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Powder metallurgy processes provide opportunities that are
not available when using material in the conventional form:
Melting is not required in order to form complex components,
and the rapid solidification typical of powder production allows
for use of highly alloyed compositions.

By JOSEM.C/AZEVEDO, ANDRE CABRERA SERRENHO, and JULIAN M, ALLWOOD

oncern about global warming motivates the reduction of

greenhouse gas emissions from manufacturing, but the

environmental impact of the whole powder metallurgy

production chain has not been assessed yet. This paper
traces the flow of energy and material through the major powder-
metallurgy processes from liquid steel to final products and assesses
the efficiency of both energy and material use. The results show
there is significant opportunity for reducing energy and material
requirements in delivering products. Specific opportunities such as
avoiding lasers in additive manufacturing or minimizing heat losses
in powder sintering are proposed and evaluated.

1. INTRODUCTION

Powder metallurgy processes provide opportunities that are not
available when using material in the conventional form: Melting is
not required in order to form complex components, and the rapid
solidification typical of powder production allows for use of highly
alloyed compositions. Concern about global warming has led to
agreement on national and international targets to reduce green-
house gas (GHG) emissions [1]. Industry is responsible for 35 percent
of all energy/process emissions [2, p. 13]. Emissions from steel powder
metallurgy are currently only a small portion of industrial emissions
but may become more significant with the rapid growth of processes
such as metal additive manufacturing. Wohlers and Associates [3,
p- 123], for example, reported that material sales increased 49 per-
cent between 2013 and 2014. This paper therefore aims to assess the
total impact of production processes associated with powdered steel
in order to identify opportunities for reducing the environmental
impact of powder metallurgy.

Several previous studies have considered aspects of the environ-
mental impact of steel powder processes. The energy inputs of press
and sintering processes, which account for approximately 90 per-
cent of the mass of products made with ferrous powder [4], have
been quantified in detail by Bocchini [5]. By analyzing case studies,
Bocchini [5] was able to propose measures such as reducing heat loss-
es in sintering to reduce the process’ environmental impact. Three
decades later, Kruzhanov and Arnhold [6] evaluated the energy con-
sumption of press and sintering combined with water atomization
and assessed their efficiency. They concluded that the two processes
are three times more energy intensive than their theoretical mini-
mum. Compared to the other powder metallurgy processes, press
and sintering have been well characterized regarding their energy
and material efficiencies.

Additive manufacturing is the only process other than press and
sintering whose environmental impact has been studied in the lit-
erature. Huang et al. [7] have considered the environmental impact of

additive manufacturing within the complete lifecycle of metallic air-
craft components and concluded that, if it is used to the full potential,
emissions from civil aviation in the United States could be reduced

by approximately 6 percent. Additive manufacturing allows for more

design freedom than conventional processes, thus enabling further
optimization of components. Faludi et al. [8] calculated the emissions

at different stages of one particular additive manufacturing process:

selective laser melting. They considered the whole production chain

and verified the additive process is most energy intensive. Faludi et al.
[8] proposed that GHG emissions could be reduced most effectively
by using the machine at full capacity and turning it off when not in

use. The environmental impact of additive manufacturing has had

more attention from researchers than any other powder metallurgy
process while making the powder — which is also important — has

been ignored.

No previous studies consider the environmental impact of the
whole powder metallurgy production chain — from powder produc-
tion to final application. Furthermore, the energy and material effi-
ciencies of processes such as hot isostatic pressing and gas atomiza-
tion have not previously been quantified. However, at a larger scale,
Cullen et al. [9] have mapped the flow of all steel across the whole
supply chain leading to identification of a set of measures that could
allow delivery of the same final services from less material produc-
tion. This approach provides the inspiration for this paper, in which
an assessment will be made of all the major powder metallurgy pro-
cesses in order to explore whether there are equivalent measures
for reducing the GHG emissions of making and using steel powder.

The methodology used to analyze the whole steel powder produc-
tion chain is described in the next section. The results are shown in
Section 3 and a set of actions to reduce the environmental impact of
powder metallurgy processes is proposed and discussed in Section 4.

