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General introduction



Chapter 1

1-1. Additive manufacturing

Additive manufacturing (AM), also well known as three-dimensional (3D) printing,
has recently emerged as a subject of intense worldwide attention [1,2]. According to the
Wohlers Report 2018 [3], the current AM market of $7.4 billion is expected to reach
$18.2 hillion in 2021 and $27.3 billion in 2023.

AM is the process of joining materials to make objects from 3D model data, usually

layer by layer [4]. The process flow of general AM is shown in Fig. 1.

T Vel R S R DS B e |

CAD-based % x End part
3D model STL file Sliced layers AM system finishing

Fig. 1: Process flow of AM [5].

AM begins with a 3D model that can be created from structures built by
computer-aided-design (CAD) software. A STL (Standard Triangle Language) file is
commonly created from the 3D model. The data in the STL file is sliced into a build file
of 2D layers and sent to the AM machine. Finally, after being formed by AM, the
AM-formed parts are used after being post-processed such as removal of supports and

blasting.
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Since AM can obtain design samples and reduce the length of development cycles, it
was first applied in the area of rapid prototyping [6,7], and that area of application
continues to be exploited to the present day. Recently, as a result of improving the
performance of AM technologies, AM is increasingly being used for direct
manufacturing of parts in small to medium quantities [8-10]. In particular, AM beats

traditional production methods in economic terms as shown schematically in Fig. 2(a)

(b) [11].

(a) (b)

Traditional  /
manufacturing /

Traditional
N\ manufacturing
Breakeven point

\

Breakeven point

Unit cost

N\ Additive manufacturing

Additive manufacturing

Production volume Complexity or Customisation

Fig. 2: Comparison of AM and traditional production methods: (a) unit production cost
against production volume and (b) unit production cost against product

complexity or customization [11].

Established production technologies are often optimized for large quantities of parts
to be produced at the lowest possible cost. Typically, cost per unit decreases
significantly with number of parts produced. The current position of the breakeven point
for the high costs of AM systems, materials, preparation, and post processing mean
large parts, high production volumes or rates, and high accuracy and surface finish

quality typically render AM production more expensive than traditional manufacturing.
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On the other hand, in regard to traditional production technologies, costs increase
significantly with increasing the complexity of the part. Usually, a limit of complexity is
reached with traditional methods, and it cannot be overcome easily or can be overcome
only at exorbitantly high cost. Herein can be found the advantages of AM; that is, the
unit cost is almost unchanged for small part quantities or parts with substantial
complexity. In contrast to the situation with traditional production technologies,
increasing complexity of AM parts incurs minimal additional costs, and any
customization can be done digitally without the need for additional processing cost.
Especially, in the future, the breakeven point is expected to shift significantly due to the
progress of AM technology.

In light of the above-described circumstances, AM is best suited to applications
requiring complex, high value, time-sensitive, and customized products, such as
automobile and aerospace parts (i.e., complex designs), replacement of broken parts (i.e.,
time-sensitive), and medical implants (i.e., highly customized) [5].

In the field of polymer AM, the methods available are classified as shown in Fig. 3

[12].
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Material Polymer
Cohesion Thermal reaction bonding Chemical reaction bonding
Physical state ngld material qu‘llld
Selective
Basic AM principle Patrusion ﬁlsw.n o.f o Reactive Light reactive
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material powder printing g et e g
bed
. Powder . . . VAT
Process category Mater.lal Bed l\f.Iatejrlal ].31nf:ler Matejrlal photopoly-
extrusion . jetting jetting jetting L
fusion merization
Technology FDM SLS MJP 3DP MJP SLA

Fig. 3: Characterization matrix for AM processes with polymers [12].

This classification is based on ISO 17296-2:2015 in terms of material and process
matrix, and the AM technologies listed in the figure can be characterized as follows.

+ Material extrusion (fused deposition modeling (FDM®))

As shown in Fig. 4(a), FDM is the most popular AM technology in terms of number
of fabricators. FDM machines work by controlled extrusion of thermoplastic filaments
[13]. In the case of FDM, the filaments melt into a semi-liquid state at the extrusion
nozzle, and in that state, they are extruded layer by layer onto the build platform, where
the layers are fused together and solidify into finished parts.

« Powder bed fusion (selective laser sintering (SLS))

SLS is a type of powder-bed fusion wherein a bed of powdered polymer (resin) is

targeted partially by a high-power directional heating source (such as a laser) to form a
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solidified layer of fused powder. The principle of SLS is explained in detailed in
Chapter 1.2.

+ Material jetting (including wax and inkjet)

As shown in Fig. 4(b), a material-jetting printer (MJP) selectively deposits droplets of
material onto a build platform [14]. Generally, current commercial material-jetting
technologies use wax or photosensitive polymers, which are cured upon deposition.

+ Binder jetting (3D printing (3DP))

As shown in Fig. 4(c), a 3D printer (3DP) deposits liquid in the form of droplets onto
a binder powder material [13]. Often, the binder has adhesive qualities and is ink-jetted
onto the surface of a powder bed. Production of structural materials typically requires
some form of post-processing to remove the binder and to densify the constituent
powder.

+ VAT polymerization (stereolithography apparatus (SLA))

A SLA uses photopolymers that can be cured by ultraviolet (UV) laser. As shown in
Fig. 4(d), the UV laser is controlled so that the laser beam keeps to the desired path in a
reservoir of resin, which is a photocurable resin that polymerizes into a 2D patterned
layer. After each layer is cured, the platform lowers and another layer of uncured resin

is ready to be patterned [7].
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Fig. 4: Schematic diagrams of four methods of AM: (a) material extrusion [13],
(b) material jetting [14], (c) binder jetting [13], and (d) VAT polymerization [13].

Due to the different technological approaches taken to produce AM parts, it can be
expected that the resulting products have very different properties. A qualitative
evaluation of the AM processes in terms of component properties for various boundary
conditions is shown in Table 1 [12]. With this table, it is possible to define the

predominant uses of parts produced with the different AM methods.
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Table 1: Qualitative evaluation of the AM processes in terms of component properties
and field of applications [12].

MTP MIP

Technology FDM SLS - 3DP (UV-polymer SL

= (wax printing) R

printing)

Support structure Yes No Yes No Yes Yes
requirements
Qualitative evaluation of AM parts
Mechanical properties +++- ++++ +e-- - +-- ++--
Thermal properties ++-- +++- +++- ++-- +---
Part precision +---- ++-- ++++ ++-- ++++ -+
Surface quality +--- ++-- ++++ ++-- +H+ ++++
Predominant use of AM parts
Model ped b P P %
Product development b b b X %
Functional parts (%) x

++++  Very good properties

+t- Good properties
++-- Acceptable properties
+--- Poor properties

Unsatisfactory properties

The compilation in Table 1 shows that methods such as SLA or MJP (using UV
polymer) provide outstanding results with respect to surface finish and part precision;
however, they have characteristic weakness with respect to long-term stability. Low
mechanical stability is a disadvantage of 3DP and a barrier to its use for production of
functional components. However, 3DP can be used to make models that can be colored
by introducing a binder or models can be created by using a variety of possible substrate
powders (e.g., plastic, metals, ceramics, and inorganic powders). With 3DP, the user is
able to produce attractive models very quickly. Specifically, the fabrication of
architectural models and the new business model based on miniature figures are based

on 3DP. Prototypes made by MJP (using wax) are often used in a range of
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precision-casting processes as lost-wax models. FDM uses thermoplastic filaments such
as polycarbonate (PC), acrylonitrile butadiene styrene (ABS), and polylactic acid (PLA).
Therefore, FDM-produced parts have high mechanical and thermal properties.
Moreover, composite materials containing relatively long fibers (such as carbon fiber)
can be added to the filaments, so the properties can be further improved [15,16].
Another advantage of FDM is its potential to allow diverse materials to be deposited
simultaneously. FDM printers can be fitted with multiple extrusion nozzles loaded with
different materials, so multi-functional parts can be printed with designed composition
[13]. However, FDM also has the disadvantages that accuracy and surface precision are
poor and that regular vacancies inevitably remain between the extruded lines [16].

In regard to SLS, although the equipment price is higher than that in the case of the
other methods, mechanical properties and thermal characteristics of SLS-produced parts
are good, and since SLS uses a laser, it has relatively high accuracy and low surface
roughness in comparison with FDM. In contrast to FDM, SLS has two more significant
merits: (i) it does not use supports and (ii) it has numerous degrees of freedom in terms
of shape. This study therefore focuses on SLS, namely, one of the most anticipated and

widely used AM technologies for end-use parts.

1-2. Selective laser sintering

1-2-1. General principle

SLS is one of the main processes in the rapidly evolving AM field available in the
market for production of high-performance polymer parts. As for SLS, mainly,
three-dimensional laminates are formed by irradiating a thinly laid powder with a laser

beam and repeating the process.
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As shown in Fig. 5, a SLS system is composed of a part cartridge (hereafter referred
to as a “powder bed”) for arranging the powder for molding and the modeled object, a
piston for moving up and down a feed cartridge for supplying material to the part
cartridge, a roller for supplying new powder material, heaters for heating the powder
bed and the material-supply point, and a laser for selectively heating parts of the surface

of the powder bed.

Scanners

Laser window

Roller

Feed piston Heater - Overflow
Part piston Part cartridge

(powder bed) cartridge

Fig. 5: Schematic diagram of an SLS system.

A schematic diagram of the modeling procedure is shown in Fig. 6 [17]. First, a roller
is used to spread the powder on the powder bed. Next, on the basis of slice data
obtained from a CAD model, laser irradiation is performed to selectively sinter and
solidify the powder of the powder bed. After that, the feed cartridge (in the vicinity
where the roller is disposed) is raised by the piston, and the powder bed and the other
feed cartridge are lowered by the piston. By repeating the supply of powder, selective

solidification by laser irradiation, and sintering the lower layer, a three-dimensional

10
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shape is formed. Upon completion of the SLS build, the part and surrounding
supporting material in the build chamber, collectively known as the “part cake,” are
removed from the SLS system. The part is removed from the part cake, and the loose

powder is either brushed off or bead-blasted away. Unfused powder is sieved and reused

. 1
N

1. Powder layer dep051t10n 2. Laser scanning

lﬁlﬁ.ﬂo ':> Ll iy

3. Lowering of part cartridge 4. Start of new cycle

for subseque

Fig. 6: Schematic of SLS process [17].

SLS has a number of advantages over other polymer AM technologies. First, SLS
does not require the use of the support structures that are required by many other
additive processes for supporting overhangs and thin walls in the part as it is built. In
the case of SLS, the part is supported by the surrounding unfused powder as it is built.

As for SLS, the most-important parameters are temperature control around the
powder bed and laser-irradiation conditions [18]. The thermal behavior of the
powder-bed area is represented on a DSC diagram in Fig. 7. Moreover, it is necessary to
preheat the temperature of the powder bed (points A and C) to near the melting point of

the resin (i.e., above its crystallization temperature) during molding.

11
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Fig.7: Schematic of the DSC curves of a crystalline polymer.

For example, if the points A and C are close to the crystallization temperature rather

than above it, as shown in Fig. 8 [19], some parts will warp after laser irradiation and

eventually strike the roller, causing the trouble that the part moves or the systems stops.

On the other hand, when the temperature of points A and C is high, porosity is reduced,

and the mechanical properties of the SLS-shaped part are improved [20]; however,

when it is too high, the resin powder in the powder bed melts and aggregates. As a

result, the phenomenon occurs that the powder cannot be laid smoothly. That situation

leads to a decrease in the density of the parts, that is, a decrease in mechanical

properties. Consequently, in particular, it is necessary to precisely control the

temperature of the entire powder bed.

12
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1 cumg

Fig. 8: Problems observed during SLS processing: “curling” [19]

The main parameters concerning laser-irradiation conditions are laser power, scan
direction, scan speed, and scan spacing. In addition to scan direction, laser-energy
density (E) [21] expressed by Equation (1) is used as a parameter considering laser

power, scan speed, and scan spacing as follows:
E=— )
where P is laser power, v is scan speed, and S is scan spacing. Higher energy
densities have been associated with improved particle fusion and mechanical properties;

however, if it is excessive, it leads to unwanted smoking from degradation of the

sintered part, as shown in Fig. 9.

13
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Fig. 9: Smoke generated during SLS processing using excessive laser-energy input [22].

In addition, powder-laminate thickness is another important parameter [18]. The
thickness of the layers that make up the part influences the productivity of the
laser-sintering process because the thicker the layer, the less time it takes to build the
part. However, thick layers have a negative effect on surface roughness, and their
quality is low due to high porosity. The maximum layer thickness is restricted by the
depth of penetration of the laser energy into the powder, which is determined by energy
density, particle size, powder density, thermal conductivity, compaction, and specific
heat of the material [23, 24]. However, in the case of general SLS, the laminated

thickness is often 100-150 pm [25, 26].

1-2-2. Available materials

In SLS, thermoplastic resins (either semi-crystalline polymer or amorphous polymer)
are used. Amorphous polymers do not have a defined melting point; instead they have a
glass-transition temperature (Tg), above which the polymer gradually softens and

ultimately becomes a viscous liquid. They are therefore consolidated by heating above

14
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their Tg. As these materials are heated, their melt viscosity decreases; however, it does
not decrease rapidly. Consequently, sintered parts tend to exhibit high levels of porosity,
thus low strength and poor precision [27]. In contrast, as for a semi-crystalline polymer,
as temperature rises above the melting point of the polymer, melt viscosity decreases
rapidly; consequently, the mechanical properties of the sintered part are improved, and
manufacturing precision is high [27]. Accordingly, as for final products, crystalline
resin is used for SLS.

The global polymer market, including that for the SLS polymers, is broken down in

Fig. 10 [19].
A’ )
& Fy
Global Polymers %6.;., 4‘@“'{5- %q: 1
Market Pon, o, o, %, a"%
T~
'*°or¢ %'Q& R A 9%6 46’@\;.
5, [ &, ',
SLS Market O 4, A, fy 5
HT
Polymers - <260 15 1;0 1 <
o PA12 5 50
Engineering (PAG PA66 PBT PA11 <140 Tl8 to [ 5 98
Polymers / PETPOM PCABS
PMMA PA12 PA11 Lo By 100
Standard - e

<90 2 to 94 <2
100

Polymers

260 Mton/yr 900 ton/yr

Fig. 10: Market overview and comparison of global and SLS polymer materials [19].

Normally, as for the global polymers market, the market for standard polymers
(including polypropylene (PP)) makes up over 90 %; in contrast, as for the
SLS-polymers market, engineering polymers dominate with a 98 % market share, of

which polyamide 12 (PA12) is the most-used polymer worldwide for SLS applications.

15
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Moreover, according to Goodridge [18], it is also reported that PA12 has captured more
than 95 % of the market for laser AM materials. Thefore, tight restrictions are imposed
on laser AM materials and act as a barrier to their widespread application. Recently,
new materials have been introduced into the market (e.g., polyamide 6 (PA6) and PP);
however, their volume still remains low.

