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Abstract

Improvement of fabrication efficiency and part performance was the main challenge for the large-scale powder bed
fusion (PBF) process. In this study, a dynamic monitoring and feedback system of powder bed temperature field using
an infrared thermal imager has been established and integrated into a four-laser PBF equipment with a working area
of 2000 mm x 2000 mm. The heat-affected zone (HAZ) temperature field has been controlled by adjusting the scan-
ning speed dynamically. Simultaneously, the relationship among spot size, HAZ temperature, and part performance
has been established. The fluctuation of the HAZ temperature in four-laser scanning areas was decreased from 30.85
‘Cto 1741 "C.Thus, the consistency of the sintering performance of the produced large component has been
improved. Based on the controllable temperature field, a dynamically adjusting strategy for laser spot size was pro-
posed, by which the fabrication efficiency was improved up to 65.38%. The current research results were of great
significance to the further industrial applications of large-scale PBF equipment.
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1 Introduction

Powder bed fusion (PBF) technology was one of the most
popular rapid prototyping and manufacturing processes
for complex parts with diverse material types [1-5],
including metal [6], plastic [7], ceramic [8], etc., and is
widely used in automotive, medical, military, aerospace
and other fields [9-14]. Nowadays, a broad application of
PBF in the industry was still limited [15] due to the rela-
tively small effective building platform normally less than
1500 mm, and low fabrication efficiency. Thus, multi-
laser powder bed fusion (MLPBF) has gradually gained
attention in recent years and became one of the most
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promising technologies for the rapid manufacturing of
large-scale parts [16—18].

MLPBF has enabled the PBF process to have a higher
fabrication efficiency and a larger working area [17,
19-21]. An increment in building rate of 2.74 times
(build time reduction of 63%) has been demonstrated
in comparison to that of single-laser powder bed
fusion (SLPBF) [22], but only within a working area of
250 mm X 250 mm. For the large-scale MLPBF pro-
cess, EOS P 770 was a PBF machine with a two-laser
system and an effective building volume of 700 x 380
x 580 mm?. Huazhong University of Science and Tech-
nology, China, has successfully developed large-scale
PBF equipment with a four-laser system [23] and an
effective building volume of 1400 x 1400 x 500 mm?.
It was difficult for the MLPBF process to perform
adequate quality evaluation and process optimization
during large-scale part’s sintering process [24]. In the
synchronous scanning of multiple lasers, the difference
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in each laser’s actual output power and the complex
heat dissipation environment significantly impacted
the sintering consistency among all laser scanning
areas. Evaluating and optimizing multiple laser scan-
ning fields’ sintering consistency was of great signifi-
cance to improving large-scale part’s sintering quality.
Many researchers tried to understand the relationship
between the sintering temperature field and the pro-
cess parameters in the sintering process [25-27]. How-
ever, it was only used for part’s quality analysis after
the sintering process and cannot provide effective help
for optimizing the part quality in the sintering process.

Simultaneously, the small laser spot size is another
limitation for the current MLPBF process to fabri-
cate large-scale parts efficiently. More scholars have
improved the production efficiency by expanding the
spot size in the sintering process [28]. Bae and Kim
[29, 30] designed a digital mirror system (DMS) that
can deflect the laser beam with different spot sizes.
This system can automatically expand the spot size
2X to 8%, and fabrication efficiency has been doubled.
However, these researches lack the necessary experi-
mental study on matching the spot size and process
parameters.

Therefore, high-efficiency and high-quality stability
have become the critical core issues of current large-
scaled MLPBF equipment. In this study, a large-scale
MLPBF equipment with a four-laser system has been
established in the current research with an effective
building volume of 2000 x 2000 x 1000 mm?. A set
of temperature field online monitoring and feedback
system based on an infrared thermal imaging camera
has been built and integrated into the MLPBF equip-
ment, which can extract and analyze the temperature
field in real-time during the sintering process. For a
single laser scanning field, the relationship among spot
size, scanning speed, sintering temperature, and part
performance was established. The influence of spot
size on the fabricating efficiency of parts has been fur-
ther explored experimentally, and a dynamic scanning
strategy with controllable spot size has been proposed
in order to improve fabrication efficiency. For multi-
ple laser scanning fields, an evaluation system for the
consistency of sintering performance has been estab-
lished through the differential analysis of temperature
field data. The fluctuation of sintering temperature in
each scanning field can be optimized by dynamically
adjusting each laser scanning speed in the sintering
process to improve the consistency of large-size part’s
sintering quality. Results in the current research will
provide new ideas for the development of high-per-
formance large-scale MLPBF equipment for industrial
applications.