2. AN ANALYSIS OF THE STEEL POWDER
METALLURGY PRODUCTION CHAIN

In order to develop a complete picture of the energy and material
requirements of the powder metallurgy production chain, this sec-
tion maps the sector and compares current practice with estimated
limits to determine its efficiency. A map of the production chain is
first developed in Section 2.1. The potential for improving the effi-
ciency of energy use ( Section 2.2) and material use ( Section 2.3) is
then calculated.

2.1 A map of the production chain

In order to provide a holistic picture of the production of final parts
from steel powder today, a map is developed to trace the flow of
material and energy inputs into the required chain of processes
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from initial production to final application. Constructing this map
requires that data from diverse sources is reconciled with estimates
used to fill data gaps.

The steel powder metallurgy production chain is divided into
four steps (Table 1).

Most steel powder is made from liquid steel, so the production
chain starts with processes that are similar to conventional steel mak-
ing. Large powder producers tend to use steel made from prompt scrap
in electric arc furnaces [10], while smaller powder producers are more
likely to use induction melting. Since two thirds of atomized powder
is made by large producers, and the rest is made by smaller operations
[11], this proportion was assumed for the distribution of electric arc
and induction steelmaking. Steel must typically be refined after melt-
ing and Hogands AB [10] describe the use of ladle refining, which was
assumed to be the most significant refining method.

Liquid steel is supplied to atomization processes in step 2 to make
steel powder. Most data on powder production and consolidation is pub-
lished by continental trade associations. These publish yearly reports
on the state of the powder metallurgy industry that are focused on
water atomization and press and sintering. The most up-to-date sourc-
es are described in the supporting information. Additional sources
were used for hot isostatic pressing [4] and additive manufacturing
[3]. The available data tends to be separated by whether it is related
to powder production or consolidation. This is convenient because it
helps to define the mass flows through steps 2 and 3 and because the
continental data can be added up to estimate the global picture. Steps
2 and 3 were connected by enforcing mass balance and matching the
characteristics of the powder-production methods with the require-
ments of the consolidation processes, which can be extracted from
technical literature on PM, such as German [12].

There is limited data about the final application of powder metal-
lurgy components (step 4). Trade associations only publish data for the
press and sintering process whose main applications are in the automo-
tive sector. The flows from the remaining processes were estimated
based on qualitative remarks on their main areas of application found
on process specific sources (described in the supporting information).

2.2 Energy efficiency of powder metallurgy processes

The most common definition of energy efficiency (h=E eful/Ein) isnot
applicable to manufacturing processes that do not have a useful ener-
gy output (which is the case for most powder metallurgy processes).
A definition of efficiency needs to: (i) allow for direct comparison of
different processes; (ii) represent their potential for improvement;
(iii) be based on physical mechanisms. Therefore, energy efficiency
(h) was defined by,

. SE':H:a\-u
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where SEC =E/m is the specific energy consumption, m is the mass out-
put of the process and E is the total energy used by the process. The
subscripts “theo” and “real” distinguish the theoretical minimum
energy consumption and the actual energy inputs of the process.
Irreversibilities make an efficiency of 100 percent unattainable in
practice, hence the potential for process improvement can only be
assessed by comparing the energy efficiencies of different manu-
facturing methods. However, this comparison needs to consider the
restrictions caused by the practical implementation of each process.
For example, melting allows for the material to be densely packed
whereas sintering requires the components to be spaced out. These
restrictions are process dependent and can significantly reduce ener-
gy efficiency. The comparison of SEC,; . and SEC_, also provides guid-

heo Teal
ance in the reduction of energy losses. The two measures of energy
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STEP DESCRIPTION

Production of the feedstock used to
make steel powder (mostly liquid
steel).

Raw material production 1

Powder production 2 Manufacturing methods that
transform either liquid steel or ore

into steel powder.

Powder consolidation 3 Production processes that use heat
and pressure to form the powder

into a component.

Industries where the PM
components are used.