Furthermore, in the case of a general molding apparatus, from the viewpoint of the
melting point and cost of PA12, the upper limit value of the temperature of the powder
bed is usually set to about 200 °C. As a result, it is difficult to use a resin material
having a high melting point. However, specialized equipment (e.g., EOS-P800, EOS
GmbH) specialized for high-melting-point resin that can mold poly(ether ether ketone)
(PEEK) [28] and poly(ether ketone) (PEK) [29] has been commercialized and is
beginning to be used; however, its very high equipment cost is a problem. In the case of
SLS, from the viewpoint of part density and surface quality, the correct powder size is
set to 90 um or less [30]. In particular, part density, surface quality, and accuracy of the
produced parts have all been found to increase with decreasing particle size; however,
when powder size becomes too small, it is difficult to lay uniform powder by static
forces [30]. Four commercially available PA powders, namely, (A) PA12-PA2200
(EOS GmbH), (B) PA12-Orgasol (Arkema SA), (C) PA1l1-Rilsan (Arkema SA), and

(D) PAG6-Sinterline SA, are shown in Fig. 11 [31].

16
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Fig. 11: SEM images of PA12-PA2200 (A), PA12-Orgasol (B), PA11-Rilsan (C), and
PA6-Sinterline (D) [31].

Powder sizes D50 of PA12-PA2200, PA12-Orgasol, PAl1l-Rilsan, and
PAG6-Sinterline are 58.6, 42.3, 44.2, and 57.9 um, respectively [31]. In regard to
PA12-PA2200, a solution—precipitation process in ethanol at elevated temperature is
used to obtain spherical particles, and TiO; and silicas are added to improve whiteness
and flowability [31]. In regard to PA12—Orgasol, the cauliflower-shaped morphology is
the direct result of the polymerization process used [31]. On the other hand, PA11 and
PAG consist of rough particles with sharp edges, which probably result from milling. In
regard to PEEK [28] and PEK [29] as well, milling is used for powdering them. In other
words, except for PA12, milling is the major means of powdering the resins.
Accordingly, besides PA12, studies on the powdering method and the processability of

SLS are being actively conducted.

17
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1-3. Objective of this thesis

Among engineering plastics, PBT resin is used in large amounts and is regarded as
one of the five major engineering plastics. In particular, PBT possesses several
advantageous features, namely, high heat resistance, good mechanical and electrical
properties, high chemical resistance, and low cost [32]. PBT is primarily used in
injection-molding applications, although it is also used in film applications. It also has
low melt viscosity and very fast crystallization, which allow for easy molding [32]. SLS
IS a means of sintering by laser irradiation under a condition in which the powder-bed
temperature is set to a temperature at which crystallization speed is low. From the
standpoint of the SLS process, as for the resin used, a wide processing window (i.e., the
difference between melting point and crystallization temperature) is required, and a low
crystallization speed at powder-bed temperature is desirable. Therefore, SLS with PBT
is difficult, and very few research examples have been reported [33-35].

In light of the above-described circumstances, in this research, PBT resin—having
many good characteristics—was used to evaluate various basic characteristics SLS. And
these varied characteristics of SLS were compared with those of 1M.

In Chapter 2, it was explained that by using copolymer PBT(cPBT) with lower
crystallinity than homo PBT, it was possible to produce parts with excellent
characteristics by SLS. Moreover, various characteristics of SLS specimens were
compared with those of IM specimens.

To use an SLS product as a final product, flame-retardant properties may be
necessary in some cases. Therefore, as explained in Chapter 3, the effect of adding
flame retardant and flame-retardant promoter to cPBT was evaluated, and the

flame-retardant property was compared the that of IM products.

18
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In the case that heat resistance and rigidity are required, generally, a composite is
formed by adding glass fiber or the like. As a result, PBT is being increasingly applied
to injection molding. For that reason, as explained in Chapter 4, short-fiber fiberglass
(short glass fiber (SGF) hereafter) was added to cPBT, and the characteristics of that
composite with SGF addition as a parameter were examined. Like an IM product, an
SLS product features anisotropy due to arrangement and anisotropy due to SGF
addition.

In the case SLS, it is known that porosity is a serious problem. Therefore, as
explained in Chapter 5, to reduce the influence of anisotropy due to arrangement and
SGF (by using 30 wt% of SGF added to cPBT), the number of laser scans was taken as
twice per layer, and the effect of the scanning process was evaluated. And the

SLS-formed product was compared with an IM product in terms of SGF orientation.
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2-1. Introduction

Selective laser sintering (SLS) is a method mainly used for forming
three-dimensional structures by repeatedly irradiating a thin layer of powder with a laser
beam. Among additive manufacturing (AM) methods, SLS is the most promising from
the viewpoints of quality and precision. A particular advantageous feature of SLS in
comparison to other AM methods is that it does not require a support to prevent
deformation during molding. Accordingly, compared to conventional processing
methods like injection molding (IM), SLS has several advantages, such as a high degree
of freedom in regard to product design, ease of handling customization, low cost, and
the possibility of fabrication in a short time in the case of low manufacturing volumes.
Due to these advantages, SLS is mostly being utilized for fabricating end-use
components in the aerospace, automotive, and medical fields [1].

As one semi-crystalline polymer, polyamides (namely, “polyamides 11 and 12”; PA
11 and PA12, hereafter) are most-widely used as standard materials for laser AM [2]. It
is reported that PA12 has captured more than 95 % of the market for laser AM materials
[2]. Despite that situation, tight restrictions are imposed on laser AM materials and act
as a barrier to their widespread application. In response to that issue, other
semi-crystalline polymers—such as polyethylene [3,4], polypropylene [5,6],
polyoxymethylene [7], polyamide 6 [8, 9], poly(butylene terephthalate) (PBT)[10, 11],
poly(ether ketone) [12,13], and poly(ether ether ketone) [14,15], are being actively
researched, and some have been commercialized.

As a diverse crystalline resin that has spread to a wide range of industrial applications,
PBT possesses several advantageous features, namely, high heat resistance, good

mechanical and electrical properties, high chemical resistance, and low cost. PBT has a
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high crystallization speed, so it tends to be used for IM—which requires shortening of
the takt time in order to reduce costs. SLS is a means of sintering by laser irradiation
under a condition in which the powder-bed temperature is set to a temperature at which
crystallization speed is low [2]. From the standpoint of the molding process (i.e., SLS),
as for the resin used, a wide processing window is required, and a low crystallization
speed is desirable. In the case of using “homo PBT” powder with melting point of
223 °C, as reported by Schmidt et al. [10,11], building temperature for SLS was set at
210 °C. However, as for commercial SLS apparatuses still in general use, maximum
powder-bed temperature is fixed at around 200 °C [2]. Due to these factors, “homo
PBT”—which is used for normal IM—is supposed to be unsuitable for SLS. Copolymer
PBT (cPBT) [16,17] is known as a material whose crystallization speed and
crystallization temperature decrease with decreasing melting point. However, as melting
point decreases, crystallization temperature decreases at a greater rate, so the process
window becomes wider. Accordingly, in the present study, in which it is supposed that
the powder-bed temperature is set below 200 °C, the possibility of using cPBT as a
sintering material is focused on. In particular, the crystallization properties of pellets
and powder, as well as the mechanical and crystallization properties of SLS specimens

in comparison to IM ones, are investigated.

2-2. Experimental methods
2-2-1. Sample preparation
Material
cPBT (contaning 10 mol% isophthalic acid) powder formed by ‘“cryomilling”

(namely, mechanical milling at cryogenic temperature) of (non-commercial) cPBT
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pellets was used. The size of pellets was about 4 x 3 x 1.5 mm, and their average
molecular weight (Mn) and density were 9.03 x 103 (in PMMA-converted molecular
weight) and 1.29 g/cm3, respectively. Melting point and crystallization temperature of
the cPBT pellets are 207.5 and 150.7 °C, respectively.

In the cryomilling, a pin mill (Contraplex 400 C, Makino Mfg, Co. Ltd.) was used.
The rotation speed of the pin disk was 145 m/s, and the operating time at -100 °C was
from 90 to 240 min. The obtained cPBT powder was passed through a sieve with hole
diameter of 106 um. An SEM image and particle-size distribution of the cPBT powder
are shown in Figs. 1(a) and (b), respectively.

The resulting powder size of D10, D50, and D90 was 31, 76, and 132 um,
respectively. As regards a material for SLS, flowability of the powder is a key property,
and fumed silica is effective for improving the flowability [11,18,19]. Accordingly,
hydrophobic fumed silica (AEROSIL®RA200H; Evonik Industries) was added (at mass
fraction from 0.05 to 1.0 wt%) to the cPBT powder as a parameter. Average primary
particle size of silica used was about 12 nm. The cPBT powder and silica were mixed

for 15 min by mixing machine (SKH-40CA, Misugi Ltd.).
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Fig. 1: (a) SEM image and (b) particle-size distribution of cPBT powder.
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Selective laser sintering (SLS)

An SLS machine (RaFaEl 300, Aspect Inc.) was used for fabricating the specimens.
As for the heat source, a carbon-dioxide laser (with high absorption rate in regard to
plastic) with spot diameter of about 0.3 mm was used. As for the SLS process, the
parameters that influence quality (including mechanical properties) are laser power,
scan rate, scan spacing, powder-bed temperature, feed temperature, and layer thickness
[2]. The conditions under which laser AM was performed are listed in Table 1. Taken as
the parameter used in this study, laser energy density was varied as four values, namely,
6.7,14.7, 26.7, and 40.0 kJ/m2 by changing laser power. In consideration of obtaining a
differential-scanning-calorimetry (DSC) thermogram of cPBT powder, powder-bed
temperature was taken as 190 or 193 °C, and feed temperature was taken as 165 °C. As
for laser-scanning direction, it was supposed that it differs for each layer (with thickness
of 0.1 mm).

Table 1: Processing parameters for SLS of cPBT powder.

Processing parameters

Wavelength 10.6 pm

Laser beam diameter 0.3 mm

Fill and outline laser power 5,11,20,30 W

Scan speed 5.0 m/s

Scan spacing 0.15 mm

Fill energy density 6.7, 14.7, 26.7, 40.0 kJ/m?
Laser scan direction Alternating bi-directional scan
Powder bed temp. 190 °C

Feed temp. 165 °C

Layer thickness 0.1 mm

Part piston temp. 180 °C

Injection molding (I1M)
Before being injection molded, cPBT pellets were dried for 4 hours at 140 °C. The

IM specimens were prepared by injection molding (S-2000i 50A, Fanuc Corporation),
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and the dimensions of the test specimens formed by IM and SLS were assumed to be
the same. As for the IM, nozzle temperature was 245 °C, cylinder temperature was
240 °C, tool temperature was 80 °C, injection pressure was 25 MPa, injection speed was

20 mm/s, and screw revolution rate was 120 rpm.

2-2-2. Evaluation methods
Powder flowability

Since the cPBT used in this study was powdered by cryomilling, the shape of the
powder particles is more angular and irregular shapes than that of PA12 [9]. The
angular and irregular shape of the individual cPBT powder particles is related to poor
powder flowability due to their natural orientation to interlock with each other, increase
the number of adhesive bonds, and resist free flowing. In effect, mechanical
interlocking of grains leads to the formation of caking, arches, and voids inside the bulk,
which in turn lead to cohesive behaviour and higher shear stresses. In the case of SLS,
flowability of the powder significantly affects porosity and mechanical properties [20].
Flowability of the cPBT powders with or without added silica was evaluated in terms of

Hausner ratio (HR), which is given as [21]:

_ ptapped

HR )

pbu[k

where prapped is tapped density, and pouk iS bulk density. and were measured by

powder-characteristics tester (PT-X, Hosokawa Micron Corporation).
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Scanning electron microscopy (SEM)

The surface of the cPBT powders with or without added silica have been
characterized by SEM (JSM-7000F, JEOL, Ltd.) with acceleration voltage taken as 15
kV.

Differential scanning calorimetry (DSC)

DSC (Q2000, TA Instruments) was used to determine melting points, degrees of

crystallinity, and crystallization temperatures of the cPBT pellets, cPBT powder, and

SLS and IM specimens. Degree of crystallinity (y) is given by the ratio of the heat of
fusion (AH) of the specimen divided by its perfect-crystal heat of fusion (AH_ ) as

follows [21]:

AH
x(%) =

x 100 2
AHp, @

where AH? of PBT was taken as 145.5 J/g in this study [22,23].

The SLS and IM specimens were cut from the central portion of flexural test pieces.
The DSC specimens (with assumed weight of 5 + 0.5 mg) were measured under a
temperature increase from 5 to 300 °C at a rate of 10 °C/min and nitrogen flow rate of
40 mlmin. Moreover, isothermal crystallization DSC (EXSTAR 6000, Seiko
Instruments Inc.) was performed. The cPBT pellets and powder were heated to 250 °C
and held for 5 min, cooled, and when the temperature reached 190 °C, the heat of
crystallization was measured at each time. Relative crystallization speed was estimated
as the ratio of the heat of crystallization at each time divided by the 100 % of the heat of

crystallization.
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Optical microscopy

Polarization microscopy (LV100POL, Nikon Corporation) was used to investigate
the morphology of the cPBT pellets, cPBT powder, and SLS and IM specimens. The
cPBT pellets and cPBT powder were observed in a state in which they were spread on a
glass plate, heated to a temperature of 250 °C, cooled, held at 190 °C for 60 min, and
allowed to cool to 25 °C. In the case of the SLS and IM specimens, their central

portions (10 x 4 mm) were cut in the direction of lamination thickness, and pieces with

thickness of 3 to 4 um were prepared by microtome. The thin pieces were observed by
polarization microscopy.

To evaluate porosity ratio of the test specimens, the central portions of the SLS and
IM specimens were cut in the same direction as the previously mentioned specimens,
and after embedding the specimens in epoxy resin, near-center portions of the SLS and
IM specimens were polished at intervals of 0.5 mm, and observed by microscope
(VHX-2000, Keyence Corporation). After that, porosity ratio was calculated by image
processing (WIinROOF, Mitani Corporation). The number of calculations of porosity
ratio was taken as five cross-sections of each specimen under each condition.

X-ray diffraction(XRD)

Wide-angle XRD (D8 Advance, Bruker AXS GmbH) was used for structural analysis
of the cPBT pellets and cPBT powder. The analysis conditions were as follows: CuK a.
radiation as the X-ray source; scan range 20 from 5 ° to 60 °; step width of 0.02 °; and
scantime of 1 s for each step.

Inductively coupled plasma-mass spectrometry (ICP-MS)
ICP-MS was performed to estimate contamination of the cPBT pellets and powder.

