Impacts of High-Pressure Diecasting Process Parameters
on Greenhouse Gas Emissions
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The impacts of some high-pressure diecasting (HPDC) process parameters on greenhouse gas
(GHG) emissions are quantified using life cycle analysis (LCA) for both aluminum and mag-
nesium alloys. The study was conducted according to ISO 14040 standards and was based on an
automotive component made on cold-chamber HPDC machines operating in typical mass
production environments. The aluminum alloy foundry was located in Australia; the magne-
sium alloy foundry was located in the United States. In both cases, emissions were found to
reduce with an increasing HPDC process yield. However, yield variations had only a modest
impact on GHG emissions in the aluminum alloy HPDC, due to the excellent in-plant recycling
of the alloy and the relatively low emissions from primary aluminum production compared with
primary magnesium production. In contrast, for the magnesium alloy, significant reductions in
emissions were recorded as the yield increased. This outcome was attributed to the considerable
savings achieved in raw material quantities sourced from high-emitting primary production and
the use of lower amounts of SF¢, a GHG with a very high global warming potential (GWP).
These results were found to hold irrespective of changes to the ratio between the primary and
secondary alloys in the raw material mix, although the magnitude of the impact was reduced
considerably with reductions in the primary alloy component. In the case of the magnesium
alloy HPDC, decreases in quality assurance (QA) rejects and cycle times were also found to
contribute toward reduced emissions, although their influences were an order of magnitude

lower than that of the yield improvements.
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I. INTRODUCTION

ALUMINUM and magnesium alloy components
made using the high-pressure diecasting (HPDC) pro-
cess are among the highest-volume items manufactured
by the metalworking industry. Cost advantages derived
from its high productivity rates have made HPDC the
process of choice for mass producing castings destined
for automotive, commercial, and consumer applications.
In addition, the growing focus on making automobiles
lighter through the increased use of light alloy compo-
nents is expected to drive an anticipated growth of the
HPDC industry well into the future.

Major activities surrounding the HPDC process, dealt
with in detail elsewhere,!'? are captured in Figure 1 for
the aluminum and magnesium alloy foundries studied in
this work. Inputs to the foundries include raw material,
energy, and consumables. Outputs are comprised of
shipped castings and emissions to air and water.
Differences in material flows exist between scrapped
aluminum, which is typically recycled in-house, and
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scrapped magnesium, which is sold primarily to external
recyclers.

While the energy requirements of manufacturing
activities such as HPDC are approximately an order of
magnitude lower than those for manufacturing activities
such as materials extraction and primary processing,
they often set many of the requirements for the
upstream processes.) Greenhouse gas (GHG) emissions
attributable to primary processing in aluminum and
magnesium may be traced to the use of fossil-fuel-
derived energy and some reactions in various stages of
the extraction and refinement. The use of the potent
GHG gas sulfur hexafluoride (SF¢) as a cover during
magnesium melting and holding at the foundry is also a
major contributing factor to emissions. It is now
generally accepted that climate change can be attributed
to the greenhouse effect.!!

Despite the importance of the HPDC industry, the
effects of HPDC process parameters on GHG emissions
are not widely reported in the public domain. Neto
et al®! developed a model that related the aluminum
alloy HPDC to an overall environmental impact index
M, which was composed of eight environmental issues,
including global warming. When these issues were given
equal weighting, their model predicted that a 420 pct
change in the HPDC material yield would change M by
—12 and + 17 pct, respectively, and a £20 pct change in
scrap would change M by +2 pct. Neto et al. did not
report the impact on GHGs separately. Tan and Khoo!®
determined that a 20 pct reduction in scrap at an
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Fig. 1—Major functions surrounding the casting process within typi-
cal aluminum and magnesium alloy HPDC foundries. The arrows
indicate the following: thick, solid arrows show the major material
flow; thin solid arrows show the recyclable aluminum flow; and
dashed arrows show the sold or scrapped material flow.

aluminum billet casting plant in Australia would result
in a 2.2 pct reduction in GHG emissions in the primary
processes. These researchers, however, did not consider
emissions from the foundry at all. Workers in the
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United States have estimated that 1 kg of the cast final
product in aluminum would have caused the emission of
1 kg of greenhouse gases from a typical U.S. foundry.”
They, however, did not investigate the sensitivity of their
estimate to any of the process parameters. The only
work in which a sensitivity study was carried out for
incremental changes in a process variable, thus enhanc-
ing the detail and thereby the value of the data to
foundry process engineers, appears to be that of
Roberts.! He investigated two aluminum parts made
in a cold-chamber HPDC machine at an Australian
foundry. The Roberts model calculated that CO,
emissions were reduced from 1.75 to 1.35 kg (a 23 pct
improvement) per casting when the HPDC material
yield improved by 286 pct from 35 to a theoretical
100 pct for the first part (weighing 0.8 kg) and from 2.75
to 2.30 kg (16 pct) for the second part (weighing 7.3 kg),
with the yield changing by the same margin. It must,
however, be emphasized that, in practice, unless the
process design remained sufficiently robust or was
changed adequately, an increase in the yield may be
accompanied by an increase in scrap, negating the gains
in emissions, due to a lack of feeding during solidifica-
tion. On the magnesium alloy HPDC front, the only
reported research effort that is relevant to GHG
emissions appears to be that of Bartos er al.’! They
compared emission quantities from different cover gases
employed to protect molten magnesium from oxidation.
No effort was made to relate these emissions to HPDC
parameters.

