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Abstract

Additive-subtractive hybrid manufacturing (ASHM) process consumes a large amount of electrical energy during the pro-
cessing stage due to the low process rate and high energy density. A reliable prediction of energy consumption is the starting
point to develop potential energy-saving strategies. However, the power consumption characteristics of ASHM system are
dynamic due to the non-continuous moving path and non-uniform moving speed of the cladding head. Besides, the cutting
allowance of each sub-cutting process is fragmented and hard to be obtained because of the multiple alternate characteristics
of the additive manufacturing (AM) and subtractive manufacturing (SM) during the processing stage. This paper proposed a
combined energy consumption model based on process characteristics, which consists of a state-based AM energy consump-
tion model and a cutting allowance-based SM energy consumption model. At AM stage, the energy consumption is classified
into the deposition energy consumption, rapid moving energy consumption, and pause energy consumption based on the
cladding head moving state. The power in each moving state is identified by the working statuses of machine sub-systems,
and the duration is related to the length of moving path, number of inflection points, as well as the scanning speed. At SM
stage, the deposition efficiency was introduced to characterize the volume fraction of total cutting allowance for machining
the deposited part, and the energy consumption model is extrapolated as a function of the deposition efficiency and specific
energy consumption (SEC). Experimental results show that the model could offer the prediction of energy consumption
with an accuracy of more than 97%, and the breakdown analysis demonstrated that the AM energy consumption accounts
for more than 80% of the whole ASHM energy consumption. It is recommended to increase the scanning speed and process
rate under the premise of ensuring good forming quality to reduce the total ASHM energy consumption.

Keywords Additive-subtractive hybrid manufacturing - Energy consumption - Modeling - Moving state - Deposition
efficiency

Abbreviations SLS Selective laser sintering
AM Additive manufacturing FDM Fused deposition modeling
SM Subtractive manufacturing .
- . - List of symbols
ASHM Additive-subtractive hybrid .
. E. The total energy consumption of
manufacturing
) .. ASHM process (MJ)
LDED Laser-directed energy deposition E The enerey consumption of AM pro
SLM Selective laser melting additive 34 P P
cess (MJ)
cubtractive The energy consumption of SM pro-

P< Haiying Wei cess (MJ) )

why @hnu.edu.cn E\ychange_up The energy consumption when the

cladding head replaces cutting tool

! State Key Laboratory of Advanced Design (MJ)

and Manufacturing for Vehicle Body, Hunan University, .

Changsha 410082, People’s Republic of China E o change_down The energy consumption when the cut-
) . . ting tool replaces cladding head (MJ)

Key Laboratory for Intelligent Laser Manufacturing . £ .-

of Hunan Province, Hunan University, Changsha 410082, EdePOSilion The e'nergy consumption of deposition

People’s Republic of China state in AM (MJ)

@ Springer


http://orcid.org/0000-0002-3057-3067
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-022-09265-2&domain=pdf

The International Journal of Advanced Manufacturing Technology (2022) 120:7755-7770

7756

E,pia The energy consumption of rapid mov-
ing state in AM (MJ)

E e The energy consumption of pause state
in AM (MJ)

P yandby_mahcine w01 The standby power of machine tool
(W)

P anaby_laser The standby power of laser machine
(W)

P andby_chitler The standby power of laser chiller
machine (W)

P oder The power required to drive the step-
ping motor of powder feeder (W)

P, orking laser The power required to emit the laser

beam (W)
The power required to drive the fan of
laser chiller machine (W)

P working_chiller

Pl The feed power of machine tool (W)

Prust feed The fast feed power of machine tool
W)

MM The mass of the ASHM part (g)

M gepositon The mass of the deposited part (g)

Lyeposition The length of the deposition path (mm)

L, opid moving The length of the rapid moving path

(mm)

Ldeposition The time in deposition state (s)

Lrapid The time in rapid moving state (s)

Al use The duration of each pause (s)

Mpause The number of pauses

N, The number of up exchange process

N ipn The number of down exchange process

K pitier The ratio of the deposition time to the
working time of chiller fan

P oipur The laser output power (W)

2 The scanning speed (mm/min)

vy The powder feed rate (g/min)

Prnat The material density (g/mm?)

Ndeposition The deposition efficiency (%)

MRR The material removal rate in SM (mm?/
min)

PR The process rate in AM (g/min)

SEC Specific energy consumption (J/mm?)

SPE Specific printing energy (MJ/kg)

Fig.1 The schematic descrip-

1 Introduction

Additive-subtractive hybrid manufacturing (ASHM) is a pro-
cess that synergistically integrates additive and subtractive
processes within a single workstation [1, 2]. This technique
takes advantage of the near-net shaping of additive manu-
facturing (AM) and the attainable accuracy of subtractive
manufacturing (SM), which has been applied to the manu-
facture of internal, overhanging, and high-aspect-ratio feature
components with expected geometric accuracy and surface
roughness, such as molds, aircraft engines, and aerospace
brackets [3—5]. The concept of combining laser-directed
energy deposition (LDED) and CNC milling within a highly
mobile multi-axis machine tool is a common type of ASHM
process [6, 7]. The most remarkable feature is that it can
realize the real-time alternate operation of AM and SM dur-
ing processing stage, as shown in Fig. 1. Three promising
advantages stand out: (1) the SM process can be carried out
before cavity closure or cutting interference; (2) the position-
ing errors can be avoided due to one-time clamping; and (3)
the scheduling time can be saved due to the rapid alternation
of additive and subtractive processes.