As pre-processing, the cPBT pellets or powder (about 3 mg) were heated from 250 to
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430 °C gradually for 2 hours, and the specimens was kept at 430 °C for 12 hours to
degrade them by thermal decomposition. Mixed acid (50 % hydrochloric acid + 50 %
nitric acid) was added to the thermally degraded specimens, which were further heated
at 80 to 100 °C for 1.5 hours for washing. The specimens were then diluted with 5 ml of
water and subjected to ICP-MS (7700x, Agilent Technologies) under the following
conditions: RF power of 1550 W, argon-gas flow rate of 15 L/min, argon sub-gas flow
rate of 0.9 L/min, helium option-gas flow rate of 4.3 mL/min, time for integral calculus
of 0.33 s/point (repeated three times), and a standard solution of Merck KGaA
Single-Element Standard for ICP. Lower limit of quantification (LOQ) was determined
as 10 times the standard deviation of blank.
Mechanical testing

To evaluate the mechanical properties of the SLS and IM specimens, tensile tests,
flexural tests, and Charpy impact-strength tests were performed. The tensile-testing
specimens were taken as “type A” specified in ISO3167; 1993 (total length: 170 mm;
parallel-portion length: 80 mm; thickness: 4 mm). As for the tensile tests (5500RF,
Instron Corporation), performed according to 1SO527-1, -2; 2012, testing speed was 50
mm/min, and distance between clamps was 115 mm. As for the flexural tests (5500RF,
Instron Corporation), performed according to 1ISO178; 2001, with test-specimen size of
80 x 10 x 4 mm, testing speed was 2 mm/min, and the distance between the fulcrums
was 64 mm. As for the Charpy-impact-strength tests (AG-100kNX, Shimazu
Corporation), performed in accordance with 1SO179-1; 2010, a notch was formed in a
test specimen with the same shape as the flexural-test specimens. With an energy of 0.5
J, the hammer weight was applied so that the impact was in the edgewise direction. All

the strength tests were performed with n=5 (minimum).
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Dynamic mechanical analysis (DMA)

The sizes of the SLS and IM specimens, measured by DMA (Rheogel-E4000, UBM
Corporation), were 20 x 5 x 1 mm, and the measurement frequency was 1 Hz. The
temperature range was 25 to 125 °C, and the rate of temperature increase was 5 °C/min.
From the DMA analysis, storage elastic modulus (E’), loss elastic modulus (E”), and a
loss factor (tan 6=E’/E”) were obtained.

Gel-permeation chromatography (GPC)

The molecular-weight distributions of the cPBT powder and SLS and IM specimens
were determined by GPC (HLC-8220GPC, Tosoh Corporation). As for the SLS and IM
specimens, a specimen cut from the central portion of the flexural-test specimen was
used. The eluent was hexafluoroisopropanol containing 10 mM of sodium
trifluoroacetate. Flow velocity was 0.3 mL/min, column temperature was set to 40 °C,
specimen concentration was 1 mg/mL, and specimen-injection volume was 20 uL. For
the standard polymer, poly(methyl methacrylate) (PMMA) was used, so the obtainable

molecular weight of cPBT is the “PMMA -converted molecular weight.”

2-3. Results and discussion

2-3-1. Powder characteristics
Powder flowability

HR values are plotted in Fig. 2 with amount of silica added to cPBT used as a
parameter. SEM images of the powder surface of (a) cPBT, (b) cPBT with 0.05 wt%

added silica, (c) cPBT with 0.1-wt% added silica, (d) cPBT with 0.2-wt% added silica,
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and (e) cPBT with 0.5-wt% added silica, and (f) cPBT with 1.0-wt% added silica are

shown in Fig. 3.
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Fig. 2: HR of cPBT with amount of fumed silica content as a parameter.

(b) . _ Slica : (c)

Fig. 3: SEM images of fracture surfaces of SLS specimens: (a) cPBT, (b) cPBT with
0.05-wt% added silica, (c) cPBT with 0.1-wt% added silica, (d) cPBT with 0.2-wt%
added silica, and (e) cPBT with 0.5-wt% added silica, and
(F) cPBT with 1.0-wt% added silica.
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When silica is added in amounts in the range of 0.1 wt%, HR reaches its minimum
value. Furthermore, the SEM-observation results confirm that when the amount of silica
addition was 0.1 wt%, aggregation of silica was scarce, and silica was uniformly
adhered to cPBT,; in contrast, when it was 0.2 wt% or more, aggregation of silica was
abundant. Reporting a similar result, Schmidt [11] et al. showed that adding 0.1 wt% of
hydrophobic silica to PBT improved its flowability. Therefore, this trend is presumed to
be due to the fact that as the amount of silica increases, the silica particles tend to

aggregate easily, so adhesion between the cPBT-powder grains increases and

flowability is degraded.

Crystallization characteristics

The results of the DSC evaluation of pellets, powder, and powder with 0.1-wt%

additions of fumed silica (hydrophobic fumed silica) are shown in Fig. 4: (a) heating

curves (b) cooling curves.

Powder with 0.1-wt% silica
Powder with 0.1-wt% silica
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Fig. 4: Results of DSC evaluation of pellets, powder, and powder with 0.1-wt% addition
of fumed silica: (a) heating curves and (b) cooling curves.

As for the pellets and powder, although their melting points hardly differ,

crystallization temperature with regard to cooling of the powder is 19.0 °C higher than
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that with regard to cooling of the pellets. As for the powder, melting point and
crystallization temperature hardly differ after 0.1-wt% additions of fumed silica. In
regard to homo-PBT, the same trend as that for cPBT was confirmed, namely,
powder-crystallization temperature was 194.3 °C, i.e., 12.9 °C higher than that of the
pellets, but the melting point was the same, i.e., 223.5 °C. Moreover, evaluated
crystallization rate of the cPBT pellets, powder, and powder with 0.1-wt% addition of
fumed silica at 190 °C (i.e., 17.5 °C below the melting point) is plotted in Fig. 5. This
plot of cPBT clearly shows that the crystallization rate of the cPBT powder is much
higher than that of the cPBT pellets. In Fig. 5, the data for pulverized homo PBT at
206 °C (i.e., 17.5 °C below the melting point) is added. This additional result confirms
that even if the difference between melting points is set to the same temperature,
crystallization rate of homo PBT is very high, so homo PBT is particularly unsuitable

for SLS.
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Fig. 5: Crystallization rate of cPBT pellets, cPBT powder, and cPBT powder with
0.1-wt% addition of fumed silica at 190 °C and of homo-PBT powder at 206 °C.

36



Chapter 2

Crystal modification

PBT is well known to exist in two crystalline forms (o and ) [24-26]. In particular, 3
form is generated under tension, and the basic form is known as a [25, 26]. According
to Schmidt et al. [10], the crystallization temperature of PBT products pulverized by
combining dry grinding and wet grinding is larger than that of pellets, and formation of
different crystalline polymorphs has been reported as the cause of that higher
crystallization temperature. Accordingly, cPBT pellets and powder were evaluated by

XRD, and the evaluation results are shown in Fig. 6.
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Fig. 6: XRD patterns of cPBT pellets and powder.

The XRD patterns of the pellets and powder do not significantly differ, and both
indicate typical o form; in particular, the 20 peak at 28.0° [25, 26] characteristic of f3
form could not be confirmed. This result confirms that the change in the crystal
structure is not the cause of the increase in crystallization temperature of the powder

after low-temperature pulverization. Moreover, as for DSC evaluation as well, a similar
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result was obtained even after the heating and cooling were repeated once or twice. It is
therefore concluded that the structural change of crystalline form was not caused by

cryomilling.

Spherulite size

Polarization-microscope images of the pellets, powder, and powder with 0.1-wt%
addition of fumed silica cooled to 25 °C after temperature crystallization (in which the
pellets and powder were heated to 250 °C, cooled, and held at 190 °C for 60 min) are
shown in Fig. 7 [(a) pellets, (b) powder, and (c) powder with 0.1-wt% addition of fumed
silica]. As for the images of the powder, much finer spherulites can be seen compared to
the images of the pellets. However, after addition of 0.1-wt% fumed silica, the sizes of

the spherulites hardly differ.

Fig. 7: Polarization-microscope images of pellets and powder obtained at RT after

temperature crystallization at 190 °C for 60 min: (a) pellets and (b) powder

(c) powder with 0.1-wt% addition of fumed silica.

In the case of SLS, it is known that the wide process window is a significant
advantage [2]; however, as for the powder formed by cryomilling, the results presented
here show that the process window gets smaller (i.e., crystallization temperature is

increased). On the contrary, the results also confirm that the addition of 0.1-wt% fumed
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silica to powder formed by pulverization does not affect the change in crystallization
temperature. However, it has been reported that the crystallization temperature of PA12

powder is increased by adding clays [27], nanotubes [28], or graphite nanoplatelets [21].

Contaminants

Transforming cPBT into powder involves pulverization by pin mill. As for
cryomilling, it is supposed that some kinds of blended compound act as a nucleating
agent for crystallization. In this experiment, all the main parts of the pin mill (including
the pin disk) were made of stainless steel (SUS304). The ICP-MS measurement results
for the pellets and powder (in regard to the iron, chromium, and nickel constituents of
SUS304) are listed in Table 2. It is clear that the proportions of all three elements in the
powder are higher than those in the pellets. In particular, the content of iron (which is
the most abundant constituent of SUS304) is about 30 times or more than those of the
other constituents (chromium and nickel). In addition, it is suggested that during the
mill pulverization, fine metal particles shaved off the blade are mixed into the powder.
As reported by Zhu et al. [29], contaminants produced during low-temperature
pulverization act as nucleating agents in poly(ethylene terephthalate) resin (which is
similar to PBT).

Table 2: ICP-MS evaluation of cPBT pellets and powder.

ppb (ng/g)
Element Fe Cr N1
Pellet 69 31 11
Powder 2,087 124 76

*LOQ of Fe, Cr, and Ni were 41, 39, and 41 ppb, respectively.
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It is clear from the results presented here that despite the fact that the amount of
added fumed silica is considerably higher than the amount of mixed metal contaminants
due to mill pulverization, the crystallization temperature does not change. Accordingly,
it is assumed that the capability of increasing the crystallization temperature depends

greatly on the material quality of the fine particles that are found to exist.

2-3-2. Characteristics of laser sintered and injection molded specimens

In the case of SLS, it is necessary to adjust the powder-bed temperature in terms of
mechanical properties and accuracy [2,30]. The external appearance of the powder bed
during SLS processing is shown in Fig. 8. The tensile-test specimens during processing
under powder-bed temperatures of (a) 193 °C and (b) 190 °C are shown in photos (a)

and (b), respectively.

Fig. 8: External appearance of the powder bed during SLS processing: powder-bed
temperature (a) 193 °C and (b) 190 °C.

When the powder-bed temperature was 193 °C, when the powder was spread out by a
roller, the powder particles agglomerated, and considerable cracking occurred.

Consequently, the SLS process was interrupted before laser irradiation. In contrast,
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when the powder-bed temperature was 190 °C, the powder was spread by the roller

uniformly, and the specimens could be sintered correctly.

Mechanical properties

Tensile properties of the IM specimen and SLS specimens formed under several
laser-energy densities are compared in Fig. 9: (a) tensile strength, (b) elongation at
break, and (c) stress-strain curves. All the plotted stress-strain curves are close to the
average data. In the case of the SLS specimens, all tensile properties are maximized
when laser-energy density is 14.7 kJ/m2. When laser-energy density is increased beyond
that value, the mechanical properties are deteriorated. The IM specimen has higher
tensile properties, particularly higher toughness and ductility, than the SLS specimens.

Flexural strength and Charpy impact strength of the IM specimen and SLS specimens
formed under several laser-energy densities are compared in Figs. 10 and 11. As with
tensile properties, flexural strength and Charpy impact strength of the SLS specimens
are maximized at laser-energy densities of 14.7 kJ/m2, but they are lower than those of
the 1M specimen. As reported by Athreya et al. [31], in the case PA12 is used, tensile
strength and flexural strength of SLS specimens are higher than those of IM specimens.
In contrast, tensile strength and flexural strength of SLS specimens made of cPBT are
lower than those of injection-molded specimens made of cPBT. According to
Goodridge et al. [2], as for powder formed by pulverization, mechanical properties of
sintered parts are deteriorated in comparison to those of parts formed by polymerization.
Moreover, according to Ziegelmeier et al. [32], flowability of a powder has a significant
effect on tensile strength. The cPBT powder with 0.1-wt% addition of fumed silica used

for SLS in the present study has a higher HR (1.30) than those of other commercial
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products [20,32]. Therefore, it is possible that the reason for the lower tensile properties
and flexural strength of injection-molded specimens is that the flowability of powder
has a significant effect on those properties. Moreover, in contrast with the IM specimen,
the SLS specimens showed notably lower Charpy impact strength and elongation at
break in the same manner as the results reported for PA12 [21,33].

The DMA results for the IM specimen and SLS specimens under four assumed
laser-energy densities are shown in Fig. 12: (a) storage elastic modulus and (b) tan &. In
the case of the SLS specimens, the order of the magnitudes of the storage elastic
modulus is the same as the order of the evaluation results for mechanical properties. In
the case of the IM specimen, although the elastic storage modulus is larger than that in
the case of the smallest laser energy density, it is lower than those in the cases of the
other laser energy densities (14.7, 26.7, and 40.0 kJ/m?2). Moreover, as for the SLS
specimens, the storage elastic modulus is decreased at high temperature, and the value
of tan & at high temperature, shown in Fig. 12(b), is high. When IM and SLS products
are compared, even in the case of PA12 (which has good flowability), the SLS product
has a higher porosity ratio [34]. Moreover, as for IM and SLS, since the molding
processes differ significantly, the influences of crystallization characteristics also differ
[35]. Hereafter, the evaluation results concerning the porosity and crystallinity are

presented and discussed in detail.
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Porosity ratio
Estimated porosities of the IM specimen and SLS specimens (formed under the 4
laser-energy densities), determined by image processing of cross-sectional images of the

specimens, are compared in Fig. 13.
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Fig. 13: Comparison of porosities of IM specimen and SLS specimens under laser
energy densities of 6.7, 14.7, 26.7, and 40.0 kJ/m?2,
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As for the IM specimen, no porosity can be seen; in contrast, as for the SLS
specimens, a constant amount of porosity is seen in all specimens under all sintered
conditions. This result agrees with that reported by Zarringhalam et al. [36]. As for the
SLS specimens, particularly, when laser energy density is 6.7 kJ/m2, a considerable
amount of the porosity remains. This result suggests that insufficient cPBT resin melts
and is sintered in a state in which the viscosity has become high. Accordingly, the
proportion of “open” porosity among the total porosity gets bigger. When the laser
energy density is 14.7 kJ/m2 (which produces the highest mechanical properties), the
porosity ratio is low. The relation between porosity ratio and mechanical properties is
the same as the results reported for PA12 [35]. However, porosity ratio when laser
energy density is 14.7 kJ/m2 does not appear to differ notably from those for 26.7 and
40.0 kJ/m2. Accordingly, porosity is not considered the main cause of the noticeable
difference in mechanical properties in the case of laser energy densities of 14.7 and 40.0

kd/m2. The assumed reason is discussed in the following subsection.

Molecular weight

Caulfield et al. [37] and Vasquez et al. [38] suggested that in the case of SLS, plastic
degrades when laser energy density increases. Results of GPC evaluation in the case of

laser-energy densities of 14.7 and 40.0 kJ/m2 are listed in Table 3.
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Table 3: Results of molecular-weight evaluation for pellets, powder, IM specimen, and

SLS specimen.

Mn (x 10%) Mw (% 10%) Mw/Mn

Pellet 9.03 2.45 2.71

Powder 9.13 2.49 2.76

IM 8.95 2.42 2.70
SLS

14.7 KI/m2 9.89 2.72 2.75
SLS

40.0 kJ/m? 6.88 2.18 3.17

Comparing the SLS specimens formed under laser-energy densities of 14.7 and 40.0
kJ/m? reveals that the specimen sintered under laser-energy density of 40.0 kJ/m?2 has a
lower molecular weight. It is thus suggested that thermal degradation of the upper part
of the layer during laser irradiation is the main cause of the deterioration of mechanical
properties under increasing laser-energy density. The results of the molecular-weight
evaluation of the pellets, powder, IM specimen, and SLS specimen sintered at
laser-energy density of 14.7 kJ/m? are also listed in Table 3. The IM specimen has a
comparable molecular weight to those of the pellets and powder. Moreover, the SLS
specimen sintered at laser-energy density of 14.7 kJ/m?2 has a higher molecular weight
than that of the IM specimen. This result implies that cross-linking in the SLS specimen
is more progressed (because the SLS specimen has a longer thermal history). It is thus
clear that thermal degradation does not occur in the SLS process with appropriate

laser-energy density.
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Crystallization characteristics
Polarization-microscopy images of the IM specimen and the SLS specimen (sintered
under laser energy of 14.7 kJ/m?2, which is the optimum formation condition used in this

study) are shown in Fig. 14.

