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Abstract
Low temperature process is a novel plastic laser sintering process having potential for improving
powder recyclability dramatically. Although fiber laser has been rarely used for plastic laser
sintering in commercial base, its ability of being focused in a very small spot suits it to improve
precision of plastic laser sintering. In this research, low temperature laser sintering using fiber laser
was tested. The highest part density of 99% was obtained while standard high temperature process
can provide only 81%. Although generation of fume, which is a major problem in low temperature
process using CO 2 laser, is not suppressed, it did not affect quality of parts. Part density was
strongly affected by slice size of parts and improved when the size is reduced.
Introduction
In recent years, expectation for additive manufacturing (AM) is rapidly increasing in wide range
of industries. Among the various AM processes, plastic laser sintering (LS) is the most promising
candidate for end-use part production and already commercialized in aerospace and medical
industries. However, use of this technology is still limited. One of the serious obstacles that hinder
the technology from wide range commercialization is its high cost. Basically, price of powder is
much higher than those of bulk and/or pellets for injection molding due to the cost to granulate the
original materials. Additionally, low reusability of the powder that remains unsintered in powder
bed, which is known as “cake,” also increases the cost very much. In practical LS operation, volume
of parts and cake is 5 to 20% for parts and the rest for cake, respectively. When LS process is
finished, the cake is separated from the parts, sieved, stored and used in the next batch. However,
cake powder cannot be put directly into the next feed stock due to material degradation during the
previous LS process. It is mixed with a certain amount of brand-new powder, so called virgin
powder, to regain the required performances such as flowability of powder and its melt. Ratio of
the cake in the powder mixture is named “recyclability.” Material cost of part production is the
same as that of recycling for the next batch. For example, when recyclability is zero, we have to
pay for the whole batch however small part we built. Thus, low recyclability affects the material
cost in parts production.
In typical LS system powder bed is preheated so that bed surface temperature is kept above its
recrystallization temperature in order to prevent part warpage [1]. Previously, it is reported that this
preheating is the dominating cause of powder performance deterioration which leads to low
recyclability [2, 3]. The author proposed a novel LS process in which part warpage is suppressed
by tying parts to a rigid base plate during the whole process instead of high temperature
preheating[4, 5]. In the following description, we denote the novel process and the standard process
with super-recrystallization temperature preheating as “low temperature process” and “high
temperature process,” respectively. Although low temperature process is advantageous in terms of
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recyclability as mentioned, strong dependency of part quality such as mechanical strength and/or
accuracy obtained by this process still issues when we commercialize this technology. Depending
on various build parameters such as laser scanning parameters, part dimensions and even
arrangements in build chamber, part quality obtained by varies much more sensitively than by
standard high temperature process.
Currently, for the purpose of plastic laser sintering, CO 2 lasers, of which wavelength is 11μm, are
mainly used since light of this wavelength is absorbed by the most polymer materials very well.
On the other hand, fiber laser, which has a shorter wavelength of 1.1μm, is rarely absorbed by the
most polymers. However, focusing this laser into a small spot without reducing scanning range is
much easier than the case of CO 2 laser owing to its short wavelength. Fiber laser can be focused
into a small spot less than 170µm in diameter while those in the most commercially available
machines equipped with CO 2 laser are almost 300~500µm. This characteristic has potential to
improve precision of LS process without sacrificing productivity if the low absorption problem is
removed. In fact, several plastic LS machines equipped with fiber laser were developed and
commercialized formerly aiming at high precision [6]. In these systems, the problem of low
absorption was solved by dyeing powder with absorbents. In this system, process of heating powder
grain is different from those using CO 2 laser. In fiber laser system, the dye is heated first, and then
plastic grains are heated through thermal conduction while surface of each plastic grain is directly
heated by CO 2 laser. Though it is considered that this difference affect in the following process or
phenomena such as melting of powder, they are still unclear.
In this research, low temperature process using fiber laser was tested to unveil potential issues and
define the problems with the combination of these two relatively new processes. Relative density,
which has strong correlation with part strength, was measured in various build conditions to
evaluate strength of obtained parts. For the above mentioned investigation, powder bed
temperature, the amount of laser energy to the bed, the dimensions of a specimen and orientation
were selected as the parameters that affect part qualities, and the influences of varying these
parameters were investigated.
Material and Methods
Material
PA11 powder (Aspex-FPA, ASPECT) was employed. This powder was developed to be used in
fiber laser installed system. Therefore, it includes absorbent and appears black when it is shipped
(Fig.1). Thermal and mechanical performance of the material is as summarized in Tbl.1.
Mechanical performances are those for parts out of normal high temperature process.
In practical operation, feed stock is filled with powder mixture of cake and virgin. Here, we denote
the powder mixture as “recycled powder” and define “recycled rate” as weight ratio of virgin
powder in recycled powder. As recyclability increases, performance of recycled powder rises.
Material cost and performance are in trade-off relationship with respect to recyclability, and
powder provider recommends 30% as a compromising value. Fig.2 shows the SEM image of virgin
and recycled powder with recyclability of 30%.
DSC characteristic of the powder material measured is shown in Fig.3. Recrystallization occurs in
the range between 160 °C and 175 °C, and its peak is at 167 °C.
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Fig.1 Appearance photograph of Aspex-FPA
Tbl.1 Parameters of employed material
Type of material