In summary, most of the limited work in the literature
has estimated GHG emissions either for one set of
HPDC parameters or, if a parameter were changed, for
only a high and low value; this limits the usefulness of
the work during casting process engineering. In the
current article, the authors present the results of an
investigation into the extent of the impact that both
aluminum and magnesium alloy HPDC has on GHG
emissions, considered from a foundry point of view. For
both aluminum and magnesium alloys, the influences of
incremental changes in HPDC material yield were
investigated. (The material yield attributed to the HPDC
process is defined as (mass of castings/mass of melt
poured into machine) x 100 pct.) The effect of changing
the ratio between the primary and secondary alloys in
the raw material mix on GHG impact was also studied
for the two alloys. In addition, for the magnesium alloy,
the effects of the percentage of quality assurance (QA)
rejects and the casting cycle time were determined.

II. LIFE CYCLE ANALYSIS STUDY OVERVIEW

The life cycle analysis (LCA) was conducted accord-
ing to ffruidelines presented in the ISO 14040 stan-
dards,'" the core reference document for practitioners
of LCA. The goal of the LCA was to assess the impact
on climate change, in terms of GHG emissions, of
variations in the HPDC process parameters associated
with both aluminum and magnesium casting. The results
for the scenarios investigated were compared in terms of
the kilogram equivalent of CO, (kg CO»-¢), because
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Table I. Details of Scenarios Investigated

Primary/ Secondary QA Rejects
Scenario Label Alloy Alloy Ratio Yield (Pct) (Pct) Cycle Time (s) Results Presented In
I Al 70/30%* 55% to 71.5 3* 81.0* Tables V and VI and Fig. 3
II Al 30/70 55* to 71.5 3* 81.0%* Fig. 3
joidl Al 70/30* 55* and 71.5 3% 81.0* Table VI footnote
v Mg 70/30* 56.64* to 73.62 3* 59.5% Tables VII and VIII and Fig. 3
v Mg 30/70 56.64* to 73.62 3* 59.5% Fig. 3
VI Mg 70/30* 56.64* to 73.62 3* and 2.4  59.5% and 47.6 Tables IX and X

*Baseline parameters.

A hypothetical study in which the Al alloy foundry used electricity instead of natural gas for melting and holding.

Fig. 2—Automotive converter housing part (marked CH) chosen for
the LCA study.

CO, is the reference gas against which all global
warming potentials (GWPs) are measured. These sce-
narios, I through VI, are outlined in Table I.

The system boundary of the study was from cradle to
gate, covering the extraction, processing, and delivery of
metal to the casting facility and the shipping of the
finished castings. Consequently, downstream activities,
such as the assembly, end-of-life processing, and exter-
nal recycling processes of waste material were not
considered.

The representative part chosen for the study was an
automotive converter housing (Figure 2). The final
weights of this part in aluminum and magnesium were
3.6 and 3.1 kg, respectively.

The aluminum foundry was located in Melbourne,
Australia. Because it was not possible to locate an
Australian foundry that produced a similar automotive
component using magnesium, typical data for a magne-
sium plant in the United States were used. Cheaper
natural gas was used in the aluminum alloy foundry for
melting and holding, whereas electricity was employed
in the magnesium alloy foundry. Therefore, a hypothet-
ical study was also carried out in which the aluminum
alloy foundry used only electricity for this purpose. A
thermal efficiency of 69 pct for the furnaces, the same as
was used in the magnesium alloy foundry, was assumed
for this calculation. It must, however, be noted that the
electricity used for most Australian foundries is derived
from brown coal and has a GWP 1.42 times that of the
electricity used in the United States.

METALLURGICAL AND MATERIALS TRANSACTIONS B

The functional unit, which is the object of assessment,
was defined as the ‘“manufacture of 1000 units of
converter housing castings (both aluminum and mag-
nesium) for automotive use.” All analyses, as well as all
inputs and outputs in the inventory analysis and impact
assessment phases, were related to this functional unit.

The data used in the present study were derived from
previous investigations for both aluminum!''™'¥ and
magnesium!'* ' HPDC; the main points from these are
extracted into the relevant sections of this article. The
information was sourced from the HPDC industry, in
general, and the foundries in which the present study
was conducted, in particular, as well as from publicly
available literature. The uncertainties associated with
the input and output flows of energy, materials, and
emissions were not considered. In addition, the scrap
produced by the HPDC casting process was allocated a
zero emissions burden in this study, because its impact
was already allocated to the process that produced the
scrap.

The GHG impacts were assessed at two primary/
secondary alloy ratios, specifically, 70 pct/30 pct (base-
line) and 30 pct/70 pct. All alloys sourced from primary
smelters were considered primary alloys; those that were
made predominantly from scrap, whether at secondary
smelters or within the foundry, were considered second-
ary alloys. Because most aluminum alloy foundries
operate with a high level (up to 100 pct) of secondary
alloys in their charge for economic reasons, the 30 pct/
70 pct ratio is more applicable to these. Magnesium
alloy foundries, however, may be forced to operate
closer to the 70 pct/30 pct scale, due to difficulties with
readily recycling scrap and with the widespread use of
their scrap in the steel industry as the agent for
desulfurization.