Fig. 14: Polarization-microscopy images of IM specimen and SLS specimen under laser

energy density of 14.7 kJ/m2 (optimum formation condition).

It is clear from these images that the IM specimen features large spherulites, while
the SLS specimen features fine spherulites. In the case of PA12, when the IM specimen
and SLS specimen are compared, it has been reported that the spherulites get smaller
because the cooling rate of 1M is higher [31,36]. In contrast to that report, the images in
Fig. 14 show the opposite trend. As for the reason for this discrepancy with reported
results, in the case of the SLS specimen used in the present study, it is supposed that the
metallic contaminants in the cPBT powder (such as iron) act as nucleating agents. The
evaluated degrees of crystallinity of the pellets, powder with 0.1-wt% addition of fumed
silica, IM specimen, and SLS specimen sintered under laser energy of 14.7 kJ/m2 are
listed in Table 4. As clear from Table 4, the degree of crystallinity of the SLS specimen
is higher than that of the IM specimen. This result—indicating that degree of

crystallinity depends on the process used—agrees with that reported by Karevan et al.
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[21] and Hooreweder et al. [39]. Although the SLS specimen has a higher porosity ratio
than that of the IM specimen, it can be supposed that its elastic modulus is increased by
its higher degree of crystallinity. As for strength, the influence of porosity is
predominant; thus, it is supposed that the IM specimen has a higher strength than that of

the SLS specimen.

Table 4: Results of comparison of degrees of crystallinity of pellets, powder with
0.1-wt% addition of fumed silica, IM specimen, and SLS specimen under

laser energy density of 14.7 kJ/m? (optimum formation condition).

fillli?;sd Tm (°C) Te (°C) gffsizl?iiity (%)
Pellet None 207.5 150.7 30.8
Powder 0.1-wt% 207.5 169.7 32.8
M None 207.9 168.9 27.1
SLS 14.7 kJ/mm? 0.1-wt% 209.9 169.0 34.8

2-4. Conclusions

In the case of powder made from cPBT pellets pulverized at low temperature, it was
revealed that although melting point, crystalline form and molecular weight are
unchanged by cryomilling, contaminants produced during the pulverization act as
nucleating agents of cPBT, which increase the crystallization temperature of cPBT
powder. As a result, the process window gets narrower. On the other hand, even though
a greater amount of fumed silica (added to improve flowability) in relation to the

contaminants was added, it does not become a nucleating agent in cPBT powder.
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As for SLS using cPBT powder (melting point: 207.5 °C; crystallization temperature:
169.7 °C), it was confirmed that SLS is possible by setting the powder-bed temperature
to 190 °C. The mechanical properties of the SLS specimen (namely, tensile strength of
54.9 MPa, elongation at break of 3.41 %, flexural strength of 79.5 MPa, notched Charpy
impact strength of 1.63 kJ/m2, and storage elastic modulus of 2.39 GPa) are maximized
under the SLS processing conditions that give the lowest porosity. In comparison with
the IM specimen, however, the SLS specimen shows lower values of mechanical
properties (except storage elastic modulus). This result is supposed to be due to the fact
that degree of crystallinity (which differs in the case of IM and SLS) is the main factor
affecting elastic modulus; in contrast, porosity (the amount of which depends on
flowability of the powder) has a considerable effect on tensile strength, elongation at
break, flexural strength, and notched Charpy impact strength. Moreover, in the case of
SLS with cPBT powder used in the present study, finer spherulites than those of the IM
specimen (due to the nucleating effect of contaminants generated during sintering) were

observed.
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3-1. Introduction

As one method of additive manufacturing (AM), selective laser sintering (SLS)
mainly involves three-dimensionally laminating a thin resin powder by repeatedly
irradiating the powder with a laser. In contrast to conventional fabrication methods like
injection molding (IM), AM methods, including SLS, do not require a mold;
accordingly, AM brings advantages such as increased design freedom, easy
correspondence with complicated shapes and customization, reduced complexity of
assembly, and manufacturability in a short period of time. In particular, a crystalline
resin, namely, polyamide (polyamides 12 and 11), is used as the standard
material—with more than 95 % of the market—for SLS [1]. Therefore, it is a problem
that usable materials are severely limited, and needs concerning various applications of
SLS are not being satisfied [1]. Under those circumstances, resin-powder materials
other than PA 12 and PA 11 are being vigorously researched [2-11].

As one of the crystalline resins developed in many industries, poly(butylene
terephthalate) (PBT) is well-balanced in terms of mechanical properties, heat resistance,
chemical resistance, dimensional stability, and cost [12]. In a previous study [9], the
authors used a powder (namely, powdered cPBT pellets formed by low-temperature
grinding) with lower crystallization temperature than that of the homo PBT used by
Schmidt et al. [8], and we demonstrated the feasibility of SLS with powder-bed
temperature set to 190 °C.

Furthermore, it was reported that the mechanical properties (tensile strength, flexural
strength, and notched Charpy impact strength) of SLS products are maximized under
laser-irradiation conditions that produce the least porosity. PBT resin is often formed

around electronic components because of its good e lectrical characteristics; however, to
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apply it to end-use products, flame retardancy is often required as a specification. For
that reason, the effects of adding flame retardants to PBT on various properties of IM
products have been extensively studied [13, 14]. On the other hand, as for SLS, grades
of PA12 and PA1l with added flame retardant have been distributed and studied [15,
16], but examples of studies on other resins are few and far between. Therefore, as in
the case of IM products, in the case of SLS products, it is essential to fully understand
the influence of adding flame-retardant materials. Accordingly, in the present study, we
investigated the effect on powder characteristics and properties of SLS specimens when
brominated flame-retardant and antimony trioxide were added to cPBT resin. We then

compared those characteristics with those of injection-molded specimens.

3-2. Experimental methods
3-2-1. Sample preparation
Material

For resin pellets, cPBT (containing 10-mol% isophthalic acid) pellets [9] and
FR-cPBT pellets were used. The FR-cPBT pellets were prepared by melt extruding
cPBT pellets, 10 wt% of halogen-based flame retardant (FR), and 5 wt% of
antimony-trioxide (ATO) as a synergist with a twin-screw extruder (KTX-30, Kobe
Steel Ltd.) under the following conditions: feed revolution rate: 270-320 rpm; screw
revolution rate: 200 rpm ; and resin temperature: 250-255 °C.

In general, flame-retardant polymer containing halogen-based FR additives and
antimony-trioxide (ATO) demonstrates a high flame-retardant efficiency because it

stops the thermal-decomposition chain reaction (ie., “radical-trap effect”) and the
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diluting-and-blocking effect of oxygen under gas phase by a phased reaction between a
halogen compound and ATO [17].

For FR additives, poly(pentabromobenzyl acrylate) (PPBBA) (FR 1025 [14, 18],
ICL) was used. PPBBA has a molecular weight of 60,000, a density of 2.50 g/cm3, a
bromine content of 71%, and a melting range of 190 to 220°C. Average particle
diameter of the ATO powder used (AT-3CN, Suzuhiro Chemical Co., Ltd.) is 1.0to 2.0
um. A cross-sectional SEM image of the FR-cPBT pellets is shown in Fig. 1, which

shows that most of the ATO powder is embedded in the PPBBA resin.

Fig. 1: Cross-sectional SEM image of FR-cPBT pellets.

The FR-cPBT powder was prepared by the following two processes. (Note that the

cryomilling used is similar to the method reported in regard to conventional cPBT [9].)
FR-cPBT powder: Powder made by cryomilling FR-cPBT pellets (resulting
powder size of D50 particles: 65.3 um).
Dry-blended FR-cPBT: cPBT pellets and PPBBA (D50: 118.0 um) are

respectively powdered by cryomilling. Dry-blended powders were prepared by adding
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10 wt% of cryomilled PPBBA powder (D50: 27.4 um) and 5 wt% of ATO powder to
the cPBT powder (D50: 78.8 um).

In addition, to compare various properties, other powders, namely, powder formed by
adding 10 wt% of cryomilled PPBBA to cPBT powder and powder formed by adding 5
wt% of ATO to cPBT powder, were also used. SEM images of the formed FR-cPBT

powder, dry-blended FR-cPBT powder, dry-blended cPBT/10-wt%-PPBBA powder,

and dry-blended cPBT/5-wt%-ATO powder are shown in Fig. 2.
(a)

Fig. 2: SEM images of powder: (a) FR-cPBT, (b) dry-blended FR-cPBT,
(c) dry-blended cPBT/10-wt% PPBBA, and (d) dry-blended cPBT/5-wt% ATO.

As for the FR-cPBT powder, it is pulverized into a state in which a great deal of the

ATO powder is embedded in the PPBBA,; in contrast, as for the dry-blended FR-cPBT,
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cryomilled-PPBBA and ATO exist around the PBT resin powder. As regards a material
for SLS, flowability of the powder is a key property. Accordingly, to improve the
flowability, a dry-particle coating using fumed silica is applied to the powder to reduce
the attractive force between the SLS-powder particles [19, 20]. Therefore, for each
powder, 0.1 wt% of hydrophobic silica (AEROSIL® RA 200 H, Evonik Industries) was
added in the same manner as in the case of conventional cPBT powder for SLS [9]. The
powders were mixed for 15 minutes with a mixer (SKH-40CA, Misugi Ltd.) and used

for SLS.

Selective laser sintering (SLS)

An SLS machine (RaFaEl 300, Aspect Inc.) was used for fabricating the specimens.
A carbon-dioxide laser (with wavelength of 10.6 um and spot diameter of about 0.3
mm) was used as a heat source. The parameters that influence the quality of the SLS
specimens are laser power, scan rate, scan spacing, powder-bed temperature, feed
temperature, and layer thickness [1]. Of those parameters, laser power was taken as the
variable (namely, 8, 11, 14, 17, or 20 W) used in this study. All SLS processing
parameters are listed in Table 1. A previous study [9] found that when cPBT was used,
if powder-bed temperature was 193 °C, the cPBT powder could not be layered
uniformly, whereas at 190 °C, it could be laid and shaped normally. In accordance with
that finding, in this study, powder-bed temperature was taken as 190 °C or 192 °C. All
parameters other than laser power and powder-bed temperature were the same as those
used in our previous study on cPBT [9]. As for SLS, it is reported that the build
direction of the fabricated specimens has a significant effect on its properties [1, 21].

Accordingly, in this study, as for build direction, the x-direction is defined as the
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roller-movement direction, the y-direction is defined as the perpendicular surface
direction (i.e., perpendicular to the direction in which the roller moves along the

surface), and the z-direction is defined as the layer-thickness direction.

Table 1: Processing parameters used for SLS.

Processing parameters

Wavelength 10.6 pm
Laser-beam diameter 0.3 mm

Fill and outline laser power  8-20W

Scan speed 5.0 m/s

Scan spacing 0.15 mm

Fill energy density 10.7 - 26.7 kJ/m?
Laser-scan direction Alternating bi-directional scan
Powder-bed temp. 190 °C or 192 °C
Feed temp. 165 °C

Layer thickness 0.1 mm

Part piston temp. 180 °C

Injection molding (1M)

FR-cPBT pellets were dried for 4 hours at 140 °C and then injection molded to form
IM specimens (S-2000i 50A, Fanuc Corporation) under the following conditions: nozzle
temperature: 245 °C; cylinder temperatures: 250 °C (front zone), 240 °C (middle zone),
and 235 °C (rear zone); tool temperature: 80 °C; injection pressure: 25 MPa; injection

speed: 20 mm/s; and screw revolution rate: 120 rpm.

3-2-2. Evaluation methods

Powder flowability

As for SLS, flowability of the powder significantly affects the properties of the
formed products. Flowability of the sample powders (with or without 0.1-wt% silica)

with FR-cPBT, dry-blended FR-cPBT, dry-blended cPBT/10-wt% PPBBA, and
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dry-blended cPBT/5-wt% ATO was evaluated in terms of Hausner ratio (HR), given as
[22]

_ p.tapped

HR )

Pbulk

where prapped (tapped density) and pourk (bulk density) were measured at 25 °C by
powder-characteristics tester (PT-X, Hosokawa Micron Corporation).
Differential-scanning calorimetry (DSC)

DSC (Q2000, TA Instruments) was used to determine the melting point and
crystallization of the cPBT pellets, FR-cPBT pellets, cPBT powder, FR-cPBT powder,
dry-blended FR-cPBT powder, dry-blended cPBT/10-wt%-PPBBA powder, and
dry-blended cPBT/5-wt%-ATO powder. The IM and SLS specimens were cut from the
central portion of the flexural-test specimens (with weight of 5 mg) and evaluated by
DSC (to investigate their degree of crystallinity) under the following conditions: heating
from 25 °C to 300 °C followed by cooling to 25 °C, heating rate and cooling rate of
10 °C/min, and nitrogen flow rate of 40 ml/min.

Degree of crystallinity () [23] is expressed in terms of heat of fusion of the sample

(AH), heat of complete crystal fusion ( AH?), and mass fraction of material other than

the main polymer as

oy — AH 100
X = Sa—n @

In this study, AH_ of PBT was taken as 145.5 J/g [24, 25]. Crystallization times of

the cPBT pellets, FR-cPBT pellets, cPBT powder, FR-cPBT powder, dry-blended
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FR-cPBT powder, dry-blended cPBT/10-wt%-PPBBA powder, and dry-blended
cPBT/5-wt%-ATO powder were determined by isothermal-crystallization DSC
(EXSTAR 6000, Seiko Instruments Inc.). In detail, the powders were heated to 250 °C,
held for 10 min at that temperature, and then cooled to 190 °C or 192 °C, at which the
heat of crystallization was measured. Crystallization half-time (t1/2) was calculated as
the time taken for the heat of crystallization to reach 50 % of the value for complete
crystallization.
Mechanical testing

The mechanical properties of the IM specimens with FR-cPBT and the SLS
specimens with FR-cPBT, dry-blended FR-cPBT, dry-blended cPBT/10-wt% PPBBA,
and dry-blended cPBT/5-wt% ATO were evaluated by tensile tests, flexural tests, and
Charpy impact-strength tests. The tensile-testing specimens were taken as “type A”
specified in 1SO3167; 1993 [total length: 170 mm (x-direction); parallel-portion length
(x-direction): 80 mm,; thickness: 4 mm (z-direction)]. The tensile tests were performed
on a 5500RF, Instron Corporation, according to 1SO527-1 and -2; 2012; testing speed
was 50 mm/min, and distance between the clamps was 115 mm. The flexural tests were
performed on the same machine according to 1SO178; 2001 with test-specimen size of
80 (x-direction)x10 (y-direction)x4 mm (z-direction); testing speed was 2 mm/min, and
the distance between the fulcrums was 64 mm. The Charpy-impact-strength tests were
performed on an AG-100kN X, Shimadzu Corporation, according to 1ISO179-1; 2010. A
notch was formed in a test specimen with the same shape as that in the flexural test
specimens. With an energy of 0.5 J, the hammer weight was applied so that the impact

was in the edgewise direction.
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Heat-deflection-temperature (HDT) testing

Heat-deflection temperatures (HDT) of the IM specimens with FR-cPBT and the SLS
specimens with FR-cPBT, dry-blended FR-cPBT, dry-blended cPBT/10-wt%-PPBBA,
dry-blended cPBT/5-wt%-ATO were measured by HDT tester (6A-2, Taiyo-Seiki Co.,
Ltd.) according to standard I1SO75-1,-2; 2004 (JIS K7191-1,-2; 2007) in flatwise mode
under bending stress of 1.82 MPa.