PA11

Color

Black

Melting point

201 °C

True density

1.01 g/cm

Average particle size

50 μm

3

200μm

200μm

a) Virgin powder
b) Recycled powder
Fig.2 SEM of the employed powder
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10
Recrystallization temperature 167°C
175°C

5

159°C

Heat flow [mW]

Temperature °C
0
0

25

50

75

100

125

150

175

200

225

250

-5

-10

-15
Melting point 205°C
-20
Fig.3 DSC result of Aspex-FPA
Laser sintering apparatus
A commercially available fiber laser installed plastic LS machine (RaFaEl 300F , ASPECT) was
used. Parameters of the LS apparatus are summarized in Tbl.2.
Tbl.2 Parameters of the LS apparatus
System

RaFaEl 300F

Type of laser

Fiber laser (λ=1064nm)

Nominal laser spot diameter

170 μm

Maximum laser power

20.0 W

Work volume

290 mm×290 mm×370 mm

Amount of laser energy supplied to the bed
The energy supplied by laser can be adjust by laser power 𝑃𝑃𝐿𝐿 , scan velocity 𝑣𝑣𝑠𝑠 and scan interval
𝑝𝑝𝑠𝑠 . Energy supplies by laser per unit area, 𝑒𝑒𝑎𝑎 is calculated by
𝑃𝑃𝐿𝐿
𝑒𝑒𝑎𝑎 =
𝑣𝑣𝑠𝑠 × 𝑝𝑝𝑠𝑠
In the following discussion we use energy density or energy per unit are 𝑒𝑒𝑎𝑎 as an index for amount
of energy supplied to powder bed.
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Base plate
The base plate to tie parts to was prepared. It is a flat PA12 (Aspex-PA, ASPECT) plate obtained
by standard high temperature process using CO 2 laser installed LS machine (RaFael 550, ASPECT).
Since warpage of PA12 plate in preheating was small as compared with PA11 plate, we used PA12
plate instead of PA11 plate. A base plate should be keeping flat without warpage for anchoring
parts. The plate is 13mm in thickness and back-upped with aluminum alloy plate to ensure rigidity.
The base plate is tied to the back-up plate with screws as shown in Fig.4.
Aspex-PA