Material throughput (in kg/h) at the HPDC machine
was assumed to be the same for both foundries (338 kg/h).

Energy consumption details related to the different
stages highlighted in Figure 1 are given in Table II for
“baseline parameters,” typical values for yield
(55.00 pct for aluminum alloy and 56.64 pct for mag-
nesium alloy) and QA rejects percentages (3 pct for
both). The higher total energy usages for aluminum,
both in material preparation and in casting, are primar-
ily attributable to the fact that the thermal efficiencies of
the natural-gas-fired reverberatory furnaces (21 pct) in
the aluminum alloy foundry were much lower than
those of the electric versions (69 pct) used in the
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Table II. Energy Consumption (in MJ) per Functional Unit for Both Aluminum Alloy and Magnesium Alloy HPDC
for the Various Stages in the Foundry for Baseline Parameters (Table I)

Aluminum Alloy HPDC

Magnesium Alloy HPDC

Stage Natural Gas Electricity Transport Fuel Natural Gas Electricity Transport Fuel
Material preparation 20,092 — 3773 — 12,087 1345
Casting — 9446 — — 7518 —
Finishing — 5105 — — 4960 —
Subsidiary processes — 12,607 — — 10,853 —

and waste management

magnesium alloy foundry. Also contributing was the fact
that the latent heat of fusion for the aluminum alloy A380
was approximately 5 pct higher than that for the magne-
sium alloy. (Both alloys were held at similar tempera-
tures). The energy consumed in preparing the magnesium
alloy charge included the preheating stage (not shown in
Figure 1), which was absent in the aluminum alloy
HPDC, in which the foundry stored the ingots indoors,
close to furnaces. The higher energy requirements for the
aluminum alloy HPDC in the transport category (diesel
fuel) stemmed from having to relocate the molten alloy
within the foundry at regular intervals, as will be
explained later. The energy expended in subsidiary
processes goes toward treating contaminated water and
providing facilities such as compressed air, lighting, and
air conditioning and was similar for both metals.

The life cycle impact was assessed using SimaPro
LCA software.*!'” Inputs to the calculation included the

*LCA Software is a registered trademark of Ecology Consultants,
Amersfoort, The Netherlands.

life cycle inventory data and the classification and
allocation of GHG burdens for the various stages within
the production process.

III. LCA: ALUMINUM ALLOY HPDC

A. Process Description

As shown in Figure 1, the aluminum alloy foundry
obtains its melt in the following two ways: (1) by melting
purchased alloy ingots in-house along with a percentage
of recycled scrap and (2) by externally sourced hot metal
delivery (HMD). Melts from both these sources are
transferred on forklift trucks at regular intervals into
smaller holding furnaces located next to the diecasting
machines; they are never mixed with each other. At the
completion of the casting process, the solidified material
is usually water quenched. Subsequently, segments such
as runners, overflows, and flash attached to the raw
casting are trimmed off. This may be followed by other
finishing operations, such as shot blasting to remove
sharp edges and loose material. The castings are then
subjected to machining, heat treatment, or coating, or a
combination of these.

Alloy wastes predominantly occur as follows: (1) at the
HPDC machine during the start-up phase, because the
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first few castings made when the die is still warming up are
discarded, and (2) during trimming, in which unwanted
segments are removed from the casting. However, except
for wastes such as the oily scrap, furnace dross, flash, and
machining swarf, most of the aluminum is recycled
in-house. The waste and recycling flows are quite complex,
with the net inflow of externally supplied raw material
being determined by the amount of losses from waste.

B. Assumptions

Energy is obtained either from electricity or natural
gas (Table II), both sourced from Australia. The trans-
port of raw material to and within the plant was
considered (Table IT). However, the transport of waste
sold to external recyclers was not taken into account.

The extraction and primary processing of the
Australian raw material, the transport of this material,
and the genecration of energy contributed to GHG
emissions. Bauxite is mined and transported to the
plant; at the plant, the Bayer process and natural-gas-
derived energy are used for alumina production. Alu-
mina is then transported to the smelter, where molten
aluminum is produced using the Hall-Heroult process
with electricity, 85 pct of which is derived from coal.
Molten aluminum is then alloyed and cast into ingots
before being transported to the HPDC plant.

The allocation of GHG impacts of wastes sold were
determined on the basis of price, according to estab-
lished methods.[""!

C. Life Cycle Inventory Analysis and Details
of Sensitivity Study

The casting cycle time on the HPDC machine was
81 seconds; this corresponds to a throughput of 338 kg/h.

The destinations of waste from the various stages of
the manufacturing process are given in Table III, along
with the percentage quantities involved. It is obvious
from Table III that, for aluminum, a large portion of
the waste is recycled.

The mass flow analysis for the baseline parameters is
presented in Table IV. This analysis starts with the
output required (i.e., one functional unit viz. 1000 units
of shipped -castings weighing 3600 kg) and works
backward; the waste percentages given in Table 111 are
used in determining the inputs required for each of the
activities listed. Next, the quantity available for recy-
cling is calculated as shown in Table IV. Finally, the
total quantity of melt that the foundry needs to source is
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Table III.