Observations by optical microscopy and scanning electron microscopy (SEM)

The morphology of the IM and SLS specimens was investigated by polarization
microscopy (LV100POL, Nikon Corporation). The central portions of the specimens
(10 mm (y-direction)x4 mm (z-direction)) were cut in the direction of lamination
thickness, and pieces with thickness of 3 to 4 um were prepared by microtome. The thin
pieces were observed by polarization microscopy.

To evaluate the porosity ratio of the test specimens, the central portions of the SLS
and IM specimens were cut in the same direction as the previously mentioned
specimens, and after embedding the specimens in epoxy resin, near-center portions of
the SLS and IM specimens were polished at intervals of 0.5 mm in the y-direction and
observed by microscope (VHX-2000, Keyence Corporation). After that, the porosity
ratios of five cross-sections of each specimen were calculated by image processing
(WinROOF, Mitani Corporation). Cross-sectional samples similar to the
porosity-measured samples were used for SEM observation (TM-1000, Hitachi
High-Technologies Corporation) of the conditions of the PPBBA and ATO contained in
the IM specimens made with FR-cPBT pellets and the SLS specimens formed with
FR-cPBT powder and dry-blended FR-cPBT powder. The SEM images were obtained

under acceleration voltage of 15 kV.
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Microscale combustion calorimetry (MCC)

Thermal-combustion properties of the cPBT and FR-cPBT pellets and the cPBT,
FR-cPBT, and dry-blended FR-cPBT powders (with or without 0.1-wt% silica) were
measured by MCC test (MCC-3-X-UL, Govmark, Inc.) according to ASTM D7309-07
method A (pyrolysis under nitrogen). The IM specimens with FR-cPBT and the SLS
specimens with FR-cPBT and dry-blended FR-cPBT were cut from the central portion
of the flexural test pieces, and 10 mg of each specimen was heated at 1 °C/s from 75 °C
to 850 °C.

Underwriters Laboratories (UL) test standard 94

The IM specimens with FR-cPBT and the SLS specimens with FR-cPBT and
dry-blended FR-cPBT were subjected to vertical-burning tests according to UL-94. The
dimensions of the specimens were 125 mm (x-direction)x13 mm (y-direction)x2.0 mm

(z-direction) as specified in IEC60695-11-10 B.

3-3. Results and discussion

3-3-1. Powder characteristics

Powder flowability

The evaluation results for HR of the FR-cPBT powder, dry-blended FR-cPBT
powder,  dry-blended cPBT/10-wt%-PPBBA  powder, and dry-blended
cPBT/5-wt%-ATO powder with or without addition of 0.1-wt% silica are plotted in Fig.

3.
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Fig. 3: Comparison of HR of FR-cPBT powder, dry-blended FR-cPBT powder,
dry-blended cPBT/10-wt%-PPBBA powder, and dry-blended cPBT/5-wt%-ATO

powder with or without 0.1-wt% added silica.

For comparison, the HR values of cPBT powder [9] and cryo-milled PPBBA powder
with or without addition of 0.1-wt% silica are also shown. It is clear from the figure that
compared to the flowability of the cPBT powder, that of the FR-cPBT powder is
deteriorated; in contrast, the flowabilities of dry-blended FR-cPBT powder, dry-blended
cPBT/10-wt%-PPBBA powder, and dry-blended cPBT/5-wt%-ATO powder are
improved. It was reported by Ziegelmeier et al. [26] that as average size of the powder
decreases, HR also decreases. In this study, the D50 value of the FR-cPBT powder
(65.3 um) was less than that of the cPBT powder (78.8 um); therefore, it is presumed
that the flowability of the cPBT powder was deteriorated. On the other hand, the
dry-blended FR-cPBT powder and dry-blended cPBT/5-wt%-ATO powder have greatly
improved flowability (lower HR). This result is explained by the fact that the ATO
powder is coated around the cPBT resin and acts as a lubricant, as shown in Figs. 2(b)

and (d). It is also clear from Fig. 3 that the cryo-milled PPBBA powder itself has higher
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flowability than that of the cPBT powder, and that part of the fine powder works as a
cPBT lubricant; as a result, dry-blended cPBT/10-wt%-PPBBA powder is considered to
have better flowability than cPBT powder. Moreover, it is confirmed that that addition
of 0.1 wt% of silica to any of the powders improves their flowability. The
flowability-improvement effect of adding silica is particularly strong in the case of the
FR-cPBT powder (with high HR value) and the dry-blended cPBT/10-wt%-PPBBA
powder.
Crystallization characteristics

The DSC results for the cPBT and FR-cPBT pellets and the cPBT, FR-cPBT,
dry-blended FR-cPBT, dry-blended cPBT/10-wt%-PPBBA, and dry-blended
cPBT/5-wt%-ATO powders (to which 0.1 wt% of silica was added) are listed in Table
2.

Table 2: Results of evaluation of melting point, crystallization temperature, and
crystallization half-time at 190 °C and 192 °C of pellets (cPBT and FR-cPBT) and
powders (cPBT, FR-cPBT, dry-blended FR-cPBT, dry-blended cPBT/10-wt% PPBBA,
and dry-blended cPBT/5-wt% ATO).

Crystallization half-time (s)
Form Fumed silica Tm (°C) Te (°C)

192°C 190 °C
cPBT Pellet None 2075 150.7 - 4196
FR-cPBT Pellet None 207.6 171.6 1207 739
cPBT Powder 0.1-wt% 207.5 169.7 1560 855
FR-cPBT Powder 0.1-wt% 2074 174.4 847 485
?12 ':;I;ded Powder  0.1-wt% 207.1 175.9 586 375
?}%‘?}fg‘iﬁ% ppppa  Powder  01-wt% 2072 1693 1583 952
Dry blended Powder  0.1-wt% 207.1 177.5 326 231

cPBT/5-wt%-ATO
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It is known that in the case of SLS, the relationship between melting point and
crystallization temperature of the powder and powder-bed temperature of the SLS
apparatus is very important [1]. Up until now, in modeling PBT powder, if powder-bed
temperature was set at 193 °C, the powder aggregated and could not be laid uniformly
with the rollers; however, by setting the temperature to 190 °C, uniform laying and
modeling become possible [9]. Accordingly, the isothermal crystallization DSC was
performed at 190 °C and 192 °C.

According to the table, the melting points of all of the pellets and powders show no
significant difference, whereas their crystallization temperatures and crystallization
times show significant differences. Moreover, comparing the crystallization
temperatures of the pellets reveals that the crystallization temperature of FR-cPBT is
higher than that of cPBT; as a result, the crystallization time at 190 °C is greatly
reduced. In the case of the FR-cPBT powder, its crystallization temperature is increased
and its crystallization time is shortened in comparison with those of the FR-cPBT
pellets. From a previous study [9], it was clarified that while contaminants during
pulverization of cPBT pellets act as crystal-nucleating agents, silica does not. As for the
FR-cPBT powder used in this study, it is presumed that a similar tendency—namely,
contamination acted as a nucleating agent—was observed because a similar powdering
method was used. However, it is considered that at the stage when the FR-cPBT is in
the form of pellets (before pulverization), crystallization is promoted to a greater extent
than in the case of the cPBT pellets; as a result, the increase in crystallization
temperature when the FR-cPBT is powdered from pellet form was lower than in the

case of cPBT.
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Furthermore, comparing the powders revealed no significant difference in the
crystallization  characteristics of the cPBT powder and the dry-blended
cPBT/10-wt%-PPBBA powder. On the other hand, it was revealed that in the case of all
the powders dry-blended with ATO, crystallization temperature is greatly increased, and
crystallization time becomes considerably shorter than that of the cPBT powder. In the
case of PA12, it has been reported that dry-blended clays [27], carbon nanotubes [28],
and graphite nanoplate lets [29] act as crystal-nucleating agents. The results of this study
revealed that in the case of cPBT, the PPBBA powder does not act as a
crystal-nucleating agent, whereas the ATO powder does.

Combustion characteristics

The results of evaluation by MCC of the cPBT and FR-cPBT pellets and the cPBT,

FR-cPBT, and dry-blended FR-cPBT powders (with or without 0.1-wt% silica) are

plotted in Fig. 4 and listed in Table 3.

—— cPBT pellet FR-cPBT pellet
cPBT powder cPBT powder with 0.1-wt% silica
—— FR-cPBT powder FR-cPBT powder with 0.1-wi% silica
— Dry-blended FR-cPBT powder - Dry-blended FR-cPBT powder with 0.1-wt% silica
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s 400
z
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=
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Temperature (°C)

Fig. 4: HRR curves obtained by MCC of cPBT and FR-cPBT pellets, cPBT powder,
FR-cPBT powder, and dry-blended FR-cPBT powder with or without 0.1-wt% silica.
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Table 3: HRC and THR values obtained by MCC of cPBT and FR-cPBT pellets and
cPBT, FR-cPBT, and dry-blended FR-cPBT powders with or without 0.1-wt% silica.

Form Fumed silica ﬁi{) (Tl;[;[; )
cPBT Pellet None 379 22.5
FR-cPBT Pellet None 407 18.5
cPBT Powder None 575 22.6
0.1-wt% 580 22.6
FR-cPBT Powder None 414 18.6
0.1-wt% 413 18.7
Dry-blended Powder None 551 18.4
FR-cPBT 0.1-wt% 547 18.1

Comparing the cPBT pellets and powder reveals no significant differences between the
heat-release-rate (HRR) curves (Fig. 4) and between the heat-release-capacity (HRC)
values and between the total-heat-release (THR) values (Table 3). Likewise, comparing
the FR-cPBT pellets and powder reveals no significant differences between the HRR
curves and between the HRC values and between the THR values. It is therefore
concluded that pulverization by low-temperature pulverization and addition of 0.1-wt%
silica does not affect the combustion characteristics. Moreover, comparing the cPBT
and FR-cPBT powders reveals that since PPBBA (which is a flame retardant) causes
thermal decomposition at a lower temperature than that in the case of cPBT, due to the
actions of PPBBA and ATO, HRR on the low-temperature side increases compared to
that of cPBT, and HRC and THR are decreased significantly. That is, the
flame-retardant properties of the powder are greatly improved. In regard to the HRR

curves, comparing the FR-cPBT powder and the dry-blended FR-cPBT powder reveals
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that, in the case of the dry-blended FR-cPBT powder, combustion occurs more rapidly
on the lower-temperature side and ends more abruptly when the temperature becomes
high. As a result, the HRC values in the two cases significantly differ. In the case of the
FR-cPBT pellets and powder used in this study, the ATO powder is mostly embedded in
the PPBBA, whereas the dry-blended FR-cPBT powder is only attached around the
PPBBA. As a result, the combustion characteristics are thought to differ depending on
the physical distances between the cPBT, PPBBA, and ATO regions. However, the
proportions of PPBBA and ATO in the powder are equal, so the THR values

(representing total area of HRR) are fairly equivalent.

3-3-2. Characteristics of laser sintered and injection molded specimens
Mechanical properties

SLS was performed under two powder-bed temperatures for the following reasons.
According to the DSC results, Tc of the FR-cPBT, dry-blended FR-cPBT, and
dry-blended cPBT/5-wt%-ATO powders was increased compared to that of the cPBT
powder, so one powder-bed-temperature setting was taken as 192 °C. Moreover, the
dry-blended cPBT/10-wt%-PPBBA powder has roughly equivalent Tc to that of the
cPBT powder, so the other powder-bed-temperature setting was taken as 190 °C.
Tensile strength, elongation at break, flexural strength, and Charpy impact strength of
the FR-cPBT, dry-blended FR-cPBT, dry-blended cPBT-10/wt%-PPBBA, and
dry-blended cPBT/5-wt%-ATO SLS specimens fabricated at laser-energy densities of

10.7, 14.7, 18.7, 22.7, and 26.7 kJ/m2 are shown in Fig. 5.
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Fig. 5: Comparison of tensile properties of FR-IM specimens and SLS specimens
composed of FR-cPBT, dry-blended FR-cPBT, dry-blended cPBT/10-wt% PPBBA, and
dry-blended cPBT/5-wt% ATO under assumed laser-energy densities of 10.7, 14.7, 18.7,

22.7, and 26.7 kJ/m2: (a) tensile strength, (b) elongation at break, (c) flexural strength,
and (d) notched Charpy impact strength.
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For comparison, the results for the injection-molded FR-cPBT specimens are also
shown. According to these results, in the case of the SLS specimens, the values of all
the properties are lower than those of the IM specimens. In particular, the mechanical
properties of the SLS specimens in comparison with the IM specimens are significantly
lower in terms of elongation at break and impact strength, and that finding is similar to
the results of another investigation on cPBT [9] and other reports [29, 30] on PA12. In
the case of the mechanical properties of all the powders used for SLS, when
laser-energy density was 18.7 kJ/m2, all the mechanical properties show maximum
values. The phenomenon that mechanical properties are degraded as laser energy
density increases from a certain value is similar to that reported in the case of cPBT [9]
and that reported by Caulfield, et al. [21] and Vasquez, et al. [31] on PA12. The cause
of this phenomenon is presumed to be thermal decomposition (i.e., reduction in
molecular weight) of the resin due to input of excessive energy. In the following
evaluations, mechanical-property values corresponding to laser energy density of 18.7
kJ/m2 (which maximizes mechanical properties) are compared.

Comparing the SLS specimens composed of cPBT [9] with the SLS specimens
composed of dry-blended cPBT/10-wt% PPBBA reveals that all mechanical properties
decreased by 7 to 36 %. On the other hand, the SLS specimens composed of
dry-blended cPBT/5-wt% ATO show a 5 % increase in flexural strength but 5 to 23 %
decreases in the other properties (tensile strength, elongation at break, and impact
strength). It is clear from these results that when PPBBA is added, all the mechanical
properties tend to be decreased. It is also clear that in comparison with the mechanical
properties of the FR-cPBT SLS specimens, all those of the dry-blended FR-cPBT and

dry-blended cPBT/5-wt%-ATO SLS specimens are enhanced. As shown above, the
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dry-blended FR-cPBT powder and the dry-blended cPBT/5-wt%-ATO powder are
samples prepared by coating ATO powder around cPBT resin powder. It can therefore
be inferred that the states of PPBBA and ATO affect the mechanical properties of the
SLS specimens. However, it is also known that porosity significantly affects mechanical
properties [1, 32, 33]. Given that fact, porosity and morphology are focused on in the

following subsections.

Thermal properties

The results of tests to determine heat-deflection temperature (HDT) of the FR-IM and
SLS specimens (FR-cPBT, dry-blended FR-cPBT, dry-blended cPBT/10-wt% PPBBA,

and dry-blended cPBT/5-wt% ATO) are shown in Fig. 6.
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Fig. 6: Comparison of heat-deflection temperatures (HDT) of FR-IM specimens and
SLS specimens composed of FR-cPBT, dry-blended FR-cPBT, dry-blended
cPBT/10-wt% PPBBA, and dry-blended cPBT/5-wt% ATO.

