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Abstract. This paper investigates thermal and strain behaviour in the selective laser sintering process
with a mixture of SCM, Cu and Ni metal powder. In-process monitoring of strain change and
temperature at the base plate is proposed in order to investigate thermal and strain behaviour induced
by selective laser sintering. A strain gauge was attached to the bottom surface of the base plate while
a thermocouple was inserted at a distance of 2 mm from the top surface of the base plate. Changes in
the strain and the base plate temperature were observed using an oscilloscope during the laser
sintering process. The results showed that the development of strain within the sintered structure was
affected by the processing temperature. Besides that, after the laser sintering process was completed,
the strain value increased gradually and became constant as it reached room temperature. This strain
value was found to correspond with the test model’s deformation. In addition, the effects of laser
scanning direction and laser energy density during the process were observed. Measurement of the
test model’s deformation was also carried out to discover its relationships to strain change and
processing temperature. The results showed that the sintered structure produced by laser scanning of
a sector along the width induced less residual strain, which resulted in less deformation. In contrast,
both residual strain and deformation were found to be higher when the laser scanning was carried out
along the length. Furthermore, when a low laser energy density was used, less deformation of the
sintered structure could also be obtained.
Introduction
Layered manufacturing is the most efficient technology in producing prototypes, tools and
functional end products. Advanced IT technology has encouraged 3D-CAD application in layered
manufacturing which is widely used by automobile, consumer products, medical and many other
industries [1]. Recently, a newly developed machine that combines laser sintering and machining
processes has attracted the attention of many researchers and manufacturers. By employing this
technique, even a complicated mould can be manufactured in a shorter time and also requires less
production cost [2]. However, due to the rapid heating and cooling during the laser sintering process,
the repetition of thermal expansion and shrinkage generate residual stress within the sintered
structure which causes deformation and micro crack problems [3].
In this study, thermal and strain behaviour of sintered material produced by an irradiating Yb:fibre
laser on a layer of SCM, Cu and Ni metal powder mixture was analyzed. The understanding of the

residual stress development process is very important in order to reduce the residual stress within the
sintered structure by optimizing the laser conditions. In-process monitoring of strain change and
temperature at the base plate was proposed in order to investigate the thermal and strain behaviour
during the sintering process. Additionally, different conditions of laser scanning direction and energy
density were also applied to understand their temperature and strain relationships. These results were
compared to their deformation results which were obtained by using laser displacement sensor [4].
Experimental Procedures
Laser Sintering Process. The sintering
Laser
Powder
process of metal powder is illustrated in Fig. 1.
Base plate
The system consists of a powder table, sintering
table, recoater blade and a Yb:fibre laser (IPG
Photonic Corp.: YLR-SM). By using CAD, a 3D
model was divided into sliced layers where every
layer thickness was 50 μm. Before the sintering
process started, a sandblasted steel base plate was
placed on the forming table. In order to produce a
50 μm thick sintered layer, the powder table was
Powder table
lifted up while the forming table was moved
down respectively. Then, the powder from the
Recoater blade
Sintered part
powder table was deposited on a base plate by the
recoater blade. Subsequently, the laser beam was
Forming table
irradiated on the layer of the deposited metallic Fig. 1 Schematic illustration of laser sintering
powder according to the CAD data. After forming Fig. 1 process
a layer of sintered material, these processes were
repeated as the laser scanning direction was varied by 90° until a complete model was created. The
laser sintering process was performed in a nitrogen atmosphere at room temperature to prevent
oxidization.
Test Model. To determine how residual stress develops in sintered material, a beam shaped test
model as shown in Fig. 2 was proposed. The specification of the test model is summarized in Table 1.
The below part of the test model was the base plate and the upper part was the sintered material. The
base plate was sandblasted with #35 of average grain size to improve the wetting property of melted
powder [5]. The sintered material was made from a mixture of metallic powder as shown in Fig. 3.
The mixture consisted of 70 % chromium molybdenum steel powder, 20 % copper alloy powder and
10 % nickel powder in weight with a mean diameter of 25 μm.
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Fig. 2 Schematic illustration of sintered test model
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Fig. 3 SEM image of metallic powder

Table 1 Specification of sintered test model
Base plate

Carbon Steel (AISI 1049)

Size hb×lb×wb
Height hb
Sintering
Material
Size hs ×ls ×ws
Layer thickness t
Laser beam
Laser power P
Scanning speed F
Beam diameter ϕ

hb×49×9 mm
5, 20 mm
SCM, Cu, Ni
3×45×5 mm
50 μm
200 W
222 - 444 mm/s
100 μm

Type K thermocouple

Measurement of Strain and Temperature.
A high temperature gradient during the laser
sintering process is the main factor causing
residual stress development. To understand the
behaviour of temperature and strain change
during the sintering process, temperature and
strain measurement apparatus was introduced as
shown in Fig. 4. A type K thermocouple
(MISUMI Group Inc.: MSND1.6-50) was
inserted into the base plate located at a 2 mm
distance from the top surface of the base plate’s
centre. A strain gauge (Kyowa Electronic
Instruments Co., Ltd.: KFG-2-120-C1-11) was
attached at the bottom face of the base plate.
Both thermocouple and strain gauge were
connected to an oscilloscope and their output
waves during the sintering process were
recorded.