Page 2 of 12

2 Materials and Methods

2.1 Four-laser PBF Equipment

As shown in Figure 1, a four-laser and four- galvanom-
eter MLPBF equipment has been built, which can real-
ize a build space of 2000 x 2000 x 1000 mm? through
the cooperative control of four lasers. Four scanning
galvanometers hurrySCAN® 30 were from SCANLAB
company in Germany, and their effective maximum scan-
ning speed can reach 5500 mm/s. Four CO, lasers (F200)
were from American SYRAD of Novanta Inc., and their
specific performance parameters were shown in Table 1.
Four varioSCAN 40, ;x were installed in the optical sys-
tem as focusing systems on controlling the spot size from
1X to 5X dynamically.

In order to reduce the part’s warpage in the sintering
process, multilayer infrared heaters were installed to pre-
heat the powder bed uniformly before laser sintering, as
shown in Figure 1. An online monitoring and feedback
system of the temperature field was also integrated into
the MLPBF equipment based on the infrared thermal
imager (FLIR A310) with a wide-angle lens, which can
measure the overall temperature field in the working area
of the powder bed during the laser sintering process, and
the specific parameters of A310 are shown in Table 2.

2.2 Materials and Characterization

Resin-coated sand (German Huettenes-Albertus Chem-
wasche Werke Gmbh) was used as a raw material in the
experiments, as shown in Table 3. Tensile tests of eight-
shaped standard parts with a size of 35X66x12 mm were
conducted referring to the Chinese Machinery Industry
Standard GB/T 2684-2009 as shown in Figure 2, using a
specialized testing machine (SWY, made by Changzhou
Detu Precision Instrument Co., Ltd. of Jiangsu Province,
China).

2.3 Experimental Plan
2.3.1 Fundamental Settings for Process Parameters
Improvement of fabrication efficiency can be achieved by
changing the spot size. In this study, five-spot sizes mag-
nified 1x to 5X were selected, and Figure 3(a) presents
the scanning lines of different width made by five-spot
sizes with a scanning speed of 2200 mm/s, and a laser
power of 200 W. With the increase of spot size, their line
width (L) was 2.1 mm, 3.8 mm, 6.1 mm, 7.2 mm, and 8.8
mm, respectively. As shown in Figure 3(b), the sinter-
ing layer in the two-dimensional plane comprises sin-
gle scanning lines with specific spacing, and the spacing
between adjacent scanning single lines was the hatch
spacing (H). With the increase of L, the H can be appro-
priately increased to improve the fabrication efficiency.
In the PBF process, the interaction between laser and
powder material was a thermal reaction process that



Huang et al. Chinese Journal of Mechanical Engineering (2024) 37:22 Page 3 of 12
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(a) Schematic diagram of large MLPBF equipment including four lasers and four scanning galvanometers

(b) Constructed MLPBF equipment
Figure 1 MLPBF equipment with a build space of 2000 x 2000 x 1000 mm?

Table 1 Firestar laser F200 general specifications Table 2 The specific parameters of A310
Parameter Value Parameter Value
Wavelength (um) 10.2— Field angle (°) 90 x 73
107 Measuring temperature range ('C) 0-350 or 200-1200
Continuous maximum output power (W) 200 Measurement frequency (Hz) 9
Peak maximum output power (W) 250 Resolution 320 % 240
Measurement accuracy (%) +2

needs to be detected and controlled to evaluate and opti-
mize the part’s quality. In this study, the HAZ tempera-
ture could be optimized by adjusting the laser scanning
speed. Therefore, the relationship among laser scanning

speed, laser spot, part performance, and HAZ tempera-
ture should be established in the sintering process, and
the experimental parameters were shown in Table 4.
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Table 3 The specific parameters of A310 Table 4 The specific parameters of A310

Material properties Value Parameter Value

Grain size (mm) 0.075-0.15 Laser power P (W) 200

Melting point (‘C) 88-94 Scanning speed V (mm/s) Range from 1400-5000 at 200

(a) Three-dimensional drawing of the eight-shaped standard part with 35x66x12 mm

(b) Tensile strength test of "8" shaped standard parts

Figure 2 3D drawing and strength test of "8" shaped standard parts

Hatch spacing H (mm)
Magnification of laser spot X
Layer thickness D (mm)

intervals

Range from 0.55-0.95 at 0.1 intervals

Range from 1x to 5x at 1 intervals

0.30

100 °C

(a) Temperature field data of the eight-shaped part in the fabricating process

300 T

250 4

Preheating stage

Sintering stage

— — Cooling stage

(a) The experimental results of the scanning line with different sizes of the laser spot