Final application 4

Table 1: Main steps of the powder metallurgy production chain.

PROCESS SECgea [MJ/KG] MATERIAL REFERENCE
Additive manufacturing 97 316L [23]
112 316L [24]
220 17-4 PH [25]
Iron oxide reduction 22.7 Iron [26]
Powder annealing 3.6 Iron [26]
3.6 Steel [27]
5.8 Iron [28]
Pressing 0.1 Steel [5]
0.1-0.5 Iron [26]
3.6 Steel [6]
Sintering 2.4 Steel [29]
6.5 Steel [6]
71 Steel [30]
10.1 Steel [5]
Water atomisation 3.6 Steel [30]
6.0 Steel [5]
1.7 Iron [28]

Table 2: Energy consumption data of powder metallurgyprocesses found in the
literature.

intensity are described in the following paragraphs:

Powder metallurgy processes mainly apply heat and/or work to
transform the work piece into a product. SEC, .. is obtained by using
the first law of thermodynamics to obtain the energy requirements
of each process. The process parameters such as temperature and
pressure are obtained from the literature and are applied assuming
that there are no irreversibilities.

There is SEC,,,, data available in the literature for some pow-
der metallurgy processes (Table 2). This data was used directly in
Equation 1. The lowest value was chosen when processes have mul-
tiple data points because it represents the most efficient use of the
process. Most existing data covers the use of irregularly shaped steel
powder to make components using the press and sintering process.
This is the most significant production route according to production
mass. The only other process for which there is energy data is addi-
tive manufacturing. For gas atomization and hot isostatic pressing,
no energy consumption data has been published, so models were
developed in order to estimate their energy intensity. The values

of SEC,,,, were estimated by relaxing the assumption of reversible



processes used to obtain SEC, ... This requires the consideration of
losses due to heat transfer to the environment, friction, and other
losses. This procedure is summarized for each process in the next
paragraphs and described in detail in the supporting information.

The hot isostatic pressing process uses high temperature and pres-
sure simultaneously to transform powder into a solid. The heat is
supplied by resistive heating, and the pressure is applied by compress-
ing a gas that surrounds the workpiece. The theoretical minimum
energy intensity is given by,

‘_'EEL':L'.E.',. = qu + :'::'::I{ Equation 2
where q,, is the specific heat supplied to the workpiece, m,, is its mass,
and W_is the work required to compress the gas. The modeled energy
input is given by,

SECIn = gt + - ] ( Equation 3

iy

We+0c+Q+Qp)

where Q, and Q, are the heat supplied to the gas and the furnace, Q,
represents heat losses to the environment, and W', represents the
energy input required to compress the gas, considering irreversibili-
ties. The main uncertainties in using this equation to predict real
process energy inputs arise in estimating the energy required to com-
press the gas and the steady state heat losses of hot isostatic presses.
This was addressed by consulting a producer of hot isostatic pressing
equipment. The calculation of all the coefficients of Equation 3 is
described in Section 2.2 of the supporting information.

Gas atomization uses a compressed inert gas to break up a stream
of molten metal into droplets. This is caused by transfer of kinetic
energy from the gas to the metal stream. The theoretical minimum
energy intensity is given by,

SEC{iL = F{'- X g X We Equation 4

Ming
where V/m,, is the flow ratio of gas volume to steel mass, r. is the
gas density (the gas properties are at normal temperature and pres-
sure) and w, is the specific work required to compress the gas. The
modeled energy input is given by,

SECSA — ]r."t. g + SECg

Al = - Equation 5
R T e Yea 9

where Y, is the yield of gas atomization, g, is the specific heat sup-
plied to the gas (per mass of gas) and SEC, is the specific energy
consumption of gas production. The model assumes that heat, as
opposed to work, was supplied to the gas because this is practiced
in industry to reduce gas and energy consumption [13]. The main
difficulty in using this equation to predict the energy consump-
tion of gas atomization is in finding representative values for V,/m,.
Researchers publish this data for experimental atomizers but values
are not available for industrial units. This value was chosen by con-
sulting a steel-powder producer. The full procedure used to obtain
SEC% | is described in Section 2.1 of the supporting information.
2.3 Material efficiency of powder metallurgy processes