It is clear from the figure that compared to the IM specimens, the SLS specimens
tend to have higher HDT. Moreover, as mentioned in previous subsection, addition of

PPBBA degrades each mechanical property; however, HDT was found to be slightly
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increased compared to that of the IM specimens. Furthermore, in the same manner as
mechanical properties, the dry-blended FR-cPBT and dry-blended cPBT/5-wt%-ATO
SLS specimens showed higher HDTs than those of the FR-cPBT SLS specimens. It is
known that HDT greatly affects degree of crystallinity in the case of IM specimens [34,

35], and that effect is discussed in the following subsection.

Porosity evaluation

According to Ziegelmeier et al. [26], the flowability of powder significantly
influences the strength and porosity of the fabricated specimen. According to the
evaluation result presented in the subsection of powder flowability, HR of the FR-cPBT
powder was higher than that of the cPBT powder or dry-blended FR-cPBT powder.
Cross-sectional observation images of the FR-cPBT and dry-blended FR-cPBT SLS
specimens and the FR-cPBT IM specimen are shown in Fig. 7.
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Fig. 7: Cross-sectional-observation images by optical microscope of (a) IM specimens
composed of FR-cPBT and SLS specimens composed of (b) FR-cPBT and
(c) dry-blended FR-cPBT.

As for the IM specimen, porosity cannot be observed, whereas as for the SLS
specimens, a certain amount of porosity can be observed. This result agrees with the

results of another investigation on cPBT [10] and a study by Zarringhalam et al. [36].
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Therefore, as for the FR-IM and SLS specimens, porosity is presumed to be the main
cause of the deterioration of mechanical properties of the SLS specimens. Moreover,
when the FR-cPBT and dry-blended FR-cPBT SLS specimens are compared, it
becomes clear that only closed porosity exists, and the porosity ratios in both cases
differ only slightly. In particular, those porosity ratios do not significantly differ from
that previously reported in a study on cPBT (1.74 %) [9]. It is therefore considered that
the difference in HR values determined in the present study does not significantly
influence mechanical properties of the various used powders; instead, the differences in

the mechanical properties are considered to be mainly caused by factors other than

porosity.

Crystallization characteristics and morphology
The results of the evaluation of degree of crystallinity of the FR-IM and SLS
specimens (FR-cPBT, dry-blended FR-cPBT, dry-blended cPBT/10-wt% PPBBA, and

dry-blended cPBT/5-wt% ATO) are shown in Fig. 8.
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Fig. 8: Results of evaluation of degree of crystallinity of FR-IM specimens and SLS
specimens composed of FR-cPBT, dry-blended FR-cPBT, dry-blended cPBT/10-wt%
PPBBA, and dry-blended cPBT/5-wt% ATO.
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According to the figure, it is evident that the crystallinity of all the SLS specimens is
higher than that of the IM specimens. This result agrees with a previously reported
result concerning cPBT [9] and results reported by Karevan, et al. [29] and Hooreweder,
et al. [37]. Therefore, as explained in the subsection of thermal properties, the main
reason that the SLS specimens showed higher HDT than that of the IM specimens is
considered to be due to the SLS specimens having higher crystallinity than that of the
IM specimens. In the measurements performed in this study, the part of the test pieces
without a core layer formed from the IM and SLS-formed specimens was measured.
However, it is known that the IM specimens have a lower degree of crystallinity in the
skin layer with respect to the core layer [38]. Therefore, as for the whole IM specimen
(with thickness of 4 mm) measured in the tests on mechanical property and HDT, the
degree of crystallinity is lower than the value shown in Fig. 8, and from the viewpoint
of degree of crystallinity, it is considered that the difference between the SLS and IM
specimens is more significant. Accordingly, it can be concluded that from the viewpoint
of HDT, the influence of degree of crystallinity is greater than that of porosity. When
the SLS specimens are compared, it becomes clear that degrees of crystallinity of the
dry-blended FR-cPBT and dry-blended cPBT/5-wt%-ATO specimens (which showed
high values of mechanical properties and HDT) are slightly higher than those of the
FR-cPBT and dry-blended cPBT/10-wt%-PPBBA specimens. It is thought that this
difference might be due to the fact that (i) PPBBA is not act as a nucleating agent and
(i) the difference in the total amount of ATO that acts as a nucleating agent in cPBT
depends on whether the majority of the ATO is embedded in PPBBA or not.

SEM observations of cross sections of the FR-IM specimen and the SLS specimens

(FR-cPBT and dry-blended FR-cPBT) are shown in Fig. 9.
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Fig. 9: Cross-sectional SEM images of FR-IM specimens [(a) low and (d) high

magnification] and SLS specimens composed of FR-cPBT [(b) low and (e) high
magnification] and dry-blended FR-cPBT [(c) low and (f) high magnification].

Similarly to the FR-cPBT pellets, the FR-IM specimen and the FR-cPBT SLS
specimen contain a great deal of ATO embedded in the PPBBA; in contrast, the
dry-blended FR-cPBT SLS specimen is molded in a state in which the ATO is coated
around the PPBBA and PBT powders. In other words, it is conceivable that in contrast
to the FR-cPBT SLS specimen, the main cause of the increase in mechanical properties
and thermal characteristics of the dry-blended FR-cPBT and dry-blended
cPBT/5-wt%-ATO SLS specimens is that the proportion of ATO contained in the cPBT
is large, and compared to PPBBA, ATO acts as a reinforcing material. Moreover, the
state of the ATO coating is expressed in the cross section of the shaped specimen, and
that state reveals that in the SLS process, the laser scanning does not cause significant

flow of the melted powder.
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Polarization-microscopy images of the FR-IM specimens and the SLS specimens
composed of FR-cPBT, dry-blended FR-cPBT, dry-blended cPBT/10-wt% PPBBA, and

dry-blended cPBT/5-wt% ATO are shown in Fig. 10.

@ | ®) ©
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Fig. 10: Polarization-microscopy images of (a) FR-IM specimens and SLS specimens
composed of (b) FR-cPBT, (c) dry-blended FR-cPBT, (d) dry-blended cPBT/10-wt%
PPBBA, and (e) dry-blended cPBT/5-wt% ATO.

In the case of the FR-IM specimens, Maltese cross-like shapes can be observed;
however, no such shapes can be observed in the images of the SLS specimens. In
addition, compared to the FR-IM specimen, the FR-cPBT SLS specimen is composed of
smaller spherulites. It was shown by the results of DSC evaluation (presented in the
subsection of crystallization characteristics) that the PPBBA powder does not act as a
nuc leating agent, but the ATO powder does. These observations of spherulites confirm
that in the case of the dry-blended cPBT/10-wt%-PPBBA specimens, relatively large
spherulites are seen. In contrast, in the cases of the dry-blended FR-cPBT and the

dry-blended cPBT/5-wt%-ATO specimens, in the vicinity where the ATO powder exists,
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the spherulites are small. However, in the region presumed to be the center of some of
the cPBT powder particles, the state of the spherulites is almost the same as that of

those in the dry-blended cPBT/10-wt%-PPBBA specimens.

Flame-retardant properties and combustion characteristics
The results of the MCC tests and UL 94 tests on the FR-IM and SLS (FR-cPBT and

dry-blended FR-cPBT) specimens are listed in Table 4.

Table 4: MCC and UL 94 tests results for FR-IM specimens and SLS specimens
composed of FR-cPBT and dry-blended FR-cPBT.

Average burn-flaming-

Molding  Fumed HRC THR combustion duration (s)  Cotton ignited UL94

method silica (J/g'K) (kJ/g) Ist 2nd by flaming drip rating
FR-cPBT IM None 406 18.3 0 0 No Vo
FR-cPBT SLS 0.1-wt% 408 18.6 0 0 No Vo
Dry-blended N
FR-cPBT SLS 0.1-wt% 546 18.2 0 0 No Vo

The HRC and THR values of the FR-IM, FR-cPBT SLS, and dry-blended FR-cPBT
SLS specimens show little difference in comparison with those values of the materials
used (FR-cPBT pellets, FR-cPBT powder with 0.1-wt% silica, and dry-blended
FR-cPBT powder with 0.1-wt% silica) for fabricating the specimens. This result
confirms that the IM and SLS processes do not cause a change in combustion
characteristics (radical-trap effect and diluting and blocking oxygen effect under gas
phase [17]). Moreover, it was found that UL94 rating of VO was achieved with a test
piece with thickness of 2 mm. According to Lyon, et al. [39], in the MCC test, a

polymer that can obtain “V rating” has HRC in the range from 200 to 700 J/g-K; in
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particular, when the rating is VO, HRC is reported to be less than 600 J/g-K. All the IM
and SLS specimens tested in this study show HRC values within that range. As shown
in Fig. 9, however, most of the ATO powder in the FR-cPBT SLS specimens is
embedded in the PPBBA, while the SLS specimens composed of dry-blended FR-cPBT
have ATO adhering around the PPBBA and cPBT only. As a result, even in the case of
the shaped specimens, the distances between cPBT, PPBBA, and ATO regions differ in
the same manner as in the case of the powders; therefore, it is conceivable that the

difference in distances causes the differences in HRC.

3-4. Conclusions

It was found that the flowability of a flame-retardant dry-blended powder, obtained
by dry blending 10 wt% of pulverized PPBBA and 5 wt% of ATO and added to
pulverized cPBT, is significantly improved compared to that of powder formed by
pulverizing of FR-cPBT pellets (containing kneaded cPBT pellets with 10 wt% of
PPBBA and 5 wt% of ATO) because the ATO powder becomes coated around the
cPBT powder and the PPBBA powder. Furthermore, in the case of all the
flame-retardant powders, their flowability is improved by adding 0.1 wt% of silica, and
the improvement effect was especially strong in the case of FR-cPBT powder (which
has low flowability). It was also found that the PPBBA powder does not act as a
nuc leating agent for cPBT, but the ATO powder does; consequently, the crystallization
temperature of cPBT is increased. It was also revealed that the combustion
characteristics of the powders, especially HRC, differ according to whether or not the

ATO is embedded in the PPBBA.
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When the flame-retardant IM and SLS specimens were compared, it became clear
that the SLS specimens contain more porosity than the IM specimens, so all of their
mechanical properties tended to be lower. On the other hand, the SLS specimens
showed higher heat-deflection temperature because of their higher crystallinity than the
IM specimens. Comparing the different kinds of SLS specimens revealed that the SLS
specimens dry blended with ATO showed higher mechanical and thermal properties
than the SLS specimens embedded with ATO in PPBBA and the SLS specimens dry
blended with PPBBA. It is therefore concluded that the presence or absence of a coating
of ATO around the cPBT powder particles affects mechanical properties and thermal
characteristics of the SLS specimens. It was also revealed that in the case of the SLS
specimens, in the vicinity the ATO coating, the ATO acts as a nucleating agent, so fine
spherulites are formed there. In addition, the IM and SLS specimens showed
combustion characteristics (HRC and THR) equivalent to those of the pellets and
powders before molding. It is therefore concluded that the IM and SLS processes do not
affect combustion characteristics of the formed specimens. Furthermore, even in the
case of the IM and SLS specimens, HRC varies according to whether or not the ATO
embeds in the PPBBA. It was also revealed that all the IM and SLS specimens
containing PPBBA and ATO powder formed with thickness of 2 mm satisfy grade VO

of the UL94 test.
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4-1. Introduction

Selective laser sintering (SLS), which is defined as a powder-bed fusion technology
according to ISO/ASTM 52900; 2015, is mainly used for forming three-dimensional
(3D) laminated moldings by repeatedly irradiating a thinly spread powder with a laser
beam. In comparison to conventional methods, such as injection molding (IM), SLS has
several advantages, namely, increased degree of design freedom, ease of handling
complicated shapes and customizations, and fabrication in a short time [1].

Polyamides (polyamides 11 (PA11) and 12 (PA12)) are one kind of crystalline resin,
and they are the most widely used as standard materials for SLS [2]. However,
crystalline resins other than PA12 and PA11 are being actively researched, and some of
those resins have been commercialized [3-9]. In a previous research [10], “copolymer
PBT (cPBT)” (which has lower crystallization temperature than that of the homo-PBT
used in [7]) was successfully used for SLS possible at a powder-bed temperature of
190 °C (as for commercial SLS apparatuses still in general use, maximum powder-bed
temperature is fixed ataround 200 °C [2]).

As for crystalline resins (including PBT) used for IM, to improve mechanical
properties and heat resistance, it is normal to strengthen the neat materials by adding
inorganic filler to them [11, 12]. The application range of such resins is thus expanding
considerably. In particular, in the case glass fiber is used as the filler, a great many
factors (such as fiber length, content, orientation, and strength as well as adhesion of
resin and molding conditions used) [13-17] affect the properties of the IM-formed
product. Furthermore, the phenomena involved in IM are complicated. In regard to SLS
too, additions of glass beads [18, 19], glass fiber [20, 21], carbon fiber [22, 23], graphite

platelets [24], alumina [25] and silicon carbide [26] as inorganic fillers have been
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studied extensively; however, the effects of those fillers and filler contents on various
characteristics of the bulk resin (including PA11 and PA12) have not been investigated
as extensively. In particular, in the case of PBT, the effects of filler on powder and part
properties on the properties of the powder and finished parts have only been studied
sparingly. For the reasons described above, in a similar manner to IM, to expand the
fields in which SLS is applied, it is necessary to fully understand the effects on various
characteristics of the SLS product when inorganic fillers are combined with bulk resins.
In general, as for SLS, layer thickness in the range of 0.10 to 0.15 mm is used [27, 28];
consequently, the long fibers used for IM are not used [29]. It is therefore necessary to
investigate the effects of the addition of short fibers and its content on powder and part
properties. In this study, which aims to meet that need, the effects of amount of added
short glass fiber on powder properties, mechanical properties, thermal properties, and
shrinkage of SLS specimens (when short glass fiber is added to cPBT powder resin

developed in a previous study [10]) were investigated.

4-2. Experimental methods
4-2-1. Sample preparation
Material
The copolymer PBT (cPBT) powder (powder size of D50 was 78 um) used in this

study was formed by cryomilling (as described in a previous study [10]). In the case of
selective laser sintering (SLS), generally, lamination layers with thickness of 0.10-0.15
mm are repeatedly formed [27, 28]; consequently, laying them uniformly is presumed to
be difficult if continuous fibers or long fibers used for injection molding (IM) are added

to the SLS powder. In the present study, 15, 30, 45, or 60 wt% of short-glass-fiber (SGF,
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SS05C-404, Nitto Boseki Co., Ltd.) was added to cPBT resin powder. Distribution
range of SGF length is shown in Fig. 1, and the SGF (with average fiber length of 99
um, fiber diameter of 11 um, and density of 2.6 g/cmd) was treated with a silane
coupling agent, and 0.1 wt% of hydrophobic silica (AEROSIL®RA200H; Evonik
Industries) was added to the mixed powder. The cPBT powder, SGF, and silica were
blended for 15 minutes by mixer (SKH-40CA, Misugi Ltd.). Scanning electron
microscopy (SEM) images of the (a) cPBT powder [10] and (b) cPBT/30-wt%-SGF

powder are shown in Fig. 2.

