casting|

600

5954

Temperature (°C)

590

585 T
0.5 1.0

T ¥
1.5 2.0
Time (s)

2.5 3.0

Fig. 4. Cooling curves of (a) (c) slow-cooled samples and (b) (d) gravity castings from Mould I, where (c) and (d) are the zoomed-in early stage (temperature range of
605—585 °C) of a-Mg solidification. In (c) and (d), horizontal lines mark the minimum temperature before recalescence. Curves have been shifted along the time

axis to aid the visualisation.

the molten ingots lacked activated nucleation events at a small under-
cooling while, in chips melts, there was a substantial number of acti-
vated nucleation events even at a small undercooling.

In gravity casting, the cooling rate increased by two orders of
magnitude compared to slow cooling. Therefore, a deeper undercooling

was necessary to increase the number of activated nucleation events and
the grain growth rate, enabling the rate of latent heat release to corre-
spondingly increase. As a result, compared to slow cooling, both chip
and ingot castings exhibited a significant decrease in Tp;,, leading to
more nucleation events and a reduction in grain size (Table 2).
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Summary of cooling curve parameters, grain size and volumetric grain density, Ny, in castings produced from chip feedstock versus ingot feedstock. S.C. = slow

cooling. G.C. = gravity casting.

Number of Cooling rate Tmin °C) Recalescence Grain size Ny (m™%)
samples (Ks™H “QC) (pm)
S.C. no stirring Chips 6 0.74 £ 0.02 599.55 + 0.19 0.004 + 0.001 300 + 18 1.84E + 10
Ingots 6 0.72 + 0.03 597.36 + 0.72 0.089 + 0.074 1879 + 76 7.54E + 7
G.C. no stirring Chips 6 84.90 + 5.89 593.45 + 0.26 0.359 + 0.012 142+ 8 1.74E + 11
Ingots 6 88.43 + 12.52 592.96 + 0.13 0.464 + 0.067 286 + 43 2.14E + 10
To gain further insights into the link between the measured grain 4).
refinement and measured cooling curves, we performed a semi- T ,
quantitative analysis within athermal nucleation theory. Following Ny = / No exp( — (In(AT/To)] d(AT)
Maxwell and Hellawell [59], Greer [60] and the others [61-63], we o SATV2x 252
assume that recalescence prevents further heterogeneous nucleation In(AT — To)
events, such that the grain size is determined by the total number of = Noerf< _f>

activated nucleation events when the melt temperature reaches Tpn,
which corresponds to the moment of maximum undercooling. We as-
sume that nucleation events occur continuously on cooling following a
distribution of nucleation event density versus undercooling. We then
explore how this nucleation density distribution differs for chips versus
ingots. In literature, a range of distributions have been used for equiaxed
solidification including a log-normal [64], Gaussian [65], Weibull [66],
and exponential distribution functions [60], and it has been argued that
each of these fitting functions approximately resembles each other for
the small undercoolings reached during equiaxed solidification [61].

The number of grains per unit volume (Ny) can be estimated from the
average grain size (d) measured by the linear intercept method using Eq.
(2) [60]. The specific values of Ny for the thermal analysis samples are
detailed in Table 2.

0.5
N="g
Assuming the nucleation density distribution (dNy/d(AT) versus AT)
adheres to a lognormal distribution, as shown in Eq. (3)

dNy ~ [In(AT - To)}2>

d(AT)

No ex
SATV 27 P 2s?
Where Ny, s and Ty are fitting parameters. Then, Ny versus AT follow the
lognormal cumulative distribution function (CDF) as described in Eq.

dNy 10,,-3 -1

m (x10"°m=3K"1)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0 ; ; ; " ; ;

Since the composition and impurities of the melt made from chips in
both slow cooling and gravity casting are assumed to be identical, the Ny
and Ty, obtained under these two solidification conditions can be used
to fit one cumulative distribution function of the chip melt. After
obtaining the fitting values for each parameter, the corresponding CDF
and log-normal curves can be plotted. The same approach was then
applied to the samples produced from ingots. The nucleation event
density and density distribution curves plotted according to the above
method are shown in Fig. 5. These fitted curves are a reasonable esti-
mate only within the undercooling range covered by the experimental
data.