The quantification of yield losses and thus the characterization of the
material efficiency is essential to the definition of energy efficiency
of the useful material output of a process. The yield losses determine
how much material must be processed upstream in order to fulfil
the needs of a given process. The material that leaves a manufactur-
ing process has three possible paths: (i) it can be incorporated into
the product; (ii) it can be reused or recycled; (iii) it can be “lost.” Two
different types of yield losses arise from paths (ii) and (iii) and are

mpe

my

Figure 1: lllustration of flows of material through two processes.

PROCESS YIELD (YL) [%] REFERENCE
Electric arc furnace 89 [9]
Ladle refining 99 [31]
Ingot casting 98 [9]
Induction melting 99 [32]
Iron oxide reduction 92 [5]
Pig iron decarburisation 97 [5]
Powder decarburisation 98 [5]
Powder forging 86 [33]
Press and Sintering 95 [5]
Metal Injection Moulding 86 [34]
Spray forming 70 [35]
Table 3: Yield values of powder metallurgy processes.
quantified by,
Y me ¥ = 2 Mout = mr'. Equatior 6

= L=
Emlll = my

z Mo

where Y, represents the material that goes through path (ii) and Y;
through path (iii). m,  and m_, are the sum of the mass that enters
and leaves the process, m, is the mass of material that is incorpo-
rated into the product and m, represents the material that is “lost.”
(Figure 1)

The yield values for each process were found through literature
surveys (this data is summarized in Table 3). No data was found for
some of the processes, so yield values were estimated using simi-
lar processes as reference (for example: water and gas atomization).
Mass balances were also used to estimate yield losses when the mass
flowing in or out of adjacent processes was known.

3. MATERIAL AND ENERGY FLOWS

Figure 2 presents a map of the powder metallurgy production chain
in the form of a Sankey diagram. The material flows from left to
right, from steel-making up to final application. The major input is
steel scrap that is converted into liquid steel using either the elec-
tric arc furnace or induction melting. This is mostly prompt scrap.
Only pig iron decarburization and iron oxide reduction use inputs
other than steel scrap. Most liquid steel is converted directly into
powder without intermediate casting and re-melting operations. The
powder-production processes are represented toward the center of
the diagram. Steel powder can be distinguished by the shape of its
particles, which may be spherical or irregular. Gas atomization is
the only process that makes ferrous spherical powder in significant
quantities. The shape of the particles is important because the dif-
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Figure 2: Yearly global flow of ferrous powder for structural applications. Sankey diagram, the material flows from left to right and the width of the lines are
proportional to the mass. Most data sources used to make the diagram are from 2010 to 2015.

ferent consolidation processes can only work with particular shapes.
These processes are represented further to the right of the diagram.
Press and sintering is the most significant and only uses irregular
powder. The other consolidation processes mainly use spherical
powder made by gas atomization. The main applications of powder
metallurgy are shown at the right of the diagram. The biggest sector
is the automotive industry which mainly uses press and sintering
of water-atomized powder. The other production routes mostly use
spherical particles whose mass output is an order of magnitude lower
than irregular powder.

The flows of spherical powder are represented in more detail in
Figure 3. Hot isostatic pressing is the biggest consumer of spherical
powder and mostly makes feedstock for other processes, such as
bars and billets. Additive manufacturing also uses spherical pow-
der but has only a very small production output when compared
with other processes. Metal-injection molding uses a mixture of
spherical and irregular particles and its production is distributed
through five major applications. Even though spherical powder is
used in a smaller amount than irregular, it is used in a wider range
of applications.