10.0

Volume frequency (%6)

Distribution of SGF length (pm)

Fig. 1: Distribution of SGF length.
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Fig. 2: SEM images of (a) cPBT-powder [10] and (b) cPBT/30-wt%-SGF composite

powder.

Selective laser sintering (SLS)

An SLS machine (RaFaEl 300, Aspect Inc.) was used for fabricating the specimens.
As the heat source for SLS, a carbon-dioxide laser (with wavelength of 10.6 um and
spot diameter of about 0.3 mm) was used. As for SLS, the parameters that influence the
quality of the sintered specimens are laser power, scan rate, scan spacing, powder-bed
temperature, feed temperature, and layer thickness [2]. Among those parameters, laser
power was taken as the variable parameter used in this study and varied as eight values,
namely, 5, 8, 11, 14, 17, 20, 25, and 30 W. The conditions under which the specimens

were formed are listed in Table 1.
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Table 1: Processing parameters for SLS of cPBT powder and cPBT-SGF composite

powder.
Processing parameters
Wavelength 10.6 pm
Laser beam diameter 0.3 mm
Fill and outline laser power 5,8,11, 14, 17,20,25,30 W
Scan speed 5.0 m/s
Scan spacing 0.15 mm
Fill energy density 6.7,10.7,14.7,18.7, 22.7, 26.7, 33.3, 40.0 kJ/m?
Laser scan direction Alternating bi-directional scan
Powder bed temp. 190 °C
Feed temp. 165 °C
Layer thickness 0.1 mm
Part piston temp. 180 °C

All parameters other than laser power are the same as those used in a previous study
on cPBT [10]. As for SLS, it is known that the build direction of the fabricated
specimen has a significant effect on its properties [2]. In the present study, as for the
build direction, the x-direction is defined as the roller-movement direction, the
y-direction is defined as the perpendicular surface direction (i.e., perpendicular to the
direction in which the roller moves along the surface), and the z-direction is defined as

the layer-thickness direction.

4-2-2. Evaluation methods
Powder flowability

As for SLS, flowability of the powder has a significant effect on the properties of the
formed product. Flowability of the sample powders with 15-, 30-, 45-, and 60-wt%
added short glass fiber (SGF) was evaluated in terms of Hausner ratio (HR), given as

[30]

_ ptapped

HR L

pbuik
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where  prppe(tapped  density) and  pou(bulk  density)were  measured by
powder-characteristics tester (PT-X, Hosokawa Micron Corporation) at 25 °C.
Differential-scanning calorimetry (DSC)

Isothermal-crystallization differential-scanning calorimetry (DSC) (EXSTAR 6000,
Seiko Instruments Inc.) was performed to evaluate the crystallization time of the cPBT
powder and SGF composites powder. In detail, the powders were heated to 250 °C, held
for 10 min at that temperature, and then cooled to 190 °C, at which the heat of
crystallization was measured. Crystallization half time was calculated as the time taken

for the heat of crystallization to reach 50 % of the value for complete crystallization.

DSC (Q2000, TA Instruments) was carried out to determine the melting point,
crystallization temperature, and degrees of crystallinity of the SLS specimens
(cPBT/15-wt%-SGF, cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF).
Degree of crystallinity () is given in terms of heat of fusion ( AH ), perfect-crystal heat

of fusion (AH?), and mass fraction of fiber (f) as [31]

%) = an 100 2
X =< a-n~

In this study, aH° was taken as 145.5 J/g [32, 33]. The SLS specimens were cut
from the central portion of flexural test pieces. The DSC specimens (with assumed
weight of 5 + 0.5 mg) were measured under increasing temperature from 5 to 300 °C at
a rate of 10 °C/min and nitrogen flow rate of 40 mL/min.

Mechanical testing

To evaluate the mechanical properties of the SLS specimens with cPBT,

cPBT/15-wt% SGF, cPBT/30-wt% SGF, cPBT/45-wt% SGF, and cPBT/60-wt% SGF,
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tensile tests, flexural tests, and Charpy impact-strength tests were performed. The
tensile-testing specimens were taken as “type A” specified in ISO3167; 1993 [total
length: 170 mm (x-direction); parallel-portion length (x-direction): 80 mm,; thickness: 4
mm (z-direction)]. As for the tensile tests, performed on a 5500RF, Instron Corporation,
according to 1SO527-1 and -2; 2012, testing speed was 50 mm/min, and distance
between the clamps was 115 mm. As for the flexural tests, performed on the same
tensile tester according to 1SO178; 2001, with test-specimen size of 80 (x-direction) x
10 (y-direction) x 4 mm (z-direction), testing speed was 2 mm/min, and the distance
between the fulcrums was 64 mm. As for the Charpy-impact-strength tests performed
on an AG-100kN X, Shimadzu Corporation, in accordance with 1ISO179-1; 2010, a
notch was formed in a test specimen with the same shape as the flexural test specimens.
With an energy of 0.5 J, the hammer weight was applied so that the impact was in the
edgewise direction. All the strength tests were performed with n = 5 (minimum), and
average strength and elongation at break were estimated.

Scanning electron microscopy (SEM)

The fracture surfaces after the tensile tests on the cPBT, cPBT/15-wt%-SGF,
cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF SLS specimens were
observed by SEM (model S-3700N, Hitachi High-Technologies Corporation) at
acceleration voltage of 15 kV.

Optical microscopy

To evaluate the porosity of the SLS specimens, the central portions (10 x 4 mm) of
the SLS specimens with cPBT/15-wt%-SGF, cPBT/30-wt%-SGF, cPBT/45-wt%-SGF,
and cPBT/60-wt%-SGF were cut in the direction of layer thickness, and after

embedding the specimens in epoxy resin, near-center portions of the SLS specimens
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were polished at intervals of 0.5 mm and observed by microscope (VHX-2000, Keyence
Corporation). After that, porosity was calculated by image processing (WIinROOF,
Mitani Corporation).

Measurement of SGF length

8-10 g of the sample powders with 15-, 30-, 45-, and 60-wt% added SGF and the SLS
specimens with cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF were
kept at 700 °C for 1.5 h, respectively, to burn off the cPBT resin. The lengths of the
residual SGFs (at least 800) were measured by optical microscope (VHX-5000,
Keyence Corporation).

Micro-computer tomography (micro-CT)

Orientation of the SGFs in the SLS specimens was determined by micro-computer
tomography (micro-CT) measurements (inspeXio SMX-100CT, Shimadzu Corporation).
The flexural test piece of the cPBT/30-wt%-SGF was cut in the middle portion, and a
2x2-mm area (x-y face) and 2x1.8-mm areas (y-z face and z-x face) were measured
under the following conditions: X-ray tube voltage of 60 kV, X-ray tube current of 60
pA, and voxel size of 4 um.

Dynamic mechanical analysis (DMA)

Storage elastic modulus (E’), loss elastic modulus (E”), and a loss factor (tan
d=E’/E”) of the SLS specimens (size: 20 X 5X 1 mm) with cPBT, cPBT/15-wt%-SGF,
cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF were measured by
DMA (Rheogel-E4000, UBM Corporation) at measurement frequency of 1 Hz. The
temperature range of DMA was —50 to 200 °C, and the rate of temperature increase was

5 °C/min.
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Heat deflection temperature (HDT) testing

Heat deflection temperature (HDT) of the SLS specimens with CcPBT,
cPBT/15-wt%-SGF, cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF
was measured by HDT tester (6A-2, Taiyo-seiki Co., Ltd.). The HDT tests were
performed according to standard 1SO75-1,-2; 2004 (JIS K7191-1,-2; 2007) in flatwise
mode under bending stress of 1.82 MPa.

Thermomechanical analysis (TMA)

The cPBT, cPBT/15-wt%-SGF, cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and
cPBT/60-wt%-SGF SLS specimens [sample size: 10 mm (x-direction)x5 mm (y)x5 mm
(2)] were measured by TMA (TMA4000SA, BrukerAXS Ltd.) according to standard
1ISO11359-2. A compressive load of 26 mN (face pressure: 4+0.1 kPa) was applied by a
probe positioned about 3 mm from the x-y surface. As for the measurement
environment, nitrogen gas was flowed at a rate of 100 ml/min, test temperature range
was 25 to 200 °C, and rate of temperature increase was 5 °C/min. Before the TMA
measurements, the specimens were not annealed. The linear-expansion coefficient,
under a temperature not in the range near the glass-transition temperature (Tg), was
calculated. Coefficients of linear expansion at temperature under Tg (al) and
temperature above Tg (a2) were calculated in the temperature ranges of 25-40 °C and
70-200 °C, respectively.

Shrinkage measurements

Shrinkage in SLS is strongly influenced by laser irradiation stage and cooling stage.

In a design (CAD) model, the size of the samples was 200 x 10 x 10 mm, the 200-mm

edge was aligned in the x-direction. Shrinkage ratio (S) of the cPBT,
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cPBT/15-wt%-SGF, cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF
SLS specimens was measured in the x-direction. S is defined as [34]
L1—-12

§ = —x100 )
L1

where L1 is the nominal value, and L2 is the measured value after sintering and

cooling. S was measured by using Vernier calipers.

4-3. Results and discussion
4-3-1. Composite powder properties
Powder flowability

To improve the flowability of copolymer PBT (cPBT) resin powder, 0.1-wt% silica
was added to the powder, and selective laser sintering (SLS) processability was then
evaluated [10]. Evaluated Hausner ratios (HRs) in the present study for additions of 15-,
30-, 45-, and 60-wt% short-glass-fiber (SGF) to cPBT powder are plotted in Fig. 3. In
this figure, the results in the cases with or without 0.1-wt% added silica are plotted. As
the amount of added SGF increases, HR increases. In particular, in the case that
0.1-wt% silica was not added, at 30-wt% added SGF and above, HR did not drop
sufficiently from the sieve with hole diameter of 0.5 mm, and HR values could not be
obtained. It is therefore clear that adding 0.1-wt% silica significantly improves
flowability even in the case of the SGF-added composite powder. In other words,
addition of 0.1-wt% silica to cPBT-SGF composite powder reduces not only the

attractive force between cPBT particles but also that between the cPBT particles and the
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SGFs. Moreover, the flowability of the SGF-added composite powder with 0.1-wt%

silica added is better than that of the cPBT powder without 0.1-wt% silica.

T O Powder

1.65
/J‘_‘L O Powder with 0.1-wt% silica

Hausner ratio
-
.
h

\
|_

0 10 20 30 40 50 &0
SGE content (wila)

Fig. 3: Comparison of HRs of cPBT powder (with or without 0.1-wt% added silica)
with SGF additions of 15, 30, 45, and 60 wt%.

Crystallization time

In the case of SLS, the process window is extremely important, and variation of the
crystallization rate significantly affects SLS processability and accuracy [2]. In a
previous study [10], cPBT powder was successfully sintered by using a powder-bed
temperature of 190 °C. In accordance with that previous study [10], to determine
whether SGF-added powder can also be set at 190 °C, crystallization time was
estimated by isothermal-crystallization DSC. Crystallization half times at 190 °C of

cPBT with SGF additions of 15, 30, 45, and 60 wt% are compared in Fig. 4.
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Fig. 4: Comparison of crystallization half time at 190 °C of cPBT powder with SGF
additions of 15, 30, 45, and 60 wt%.

According to the figure, the powders exhibit about the same crystallization half times
regardless of the amount of added SGF. It was reported by Park et al. [35] that glass
fiber acts as a nucleating agent in PBT pellets containing glass fiber with fiber diameter
of 10 um and average length of 0.30 mm. Furthermore, it was reported by Yan et al.
[22] that composite powder composed of surface-treated carbon fibers (CF) (average
fiber length of 38 um) and PA12 shows crystallization behavior, and the CFs act as
nuc leating agents. However, according to the present study, SGF does not act as a

nuc leating agent for cPBT. This discrepancy in findings is presumed to be due to the
fact that the interaction at the interface between cPBT and SGF has a weaker influence
than the equivalent interactions in the cases of other above-mentioned material
combinations. In a previous study [10], it was found that contamination material

generated during pulverizing of cPBT pellets act as crystallization nucleating agents in
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cPBT powder. According to the results of the present study, SGF addition did not have
the additional effect of a nucleating agent. It can thus be supposed that the SGF addition
does not cause a change in the morphology. It can thus be supposed that the SGF

addition does not cause a change in the morphology of the cPBT.

4-3-2. Characteristics of laser sintered specimens
Mechanical properties

Tensile strength, elongation at break, flexural strength, and notched Charpy impact
strength of the SLS specimens with copolymer PBT (cPBT) only and cPBT with 15-,
30-, 45-, and 60-wt% added SGF under assumed laser energy densities of 6.7, 10.7, 14.7,
18.7, 22.7, 26.7, 33.3, and 40.0 kJ/m? are plotted in Fig. 5. According to these plots, in
the cases of added SGF, as in the case of cPBT only, all mechanical properties are
maximized at a certain laser energy density. As the amount of added SGF increases, the
laser energy densities required for maximizing the mechanical properties increase.
Viscosity and surface energy at melting of the cPBT resin (which affect adhesion with
SGF) significantly affect the mechanical strength of the SLS specimens, so increased
the laser energy density is supposed to be a necessary condition under which viscosity
of the resin is further lowered. Moreover, in the case of SLS of cPBT powder, according
to a previous study [10], when laser energy density is increased, the mechanical
properties of the SLS specimen are degraded by a decrease in molecular weight of cPBT
(namely, thermal degradation of cPBT). It is therefore considered that in the case SGF
is added to the cPBT powder, the lowering of mechanical strength with increasing laser

energy density is attributed to the decrease in the molecular weight of the PBT resin.
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Fig. 5: Comparison of mechanical properties of SLS specimens with cPBT, and
cPBT/15-wt%-SGF, cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF
under assumed laser energy densities of 6.7, 10.7, 14.7, 18.7, 22.7, 26.7, 33.3, and

40.0 kJ/m2: (a) tensile strength, (b) elongation at break, and (c) flexural strength, and (d)

notched Charpy impact strength.

With SGF amount taken as a parameter, maximum tensile strength, elongation at

break, and flexural strength are increased by SGF addition up to 30 wt%. However, it is

clear that in contrast to the decrease in those properties at SGF addition of 45 wt%,

Charpy impact strength increases up to SGF addition of 45 wt% and decreases at SGF

addition of 60 wt%. In particular, in the case of SGF addition of 60 wt%, in contrast to

103



Chapter 4

the considerably low values of tensile strength and flexural strength, impact strength is
at the same level as in the the case of SGF addition of 30 wt%. It is thus clear that
increasing the amount of SGF added significantly improves impact strength of the SLS
specimens. Moreover, as the amount of added SGF is increased, tensile strain
(elongation) at failure decreases. In the case of injection molding (IM) using crystalline
resin, addition of GF or SGF significantly affects mechanical properties, and in
accordance with the ratio of added GF or SGF, mechanical properties are improved [14,
36, 37]. Furthermore, according to Yan et al. [22], who evaluated the flexural properties
of SLS specimens while taking amount of carbon fiber (CF) (preliminarily surface
processed) added to PA12 resin powder as a parameter, flexural strength was increased
by adding 50-wt% CF, and that result differs from the result of the present study. In the
cases of IM and SLS, adhesion between the resin and fiber significantly affects
mechanical properties of the formed product [22]. Moreover, as for the characteristic
feature of SLS, relatively large porosity inevitably remains, and that porosity causes
degradation of mechanical properties [38]. Hereafter, the results of a detailed evaluation
of the above-described factors (adhesion of cPBT resin and SGF, porosity) are
presented, and specimens sintered under laser energy density optimized to maximize

mechanical properties are compared.