By comparing the grain density curves in Fig. 5, it is evident that at
the same degree of undercooling, the nucleation event density of chips is
substantially higher than that of ingots. This discrepancy is especially
pronounced when the undercooling is small. Under the slow cooling
condition, even when the maximum undercooling of ingots exceeds that
of chips by more than 2 °C, the nucleation event density of chips is still
approximately 250 times greater than that of ingots. As the liquid
cooling rate increases from 0.73 °C/s to 86.7 °C/s, the nucleation event
density of chips increases tenfold, while that of ingots increases by over
360 times, reaching approximately one-seventh of chips while main-
taining a 0.5 °C undercooling difference. The above analysis indicates
that ingot melts are lacking in activatable nucleation sites at small
undercooling compared with chip melts. Also, it explains why the grain

Ny (x 101'm™3)

0.0 0.5 1.0 1.5 2.0

AT(°C)

10.0

12.5
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Ingots|

-<2¢_-________
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Fig. 5. Nucleation event density and its distribution in chip melts and ingot melts for the cooling curves shown in Fig. 4 (c)-(d). Ny = number of grains per unit
volume. Superscripts: S.C. = slow cooled chip melt, S.I. slow cooled ingot melt, G.C. = gravity cast chip melt, G.I. = gravity cast ingot melt.
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refinement of chips is less dependent on the cooling rate, as they already
possess an ample supply of activatable nucleation events at small
undercooling.

Fig. 5 shows that, in order to explain the grain sizes and differences in
the cooling curves from chip melts versus ingot melts from a heat flow
perspective, it is necessary that melts made from chips contained both a
larger number density of nucleation sites and that these sites required a
lower undercooling to trigger nucleation events. Considering that one
significant difference between chips and ingot feedstock is that chips
have a much higher surface-to-volume ratio prior to melting, a natural
hypothesis is that chips may introduce more MgO to the melt than ingots
and that this MgO may catalyse nucleation. The MgO initially on the
chip surfaces is likely to be nanoscale and could contribute to grain
refinement in various ways. For example, the MgO introduced may play
a role directly as heterogeneous nucleation sites (e.g. [23,67]), or indi-
rectly by restricting the growth of a-Mg dendrites and hindering the
diffusion of solute in the liquid (e.g. [68,69]), or both. Further work is
required to conclusively prove the mechanism(s) of grain refinement
when using chips as feedstock for casting.

3.3. Tensile properties

Fig. 6 compares the tensile properties of chips and ingots in the as-
cast state and after T4 solution heat treatment. The engineering
stress-strain curves in Fig. 6(a) reveal that, for the as-cast samples, chip
samples exhibit slightly higher 0.2 % proof stress, elongation at break,
and ultimate tensile strength. T4 heat treatment and quenching result in
the dissolution of the hard p-Mg;7Al; 5 phase, which decreases the 0.2 %
proof stress of both chips and ingot samples, while significantly
increasing their ductility. After T4 treatment, the 0.2 % proof stress of
chips remains slightly higher than that of ingots, but the elongation of
ingot samples slightly surpasses that of the chips. Fig. 6(b) shows that,
overall, the tensile properties of chips and ingot samples are similar to
each other in both conditions, with no significant decrease in ductility
associated with using chips. These results are compared to the yield
strength and elongation of gravity-cast AZ91 and AZ80 alloys reported
in the literature [70-75], as shown in Table 3. The deviations between
different studies may be attributed to the differences in casting pro-
cesses, solidification conditions, and alloy compositions.

In Fig. 6(b), the 0.2 % proof stress of the as-cast and solution-treated
chip samples is respectively 5 % and 1 % higher than that of the ingot
samples, attributed to the strengthening effect caused by grain refine-
ment, namely the Hall-Petch effect, represented by Eq. (5).

1
vd

oy, =0o+k

where 6 and k are constants related to the chemical composition and
microstructure of the material. oy includes grain size-independent
strengthening effects, and k is responsible for all strengthening effects
related to grain size. The physical mechanism of grain boundary
strengthening involves the hindering effect of grain boundaries on slip
and twining [76-81]. Nevertheless, the enhancement in 0.2 % proof
stress introduced by using chips in Fig. 6(b) is rather modest. This is due
to the relatively similar grain sizes of tensile specimens made from chips
and ingots, as shown in Fig. 2, measuring 115 + 26 pm and 212 + 26
pm, respectively. The tensile specimens have the smallest diameter (8.6
mm) among all gravity-cast samples investigated in this study, resulting
in the highest cooling rate (higher than 88 Ks™!). According to the
analysis in the previous section, at such a high cooling rate, a significant
number of nucleation and growth events are activated within the melt of
ingots, thereby diminishing the disparity in grain sizes compared to
chips.

oo and k are assumed to be the same for ingots and chips, as they both
came from exactly the same ingot. Under this assumption, the data
points in Fig. 6(c) were fitted. Table 4 enumerates the Hall-Petch slopes
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Fig. 6. Tensile properties of as-cast and T4-treated castings made from chip
melts and ingot melts: (a) engineering stress-strain curves, (b) scatter plot of
the average values of 0.2% proof stress against elongation at break. Error bars
represent the standard deviation of six samples, (c) scatter plot of 0.2% proof
stress against grain size.