H
> L

YL

Coincident Area Sintering Area

zv ?
(b) Schematic diagram of hatch spacing
Figure 3 Influence of spot size on hatch spacing

2.3.2 Data Extraction of HAZ Temperature

The infrared thermal imager can monitor part’s temper-
ature field data in the fabricating process, and the aver-
age value of the HAZ temperature represented by T in

Tsmax
200

T,(°C)

150 4

100 4 =~

500 ==

T T
0 20 40 60 80 100 120
Frame No.

(b) Extraction of HAZ temperature data

Figure 4 The part’s sintering process monitored by infrared thermal
imager

each layer can be recorded. As shown in Figure 4(a), the
infrared thermal imager can photograph the sintering
process of the current sintering layer, and the tempera-
ture data in the sintering process can be processed and
analyzed by the processing system. As shown in Fig-
ure 4(b), the whole fabricating process’s temperature
field data can be recorded in real-time, and the fabri-
cating process of parts in each layer can be divided
into three stages: preheating stage, sintering stage, and
cooling stage. Each layer’s sintering process’s tempera-
ture field data contains two critical temperature char-
acteristic values, namely T, ., and T,,. T, . represents
the maximum value of T, appears in the sintering stage,
and T,, represents the average value of T, of all lay-
ers during part sintering, which can be calculated using
the following equation:
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Tynax,; Was the maximum value of temperature in
ith layer during the sintering process, n was the total
number of layers. All characteristic values can be
extracted by the online monitoring and feedback sys-
tem of the temperature field based on the infrared
thermal imager.

The real-time extraction of HAZ temperature data
is of great significance to the optimization of the PBF
process, and the relationships among spot size, process
parameters, HAZ temperature, and part performance
can be established on this basis. The HAZ temperature
has an important influence on the part’s strength, and
within the reasonable range of HAZ temperature, the
spot size can be dynamically changed for parts fabri-
cating. Therefore, a high-efficiency scanning scheme
based on dynamic spot size control could be estab-
lished to achieve high fabrication efficiency.
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2.3.3 High-Efficiency Scanning Process

The large-scale part can be divided into Skin region
and Core region. The Skin region was sintered by using
a small spot size to ensure the fabrication accuracy and
strength, and the Core region was sintered by using a
larger spot size to ensure fabrication efficiency.

As shown in Figure 5, the area with the height direc-
tion of 300—350 mm of the part is divided into skin and
Core region s. The Skin region determines the final
fabrication accuracy and strength of large-size parts.
Therefore, It is necessary to improve the sintering con-
sistency and the sintering strength in the four lasers’
synchronous scanning process. Sintering performance
is closely related to the HAZ temperature, which can
be controlled by dynamically adjusting the scanning
parameters. The Skin region can be divided into 20
sub-regions, and each laser scanning region covers 5
sub-regions. The strength of coated sand is character-
ized by measuring the tensile strength of eight-shaped
standard parts, and an eight-shaped monitoring area
is selected from each sub-region. When the scanning
of each sub-region is completed in the current sinter-
ing layer, the temperature field data of HAZ in each
sub-regions monitoring area can be extracted. After

A -
:> Core
(7]
x Part

Slice
(1050 X 1650 X 439 mm?)

Monitoring area

Temperature fiekl monitoring

(Z=320 mm)

U R R MO LA

Subregion

Figure 5 High-efficiency dynamic scanning strategy for large size parts by controlling HAZ temperature
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analyzing each sub-regions temperature characteristic
value, the processing system optimizes the sub-regions
sintering strength by independently changing each sub-
regions scanning speed in the next layer. Because the
adjustment of the sub-regions scanning parameters is
independent, and all sub-regions’ target temperature is
consistent. Therefore, the unity of four laser sintering
performances can be optimized by reducing the differ-
ence of all sub-regions’ HAZ temperatures in this way.

The Core region has a large building volume that
determines the final fabrication efficiency of large-scale
parts, and it has no strict requirements for sintering
strength. Therefore, the Core region can be sintered by
using a large spot size to improve fabrication efficiency.
The relationship between spot size and fabricating effi-
ciency can be determined by evaluating the effect of
spot size on the HAZ temperature. On this basis, the
optimal spot size can be selected to complete the Core
region’s fabricating.