However, the recent studies showed that the energy-
efficient manufacturing of ASHM process could not always
achieved due to the huge electrical energy consumption at
AM stage. According to the report provided by Gutowski
et al. [8], the average specific printing energy (SPE) of addi-
tive processes is about 1 to 2 orders of magnitude higher
than conventional manufacturing processes, while the pro-
cess rate (PR) is about 3 orders of magnitude smaller than
conventional processes. Kellens et al. [9] also claimed that
the specific energy values for AM unit processes are 1 to
2 orders of magnitude higher compared to conventional
machining and injection molding processes. Therefore, the
research on energy-saving strategies for ASHM process has
become a hot topic when facing the dual pressure of substan-
tially deteriorating environment and constantly increasing
energy costs in recent years. Developing the energy con-
sumption model for ASHM process is essential for energy-
saving. Well-designed energy consumption model could not
only provide the knowledge of the energy consumption of
each energy-consuming sub-component, but also help to
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realize the precise simulations with respect to various pro-
cess parameters [10].

Generally, the energy consumption is obtained by the
product of SPE and mass of the part. Some researchers pre-
fer to use the fixed SPE data and apply it to the life cycle
assessment [11-13]. Nevertheless, there are considerable
differences in SPE when the AM process is different or
the process parameters and materials are varied with the
same AM process. For example, the SPE varies from 32.3
to 7708 MJ/kg, a difference of two orders of magnitude [14].
In addition, other researchers have been devoted to modeling
the energy consumption for selective laser melting/sintering
(i.e., SLM/SLS, a type of AM technology) process. Peng
and Chen [15] developed a stage-based energy consump-
tion model for SLM process, which considering the prepara-
tion, building, and finishing stages. Lv et al. [16] proposed
a novel method to forecast the energy consumption of SLM
process based the power modeling of machine subsystems
and the temporal modeling of sub-processes, and the pre-
diction accuracy is more than 84%. Feng et al. [17] divided
the total energy consumption of SLS process into several
energy consumption systems, including the high power laser
system, heating insulation system, powder delivery system,
and auxiliary systems, and applied the model to conduct the
synergistic optimization of energy consumption and mate-
rial costs. However, the LDED process has a completely
different processing flow compared with SLM process. For
example, the SLM process includes the steps of pumping
out air, filling with inert gas, powder layering, laser scan-
ning parts, supports and so on, while the LDED process
is accomplished by simultaneously delivering the metallic
powder and focused laser energy with the moving cladding
head [18, 19]. There must be a pertinent energy consumption
model based on the process characteristics of LDED process
to achieve the accurate prediction of energy consumption.

The non-continuous moving path and non-uniform mov-
ing speed of cladding head are the most significant char-
acteristics of LDED process, which leads to the increased
time and resultant energy consumption. On the one hand,
the cladding head needs to be repositioned to continue fill-
ing in another region, which may lead to increased idle time
in traveling the useless linking paths [20-22]. On the other
hand, the deposition speed has a sudden change among the
corner of deposition path, and the resultant acceleration and
deceleration process will extend the deposition time [23]. In
brief, the deposition process is frequently interrupted by fac-
tors of toolpath changes, tool start-stop and non-deposition
time, which will result in spending more total manufacturing
time and the associated energy consumption [24]. Komineas
et al. [25] pointed out that the total manufacturing time is
composed of deposition time and rapid moving time in the
fused deposition modeling (FDM) process. However, in
LDED process, the cladding head moving state includes

deposition state, rapid moving state, and pause state. At the
pause state, the cladding head is stationary at the inflection
point from start-to-stop or stop-to-start, and the laser beam is
correspondingly in the pre-open or pre-closed state to avoid
the accumulation of excess melted material at the inflec-
tion point [26]. There is a time delay between the opening
and closing of the laser beam. Generally, a complex part
involves thousands of inflection points, which may produce
a considerable time error when the pause state is not con-
sidered. Therefore, the energy consumption of pause state
and the impact on the overall energy consumption need to
be further studied.

Furthermore, the manufacturing of a complex structure
by using ASHM process requires multiple alternations
between AM and SM process [27], and the processing stage
of “deposition - milling” presents non-continuous character-
istics, which makes it hard to obtain the fragmented cutting
allowance of each sub-SM process. Generally, the electrical
energy consumption is modeled as the integration of power
consumption in time [28]. However, the power consumptions
from different stages vary greatly due to the varied process-
ing conditions [29, 30]. Besides, the planned path length
is not proportional to time [31]. The feed axis has a short
dwell time at the inflection point, and the speed changes
abruptly [23]. The discrete sub-cutting process, the variation
in the number of inflection points caused by path planning,
and the acceleration and deceleration of the feed axis at the
inflection point lead to the difficulty in accurately predicting
manufacturing time [32-34]. In order to reduce the com-
plexity of energy consumption prediction, the calculation
of time and energy consumption for each sub-SM process
must be avoided. How to find a correlation factor to relate
the SM energy consumption, total cutting allowance, and
deposition volume of the manufactured complex structure
for modeling the energy consumption of ASHM process is
particularly important.