Aluminum alloy

100

13
100

300
15
Unit:mm

300

Fig.4 Image of a base plate
Part density measurement
As an index of mechanical strength, relative density of specimen as shown in Fig. 5 was evaluated.
Relative density 𝜌𝜌𝑟𝑟 of a specimen can be obtained by
𝑚𝑚
𝜌𝜌𝑟𝑟 =
𝑣𝑣𝑏𝑏 × 𝜌𝜌𝑡𝑡
where 𝑚𝑚, 𝑣𝑣𝑏𝑏 and 𝜌𝜌𝑡𝑡 are mass, bulk volume and true density powder material. Here, 𝜌𝜌𝑡𝑡 of
the material employed in this research is 1.01g/cm3.
Transmission optical microscopy observation
The specimen was sliced into 20-50μm thickness by the microtome (RV-240 produced by
Yamato-kohki inc.), and a slice piece was observed with the digital microscope (KH-8700
produced by HIROX inc.).
20mm
z

y
10mm
x

5mm

Fig.5 Dimension of specimen
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Experimental result
Relationship among density, powder bed temperature and supplied energy
Specimens as shown in Fig.5 were fabricated using parameters as summarized in Tbl.3. Bed
temperature and laser power were varied. Density of the obtained parts was measured for each laser
power. Laser was scanned in the direction of x-axis. For reference, a specimen was also fabricated
with standard high temperature process using the parameter set that is recommended by machine
and material manufacturer. The density obtained by the standard process was 81%. Although
fuming was observed as shown in Fig.6 in all the conditions including the standard process, it was
gentle when the standard process was used. Relationship between density 𝜌𝜌𝑟𝑟 and energy density
𝑒𝑒𝑎𝑎 is shown in Fig.7. In general, 𝜌𝜌𝑟𝑟 increased as 𝑒𝑒𝑎𝑎 increased. When 𝑇𝑇𝑏𝑏 = 140 °C, 𝜌𝜌𝑟𝑟
exceeded the reference value of 81% at 𝑒𝑒𝑎𝑎 = 69.4kJ/m2. When 𝑇𝑇𝑏𝑏 = 150°C, density reached the
top value of 97% at 𝑒𝑒𝑎𝑎 = 97.2kJ/m2 and decreased at higher bed temperature.
A transmission optical micrographs for the parts obtained by bed temperature of 150°C are shown
in Fig.8. As energy density increased size and shape of each pore, became larger and more
spherical. The diameter of the pore at 𝑒𝑒𝑎𝑎 = 111.1kJ/m2 was roughly 200μm.
Tbl.3 Build parameter

Process
Low
temperature
High
temperature

Laser power

Scan
speed

Scan
interval

Energy density e a

Layer
thickness

Powder bed temperature

10.0-20.0 W

2.0 m/s

90 μm

55.55-111.11 kJ/m2

100 μm

100 °C-150 °C

10.0 W

10.0 m/s

90 μm

11.11 kJ/m

100 μm

190 °C

2

Irradiated area

Fume

Powder bed

Fig.6 Fume generation when laser is irradiated
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100.0
95.0
90.0
Relative density [%]

85.0
80.0
75.0

Powder bed temp.

70.0

100°C
110°C
120°C
130°C
140°C
150°C
190°C

65.0
60.0
55.0
50.0
0.00

20.00

40.00

60.00

80.00

100.00

120.00

Enegy density [kJ/m2]
Fig.7 Relationship between relative density and energy density

Layering direction
500μm

500μm

500μm

a) Density 84% (55.55kJ/m2)
b) Density 96% (83.33kJ/m2)
c) Density 95% (111.11kJ/m2)
Fig.8 Transmission micrographs obtained by 𝑇𝑇𝑏𝑏 = 150°C
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Density at high energy supply
To obtain higher energy density, scan intervals were shrunk. Tbl.4 summarizes the parameter sets.
For powder bed temperature, 140°C was used. Relationship between part density and energy
density is shown in Fig.9. High temperature process was tested again using energy density of
25kJ/m2, which was approximately the double of that for regular recipe. With this high energy high
temperature process, high density of 97% was obtained. With respect to low temperature process,
density increases, as supplied energy is increased, up to the maximum value of 99% when 𝑒𝑒𝑎𝑎 is
375kJ/m2 and decreases at the higher energy density. When 𝑒𝑒𝑎𝑎 is higher than 375kJ/m2, the
specimen obviously expanded as shown in Fig.10. The transmission optical micrographs for the
both of low temperature and high temperature processes are shown in Fig. 11. Some grains are
observed in the specimen out of low temperature process.
Tbl.4 Build parameter
Process
Low
temperature
High
temperature