The energy intensity data of Table 2 was applied in Figure 4 to map
the energy and material flows through the production chain. This
figure shows how each process contributes to the energy consump-
tion of the production chain. Material losses are a small portion of
the total production. However, there is a loop of material in additive
manufacturing that is wider than its total production. This is auxil-
iary material used to support and extract heat away from the work-
piece. The figure also shows there are three major energy inputs in
the production chain: steel melting, powder annealing, and sintering.
The powder annealing and sintering processes consume at least the
same amount of energy as material melting. These two processes use
most of the energy supplied to the production chain.

4, OPPORTUNITIES TO REDUCE GHG EMISSIONS IN PM

This section assesses how the results of this paper can be used to
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Figure 3: Flow of material from consolidation process to final application, close
up view from Figure 2 without the press and sintering process.

reduce the energy and material inputs of the whole production chain.
The following paragraphs propose and evaluate a set of measures to
achieve this. The section concludes with an assessment of the main
limitations of this analysis and suggestions for future work.

Most of the world’s steel powder is made by water atomization,
consolidated using press, and sintering, and used in the automo-
tive sector (Figure 2). The main material input of the production
chain is steel scrap, which has a much lower embodied energy than
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Figure 4: Simplified flow of steel powder and energy where the proportions of mass of material are similar to Figure 2.

PROCESS SECrxEo [M)/KG] SECqeaL [M)/KG] n
Induction melting 1.3a 2.2b 59%
Gas atomisation 03 2.7 1%
Water atomisation 0.4c 1.4c 28%
Powder annealing 0.5 3.6d 14%
Sintering 0.6 2.4e 26%
Compaction 0.1c 3.6c 2%
Hot isostatic pressing 0.6 1.5 42%
Additive manufacturing 1.3a 97f 1.3%

References: a[36], b[37], c[6], d[27], e[29], f[23]. The unreferenced values were estimated
in this work (explained in Section 2 of the supporting information).

Table 4: Energy efficiency of the powder metallurgy processes studied in
this work. References: a[36], b[37], c[6], d[27], e[29], f[23]. The unreferenced
values were estimated in this work (explained in Section 2 of the supporting
information).

virgin steel. However, this is prompt scrap which does not provide
the benefit of recycling material from end of life products. The big-
gest energy inputs in this processing route are steel melting, pow-
der annealing and sintering. These comprise three heat cycles with
temperatures near the material melting point. Powder annealing
and sintering have higher energy inputs than steel melting (Figure
4) but work at lower temperatures, so they could, in theory, con-
sume less energy. Table 4 further illustrates the two processes are
less efficient than induction melting. These differences in efficiency
can be attributed to the fact that sintering and powder annealing
require continuous furnaces whereas melting is done with batch fur-
naces. Continuous furnaces allow for higher productivity but have
higher heat losses. Powder annealing requires continuous furnaces
to maximize the area of powder that is in contact with the reducing
gases. This facilitates the diffusion of the gases into the powder to
reduce their carbon content and increase their compactibility. The
efficiency of sintering is limited because the components cannot be

densely packed due to their low strength after compaction. Powder
annealing and sintering comprise heat cycles where steel is cooled
to ambient temperature from temperatures above 1,000°C. Steel
powder is compacted in between these two steps. An opportunity
to reduce heat losses would be to compact the powder at a higher
temperature. This would require a more integrated production chain
and changes in tooling material.

Apart from powder annealing and sintering, the other significant
energy input in the production of automotive components is pow-
der compaction. The powder is typically compacted using hydrau-
lic presses. These allow for the high levels of complexity obtained
from powder metallurgy. However, the high pressure provided by
the hydraulic systems is only required when the maximum force
in being applied to the workpiece. Most of the time the hydraulic
pressure is throttled off, this reduces the efficiency of the process
to about 2 percent (Table 4). This efficiency could be improved with
the use of electric presses that do not need to be throttled back in
the same way as hydraulic presses do.

In addition to the technical constraints mentioned above, there
may be economic causes for the low efficiency of powder sintering. The
cost of energy represents 6.3 percent’ of the sales value of components
made with press and sintering. Even though this is a significant por-
tion, itis not a major component of the total sales value of components
(compared with other cost components from Esper [17], such as labor
and tooling). This means that most of the effort in maximizing profit
in industry may have been applied to more significant contributors
to the total cost as opposed to the reduction of energy consumption.