This paper proposed an energy consumption model for
ASHM process based on cladding head moving state and
total cutting allowance to accurately predict the energy
consumption and perform the breakdown analysis to sup-
port the appropriate energy-saving solutions. First, the AM
energy consumption is classified into the deposition energy
consumption, rapid moving energy consumption, and pause
energy consumption based on the cladding head moving
state, and a state-based energy consumption model was pro-
posed for LDED process. Then, the deposition efficiency
was introduced to characterize the volume fraction of total
cutting allowance for a given part, and the SM energy con-
sumption is associated with the deposition efficiency and
specific energy consumption (SEC). Finally, the compari-
son model was tested on two experimental studies. The first
one concerns the different scanning strategies on the AM
energy consumption results, and the second one concerns
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the process parameters on the effect of total ASHM energy
consumption. The purposed method provided a basic for
the energy prediction and energy-saving research of ASHM
process.

This paper is organized as follows: In Sect. 2, the energy
consumption characteristics and classification of ASHM
process were elaborated, and the deposition efficiency was
introduced. In Sect. 3, a combined energy consumption
model was developed. In Sect. 4, the experimental design
and setup and coefficients calibration of power models for
ASHM machines were described. In Sect. 5, the model veri-
fication and comparison, the energy consumption breakdown
analysis, and the energy-saving suggestions were presented.
In Sect. 6, the conclusions were provided.

2 Methodology

2.1 Energy consumption characteristics
and classification

A schematic description of the ASHM process is illustrated
in Fig. 2. At AM stage, the cladding head, which consists of
either a single or multiple powder-spray nozzles, is moved
along with the deposition path. The laser beam provides suf-
ficient thermal energy to melt the ejected particles to form
the near-net parts layer by layer. At SM stage, the milling
process is applied to achieve the desirable geometrical accu-
racy and surface quality. Additive and subtractive processes

can be alternated within a single workstation during pro-
cessing stage, which avoids the error caused by secondary
clamping and achieves the rapid manufacture of complex
parts that cannot be machined at all in conventional milling
process due to the accessibility constraint (Fig. 2a).

Figure 2b shows the corresponding power consumption
during ASHM process. According to the whole operations
of ASHM process when manufacturing the final part, the
energy consumption can be classified into AM energy con-
sumption, SM energy consumption, and exchange energy
consumption. At each stage, its power consumption is dif-
ferent due to different energy-consuming equipment partici-
pating in the work. For example, the machine tool is used to
provide feed movement of cladding head at AM stage and
conduct milling process at SM stage. The laser machine is
used for exporting laser energy to melt metal powder parti-
cles at AM stage. The laser chiller machine is served to cool
laser machine and cladding head, and the powder feeder is
used to transfer metal powder particles to cladding head at
AM stage. The power of each equipment is complicated and
dynamic, which is closely relevant with the process param-
eters, such as laser power, scanning speed and powder feed-
ing rate, etc.

The AM energy consumption is related to the deposition
path and process parameters. Different scanning strategy or
process parameters may lead to the differences in the deposi-
tion length, rapid moving length and the number of pauses,
and finally the differences of the deposition time. The SM
energy consumption is related to the cutting allowance and
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cutting parameters. Different from the conventional SM
process, the unused equipment at SM stage, such as laser
machine, laser chiller machine, and powder feeder machine,
should be in standby mode to prepare for the immediate
start of AM process, which will consume a large number
of electrical energy. In the exchange process, there are two
sub-processes: cutting tool replaces cladding head when AM
process is finished and cladding head replaces cutting tool
when SM process is finished. Both of the two sub-processes
contain a variety of motion processes, including feed axis
movement in x/y/z directions, motor rotation of cutting tool
library, and motor rotation of cladding head support frame.
Each process spends different time and energy; therefore, the
exchange energy consumption can be split into up exchange
energy consumption (cladding head replaces cutting tool)
and down exchange energy consumption (cutting tool
replaces cladding head).

2.2 Cladding head moving state on energy
consumption at AM stage

During deposition, the cladding head presents a non-
continuous and non-uniform moving state, as shown in Fig. 3.
At step “a-b,” the cladding head moves continuously, and
the laser machine emits laser to melt the powder mate-
rial to form a track. After reaching the inflection point, as
presented in step “b—c,” the cladding head switches from
the moving state to the static state, accompanied by the
laser machine from the on-to-off state. At step “c—d,” the
cladding head moves rapidly to travel the offset distance
between the tracks, and the laser machine is in the off

state to avoid the accumulation of excess melted material
at the inflection point [26]. At step “d—e,” the cladding
head stops again, and the laser machine is in the off-to-on
state to prepare for the next cycle of the deposition. There
is a time delay regardless of whether the laser machine is
in the on-to-off or off-to-on state. The operation state of
laser machine follows the moving state of cladding head,
which leads to the change of power consumption at AM
stage. Since there are thousands or even tens of thousands
of inflection points in the deposition of a complex part,
the energy consumption of AM stage in pause state at the
inflection point cannot be ignored. Therefore, according
to the moving state of the cladding head, the AM energy
consumption can be further classified into deposition
energy consumption, rapid moving energy consumption,
and pause energy consumption, as listed in Table 1.