Laser power

Scan
speed

Scan interval

Layer
thickness

Powder bed
temperature

15.0W

2.0 m/s

10-200 μm 37.50-750.00 kJ/m2

100 μm

140°C

10.0W

10.0 m/s

90，40 μm 11.11, 25.00 kJ/m2

100 μm

190°C

Energy density e a

100.0
95.0
90.0

Relative density [%]

85.0
80.0
75.0
70.0
65.0
Powder bed temp.

60.0

140℃

55.0
50.0

190℃

45.0
40.0
10.0

100.0
Energy density [kJ/m2]

Fig.9 Relationship between relative density and energy density
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1000.0

Fig.10 Photograph of the specimens from the parameters in low temperature process

Layering direction

500μm

500μm

a) Low temperature process (density 99%)
b) High temperature process (density 97%)
Fig.11 Transmission micrographs of specimens that obtained high density
Part orientation and dimension
Fabrication of parts with rectangular base of 7.5mm×7.5mm was tested varying lengths (l) and
build orientation. Three orientations, V, S, and T as shown in Fig. 12 were selected. In orientation
V, the parts is arranged in the vertical or layering direction. In orientation S, parts lays parallel to
laser scan direction or x-axis. Orientation T means that the parts transverses the laser scan path or
is orthogonal to S in the horizontal plane. Building parameters were summarized in Tbl.5. For high
temperature process, recipe recommended by machine and material provider was used. For low
temperature process, parameter that can give a density equivalent to those from high temperature
process was selected.
Relationship between specimen density and nominal length is shown in Fig.13. When the
orientation was vertical, the density was the same as high temperature process since parameter had
been selected so. When orientation was horizontal, density was much lower and rarely dependent
on part length. On the other hand, when part was arranged in vertical direction, density reached a
peak at from 20mm to 50mm and decreased as parts became longer.
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Orientation V
l

l
Orientation T

z
y
l

Orientation S

x

Fig.12 The image of the orientation conditions of specimen
Tbl.5 Build parameter
Process
Low
temperature
High
temperature

Laser power

Scan
speed

Scan interval

Energy density e a

Layer
thickness

Powder bed
temperature

15.0 W

2.0 m/s

90 μm

83.33 kJ/m

2

100 μm

140 °C

10.0 W

10.0 m/s

90μm

11.11 k J/m

2

100μm

190 °C

100.0
95.0

Relative density [%]