Percentages of Recycled Materials and Waste Materials in Aluminum and Magnesium Alloy HPDC and Quantities

Involved for Baseline Parameters (Table I); Percentages Given Are a Fraction of the Total Mass Input into Each
of the Individual Activities

Aluminum Magnesium
Sold Waste Recycled Sold Recycled

Process (Pct) Material (Pct) Waste (Pct) Waste (Pct) Comments
QA — 3.00 3.00 — QA rejects of castings
Heat treatment — — — — 100 pct parts heat treated without waste
Machining 2.50 — 2.50 — swarf from 100 pct parts machined
Finishing 0.30 — 0.30 — dust (from grinding, etc.) collected
Trimming — 45.00 43.36 — recycled in-house
HPDC process scrap 0.47 13.21 1.83 — oily scrap sold
Melting and holding 0.50 — 2.19 — furnace dross from 100 pct ingots

of purchased ingots
Melting and holding 1.50 — — — dross from 85 pct scrap + 15 pct ingot mix

of recycled Al
External melting of Al 0.50 — — — dross included in delivered melt

HMD at supplier site
Holding of Al HMD 0.50 — — — furnace dross generated in-house
Melting of Mg alloy — — 0.50 — scrap sold

calculated as 3600.0 kg shipment + 4297.3 kg recycled
waste + 292.0 kg sold waste = 8189.3 kg. All such
calculations for Scenario I are summarized in Table V,
for various yield percentages incremented from the
baseline 55.0 pct in steps of 2.75 pct (=1/20 of 55 pct)
to 71.5 pct.

It is obvious from examining Table V that, as the
yield increased, the requirements for raw material in the
form of total melt were reduced, as expected. However,
a 30 pct improvement in yield over the 55 pct original
value to 71.5 pct resulted in only a 23 pct reduction in
raw material requirements.

D. Life Cycle Impact Assessment

The calculated net GHG impacts are given in Table VI
for Scenarios I and III (footnote). The GWPs (100-year
time horizon) for the main GHG emissions assumed!'”
for the calculation are given in kg COj-e¢ as follows:
electricity usage in Victoria = 0.294 per MJ (brown coal
derived), primary aluminum from Australia = 20.76/kg
of alloy, and secondary aluminum sourced from
Australia = 1.93/kg of alloy.

It can be calculated from Table VI that the reduc-
tions in emissions as a function of yield followed the
law of diminishing returns, beginning with 254.9 kg
CO»-¢ for the 55.00 to 57.75 pct yield bracket and
ending with only 164.9 kg CO,-¢ for the 68.75 to
71.50 pct bracket. Comparing the net GHG assign-
ments for HPDC in the 55.0 and 71.5 pct yield
scenarios, it is apparent that an improvement of
30 pct in yield results only in a marginal gain, in the
form of a 1.9 pct reduction in GHG impact. This result
is comparable to those of Roberts™ in that the GHG
gain percentages for the two parts he studied were also
an order of magnitude lower than the percentage
improvements in the casting yield. While this result
was obtained for the baseline primary/secondary alloy
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ratio of 70 pct/30 pct (Scenario I), a similar calculation
showed that the GHG impact was reduced with an
increasing yield by a comparable 2.5 pct for a ratio of
30 pct/70 pct (Scenario II). However, the actual GHG
impact calculated in kg COj-e for any given HPDC
yield nearly halved (Figure 3) compared with Scenario
I, due to the diminished use of primary alloys in the raw
material mix in Scenario II.

The hypothetical calculation (Scenario III) indicated
that the GHG impact in terms of kg CO,-e was reduced
by a comparable 2.0 pct from 67100.8 for 55 pct yield to
65764.4 for 71.5 pct yield. When compared with natural
gas usage (Scenario I, results in Table VI), the GHG
impact was only 2 pct higher for any given yield. This is
attributable to the fact that the relatively high “ratio of
GHG impact per MJ” of Australian-sourced electricity
to natural gas (0.294/0.0581 = 5.1) was partially offset
by the ratio of the thermal efficiencies of electric and
gas-fired furnaces (0.69/0.21 = 3.3).

E. Interpretation and Discussion

As observed, there is negligible impact on GHG
emissions attributable to the material yield. This was
primarily because the purchased raw material quantities
were not very sensitive to yield, because the quantity of
materials exiting the foundry, which determines the
amount to be replaced to sustain operational volumes,
remained virtually unchanged. This is attributed to the
following: (1) the excellent in-plant recycling of the
aluminum alloy, which limited the amount of waste
exiting the foundry (292.0 to 244.1 kg, Table V), and
(2) the fact that the weight of the shipped castings
(3600 kg), the largest contributing factor, is independent
of the yield. Similarly, any improvements in the HPDC
scrap or final QA scrap will have a negligible impact on
GHG emissions from an aluminum foundry and, thus,
are not studied in detail.
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Comments

w, (Pct)

Waste
Waste Recycled

Sold (Pet)

Input
Required
i (kg)

Pct of
Parts

Yield
(Pct)

Output
Required (kg)

Table IV. Aluminum Alloy Mass Flow Analysis for Baseline Parameters (Table I), Including the 55 Pct HPDC Process Yield
Aluminum Mass Flow Data per Functional Unit (1000 Units of Finished Castings)
Name of Input

Name of Output

Process
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recycled in-house (3123.8 kg)

oily scrap sold

dross sold

45.00
13.21

0.00
0.47
0.