2.3 Energy consumption of SM stage related
to deposition efficiency

The as-deposited part must reserve enough cutting allow-
ance to ensure the good surface integrity for the followed
SM process. A complex structure is usually subjected
to multiple “deposition-milling” sequential processing
stages, which can lead to discrete cutting allowances and
the resultant fragmented SM energy consumption (Fig. 2).
The total energy consumption at SM stage is then com-
posed of the energy consumption of multiple sub-SM pro-
cesses. At each sub-SM process, the energy consumption
can be obtained by the product of cutting allowance and

Fig.3 Cladding head moving Step ‘a-b’ Step ‘b-¢’ Step ‘c-d’ Step ‘d-e’
state and corresponding power
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Table 1 Energy consumption classification at AM stage

Power consumption characteristics

Definition

Items

Energy consumption when the cladding head moves at a constant speed and The total power is the sum of laser machine working power, cladding head

Deposition energy consumption

moving power, powder feeder power and standby power; The duration is

related to the deposition path and the scanning speed

the laser machine is in the on state

The power includes the cladding head moving power, powder feeder power

Rapid moving energy consumption Energy consumption when the cladding head moves rapidly and the laser

and standby power; The duration is related to the rapid moving path and the

rapid moving speed

machine is in the off state

The power is related to the laser machine working power and standby power;

Energy consumption when the cladding head at start-to-stop or stop-to-start

Pause energy consumption

The duration is related to the number of pauses

inflection points

specific energy consumption. Therefore, the total energy
consumption of SM stage is presented in Eq. (1).

E =

subtractive

° SEC[ + VallowZ * SEC2
-SEC

allowl

+-+ Vallown n

n (H
= Z Vallowi : SECz
i=1

In order to avoid the calculation of cutting allowance for
each sub-SM process, considering the total cutting allowance
of multiple cuts will greatly reduce the difficulty in energy
consumption prediction. From the perspective of the entire
ASHM process, the total cutting allowance is approximately
equal to the total deposition volume minus the volume of
final part.

n
Z Vallowi ~ Vdepositian - VASHM (2)
i=1

The deposition efficiency, used to characterize material
waste extent and forming quality in AM process [35], is intro-
duced here to intuitively describe the material utilization rate
in ASHM. It was defined as the ratio of final volume of the part
to the deposited volume of the part (Fig. 2a).

Vv
= _ASHM  100% 3)

ﬂdepusition Vd N
eposition

During ASHM process, the cutting process param-
eters of each sub-SM stage such as cutting depth, cutting
width, and feed rate are set at optimized levels in order
to achieve a low surface roughness. Usually, the process
parameters are maintained constant at each sub-SM pro-
cess to obtain consistent surface roughness, and the SEC
data can be considered to be approximately the same in
the case of the same cutting material, process parameters,
and machine tool equipment. Therefore, Eq. (1) can be
simplified as:

Esuhtractive = Z Vallowi - SEC 4)
i=1

Substituting Egs. (2) and (3) into Eq. (4):

Esubtmctive =SEC- Vdeposition(l - ndeposition) (5)

Both of the volume of the final ASHM part and depos-
ited AM part can be obtained from 3D data at the design
stage. Different cutting allowances lead to different depo-
sition efficiencies, which affects the cutting energy con-
sumption of SM stage. Therefore, the cutting energy con-
sumption of SM stage cannot be regarded as a fixed value
for different parts, it is closely related to the deposition
efficiency.



The International Journal of Advanced Manufacturing Technology (2022) 120:7755-7770 7761

3 Energy consumption modeling for ASHM
process

According to the classification of ASHM process, the total
energy consumption is composed of AM energy consumption,
SM energy consumption, and exchange energy consumption.

Etolal = Eaddilive + Esubtraclive + Eexchange (6)

At AM stage, the energy consumption can be classified
into deposition energy consumption, rapid moving energy
consumption and pause energy consumption, as presented
in Eq. (7). All of them include standby energy consumption.
The standby energy consumption is used to activate energy-
consuming components to ensure the machine is ready for
working. The power of involved equipment is independent of
process parameters, and the energy consumption is only time
dependent. The standby power is composed of the standby
power of machine tool, laser machine, laser chiller machine,
and powder feeder. Except the standby energy consumption,
deposition energy consumption also includes laser working
energy consumption, powder feeder energy consumption, feed
axis movement energy consumption of machine tool, and fan
working energy consumption of laser chiller machine. Their
power values are decided by process parameters.

Eaddizive = Edeposizion + Erapid + Epause

shows the explanation and modeling for each power and
time consumption.

The ASHM machine tool is controlled by numerical
control (NC) codes. These NC codes are linked to a series
of movement of machine tool components, such as axis
feed, spindle, worktable, and tool change system. After
the scanning path is generated by the trajectory planning,
the relevant information such as the length of deposition
path, rapid moving path, and number of inflection points
can be extracted from the NC codes. Table 3 summarizes
the common NC codes as related to machine components
and their operations. The energy consumption can be esti-
mated by the developed model based on the machine tool
energy state equations that can be related to the NC codes.