The energy and material efficiencies of gas atomization are
dependent on the type of consolidation process for which powder
is being atomized. Currently, this process seems to have minimal
energy and material losses (Figure 4) because it is mostly making
powder for hot isostatic pressing, which requires relatively large
particles. The production of large particles requires less gas than
smaller particles. If demand for additive manufacturing or metal
injection molding increases, the resulting increase in gas atomiza-
tion of smaller particles would require more energy and input mate-
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Figure 5:. Simplified flow of steel powder and energy in a scenario where additive manufacturing produces the same mass of components as hot isostatic pressing.

rial (this is illustrated by the contrast between Figures 4 and 5). This

effect would be exacerbated by the fact that only part of each batch

of atomized powder is small enough so the process yield would be

reduced. The comparison of Figures 4 and 5 shows that the fraction of
material sent for re-melting grows from negligible to approximately
one third of the output of gas atomization. Additive manufactur-
ing is a recent process whose feedstock requirements are not well

established (as an example of this, ASTM International [18] provides

standard specifications for additive manufacturing of stainless steel

but does not specify which powder size ranges are acceptable). It may
be possible to review the feedstock requirements to allow for more

efficient use of spherical powder production.

As metal additive manufacturing is growing rapidly, a scenario
where it has a significant production output is shown in Figure 5. If
additive manufacturing had the same mass output as hot isostatic
pressing, the energy inputs to the whole production chain could
increase by 67 percent (Figures 4 and 5). Additionally, the energy
inputs of gas atomization would increase by nearly an order of mag-
nitude. Alternative atomization methods for spherical powder could
be considered in conjunction with relaxing the feedstock require-
ments of consolidation processes. For example, centrifugal atomiza-
tion, which does not require energy intensive gas, might be used to
make spherical powder.

Metal additive manufacturing is still in an early stage of develop-
ment with only 1.3 percent energy efficiency (Table 4), so it may not
be optimized yet. As a laser is used to generate the required heat, only
9 percent of the energy supplied to the machine actually reaches the
workpiece (Figure 6a). Figure 6b shows the ratio of the volume of
melted material to the volume of the final component in laser pow-
der-bed additive manufacturing, the most significant type of metal
additive manufacturing according to Wohlers and Associates [3]. This
ratio depends on the process parameters, but typically nearly twice
the volume of the final component is melted. The use of a laser and
this excess melting account for a difference factor of 20 between the
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theoretical minimum and the actual energy consumption of metal

additive manufacturing today. Figure 6 can therefore be a driver for
developing improved energy and material efficiency. For example, the

inefficiencies of having a laser and material re-melting can be avoided

by using the binder jetting process (this process is explained by Tang
etal.[19]). Powder-bed processes have two main types of material loss-
es: the material lost due to the powder being reused multiple times

and the material required to build the supporting structures. The

amount of material used in supporting structures is highly dependent
on component geometry. The powder lost between reuse cycles can

become significant if the mass of unused powder is higher than the

mass of components. Furthermore, not all applications allow for all

the powder to be reused. Material losses caused by having a powder
bed can be avoided by using blown powder processes (reviewed by
Thompson et al. [20]), which deposit the powder at the same time as

itis being melted. These also have material losses because not all the

powder reaches the melt pool, but the process only uses the material

incorporated into the workpiece. These opportunities are important
while additive manufacturingis still in an early stage of implementa-
tion in order to constrain the energy consumption increase that could

result if demand expands significantly.

The previous discussion resulted in the definition of five measures
to reduce energy and material inputs in powder metallurgy. These
are summarized in Table 5. Technological changes are needed to
implement them, but the previous paragraphs and Section 3 show
there is significant margin for improvement. Industry practitioners
have always tried to maximize their profits; this includes trying
to minimize energy and material consumption. The information
presented here can be used to guide them when implementing mea-
sures to further reduce emissions. The map of the powder metallurgy
production chain provides a basis to evaluate these measures, and
the energy efficiency data helps to quantify potential reductions.