3 Establishing the Relationships among Spot Size,
Process Parameters, HAZ Temperature, and Part
Performance

The relationship between spot size and fabrication effi-
ciency needs to be explored to complete the large-scale
part’s high-efficiency scanning process. The appropriate
spot size for the Skin region and Core region of large-
scale parts can be selected on this basis. At the same
time, the relationship among process parameters, HAZ
temperature, and part performance should also be con-
firmed to optimize the Skin’s sintering strength and the
consistency of the four lasers’ synchronous scanning
quality.

290 T T T T
280 u = Ix of the spot size
® 2x of the spot size | |

2704 4 3x of the spot size

2604 v 4x of the spot size
—_ ® 5x of the spot size | |
$ 250
£ 240

230

220 i

2104

*e
200

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Y (mm-s™)

Figure 6 Correlation diagram of scanning speed Vand T,

with different spot sizes
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3.1 Influence of Scanning Speed and Spot Size on HAZ
Temperature

The spot size can be magnified from 1Xx to 5X using
dynamic focusing systems with a consistent laser power
of 200 W, and the relationship between scanning speed
and HAZ temperature of the parts under different spot
sizes has been explored. The experimental results were
shown in Figure 6. It can be found that the HAZ temper-
ature of the parts gradually decreases with the increase
of scanning speed and spot size due to the decreasing
laser power density. The temperature field data have been
numerically fitted, and the relevant results were shown in
Table 5. It can be found that the HAZ temperature and
the scanning speed of the parts present an exponential
relationship.

Figure 7 shows that the HAZ temperature has an
important influence on part’s sintering quality. When
the HAZ temperature was too low, the corresponding 7,
was lower than 230 ‘C, which resulted in the collapse of
the part because of the insufficient laser energy. When
the HAZ temperature was too high, the corresponding
T,, was greater than 270 ‘C, which resulted in a signifi-
cant part’s over-burning due to the excess laser energy.

Table 5 Equation relationship between scanning speed and T,,,

Magnification of spot size Fitting equation

1x Trn = 1109¢75% + 209.1
2% T = 1097755 + 2120
3x Trn = 108877 + 1963
4x T = 1177259 + 1807
5% T = 1023785 + 1813

1@

T,>270°C

Tn<230°C
Figure 7 Fabricated eight-shaped parts under different HAZ
temperature

230°C<T,<270°C
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Therefore, a reasonable T, value from 230 to 270 ‘C was
required to achieve a better part quality during the sin-
tering process.

3.2 Influence of HAZ Temperature on the Properties
of Parts

Experimental results have shown that improper HAZ
temperature was an important reason for the part’s
defects, and the HAZ temperature of the parts must be
controlled between 230 °C and 270 C. A total of five tem-
perature range were selected, which were 268 + 2 °C, 260
+2°C,252+27%C, 244 + 2 C, 236 + 2 °C. According to the
experimental results of Figure 6, the spot size and scan-
ning parameters can be determined corresponding to
each temperature range.

The strength test of the parts in these five temperature
ranges has been carried out, and the experimental results
were shown in Figure 8. The experimental results show
that the part’s tensile strength fluctuates slightly when the
HAZ temperature remains stable. The tensile strength
of the parts increases with the increase of the HAZ
temperature.

For the part’s Skin region, the smallest spot size must
be used to ensure the large-size part’s fabricating accu-
racy and strength. Figure 9 shows the maximum scanning
speed for each temperature range when the spot size is
magnified by 1x. Figures 8 and 9 shows that when the
HAZ temperature of the part rises from 258 C to 267 C,
The strength of the part is increased by 6.9%, while the
scanning speed reduced by 18.2%. Therefore, 258 C can
be set as the best T, value to ensure that the parts have
high strength with specific fabrication efficiency.
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Figure 8 Correlation diagram between the tensile strength
of the partand 7,,
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Figure 9 Correlation diagram between the tensile strength
of the part and Temperature range

According to different fabricating targets, there were
two fabricating modes to select. The first was the perfor-
mance priority mode. In this mode, the part’s sintering
temperature was set to 258 C, and the fabricated parts
could have high strength with general efficiency. The sec-
ond mode was the efficiency priority mode, in which the
part’s sintering temperature was set to 234 ‘C, and the
parts could have higher production efficiency with gen-
eral mechanical strength. For the large-scale parts, the
performance priority mode can be selected in the Skin
region to ensure the fabricating strength of large-scale
parts, and the efficiency priority mode can be selected
in the Core region to improve the fabrication efficiency
of large-scale parts. Finally, the high-efficiency and high-
performance fabricating of large-scale parts can be real-
ized through two fabricating modes’ collaboration.