4 Experiments

4.1 Experimental design

In order to verify the accuracy of the ASHM energy con-
sumption model and explore the impact of process param-

eters and deposition efficiency on the total energy con-
sumption, two exploration experiments were proposed as

1

Edeposition - Pstandby + Ppowder + Pworking?laser + K Pworking?chiller + Pfeed) ' tdeposition (7)
chitler

Erapid = (thandby + Ppowder + Pfaxt_feed) ' tmpid

Epause = (Psmndby + Ppowder +0.5- Pworking_laser ' Atpause * Ppause

At SM stage, the energy consumption can be predicted by
cutting volume and specific energy consumption (SEC). The
cutting volume is related to the deposition efficiency, while the
SEC can be correlated with the material removal rate (MRR),
by applying the empirical method proposed by Kara and Li
[36], as presented in Eq. (8).

SEC = Cy+ —L ®)

Esubzractive = SE C- Vdeposilion(l - ndepoxition)
MRR

At exchange stage, there are two sub-processes, namely up
exchange process and down exchange process, as claimed in
Sect. 2.1. The number indicators (N,,,, N, are introduced
to characterize the energy consumption of the two processes:

N,
— up
Eexch[mge - [Eexchungefup Eexchangeﬁdown] [ N (9)
down

The total energy consumption of ASHM process for
producing a specific part can be predicted from the energy
model as presented in Eqs. (6), (7), (8), and (9). Table 2

follows, and the 316L material was used for experimental
analysis (the density of 316L material is 7.98 g/cm?). The
corresponding variable settings are shown in Table 4.

o Testl
Exploring the impact of scanning strategy on total
energy consumption, obtaining the energy consump-
tion proportion of cladding head under different motion
states at AM stage, and providing ideas for energy-
saving. The test was designed by using four scanning
strategies, namely, “identical,” “orthogonal,” “outer
perimeter + orthogonal,” and “contour.” For the same
part, different scanning strategies affect the length of
deposition path, rapid moving path, and number of
inflection points, which ultimately affects the energy
consumption of AM stage. The four kinds of scanning
strategies are illustrated in Fig. 4.
o Test2
Exploring the variation of deposition efficiency
under different AM process parameters, as well as the
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Table 3 Relationship between

NC code Machine components CNC codes Operations at AM stage
NC code of AM stage and
energy consumption on ASHM G-code X, Y, Z axis G00 Rapid move
system GO01 Linear motion with
defined feed rate
G02,G03 Circular interpolation
F-code X, Y, Z axis F Defined feed rate
M-code Laser machine M10 Laser program start
Ml11 Laser program off
Powder feeder M50, M52 Powder feeder start
M51, M53 Powder feeder off
Semantic code Laser shutter LASER_ON Turn on laser beam
LASER_OFF Turn off laser beam

influence of deposition efficiency on cutting energy
consumption at SM stage. The D2 path was used as
the scanning strategy. The laser output power and scan-
ning speed were set as variables, while the optimized
linear energy density (i.e., laser output power divided
by scanning speed) of 60 J/mm in AM was adopted
based on a series of preliminary experiments. The other
process parameters are constant.

Both of the two tests were applied to the manufac-
ture of the same block parts with the dimensional size of
36 mm X 36 mm X8 mm in terms of length, width, and
height. The relevant data of the four scanning strategies
(Fig. 4) are shown in Table 5. When the AM process fin-
ished, the SM process was carried on to remove the allow-
ance of the sample. In SM process, the tool path for both
face milling and flank milling were selected as zigzag cut-
ting pattern.

4.2 Experimental setup
The experimental apparatus of ASHM process is shown
in Fig. 5. The ASHM system consists primarily of a laser

generation system, a CNC hybrid machine tool system, a

Table 4 Process parameters in ASHM

powder delivery system, and a cooling system (i.e., laser
chiller machine). A high power fiber laser with a beam
wavelength of 1070 + 10 nm (YLS-5000, IPG) was used
to melt coaxially delivered powders on to the substrate for
parts production. The CNC hybrid machine tool was jointly
developed by Hunan University and Han’s Laser, which
can realize the function of additive and subtractive hybrid
manufacturing. Its associated components consist of a laser
cladding head with four coaxial nozzles and a tool magazine
for milling process. The powder feeder (DPSF-2) has two
chambers, which can achieve the printing of multiple mate-
rials to fabricate functional gradient parts. Argon was used
as shielding gas and delivering gas. Cemented carbide tools
(SECO) with diameter of 16 mm and 3 teeth were used in
cutting process. Total energy consumption of all involved
machines was measured on bus by using a HIOKI power
analyzer (PQ3100).

4.3 Power calibration of machines

According to the analysis in Sect. 3, the power in each
machine has both constant values and variable values along
with process parameters. The constant power which meas-
ured by HIOKI power analyzer are shown in Table 6.