The data used to obtain the results of Section 3 is not perfect, so
there is a degree of uncertainty. The data from Figure 2 is not all from
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Figure 6: Causes for low energy efficiency in additive manufacturing: (a) energy flows through a laser; (b) plot of the ratio between the volume of the material that
is melted in the selective laser melting process and the volume of the component (h is the hatch spacing, t is the thickness of the layers and r is the radius of the

melt pool), real process parameters from Shifeng et al. [22].

MEASURE

Reduce heat losses in powder 1
annealing and sintering

Relax the feedstock requirements 2

DESCRIPTION

These processes require temperatures lower than the melting point of the material so they
theoretically require less heat than steel melting. This is not verified in practice so there is
potential to increase their efficiency.

The yield losses and energy intensity of gas atomisation increase as the maximum allowed particle

of the consolidation processes

size is lowered. Finding ways for consolidation processes to tolerate higher particle sizes would

result in reductions in the energy inputs of atomisation processes because less material would
need to be remelted and the process would use less gas.

Improve single fluid metal 3
powder production

Currently, single fluid atomisation processes do not produce a significant amount of steel powder
for structural applications. These processes do not use a gas to transfer kinetic energy to the melt.

It would be interesting to make single fluid atomisation processes more suitable for these
applications as currently most of the energy used in powder production is supplied to the gas.

Do not use lasers to generate heat 4
in additive manufacturing

Only 9% of the input energy reaches the workpiece when using a laser to generate heat. In additive
manufacturing all of the volume of the workpiece is molten so a big portion of the supplied energy

is lost in the laser. Alternative ways of generating heat would reduce this loss.

Avoid having a powder bed 5
in additive manufacturing

The fact that powder is used to support and facilitate heat transfer out of the workpiece means
that powder bed additive manufacturing processes use more material for these purposes than

to make components. This is a source of material losses and alternative ways of performing
these auxiliary tasks should be considered.

Table 5: Proposed measures to reduce energy and material consumption in powder metallurgy.

the same year. Even though there were no major variations across
different years (as described in the supporting information), assump-
tions were required in order to reconcile the various material flows.
Energy inputs were also estimated for some processes. These values
were validated by industry experts to ensure the orders of magnitude
are correct. Furthermore, most of the energy intensities used in this
work were obtained assuming the equipment was operating at full
capacity. Kruzhanov and Arnhold [6] had access to data from real
press and sintering factories and verified that energy intensity is
sensitive to capacity utilization, and underutilized operations tend
to consume more energy. This paper attempts to reduce energy and
material consumption at an absolute level so the best-case scenario
has always been used as a starting point. Due to data uncertainty and
assumptions, decisions should rely only on the orders of magnitudes
of flows and not on their exact values. The measures proposed in

Table 5 are general and qualitative, so they are probably valid regard-
less of their uncertainties. There are other environmental impacts
from powder metallurgy besides GHG from energy production. Two
examples are the extensive use of water in water atomization or the
negative effects of small particles on the human body (as reported
by Brunekreef and Forsberg [21]). These effects were not considered
in this work but could potentially contribute to extend the list of
measures summarized in Table 5.

The work presented in this paper could be extended further to
consider the use-phase and end of life of products made with powder
metallurgy. This group of processes provides opportunities to pro-
duce components with improved mechanical properties and with
more complex geometries. These opportunities allow for the pro-
duction of more efficient products that could have a lower energy
consumption in the use-phase.
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APPENDIX A. SUPPLEMENTARY DATA
Supplementary data to this article can be found online at doi.
org/10.1016/j.powtec.2018.01.009.

'Estimated according to P = (SEC™  x C;)/C,, = 6.3 percent, where
SECfi11 is the specific energy consumption of press and sintering [14],
C; is the average cost of electricity in Europe in 2015 [15] and C, is the
average sale value of components made in Europe with press and sin-
tering, per kilogram, estimated from European Powder Metallurgy
Association [16]. §
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