90.0
85.0
80.0
75.0
70.0
Low temperature process

65.0

Orientation V

60.0

Orientation S

Orientation T

Hig temperature process

Orientation V

55.0

Orientation S

Orientation T

50.0
0.0

20.0

40.0

60.0

80.0

100.0

Nominal length in longitudinal direction [mm]
Fig.13 Relationship between specimen density and nominal length
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Discussion
Relationship among density, powder bed temperature and supplied energy
Part density increases as bed temperature increases. This tendency can be explained as following.
The higher powder bed temperature is, the higher temperature of molten powder becomes after
laser is irradiated. Additionally, the high bed temperature extend the time until the melt
recrystallizes. Density is improved since flowability of the molten material is increased, and the
period in which the melt can flow are extended.
When excessive energy is supplied, the melt starts to decompose. Once it happens, the
decomposition gas forms bubbles, and they stay in the form of spherical pore after solidification or
recrystallization [7]. This is the reason why part density decreases after it reaches the peak as energy
density is increased. Viscosity of the melt decreases as powder bed temperature and energy density
increases. As a result, the higher bed temperature and energy density is, the larger the pore size is.
In case of increasing part density, scan speed and scan interval is controlled to supply high energy.
In particular, low temperature process needs high energy, so there are the tradeoff between building
speed and part density. Also mechanical properties are tradeoff to building speed that has strong
correlation to part density.
Advantage of using fiber laser in terms of part density
Very high density of 99% was obtained by using fiber laser while density obtained by CO 2 laser
does not exceed 95% due to decomposition of powder material [8]. Light of CO 2 laser is absorbed
by plastic so much that decomposition can start at upper part of top layer while energy is not enough
to melt the lower part of the layer. In other ward, laser power is excessive at the top and insufficient
at the bottom of a layer. This limits the maximum density that can be obtained. In contrast, light of
fiber laser can penetrate to the deep layer of the powder bed if no absorbent is added. Thus
penetration depth is tunable by changing the amount of additive so as to avoid such a situation that
causes lack and excess of energy supply at the same time. It is surmised that the material used in
this research includes the adequate amount of absorbent to interconnect the top two layers or three
eliminating the gap in between.
In standard laser sintering, impact of fuming is to occur plastic decomposing. In CO 2 laser process,
fuming occurs when plastic start to decompose. Thus, the density of specimen decreases when
fuming is observed. In fiber laser process, on the other hand, specimen possesses very high density
even though violent fuming is observed. The difference between these two phenomena is
considered as following. In fiber laser process, fuming is observed when laser power is as low as
spherical pore is not generated in the parts. Existence of spherical pores can be evidence of
decomposition. This shows that fume is not generated by decomposition of plastic material.
Therefore, in fiber laser process, melting of plastic material is gently carried out even if we see
fuming, and such a very high density is obtained resultantly.
Parts expanded very much when 𝑒𝑒𝑎𝑎 > 375kJ/m2. In these condition, a melt pool as large as the
part itself were observed as shown in Fig. 14. The expansion seems to occur since the melt pool
sticks and/or catches the powder around it or even infiltrates into the powder bed.
In the cross section of parts which is built by those parameters that make the melt pool, we can
observe granular texture. Though the cause of the texture is unclear, it is supposed to be trace of
powder grain caught by the melt pool or large spheroid.
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Supplied energy
Irradiated area

More

Melt Pool

20mm

Powder bed
Fig.14 Photograph of the powder bed surface after laser irradiation
Relationship among density, part orientation and dimension
In the low temperature process, the density is affected by orientation much more sensitively than
high temperature process. In fact, density of horizontal parts are smaller than vertical ones by
approximately 10%. Reasons for this difference can be explained as following. In low temperature
process, heat for melting powder is mainly supplied by laser while preheating is dominant in high
temperature process. While a laser is scanning over the slice of each layer, provided heat is
accumulated and dispersed at the same time. When slice is small, scan of one layer finished in a
short period, and the accumulated heat can assist melting of the next layer. In contrast, when the
slice is large, accumulated heat is dispersed while scanning is taking time. As a result, contribution
of the accumulated heat to melting the next layer becomes small. Since the slice of part arranged
horizontally is larger than those arranged vertically, density of horizontal parts becomes lower than
vertical ones.
The density of parts arranged in vertical direction is slightly depends on part length. It increases as
length increases when it is relatively short and decreases after reaching the maximum. When length
is small, contribution of accumulated heat by melting of previous layers are small. Effect of heat
accumulation is increases as length is increases first. Accumulated heat is dispersed to the air from
the top layer and to powder bed through the part which is previously sintered since the thermal
conductivity of sinter is much larger than of powder bed. When dispersing heat exceeds
accumulation, density starts to decreases.
Conclusions
Low temperature laser sintering using fiber laser (λ = 1.1μm) was tested, and we obtained following
conclusions. The highest part density of 99% was obtained while standard high temperature process
provided only 81%. Part density is maximized when bed temperature and laser power (or energy
supply per unit area) is optimized. The laser power or energy supply that maximizes the density is
decreased as bed temperature is increased.
Although fuming was observed in all the build conditions as far as tested in this research, it did not
affect the part density directly though it does always in CO 2 laser (λ = 11μm) process.
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Part density is strongly affected by slice size of parts and improved when the size is reduced. The
density of a part arranged in vertical direction is slightly depends on part length (or height). It
increases as length increases when it is relatively short and decreases after reaching the maximum.
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