Tests Samples Process parameters at AM stage Process parameters at SM
stage
Laser output Scanning  Powder feed Layer thickness Hatch spacing Process rate® MRR Deposition
power (W) speed (mm/ rate (g/min) (mm) (mm) (g/min) (mm>/min) efficiency
min) (%)
Test 1 D1-D4 700 700 8.6 0.2 1.2 1.34 - -
Test 2 S1 500 500 8.6 0.2 1.2 0.96 153 80
S2 700 700 8.6 0.2 1.2 1.34 78
S3 900 900 8.6 0.2 1.2 1.72 76
S4 1100 1100 8.6 0.2 1.2 2.11 73

*Process rate = layer thickness X hatch spacing X scanning speed X material density
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Fig.4 Four kinds of scanning
strategies at AM stage (D1,
identical; D2, orthogonal; D3,
outer perimeter +orthogonal;
D4, contour)

D1 path

Figure 6 shows the power of machines at different pro-
cess parameters. Table 7 presents the specific fitting relation
formula of process parameters and power consumption. It
can be summarized that the fitting degree of all the relation
formulas is over 0.9. Therefore, the fitting model can be used
to predict the energy consumption in ASHM process.

Since the time of the exchange process and tool change
process are constant, it can be simplified as a fixed energy
consumption. Through three experimental measurements,
the energy consumption of up exchange process, down
exchange process are 0.178 MJ, 0.148 MJ, respectively.

5 Results and discussion
5.1 Model validation

Table 8 shows the comparison between estimated and
measured energy consumption of test 1 and test 2 in ASHM
process. Test 1 was designed to investigate the effect of
deposition path, rapid moving path, and inflection points
on the energy consumption at AM stage, while test 2 was
designed to explore the influence of the AM process param-
eters and deposition efficiency on the total energy con-
sumption in ASHM process. It can be noted that all of the
predicted energy consumption are slightly lower than the
measured energy consumption, and the error of the model
for all samples is lower than 5%. The difference may be
caused by the following reasons: (1) the dynamic change
of power because of the fluctuation in current, (2) the peak
power due to switching ON and switch OFF of machine
equipment such as spindle or fans running are not included

Table 5 The data of deposition path, rapid moving path and inflection
point of the four scanning strategies

Scanning Deposition path Rapid moving Inflection points
strategies (mm) path (mm)

Dl 43,200 1417 2400

D2 43,200 2739 2400

D3 43,392 2949 2320

D4 46,080 2066 1200

@ Springer

D2 path D3 path D4 path

LEDEPEDED

— Deposition path

Rapid moving path

[371, (3) errors in the fitted model of power consumption
and process parameters are always exist, (4) the effect of
acceleration and deceleration of the inflection point on time
is not considered during AM process, and (5) Z-axis energy
consumption is neglected because the feed speed is almost
zero. It also can be seen that the scanning strategy has lit-
tle effect on the energy consumption in test 1. This is due
to the trade-off between the length of the deposition path
and the number of inflection points under different scan-
ning strategies. For example, in the scanning strategies of
D3 and D4, the length of the deposition path increases from
43,392 to 46,080 mm, while the inflection points decreases
from 2320 to 1200 (Table 5). Therefore, the proportion of
the deposition energy consumption increases from 80.99 to
88.87%, while the proportion of the pause energy consump-
tion decreases from 13.87 to 7.42% (i.e., the breakdown
analysis in Fig. 10), and the total energy consumption total
energy consumption remains almost unchanged (Table 8).

On the contrary, the scanning speed has an important
influence on energy consumption at AM stage. When the
scanning speed increases from 500 to 1100 mm/min, the
total energy consumption decreases from 42 to 29 MJ,
almost 31% reduction. This is due to the increased scan-
ning speed, which greatly increases the process rate of the
deposition process (i.e., the process rate increased from 0.96
to 2.11 g/min, as listed in Table 4), resulting in lower depo-
sition time. The decreased deposition time greatly reduces
the standby energy consumption due to the high standby
power of the ASHM system (i.e., the total standby power
of the ASHM devices is almost 4000 W in Table 6). Even
though the increase in laser power (i.e., from 500 to 1100 W)
leads to an increase in energy consumption per unit time
of the laser machine, the total energy consumption of the
laser machine, as well as the machine tool, powder feeder,
and chiller, is reduced due to the decreased deposition time.
These combined reasons contribute to the energy-savings
when the scanning speed is increased.

Table 9 shows the comparison between estimated and
measured energy consumption of test 1 at AM stage without
considering pause energy consumption. Obviously, the error
of the model is more than 14% for the D1-D3 samples and
8% for the D4 sample, respectively. This is due to the time
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Fig.5 Experimental apparatus
(1: cladding head; 2: cutting
tool; 3: HIOKI power ana-
lyzer; 4: machine tool; 5: laser
machine; 6: bus; 7: powder
feeder; 8: laser chiller)

consumed by the cladding head being at the pause state. For
example, the sample D1 has 2400 inflection points (as listed
in Table 5), which means that the cladding head stopped
2400 times and spent 16 min, accounting for 19.64% of the
total time. The time spent in pause state consumes a lot of
standby energy consumption. The experimental results show
that considering the pause energy consumption at AM stage
can greatly improve the prediction accuracy of the energy
consumption model.

5.2 Model comparison at AM stage

As mentioned in literature review, At AM stage, the SPE
with the fixed value was usually adopted for life cycle
assessment of the environmental impact. Recently, Lunetto
et al. [38] purposed an empirical SPE model associated
with process rate for predicting the energy consumption of
fused deposition modeling (FDM) process, as presented in
Eq. (10).
G

SPE = Cy + PR (10)
where the SPE is the specific printing energy in MJ/kg, PR is
the process rate in g/min, and the C, and C, are the relevant
coefficients.