6941.9

100

55.00
86.32
99.50

3817.8

HPDC castings

trimmed castings
HPDC castings
molten Al

Trimming

8042.0

100

6941.9

molten Al for HPDC
total Al required for

HPDC process

0.00

50

8082.4

100

8042.0

Melting and holding

1 functional unit

for HPDC

of purchased ingots

In-plant Al recycling mass flow model

Comments
5055.8 = 4297.3/0.85,

Waste Recycled (Pct)

Waste Sold (Pct)

Output (kg)

Yield (Pct)

Input Available (kg)

Name of Output Name of Input

Process

0.00

1.50

4979.9

98.50

5055.8

recycled mix (85 pct recycled

recycled

Al recycled melt

where 4297.3 = Zi.

waste and 15 pct ingots)

Al melt

and hold

w, is recycled waste.

Table V. Mass Flow Analysis for Various HPDC Material
Yield Percentages in Aluminum Alloy HPDC per Functional
Unit (Scenario I)

Metal Flows (kg/1000 Units of Finished

Castings)
Yield Pct Recycled Waste Waste Sold Total Melt
55.00 4297.3 292.0 8189.3
57.75 3916.4 281.9 7798.3
60.50 3569.8 273.2 7443.0
63.25 3253.3 265.0 7118.3
66.00 2963.5 257.4 6820.9
68.75 2696.8 250.6 6547.0
71.50 2450.5 244.1 6294.6

IV. LCA: MAGNESIUM ALLOY HPDC

A. Process Description

As shown in Figure 1, the foundry obtains its
magnesium alloy only as ingots. Following the prehea-
ting and melting stages, the melt is transferred to a
second chamber attached to the melting furnace from
which the machine is fed. For melting and holding, the
high-impact GHG SFg is used as a cover gas to prevent
violent oxidation. The use of SFg is the prevailing
industry practice in most parts of the world, with the
notable exception of the European Union!'® (EU) and
Japan. Similar to the aluminum alloy castings, these
castings are trimmed, machined, finished, and heat
treated. However, unlike in the case of aluminum, none
of the material is recycled in the plant; instead, it is sold
to external recycling facilities for further processing, for
the production of secondary metal, or for alloying in
other industries.

B. Assumptions

The impacts for sources of electricity, gas, lubricants,
and other resources were derived for U.S. conditions.

The primary magnesium alloy was assumed to be
sourced from China, where the Pidgeon process is used.
The secondary alloy was produced in the United States.
The shipping of ingots from China and the road
transport within the was taken into account. Further,
for allocating the GHG impact factors to waste sold, the
ratio of the price of magnesium waste to the shipped
casting was required and was nominally assumed to be
5 pct of the total value of products.

The cover gas was assumed to be a mixture containing
SFg (0.5 pct wt), CO,, and dry air, the consumption of
which amounted to 1.1 g of the SFgq component for
every 1 kg of magnesium melted. Ninety percent of the
gas was conservatively assumed to have been emitted to
the atmosphere.

The destinations of waste material were given in
Table I1I. Notable differences between the aluminum
and magnesium were the zero in-plant recycling and
higher dross loss during melting and holding and the
vastly reduced scrap percentage at the HPDC machine,
both for the latter.
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Table VI. GHG Impact Assessment for Various HPDC Material Yield Percentages in Aluminum Alloy HPDC per Functional
Unit (Scenario I, Table I)
GHG Impact (kg CO,-¢/1000 Units of Finished Castings)
Purchased  Purchased In-Plant Other Foundry  Total for  Impact Reduction: =~ Net GHG Assigned
Yield Pct Ingots HMD Recycling Operations* Foundry Waste Sold to Foundry
55.00 11,460.6 47,354.8 285.1 7580.5 66,681.0 —760.7 65,920.3"
57.75 10,444.3 48,221.6 259.9 7471.4 66,397.3 —732.2 65,605.4
60.50 9520.2 49,010.0 236.9 7372.4 66,139.6 —706.3 65,433.6
63.25 8676.4 49,730.0 216.0 7282.1 65,904.5 —682.9 65,221.6
66.00 7903.1 50,389.9 196.6 7199.3 65,688.8 —661.3 65,027.2
68.75 7191.7 50,996.9 178.9 7123.0 65,490.5 —641.9 64,848.2
71.50 6534.7 51,557.0 162.7 7052.8 65,307.2 —623.9 64,683.4%

*Comprised of contributions from melt holding, HPDC, and other subsidiary processes listed in Table 111, and from waste management activities.
767,100.8 and *65,764.4 for the hypothetical calculation in which electricity replaced natural gas for melting and holding.
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Fig. 3—Net GHG emissions per 1000 units of shipped castings vs
HPDC material yield for aluminum alloy and magnesium alloy
HPDC of converter housing casting. Primary/secondary alloy ratio is
shown in the legend.