X. Hao et al.

Table 3
Tensile properties of gravity cast AZ91 and AZ80 alloys.
Reference ~ Material Condition  Yield strength Elongation
(MPa) (%)
This work AZ91/AZ80 Cast 126.9 + 4.1 3.2+0.5
chip
This work ~ AZ91/AZ80 Cast 121.2 + 6.9 29+0.3
ingot
[70] AZ91 Cast 85 1.7
[71] AZ91 Cast 95 2.1
[72] AZ91 Cast 78 £ 3.8 1.9+0.2
[73] AZ80 Cast 71 £ 0.5 3.6 £0.5
[74] AZ80 Cast 117.3 £ 10.5 16.2 £ 5.9
This work AZ91/AZ80 T4 99.5 + 5.4 6.9+1.0
chip
This work AZ91/AZ80 T4 98.6 + 5.7 7.3+1.3
ingot
[75] AZ91 T4 91+6 11+2
[74] AZ80 T4 1172+ 1.6 29.8 +£0.1
Table 4
The Hall-Petch slopes (k) of AZ91 alloys under various processing conditions.
Reference  Processing d (um) k (MPa pm'/
)
This work  Gravity casting 86-242 200
This work  Solution treatment 104-239 137
[83] Rheocasting 50-191 194
[84] Rapid solidification 0.3-5000 210
[85] Extrusion 1-100 244
[85] Equal-channel angular extrusion 1-100 138
[86] Extrusion, equal-channel angular 1-1000 250

pressing

i o
Chip

Ingot  Chip
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(k) alongside corresponding values from the literature. The value of k
depends on the deformation mode (including basal slip, prismatic slip,
pyramidal (a) slip, pyramidal (c +a) slip, {1012} twinning and {1011}
twinning), which is influenced by many factors such as processing
conditions and grain size [82]. Table 4 shows that the k values in this
study are largely consistent with those in the literature with similar
processing conditions and grain size ranges. Furthermore, a decrease in
the k value was observed after solid solution treatment, which can be
attributed to the dissolution of the p-Mg;7Al > phase after the heat
treatment, reducing the dislocation pinning sites and thus lowering the
critical resolved shear stress (CRSS), thereby facilitating dislocation slip.

In Fig. 6(b), the tensile specimens of chips and ingots exhibit similar
elongation at break. Fractography was conducted on the tensile speci-
mens to investigate the fracture mechanism. Using a stereo microscope,
symmetric dark regions and ellipsoidal pores were sometimes observed
on both sides of the tensile samples. Example samples with serious de-
fects are presented in Fig. 7. As shown in Fig. 8(a)-(d), the dark regions
on the fracture surface under visible light correspond to the bright re-
gions in the SEM images detected using secondary electrons. EDX
analysis indicates that this is a layer of MgO. Combining the symmetric
features observed in Fig. 7, it can be confirmed that these are double
oxide films, a typical entrainment defect formed by folding the surface
oxide into the melt interior during the casting process, which results in a
nonbonded interface equivalent to a pre-existing crack [35,39,87-89].

Fig. 8(a) to (d) show that the brown features observed under the
stereo microscope are essentially entrained oxides, manifesting as either
dendrites covered by oxide films or as clusters of nanoscale MgO par-
ticles. From Fig. 8(c) and (e), it can be seen that these oxide films are
rough at the nanoscale, with roughness increasing alongside their
thickness. Besides the brown features, gas bubbles are another common
form of defects on the fracture surfaces. The macroscopic and micro-
scopic morphologies of the millimetre-sized bubbles are shown in Fig. 7
and Fig. 8(f), respectively. In Fig. 8(f), creases formed by the stretching

Ingot

Fig. 7. Oxide film defects (dark regions) and gas pores (last two pairs) on seven pairs of fracture surfaces of the tensile specimens. The diameter of the tensile rods is