The two types of SPE model, together with the state-
based model purposed by this work, were used for energy

Table 6 The constant power of machines

Items Symbols Power (W)
Standby power of machine tool P andby machine wor 1879
Standby power of laser machine P andby taser machine 962
Standby power of laser chiller P anaby taser chitier 1500
Standby power of powder feeder P andby_powder feeder  ~

Axis fast movement of machine tool  Pp, 4.y 1250
Working power of laser chiller P, orking chiller 4071

consumption prediction. The average SPE of 263 MI/kg
was obtained from the energy consumption data of our
8 samples (i.e., sample of D1-D4 plus S1-S4), and the
C, of 126.85, along with the C, of 174.95, was obtained
through fitting the D1 to D4 enegy consumption data.
The comparison results are shown in Table 10. It can
be seen that the prediction accuracy of the SPE-based
model fluctuates with different scanning strategies and
process parameters, while the state-based model has the
highest stability. Its prediction accuracy exceeds 97%. In
addition, the prediction accuracy is improved by 12.87%
when considering the pause energy consumption, which
proved that the pause energy consumption plays an impor-
tant role in the prediction accuracy of the model. The
comparison results have demonstrated the effectiveness
of the proposed model.

5.3 Energy consumption of SM stage related
to deposition efficiency

Figure 7 shows the effect of deposition efficiency on SM
energy consumption. It can be seen that the SM energy
consumption increases with the decrease of deposition
efficiency. When the deposition efficiency is increased by
7%, the SM energy consumption is reduced by 3.56 MJ
in this test. Therefore, the impact of deposition efficiency
on energy consumption cannot be ignored, especially for
parts with complex features, which means more materials
need to be removed and more associated energy need to
be consumed.

5.4 Breakdown analysis and energy-saving suggestions
Figure 8 shows the distribution of energy consumption for
the three sub-processes. It is obvious that the AM stage

consumes most of the energy and accounts for more than
80%. This is due to the long deposition time and high
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operating power. At AM stage, all the equipment such as
laser machine, chiller, and machine tool must be running
to achieve the near-net shape of the part. The SM pro-
cess is used to remove the redundant materials of the AM
parts, so that the surface of the parts can be smooth to
meet the practical requirements. It can be seen that the
energy consumption of SM process accounts for 8-15%
during milling process of four samples. The energy con-
sumption of exchange process are less than 1%, because in
this experimental study, the exchange process only occurs
once. However, we cannot ignore the energy consump-
tion of exchange process in actual ASHM. As presented in
Fig. 1, a complex part needs multiple times of AM and SM
process; thus, there must be multiple exchange processes
involved. It can be inferred that the more complex of parts,
the larger proportion of energy consumption of exchange
process will be.

The energy requirements for each equipment of the
four samples in test 2 are shown in Fig. 9. Surprisingly,
the laser chiller consumes a massive energy. Its energy

Feed (mm/min)

consumption even exceeds the laser machine and accounts
for more than 36%. The laser chiller is used as an auxil-
iary device to cool the laser machine and the cladding
head. Its huge energy consumption means that the effec-
tive energy used for deposition process is relatively low.
The energy requirements results suggested that increasing
scanning speed could reduce the energy consumption pro-
portion of laser chiller and improve the energy efficiency
in ASHM. The laser machine consumes less energy than
laser machine; however, with the scanning speed increases,
its proportion will gradually increase, even exceeding the
laser chiller. The powder feeder consumes the minimum
energy, no more than 1% for all four samples.

Figure 10 shows the distribution of energy consumption
of the three cladding head moving states at AM stage. It
can be seen that different scanning strategies will lead to
changes in the proportion of energy consumption in each
cladding head moving state. The deposition energy con-
sumption accounts for more than 80% of the entire AM
energy consumption. However, the energy consumption in

Table 7 The specific fitting

. Items
relation formula of process

parameters and power Working power of laser machine

consumption
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Power of powder feeder
Axis feed power of machine tool
SEC at SM stage

Symbols Fitting formula R?

Pworking,laser Pworlx'ing,laser =7295+22- Poutput 0.999
Proer Proder = 489+ 0.3 - v, 0.951
Prea Preg = 203 +0.01 - v, + 1.03x 1075 -2 0.994
SEC SEC = 12.2 2186746 0.930

MRR
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Table 8 Summary of the measured and predicted energy consumption for manufacturing the 316L parts in ASHM
Tests Samples  Measured energy (MJ) Predicted energy (MJ) Error* (%)
AM stage  SMstage  Exchange stage  Total =~ AMstage SMstage  Exchange stage  Total

Test1 DI 28.71 - - 28.71  28.12 - - 28.12  2.06

D2 28.80 - - 28.80  28.68 - - 28.68 0.42

D3 29.05 - - 29.05  28.85 - - 28.85  0.69

D4 28.24 - - 2824 2792 - - 2792 1.13
Test2  S1 38.03 3.46 0.15 41.64 3782 3.44 0.15 4141 0.55