C. Life Cycle Inventory Analysis and Details
of Sensitivity Study

The cycle time corresponding to a material through-
put of 338 kg/h was 59.5 seconds. A lower cycle time for
the magnesium alloy HPDC is justified on the basis that
a smaller amount of heat needs to be extracted from its
melt for solidification, due to its lower shot weight (i.e.,
the amount of melt dosed into the machine to make one
part) and its slightly lower latent heat of fusion.

Following the baseline calculation, the yield percent-
age was increased in steps of 2.83 pct (=1/20 of
56.64 pct) to 73.5 pct, a 30 pct improvement over the
baseline yield. The resulting mass flows are given in
Table VII. It can be calculated that the melt require-
ments were reduced by 23 pct, similar to aluminum, for
the 30 pct increase in yield. The major difference
between the two alloys, however, was in the amount of
material being sold as waste (compare Tables IV and
VI). The main reason for this was the fact that
magnesium alloys could not be recycled in the plant.

For the magnesium alloy, a further sensitivity study
(Scenario VI) was carried out. In these studies, the
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Table VII. Mass Flow Analysis for Various HPDC Material
Yield Percentage Scenarios in Magnesium Alloy HPDC per
Functional Unit (Scenario IV, Table I)

Metal Flows (kg/1000 Units of Finished

Castings)
Yield Pct Recycled Waste Waste Sold Total Melt
56.64 0.0 2975.4 6075.4
59.47 0.0 2686.2 5786.2
62.30 0.0 2423.3 5523.3
65.13 0.0 2183.0 5283.0
67.96 0.0 1962.9 5062.9
70.79 0.0 1760.5 4860.5
73.62 0.0 1573.6 4673.6

effect of variations in QA reject rates (0 to 20 pct
reductions over baselines of 3 pct) and cycle time
improvements (also 0 to 20 pct reductions from base-
line 59.5 seconds) were superimposed on casting yield
improvements (0 to 30 pct increases over baseline of
56.64 pct). With a view to keeping the SimaPro
calculation runs to a manageable number, the design
of experiments (DOE) method!"” 2! was employed. A
three-factor, two-level, full factorial design with a
center point was adopted, resulting in 2° + 1 = 9 runs
for each study. All possible interactions between
factors up to the third order were also investigated;
the results were examined using Minitab statistical
analysis software.**%?!

**Minitab statistical analysis software is a registered trademark of
Minitab Inc., State College, PA.

D. Life Cycle Impact Assessment

The net GHG impacts calculated are given in
Table VIII for Scenario I'V. The greater dependence on
primary production and the use of SFg resulted in a much
higher impact than was the case for the aluminum alloy
processed in Australia, irrespective of whether natural
gas was used (Scenario I) or was replaced with Australian
electricity (Scenario IIT) with a GWP potential 1.42 times
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Table VIII. GHG Impact Assessment for Various HPDC Material Yield Percentages in Magnesium Alloy HPDC per Functional
Unit (Scenario 1V, Table I)

GHG Impact (kg CO,-¢/1000 Units of Finished Castings)

Other
Purchased In-Plant Foundry Total for Impact Reduction: Net GHG
Yield Pct Ingots Recycling Operations* Foundry Waste Sold Assigned to Foundry
56.64 184,913.8 0 136,954.9 321,868.7 —14,739.6 307,128.8
59.47 176,108.5 0 130,576.7 306,684.9 —12,735.4 293,949.4
62.30 168,103.4 0 124,778.1 292,881.8 —11,016.2 281,865.3
65.13 160,794.5 0 119,483.9 280,278.8 —9533.12 270,745.6
67.96 154,094.8 0 114,631.2 268,726.0 —8246.62 260,479.1
70.79 147,931.1 0 110,166.3 258,097.3 —7125.97 250,971.4
73.62 142,241.3 0 106,045.1 248,286.4 —6145.13 242,141.3

*Comprised of contributions from ingot preheating, melt holding, HPDC, and other subsidiary processes listed on Table I1I, and from waste

management activities.

that of electricity sourced from the United States.
The GWPs (100 years) assumed for the main GHG emis-
sions!'™ were, in kg CO,-e: SF4 cover gas = 22,600/kg
(90 pct of usage escapes into the atmosphere), primary
magnesium from China = 42.1/kg of alloy, and second-
ary aluminum sourced from the U.S. = 3.22/kg of alloy.
Electricity usage in the U.S. = 0.207 per MJ, according
to the SimaPro database.

At a 56.64 pct yield, the net GHG assigned to a
functional unit of the magnesium alloy parts was
307,128.8 kg CO»,-¢ (Table VIII), which is approxi-
mately 4.7 times the 65,920.3 kg CO,-¢ for aluminum
at a comparable 55 pct yield (Table VI). This ratio was
reduced to 3.7 at yields of approximately 72 pct. It can
also be calculated from Table VIII that the reductions in
emissions followed, as they did for aluminum, a sliding
scale for every additional 2.83 pct step when moving
away incrementally from the original 56.64 pct yield.
For example, the reductions started with 13,179.3 kg
CO»-¢ for the 56.64 to 59.47 pct yield bracket and ended
with only 8830.0 kg CO,-e for the 70.79 to 73.62 pct
bracket. The most noteworthy difference between the
aluminum and magnesium alloys was that a 30 pct
increase in yield (i.e., from 56.64 to 73.62 pct) resulted in
a significant 21.2 pct reduction in GHG emissions for
the magnesium alloy.