3.3 Influence of Spot Size on Fabrication Efficiency

For the PBF process, scanning speed V and hatch spac-
ing H were essential factors that affect the part’s fabrica-
tion efficiency. Therefore, the efficiency factor M can be
introduced to describe the part’s fabrication efficiency
with different process parameters. Its expression was as
follows:

M=VD. )

It can characterize the scanning area in unit time dur-
ing the sintering process. The maximum fabrication
efficiency of each spot size represented by M, .. can be
calculated by Eq. (2) and Figure 6 under the efficiency
priority mode. The calculation results were shown in
Figure 10. Initially, the M, increases with the increase
of spot size and then decreases. Because the spot
size increases, process parameters must be adjusted
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Figure 10 The value of M,,., with different spot sizes.

accordingly. While the laser power was limited to 200
W, and the value of hatch spacing was related to the spot
size, to ensure that parts can be fabricated, the scan-
ning speed must be reduced to ensure enough sintering
energy that makes parts can be fabricated, which leads
to the decrease of M, ,,. Therefore, it was necessary to
select the appropriate spot size to ensure fabrication effi-
ciency. At the same time, Figure 10 shows that the fabri-
cation efficiency can reach the maximum value when the
spot size was magnified by 4x. The corresponding pro-
cess parameters were laser power of 200 W, hatch spac-
ing of 0.85 mm, and scanning speed of 3200 mm/s.

4 High-Efficiency Laser Sintering Strategy

4.1 Dynamic Control of HAZ Temperature

The relationship between scanning speed and HAZ tem-
perature has been established experimentally. The equa-
tion relationship between the adjustment value of the
temperature field and the adjustment value of scanning
speed can be found, which can be expressed in terms of

Eq. (3):
T =F(),

AF (T,
AV = ATmM, ®)
T,

AT,, is the temperature adjustment value, and AV'is the
scanning speed adjustment value. As shown in Figure 11,
the Skin region’s HAZ temperature can be controlled by
the control logic. The T, ., values of the current layer in
all monitoring areas can be measured using the infrared
thermal imager during the sintering process. The devia-
tion between the T, .. and the target temperature (258
C) can be calculated in each subregion. The adjusted
values AV for each sub-region’s laser scanning speed
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Current layer

v

Measure Tsmax of each

monitoring area (Ti~ T20)

A
Calculate the deviation

AT of each monitoring

Using the new scannin
area (ATi~ ATa) & €

speed for the next layer

A
Calculate the deviation A

V of each monitoring area

(AV,~ AV,)

Whether the process

is completed

Finish

Figure 11 Control strategy of HAZ temperature

can be calculated as AV}, AV, ..., and AV,, by Eq. (3)
and Table 4, which will be passed as a feedback signal to
the equipment process system. Finally, each sub-region’s
laser scanning speed was adjusted and applied to the
next layer’s sintering process. This cycle will be continued
until part sintering was completed.

4.2 Experimental Verification

The infrared thermal imager can record the part’s tem-
perature field data during the sintering process. As shown
in Figure 12, all monitoring areas’ sintering temperature

100°C 100°C

50°C 50°C
Figure 12 Picture of temperature field during the sintering process
of large-sized part captured by an infrared thermal imager
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field data can be extracted during the sintering process.
The sintering quality of parts can be evaluated by analyz-
ing all sintering layers’ temperature field data, and then
different process strategies can be compared.

A monitoring area was selected in each laser scan-
ning area. Then their temperature fields were compared
and analyzed using different process strategies, and the
experimental results were shown in Figure 13.

Since the HAZ temperature adjustment process
requires a stable stage, the first few layers’ temperature
fields were unstable, so the calculation and analysis were
started from the fifth layer. For the monitoring areas’
temperature field data distributed in the subregion 1 of
laser 1 scanning region, the fluctuation of all sintering
layers’ sintering temperature is large when using constant
process parameters, and the whole fluctuation range
from 234.8 °C to 276.6 C. The fluctuation of all sintering
temperature fields is significantly reduced when using
regulatable process parameters, and the whole fluctua-
tion range from 249.8 ‘C to 269.7 C, which decreases by
48.66%. It can be proved that using regulatable process
parameters can more effectively make the HAZ tempera-
ture closer to the target temperature, which can improve
the sintering strength of the part’s Skin region.