S2 31.86 4.11 0.14 36.11  31.68 4.04 0.15 35.87  0.66

S3 28.04 4.60 0.15 3279 27.81 4.47 0.15 3243 1.10

S4 24.29 4.60 0.15 29.04  23.99 4.47 0.15 28.61 148
“Error =ltotal predicted value — total measured valuel/ total measured value X 100%
Tal?le 9 Comparison between Tests Samples Measured energy  Predicted energy at AM stage without considering Error® (%)
estimated .and measured energy at AM stage (MJ) pause energy consumption (MJ)
consumption of AM stage
without considering pause Test1 DI 28.71 23.98 16.48
energy consumption D2 28.80 24.64 14.43

D3 29.05 24.85 14.47
D4 28.24 25.85 8.46

*Error =lIpredicted value — measured valuel/ measured value X 100%

Table 10 Comparison of the predicted and measured energy consumption at AM stage

Models SPE (MJ/kg) Predicted energy consumption (MJ) Error® (%) Accuracyb (%)
D1 D4 S1 S4 D1 D4 S1 S4 Average

©) 263 23.67 23.67 23.67 23.67 17.54 16.19 34.56 0.72 17.25 82.75

® - 23.00 23.00 26.41 21.84 18.22 17.66 25.68 4.53 16.52 83.48

© - 23.98 25.85 31.61 18.31 16.48 8.47 12.61 22.08 14.91 85.09

This work - 28.12 27.92 35.53 22.88 3.10 2.15 1.79 2.71 2.44 97.56

#Error = (Ipredicted value — measured valuel/measured value) x 100%
®Accuracy = 100 — Error

“The energy consumption model at AM stage without considering pause energy consumption in this work

(&)}
1

N
L

N w
1 1

SM energy consumption (MJ)

o
1

73

76 78
Deposition efficiency (%)

80

Fig.7 The SM energy consumption vs deposition efficiency

rapid moving state and pause state cannot be ignored. The
number of inflection points and the length of the rapid mov-
ing path should be minimized when the scanning strategy of
the printed part is planned.

Through the research on ASHM process, this work has
shown that the scanning speed has an important impact on
energy consumption. The increasing scanning speed could
greatly improve the process rate and shorten the deposition
time during AM process. The example of manufacturing
the simplified aviation bearing seat by ASHM process is
illustrated in Fig. 11. When the process rate is increased
from 0.34 to 3.13 g/min by changing the scanning speed, the
total ASHM energy consumption is reduced from 2013 to
221 MJ, an 89% reduction. This is due to the increased pro-
cess rate reduces the deposition time, thereby greatly reduc-
ing the standby energy consumption of multiple energy-
consuming devices of the ASHM system. However, the
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Fig.8 The distribution of
energy consumption of AM pro-
cess, SM process and exchange
process

I AM process

36.67%

I Laser chiller

Fig.9 The energy requirements of each machine in ASHM

82.74% 14.73%

Il Deposition energy consumption

28.75%

33.81%

I Machine tool

80.83%

I Rapid moving energy consumption

14.39%

S2 S3 S4

[ SM process [ Exchange process

28.59% 26.77%

36.38% 36.03%

34.31% 36.48%

B Powder feeder I Laser machine

80.99% 13.87% 88.87%

I Pause energy consumption

Fig. 10 The distribution of energy consumption of the three cladding head moving states at AM stage

2000 4

1500 4
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Total ASHM energy consumption (MJ)
o

0.34 0.67 1.34 2.35

Process rate (g/min)
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3.13

Fig. 11 The simplified aviation bearing seat manufactured by ASHM process with the 70% deposition efficiency: (a) the energy consumption vs
process rate; (b) the deposited part after milling; (c) the deposited condition with excessive scanning speed
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scanning speed cannot be increased indefinitely. As verified
by our experiments, excessive scanning speed can reduce
the forming quality of parts, such as collapse (Fig. 11c).
This is due to the fact that the excessive scanning speed will
cause the melt pool to become unstable, and the unstable
melt pool is unable to melt the ejected powder uniformly,
thus failing to form the stable deposition tracks. Multiple
track-to-track overlap and layer-to-layer accumulation will
eventually cause the collapse of the edge of the deposited
part. In addition, according to the breakdown analysis, the
chiller machine consumes a lot of energy. It is recommended
to choose cooling equipment with lower rated power on the
premise of meeting the cooling requirements to reduce its
standby energy consumption.

6 Conclusions

The ASHM process consumes a significant amount of
electrical energy due to the multiple power-consuming
equipment and various operating states, which results in
substantial stress on the environment. Understanding the
energy consumption characteristics can provide the basis
for energy-saving. In this paper, a methodology to predict
the energy consumption in ASHM process was presented.
The following points were summarized.

1. A combined energy consumption model based on clad-
ding head moving state and deposition efficiency was
developed to predict the energy consumption of ASHM
process.

2. The model was verified by two experimental studies, and
the prediction accuracy exceeds 97%.

3. The energy consumption of AM stage accounts for more
than 80% of the total ASHM energy consumption due to
the long deposition time and high operating power.

4. Tt is recommended to increase the scanning speed
under the premise of ensuring the good forming quality
to shorten the deposition time and reduce the energy
consumption. Moreover, choosing a low-power chiller
machine under the premise of ensuring the cooling
requirements can effectively reduce the standby energy
consumption of the ASHM process.
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