A similar calculation showed that, if the primary/
secondary alloy ratio in the raw material mix was
30 pct/70 pct (Scenario V) as opposed to the 70 pct/
30 pct assumed earlier (Scenario IV), the GHG impact
would be reduced by a comparable 21.1 pct with an
increasing yield (i.e., from 56.64 to 73.62 pct). However,
the actual GHG impacts due to the magnesium alloy in
terms of kg CO,-e were reduced by a margin of 29 pct
(Figure 3) when switching from 70 pct/30 pct (Scenario
IV) to 30 pct/70 pct (Scenario V) for any given HPDC
yield, due to the curtailed use of primary alloys in the
latter case. This 29 pct reduction in the actual impact for
any given yield for Scenario IV vs Scenario V was less
than the 44 pct decrease calculated for the aluminum
alloy (Scenario I vs Scenario II), primarily due to the
fact that SF4 was still used for remelting in the recycling
process. Nevertheless, in kg CO,-e terms, the reductions
for the magnesium alloy (88,869 for a 56.64 pct yield)
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Table IX. Percentage Savings in GHG Emissions Calculated
for Scenario VI (Table I)

Yield Savings in
Increase Reject Rate Cycle Time Net GHG:
(Pct) Reduction (Pct)  Reduction (Pct) HPDC (Pct)
0 0 0 0.00
30 0 0 22.86

0 20 0 0.61
30 20 0 23.33

0 0 20 0.55
30 0 20 23.29

0 20 20 1.16
30 20 20 23.75
15 10 10 13.45

Table X. Main Effects from a DOE Exercise for Scenario
VI (Table I)

Factor Main Effect
Yield improvement 22.7275
Reject rate improvement 0.5375
Cycle time improvement 0.4875

were far greater than for the aluminum alloy (28,980 for
a comparable 55.00 pct yield).

The calculated GHG emissions from Scenario VI are
given in Table IX. Based on these figures, the sensitivity
of the emissions to the variations in causal factors was
worked out as the main effects (Table X) for each of the
factors, according to the DOE methodology. A zero
value for a main effect would indicate no influence from
a factor, while a higher absolute value of the slope
would point to an increased sensitivity, with the sign of
the slope indicating the direction in which the factor
would affect the response, in this case, the GHG
emissions. Accordingly, it can be seen from Table X
that the yield increase had an overwhelming effect on the
GHG emissions, while the HPDC rejection rate reduc-
tion was a distant second and the cycle time reduction
had the least influence. The influences of all factors were
calculated by Minitab to be statistically significant at the
99 pct confidence level.
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Table XI. Detailed GHG Impact Assessment for Baseline
Parameters in Aluminum and Magnesium Alloy HPDC
(Scenarios I and IV, Respectively, Table I)

GHG Impact (kg CO,-¢/
1000 Units of Finished

Castings)
Process Aluminum Magnesium
Metal melting and holding 940.3 132,122.6*
HPDC, finishing, water treatment, 6640.2 4832.3
and other subsidiary processes
Total 7580.5 136,954.9

*Includes use of SF¢ and ingot preheating for the magnesium alloy.

E. Interpretation and Discussion

The factors contributing to the GHG impact in the
magnesium alloy HPDC were the following: (1) the
extremely high-emitting Pidgeon process used in pri-
mary production, (2) the nonrecyclability of Mg alloys
in the plant, resulting in greater pressures being placed
on primary production, and (3) the high GHG impact of
SF¢. The most significant contributor within the foundry
was the use of SF¢ (Table XI) However, the fact that
the GHG impact of the purchased raw material out-
weighed it can be seen from Table VIII, in which the
impact values changed by 42,672.4 and 30,909.8 kg
CO»-¢ for “raw material” and “other foundry opera-
tions,” respectively, (including SF¢ use) between the
lowest and highest yields tabulated.

It is clear from the assessment that process-related
decisions made by process engineers at magnesium alloy
HPDC foundries do have a profound impact on GHG
emissions.

The nearly 65 tonnes of GHG emissions cut back due
to the 30 pct increase in yield over the baseline is
equivalent to removing 424 automobiles from U.S.
roads for every 1000 units of magnesium alloy castings
shipped out, based on assumptions found elsewhere.*”

V. COMPARISONS AND IMPACT
MITIGATION STRATEGIES

The significant contribution of SF¢ use in the magne-
sium alloy foundry on GHG impact (96.5 pct of the impact
sourced from within the foundry) is visible from Table XI,
which is actually a breakdown of the GHG impact figures
provided under the other foundry operations category in
the first rows of Tables VI and VIII. However, the largest
influence on the GHG impact is exerted by the use of large
amounts of primary alloys (Table VIII), as discussed
previously. The corresponding impacts from foundry
operations and raw materials for the aluminum alloy
(Table VI) were more than 50 times lower.