Furthermore, it can be found that the HAZ temperature
presents an upward trend in the whole fabricating pro-
cess when using constant process parameters. The reason
was that the part’s sintering temperature was affected by
the heat accumulation during the sintering process and
the gradually rising ambient temperature of the powder
bed with the extension of fabricating time, which affects
the sintering’s overall uniformity temperature field. This

240 A

230

220 = Regulatable scanning speed
® Constant scanning speed

60 80 100 120 140 160 18

Layer number

210 T T T
0 20 40

Figure 13 HAZ temperature fluctuations of subregion 1 in laser 1
scanning region
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defect can be virtually eliminated when using regulatable
process parameters.

4.3 Discussion
4.3.1 Consistency Evaluation of Sintering Quality
Figure 14 shows the fluctuation in the T, range in 20
monitoring areas using two process strategies. The uni-
formity of the HAZ temperature improved gradually with
the increase in the sintering layer number. Finally, com-
pared with using constant process parameters, the aver-
age temperature field range of 20 monitoring areas was
reduced from 30.85 °C to 17.41 °C when using regulatable
process parameters. This is because the four lasers’ real
spot size and output power are different. Therefore, the
HAZ temperature in the four scanning areas is quite dif-
ferent. The variability of the HAZ temperature in the four
scanning areas can be effectively reduced by indepen-
dently adjusting the four lasers’ scanning speed and then
effectively improving the consistency of the sintering per-
formance of large-size parts

Thermogravimetric (TG) experiments were performed
on the materials in four laser scanning areas of the parts
fabricated using the two different scanning strategies, as
shown in Figure 15. TG’s value can reflect the resin’s resid-
ual quality in the sintered coated sand, and it can indi-
rectly reflect the sintering degree of the coated sand. The
experimental results show that the TG difference range of
the four laser scanning regions decreases from 0.4242%
to 0.1589%, which decreases by 62.5%. Therefore, it could
prove that the uniformity of the sintering degree of the
four laser scanning areas of the part had been effectively
improved when using regulatable process parameters.

154
10 A

Constant scanning speed
® Regulatable scanning speed

Temperatur
W

[«

0 20 40 60 80 100 120 140 160 180
Layer number

Figure 14 The fluctuation of T, range value in 20 monitoring
areas with two process strategies
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Figure 15 Result of the thermogravimetric experiment

4.3.2 Fabrication Efficiency Evaluation
The high-efficiency scanning process has been used to
print the upper mold and the bottom mold, compared
with a controlled experiment that uses the fixed spot
size. The upper mound with a size of 1650 X 1050 x 311
mm? and the bottom mold with a size of 1650 x 1050 X
439 mm?® have been fabricated as shown in Figure 16.
The high-efficiency scanning scheme based on
dynamic spot size control aims to improve the fabrica-
tion efficiency of the PBF process. Therefore, the fabri-
cating time was an important criterion [31]. As shown
in Table 6, compared with a controlled experiment that
was using the fixed laser spot process, experimental
results by using a high-efficiency PBF process based on
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(a) The upper mold with a size of 1650 x 1050 x 311 mm

&‘

(b) The bottom mold with a size of 1650 x 1050 x 439 mm
Figure 16 Large-scale parts fabricated by MLPBF equipment

variable laser spot show that the fabrication efficiency
of the upper mold was increased by 57.54% and that of
the bottom mold was increased by 65.38%.

5 Conclusions

In this study, a temperature-field monitoring system has
been established in a four-laser MLPBF equipment based
on an infrared thermal imager. The HAZ temperature of
large-scale parts during the sintering process was dynam-
ically controlled by adjusting the scanning speed of four
lasers independently, and the difference in sintering per-
formance of four laser scanning areas has been reduced.
Simultaneously, the influence of the HAZ temperature on
the tensile strength of parts has been explored. The rela-
tionship between spot size and the fabrication efficiency
of parts has been established. Finally, a high-efficiency
scanning process scheme based on dynamic spot size

Table 6 Fabricated time of upper mold and the bottom mold
with different PBF process

PBF process Build-time of upper Build-time of
mold (h) bottom mold
(h)
Fixed laser spot process 145.9 194.1
Variable laser spot process 9261 117.6
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control has been proposed, and the PBF fabrication effi-
ciency of large size parts has been significantly improved.
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