Sintered material

2 mm
Base plate

Connected to oscilloscope

Strain gauge

Fig. 4 Schematic illustration of temperature and strain measurement

Laser scanning direction and laser energy
density. In this research, different laser scanning
direction and laser energy density conditions
were used to produce the test model. A schematic
illustration from the top view of different
scanning directions is shown in Fig. 5. The
standard scanning direction was X-Y, which was
varied by 90° after forming a layer of sintered
material. Laser scanning of a sector along the y
width and scanning sector along the length were
Y-Y
X-Y
X-X
identified as X-X and Y-Y, respectively. On the
x
other hand, different laser energy density
Fig. 5 Laser scan direction
conditions used in this research are described in
Table 2 and the same scanning direction X-X was used in every condition. Laser energy density is
determined by changing the scanning speed according to Eq. 1.

Es 

P
v

(1)

where Es is laser energy density, P is laser power, v is laser scan speed and δ is laser beam spot
diameter [6].

Table 2 Laser energy density conditions
Laser scan condition

Condition description

Laser scan speed

X-X

Conventional laser energy density

1-10th layer : F = 222 – 444 mm/s
11 – 60th layer : F = 444 mm/s

X-X low

Low laser energy density

1-60th layer : F = 444 mm/s

X-X high

High laser energy density

1-60th layer : F = 222 mm/s

Results and discussion

Temperature T °C

Relationship between temperature and strain. The temperature and strain history of the base
plate during the sintering process is shown in Fig. 6. The scan direction used in this sintering process
was X-Y for 60 layers. From the magnified image of the temperature and strain history, it was found
that during laser irradiation of metallic powder in the X direction, the temperature of the
thermocouple rose gradually when nearing the centre of the base plate. At the same time, the strain
value of the strain gauge located at the bottom face of the base plate decreased or experienced
shrinkage which means that the irradiated layer underwent thermal expansion. Then, as soon as the
laser stopped and the new layer of metallic powder was deposited, the strain rose which means that
during the cooling process, the melted layer shrank. The thermal expansion and shrinkage processes
also occurred during laser irradiation in the Y direction. The last melted layer was expanded during
the heating process and shrank during the cooling process and this repetition produced residual stress
within the sintered material. The shrinkage was found to exceed the elastic limit (yield strength) of
the sintered material which led to permanent deformation.
By observing the overall temperature and strain history, at the early stage of the sintering process,
it was noticed that the temperature of the base plate increased gradually while at the same time the
strain at the bottom face of the base plate rose to the compressive stress zone. Then, as the sintering
process continued, the temperature remained constant around 80 to 120 °C until the sintering process
completed. However, in this period the strain increased towards the tensile stress zone. This showed
that the shrinkage process was superior to thermal expansion of the sintered layer. After the laser
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Fig. 6 Temperature and strain history during sintering process
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Temperature T °C

sintering process was completed, the strain value increased gradually and became constant as it
reached room temperature. The difference of strain change (Δε) from the finished-point of the
sintering process to the point when it reached room temperature was found to correspond with the
base plate’s deformation after the sintering process completed.
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Fig. 7 Temperature and strain history during sintering process
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Effects of Scanning Direction. Fig. 7 shows the
base plate’s temperature and strain history during the
Laser power P 200 W
150 Laser spot size 0.1 mm
sintering process of different laser scan directions.
Scan speed F 444 mm/s
From the temperature history result, by scanning a
sector along the length condition (Y-Y), the
100
temperature change was higher compared to the X-Y
and X-X conditions. Furthermore, when the sintering
50
process was completed and reached room
temperature, the strain change ΔεY-Y (310 μs) was the
highest, followed by ΔεX-Y (270 μs) and ΔεX-X (250
0
μs). This result corresponds to the deformation result
X–Y
X–X
Y–Y
of the scan direction conditions which is shown in Fig.
8. The Y-Y scan direction had the highest
Fig. 8 Model deformation by different
deformation of 160 μm. In contrast, the X-X scanning
Fig. 5 laser scan direction
direction condition which had the smallest strain
change (ΔεX-X) at the end, resulted in the smallest deformation compared to the Y-Y and X-Y scan
directions.
Effects of Laser Energy Density. Fig. 9 shows the base plate’s temperature and strain history
during the sintering process with different energy density conditions. From the strain history, high
energy density condition X-Xhigh produces the highest strain change Δε (280 μs) after reaching room
temperature followed by conventional energy density condition X-X (250 μs) and low energy density
condition X-Xlow (220 μs). The high energy density condition produced a high temperature change
during the sintering process, which generated a high strain change (Δε) after the sintering process
completed. This result also corresponds to the deformation result of those conditions which is shown
in Fig. 10. High energy density condition X-Xhigh resulted in higher deformation within the sintered
material compared to the X-X and X-Xlow conditions.
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Fig. 9 Temperature and strain history by different laser energy density

Summary
The main results obtained are summarized as
follows:
(1) Development of strain, which results in residual
stress within the sintered structure, was affected
by the repetition of a thermal expansion and
shrinkage mechanism.
(2) Laser scanning of a sector along the width
induced less residual strain, leading to less
deformation.
(3) Low laser energy density used in the sintering
process produced less deformation.
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