The GHG emissions calculated from both the alumi-
num and magnesium alloy HPDC foundries investigated
are plotted as a function of the HPDC material yield in
Figure 3. Despite the greater sensitivity of the emissions
in magnesium alloy HPDC to changes in the yield, it is
clear from the graph that the GHG levels of the
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magnesium alloy HPDC remained well over those of
aluminum alloy HPDC. Direct comparisons between the
aluminum alloy HPDC and the magnesium alloy HPDC
should therefore be carried out with caution. Regardless,
because the Pidgeon process is widely used by primary
magnesium producers and the use of SFg is a normal
industry practice in many countries, including the United
States and Australia, this outcome points to the impor-
tance of carrying out environmentally responsible pro-
cess engineering in the magnesium sector. It is, however,
not always easy to achieve an increased yield, particularly
if the baseline yield value is already substantial. In such
cases, the process engineer may need to attempt to reduce
alloy usage by one or more of the following strategies: (i)
designing in leaner runners or downsizing overflows by
recourse to computer simulations,”” (ii) reducing biscuit
thickness, and (iii) appraising the applicability of emerg-
ing lean casting techniques.**** Unless such a cautious
approach is taken, the robustness of the process may be
compromised, leaving it vulnerable to producing large
amounts of HPDC scrap through defects such as
shrinkage porosity and cold runs. In general, however,
magnesium alloy HPDC foundries that operate with low
yields resulting from poorly engineered runner systems
should be able to achieve large reductions in GHG
emissions by optimizing their processes.

To further mitigate the GHG impact, attempts can
also be made to lower the emissions in magnesium
alloy HPDC across the entire spectrum of yield values
by addressing alternatives to the use of SFe. In this
connection, it may be pointed out that, while the EU
and Japan banned the use of SFg beginning in
2008,'8! it continues to be used in other parts of the
world, including in advanced economies such as the
U.S. and Australia, where the commitment to its
elimination by 2010 is still voluntary.”! Efforts should
therefore be directed toward replacing the SFy with
less GHG-potent alternatives such as AM-cover,

fAM-cover is a registered trademark of Advanced Magnesium
Technologies, Sydney, Australia.

Novec 612% magnesium protection fluid, or Dilute

*Novec 612 is a trademark of 3M, St. Paul, MN.

SO,.”% For example, in a previous study™ it was
determined that the use of AM-cover with N, as the
diluent has an emission factor that was several times
lower than that of SF¢ used with air. Therefore, if SFq
were substituted with AM-cover, as described here, the
differences in GHG impact due to the foundry oper-
ations (Table XI) would narrow between the aluminum
and magnesium foundries. The use of these cover gases
have an additional advantage in that they improve the
recyclability of magnesium alloys by external recyclers,
due to the fact they produce “‘cleaner’ scrap.

It is also clear from Figure 3 and the discussion in Sec-
tions III and IV that an increased use of secondary alloys
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would help reduce the GHG impact. While a large
percentage of secondary alloys is commonly used in the
melt charge in the aluminum alloy HPDC industry for eco-
nomic reasons, the loss of scrap to the steel industry and
the need to refine the scrap before reuse somewhat limit
such possibilities for the magnesium HPDC industry.

VI. CONCLUSIONS

The influences of aluminum and magnesium alloy

HPDC process parameters on GHG emissions were
assessed using a ‘“‘cradle-to-gate” LCA approach. The
results indicated the following.

1.

Emissions were found to reduce with increasing
HPDC yields for both alloys, but the rate of reduc-
tion decreased as the yield increased.

Yield improvements in aluminum alloy HPDC in
Australia had only a modest impact on GHG emis-
sions, due to the excellent in-plant recycling of the
alloy which helped variations in the yield establish
only a weak dependence on high-emitting primary
aluminum production. In this connection, a 30 pct
increase in yield was calculated to reduce emissions
by only 1.9 pct, when natural gas was used for
melting and holding. The figure was a comparable
2.0 pct, when Australian-sourced electricity with an
associated GWP 1.42 times that of U.S.-sourced
electricity was hypothetically used instead for melting
and holding the aluminum alloy.

For the magnesium alloy, however, which was melted
and held using U.S.-sourced electricity, a 21.2 pct
reduction in GHG emissions was calculated for a
30 pct increase in yield.

The marked reduction in impact with increased yield
in magnesium alloy HPDC was attributed to the
much greater sensitivity of the yield variations to raw
material quantities sourced from extremely high-
emitting primary magnesium production and the
vastly reduced consumption of the highly potent
GHG known as SFg used as the cover gas in the
magnesium alloy melting and holding.

. The GHG impact for the magnesium alloy foundry

compared with that of the aluminum alloy foundry was
4.7 times for an approximately 55 pct yield, but was
reduced to 3.7 times at yields of approximately 72 pct.

. When the primary/secondary alloy ratio was changed

from the baseline 70 pct/30 pct to 30 pct/70 pct, the
actual GHG impacts in terms of kg CO,-e were
reduced significantly, due to the diminished use of
primary alloys; the reduction was higher for the
magnesium alloy. However, the percentage margin of
reduction was lower for the magnesium alloy, due to
the use of SF¢ during recycling.

. An additional sensitivity study for magnesium alloy

HPDC indicated that, while declines in HPDC reject
rates and cycle times also reduced GHG emissions,
their influences were an order of magnitude lower
than that of the yield.

. Strategies to mitigate the GHG impact in HPDC

were also discussed.
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