8.6 mm.
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Fig. 8. Fractography of the tensile specimens, where (a)-(d) are from a solution-treated chip sample, (e) and (f) from as-cast chip samples, and (g) and (h) from as-
cast ingot samples. (a) Stereo micrograph, (b) SEM image obtained in Inlens mode, (c) a-Mg dendrites covered by a thick oxide film, (d) clusters of nanoscale oxide
particles, (e) a-Mg dendrites covered by a thin oxide film, (f) the surface of a large ellipsoidal pore (from the second-to-last pair of samples of Fig. 7) with many
AlgMns particles adhering to the wet side of the oxide film, (g) clean a-Mg dendrites without any discernible oxide film, (h) a-Mg dendrites covered by a thick oxide
film, where MgO nanoparticles can be seen.
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of oxide films can be observed on the surface of the bubbles. AlgMnsg
particles can also be observed on the wet side of these bubbles as indi-
cated by a white arrow in Fig. 8(f), which is common in AZ91 castings
[37,90,91]. These defects are present in both chip and ingot samples.
Fig. 8(g) and (h) display the as-cast ingot samples with clean o-Mg
dendrites without any oxide film and a-Mg dendrites covered by a thick
oxide film, respectively.

Based on the fractography, two predominant casting defect types
were identified, dark oxide films and gas pores. The area fraction of
defects on the fracture surface was measured as the total projected area
of the two types of defects. Fig. 9(a) compares the area fraction of defects
on the fracture surface (averaged over both sides) with the volumetric
porosity of each tensile specimen measured by the Archimedes method.
There is no significant correlation between the two, which is attributed
to the largest casting defects being localized with insignificant impact on
the overall density. Further analysis of the impact of volumetric porosity
on the fracture elongation of tensile specimens, as shown in Fig. 9(b),
reveals a weak negative correlation between the two. In contrast, the
elongation at break of the specimens demonstrates a stronger negative
correlation with the area fraction of defects on the fracture surface, as
depicted in Fig. 9(c). This suggests that the fracture elongation of both
chip and ingot samples is rather determined by the area fraction of de-
fects on the fracture surface. This observation aligns with conclusions
from previous literature on castings [39,92-95]. Moreover, the scatter
plots for chip and ingot samples overlap, indicating that similar distri-
butions of casting defect area fraction exist on the fracture surfaces in
both chip and ingot samples and result in similar elongation in each type
of sample.

Both the oxide film defects and gas bubbles on the fracture surfaces
are entrainment defects, which were introduced into the melt during the
stirring and pouring processes [89]. This suggests that the fracture
elongation of the tensile specimens in this study was primarily governed
by the casting process and mould design, regardless of whether the
initial material was in the form of chips or ingots. The fracture elonga-
tion of the tensile specimens primarily reflected the casting defects’
severity instead of the performance differences between chips and ingots
(as well as their grain sizes). This also shows that the difference in
ductility between chips and ingot castings is very small because it is
overshadowed by the influence of casting defects.

To summarise, chip castings show a slight improvement in yield
strength compared to castings from ingots, without compromising their
elongation at break.

4. Conclusions

This study has demonstrated the feasibility of recycling AZ91/AZ80
machining chips through shape casting. A novel finding is that chip
castings display significant grain refinement (up to 84 %), and their
tensile performance remains unharmed and can be even improved by
the grain refinement. The main conclusions are as follows:

e Casting using chips as feedstock, as opposed to ingots, led to sub-
stantial grain refinement. The grain size in chip castings was 1/6 to
1/2 of that in ingots when the liquid cooling rate ranged from
0.73 °C/s to 86.7 °C/s, with a more pronounced difference at slower
cooling rates.

The cooling curves clearly indicated that, at the same undercooling,
the nucleation event density in the chip melt was always higher than
in the ingot melt. The difference in nucleation event density between
chips and ingots was particularly significant at a small undercooling.
Castings from chips and ingots displayed similar tensile performance
in both as-cast and solution heat-treated conditions. Chip samples
had a slightly higher 0.2 % proof stress than that of ingot samples (up
to 5 %), aligning with the Hall-Petch effect in the literature. Fracture
elongation for both chips and ingots was comparable, primarily

10
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influenced by the area fraction of defects on the fracture surface
introduced during the pouring process.

The original oxides on the chip surface did not negatively impact the
castings’ ductility. Further research is needed to determine whether
there is a connection between these oxides and the grain refinement
effect of chips.
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