Observation of fracture surface

SEM images of the fracture surfaces of the (a) cPBT, (b) cPBT/15-wt%-SGF, (c)
cPBT/30-wt%-SGF, (d) cPBT/45-wt%-SGF, and (e) cPBT/60-wt%-SGF SLS

specimens are shown in Fig. 6.
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Fig. 6: SEM images of fracture surfaces of SLS specimens: (a) cPBT, (b)
cPBT/15-wt%-SGF, (c) cPBT/30-wt%-SGF, (d) cPBT/45-wt%-SGF, and (e)
cPBT/60-wt%-SGF.

The fracture surface of the cPBT specimen [image (a)] has a ductile-fracture surface
morphology that extends as a fine fibrillar form compared to that of the specimens
containing SGF. On the contrary, in the case of the fracture surfaces of the SGF-added
specimens, as the proportion of SGF increases, many traces of pulled-out fibers can be
seen. In particular, in the case of the specimen with 15-wt% SGF [image (b)], the cPBT
resin exists around the SGF; in contrast, with at 30-wt% SGF and over [images (c), (d),
and (e)], the cPBT resin around the SGF tends not to adhere. Moreover, as the
proportion of added SGF increases, the laser energy density for maximizing mechanical
properties also increases. It is possible that the increased the laser energy density lowers
the effect of the silane treatment on the SGF surfaces with enhancing thermal
degradation of the cPBT. The resulting weak adhesion between cPBT resin and SGF

found is one difference compared with the results reported by Yan et al. [22].
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Evaluation of porosity
Cross-sectional optical-microscope images of the (a) cPBT, (b) cPBT/15-wt%-SGF,
(c) cPBT/30-wt%-SGF, (d) cPBT/45-wt%-SGF, and (e) cPBT/60-wt%-SGF SLS

specimens are shown in Fig. 7, and the porosities of the specimens are plotted in Fig. 8.

Open porosity

« @~ Open porosity
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Fig. 7: Cross-sectional observation images by optical microscope of SLS specimens:
(@) cPBT, (b) cPBT/15-wt%-SGF, (c) cPBT/30-wt%-SGF, (d) cPBT/45-wt%-SGF, and
(e) cPBT/60-wt%-SGF.
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Fig. 8: Comparison of porosities of SLS specimens with cPBT, and cPBT/15-wt% SGF,
cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF.

As the amount of added SGF increases, porosity increases gradually, and above SGF
addition of 45 wt%, porosity increases dramatically. Moreover, above SGF addition of
45 wt%, “open porosity” can be seen [images (d) and (e)], and at SGF addition of 60
wt%, the greater part of the cross section is taken up by open porosity [image (e)].
According to reports by Childs et al. [20] and Wang et al. [24], in the case of SLS,
adding inorganic fiber increases porosity, and the results of the present study are
consistent with that phenomenon. Moreover, Ziegelmeier et al. [39] reported that the
flowability of resin powder significantly affects the strength of SLS specimens. In the
present study, as explained in subection *’Flowability’’, as the amount of added SGF is
increased, flowability becomes degraded. It is thus highly likely that the degraded
flowability is one of the factors that increase the amount of porosity. Moreover, when
the amount of SGF is increased, the individual SGFs become intertwined, and

insufficient melted resin flows between the SGFs, and that resin insufficiency is the
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reason porosity increases. In particular, in the case of the 60-wt%-SGF specimen, that
effectis considerable.

Furthermore, it is supposed that another reason that the porosity is increased by
adding SGF is that the adhesion of cPBT resin and SGF is weak. It can therefore be
considered that in contrast to the case of IM [14, 36, 37], in the case of SLS, the rate of
improvement in mechanical strength due to addition of SGF is very low because the
increasing amount of porosity has a considerable countering effect on the effect of the

SGF addition.

Observation ofaverage SGFs and distribution

The residual distributions of SGF length in the 30-wt%-SGF, 45-wt%-SGF, and

60-wt%-SGF cPBT powder samples and SLS specimens are compared in Fig. 9.
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Fig. 9: SGF distribution of the composite cPBT powder with SGF additions of 30, 45,
and 60 wt% and SLS specimens with cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and
cPBT/60-wt%-SGF.
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When the amount of added SGF was 45 wt% or more, the long SGFs were broken
during the mixing to prepare the blended powders, the ratio of short-length fibers
increased, and average fiber length decreased. In particular, average SGF length was
decreased after blending, namely, by 5 to 6 % for the 45-wt%-SGF SLS specimens and
10 to 11 % for the 60-wt%-SGF SLS specimens. On the other hand, when the amount of
added SGF was 30 wt%, average SGF lengths in the cases of the SLS specimens and the
blended powders after the mixing of the cPBT powder, SGF, and silica hardly differ in
comparison with those in the case of the SGFs alone. However, when fibers with length
of more than 200 um are compared, it becomes clear that the amount of such SGFs in
the blended powders is lower than that before mixing. Also, as for the blended powder
and SLS specimens, the distributions of SGFs do not significantly differ. It can thus be
understood that breakage of SGFs does not occur during the processes for laying the
composite powder with rollers and for laser irradiation.

It has been reported that in the case of IM, average fiber length decreases
significantly, due to mutual interference between the screw and glass fiber, and
fiber-length distribution has a substantial influence on mechanical properties (i.e.,
tensile strength, flexural strength, and impact strength) [40]. As in the case of the IM
specimens, in the case of the SLS specimens, fiber-length distribution is thought to
significantly influence mechanical characteristics. That is, in the present study, it was
revealed that in regard to mechanical properties resulting from addition of SGF, in the
case of SGF addition of up to 30 wt%, the effect of fiber breakage is low, whereas in the
case of SGF addition above 45 wt%, it is significant and becomes greater as SGF

content increases.
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Observation of orientation of SGFs in each direction
Micro-CT images of the cPBT/30-wt%-SGF specimen in the (a) XY plane, (b) YZ

plane, and (c) ZX plane are shown in Fig. 10.

(a) SGF Porosity (b) ()

/
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Fig. 10: Comparison by micro-CT images of cPBT/30-wt%-SGF specimen:
(a) XY plane, (b) YZ plane, and (c) ZX plane.

It is clear from these images that SGF easily aligns in the x-direction (in which the
roller moves) and that relatively long SGFs align in this manner. Moreover, the powder
was laid down and SLS processed in 0.1-mm-thick layers, so no long fibers are aligned
in the z-direction. According to micro-CT measurements on an SLS specimen
composed of PA12 and CF by Jansson et al. [23], the CFs easily align in the direction
that the blade moves. Although it is thought that the powder compacting force of the
roller is weaker than that of the blade, the results of this study confirmed that the roller
tends to arrange the SGFs in the direction it is moving. Fung et al. [17] reported tensile
properties in the case that 30-wt%-SGF was added to PBT resin by changing the gate
position of formed tensile-test pieces. According to their results, even in the case that
the gate position was aligned perpendicularly to the direction of tension, tensile strength
increased 1.3 times in comparison with the case that SGF was not added [17]. However,

as for the cPBT/30-wt%-SGF specimen formed by SLS in the present study, the rate of
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increase in tensile strength is much lower regardless of the fact that the fibers align
easily in the x-direction and did not degrade. Therefore, in the case of SLS, particularly
from the viewpoint of mechanical properties, it was confirmed that porosity as well as
adhesion between SGF and PBT are major problems. Moreover, according the
above-described results (namely, fracture-surface observation, porosity evaluation, and
observation of average fiber length after SLS processing and SGF alignment), in the
case of the SGF-added SLS specimens, porosity, fiber length, and adhesion between
cPBT resin and SGF have weaker effects on impact strength than on tensile strength and
flexural strength. This finding is in contrast with the finding that porosity, fiber length,
and adhesion between cPBT and SGF have significant effects on the tensile and flexural
properties of the SLS specimens.
DMA evaluation

Results of dynamic mechanical analysis (DMA) evaluation of storage elastic modulus
and tand of the cPBT, cPBT/15-wt%-SGF, cPBT/30-wt%-SGF, cPBT/45-wt%-SGF,
and cPBT/60-wt%-SGF SLS specimens are shown in Figs. 11(a) and (b), respectively.

In the case of SGF addition of 45 wt%, storage elastic modulus increases with
increasing temperature from room temperature upwards. Moreover, in the case SGF
addition of 60 wt%, at room temperature, it is about the same as that in the case of SGF
addition of 15 wt%; in contrast, at higher temperature, it becomes closer to the value in
the case of SGF addition of 45 wt%. This result is explained by the fact that the porosity
of the 60-wt%-SGF SLS specimen has a much stronger effect on storage elastic
modulus than that of the decrease of average fiber length. In addition, glass-transition

temperature (Tg) does not significantly change with addition of SGF. This result is
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thought to be due to the fact that mutual interaction at the interface between cPBT and

SGF is weak.
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Fig. 11: Results of DMA evaluation of specimens with cPBT, cPBT/15-wt%-SGF,
cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF:

(a) storage elastic modulus and (b) tans.

Thermal properties
Heat deflection temperature (HDT) of the cPBT, cPBT/15-wt%-SGF,
cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF SLS specimens is

plotted in Fig. 12.
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Fig. 12: Comparison of heat deflection temperature (HDT) of cPBT,
cPBT/15-wt%-SGF, cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and
cPBT/60-wt%-SGF specimens.

As the ratio of added SGF increases, HDT increases; in particular, in the case of
cPBT/45-wt%-SGF, HDT is maximum, and in the case of cPBT/60-wt%-SGF, HDT
falls slightly. In particular, in the case of the highest HDT (i.e., PBT/45-wt%-SGF),
HDT increased by 103.2 °C compared to that of no added SGF. In other words, in
contrast to the effect of SGF addition on mechanical properties, a significant stiffening
effect (i.e., increased HDT) by SGF addition is shown. Therefore, in a similar manner to
the DMA results, the HDT results indicate that SGF addition significantly enhances the
elastic modulus at high temperature. According to Thomason, et al. [36], who
performed a study on HDT in which amount of SGF addition to PA66 subjected to
injection molding was taken as a parameter, HDT saturated at GF addition of 10 wt%,
and the difference between the melting point of PA66 and HDT was around 20 °C. On
the other hand, in the present study, even for SGF addition of 45 wt%, the difference

between HDT and the melting point of the cPBT SLS specimens (209.9 °C) was
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37.3 °C. Although the difference between the present HDT results and previously
reported ones is supposed to be due to the effect of different fiber lengths, in a similar
manner to the results concerning mechanical properties, porosity, fiber length, and
adhesion between cPBT and SGF are also supposed to affect HDT. The results of the

thermomechanical analysis (TMA) evaluation are shown in Fig. 13.
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Fig. 13: Comparison of linear-expansion coefficient below and above glass transition
temperature (Tg) with cPBT, cPBT/15-wt%-SGF, cPBT/30-wt%-SGF,
cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF specimens.

As the amount of SGF addition is increased, the linear-expansion coefficients of the
SLS specimens in the regions above and below Tg, namely, al and a2, respectively,
both decrease, and the effects of adding SGF on a1 and a2 do not significantly differ.
In particular, up to SGF addition of 60 wt%, porosity increases and average fiber length
decreases (as mentioned previously), so mechanical properties are significantly

degraded; however, in comparison with the linear-expansion coefficient in the case that
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SGF was not added, linear-expansion coefficient decreased by 76 % in a1 and 85 %
in a2, respectively. From this significant result, it is supposed that (i) fiber orientation in
the x-direction also has a significant reduction effect on the linear-expansion coefficient
and (ii) increased porosity and decreased average fiber length with increasing SGF

addition may not have a significant reduction effect on the linear-expansion coefficient.

Shrinkage evaluation

Shrinkage of the cPBT, cPBT/15-wt%-SGF, cPBT/30-wt%-SGF, cPBT/45-wt%-SGF,
and cPBT/60-wt%-SGF SLS specimens is plotted in Fig. 14.

40 J)

35 ¥

—

Shrinkage (%)
[
=

0 10 20 30 40 30 60

SGF content (witls)

Fig. 14: Comparison of shrinkage of cPBT, cPBT/15-wt%-SGF, cPBT/30-wt%-SGF,
cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF specimens.

It is clear that shrinkage in SLS process depends on SGF-addition ratio and that of the
SGF specimens in the direction in which the fibers tend to orientate decreases. In

particular, in the case of 60-wt%-SGF addition, in comparison with the case of no SGF
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addition, the shrinkage drops to less than one-tenth. Moreover, as also shown by the
TMA results, a significant reduction effect by SGF addition was demonstrated. As for
shrinkage during SLS, increased porosity and decreased average fiber length with
increasing SGF addition may not have a significant reduction effect on shrinkage
because SGF orientation has a significant effect (in a similar manner to the TMA

results).

Crystallization characteristics

The results of an evaluation of degree of crystallization of the cPBT,
cPBT/15-wt%-SGF, cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF
SLS specimens are listed in Table 2.

Table 2: Results of evaluation of melting point, crystallization temperature, and
degree of crystallization of SLS specimens: cPBT, cPBT/15-wt%-SGF,
cPBT/30-wt%-SGF, cPBT/45-wt%-SGF, and cPBT/60-wt%-SGF.

Tm (°C) Te (°C) ?riifgll?r{ity (%)
cPBT 209.9 169.0 34.8
PBT/I5-wt%-SGF  209.2 168.9 34.8
PBT/30-wt%-SGF  209.5 169.5 35.0
CPBT/A5-w%-SGF  209.9 1683 34.7
PBT/60-wt%-SGF  209.6 168.9 34.1

According to the results listed in the table, melting point, crystallization temperature,
and degree of crystallization hardly change when SGF is added. IM-PEK
(polyetherketone), SLS-PEK, and SLS-PEK-20-wt%-GB (glass beads) composite

specimens were compared in terms of crystallinity and lamella thickness by Y. Wang et
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al. [41], and they reported that the IM specimens have higher crystallinity and lamella
thickness than SLS products; however, in the case of SLS products, GB addition has no
significant influence, and crystallinity and lamella thickness of PEK products and
composite products of PEK and 20-wt% GB are not significantly different. It was
reported that particular process parameters (high-temperature holding time, cooling rate,
etc.) significantly affect crystallinity, and in a previous study on cPBT [10], SLS
specimens had a higher degree of crystallinity than that of IM specimens. Therefore, the
result concerning composite GB using PEK reported by Y. Wang et al [41]. and the
results concerning a previously reported cPBT [10] and the SGF and cPBT composite
used in this study show similar trends. Furthermore, the results presented in the
sub-section “Crystallization time” show that crystallization rate (which greatly affects
the SLS process) in the powder does not change even if SGF is added, and as shown in
the sub-section “Observation of fracture surface,” that result is thought to be due to low
interaction at the interface between cPBT and SGF.

It was therefore confirmed that while the degree of crystallinity did not increase,
neither mechanical properties nor thermal characteristics changed due to the change in

morphology of the cPBT.

4.4. Conclusions

In the case that short-glass-fiber (SGF) was added to copolymer PBT (cPBT), adding
0.1-wt% silica drastically improved flowability of the cPBT, and as the proportion of
added SGF was increased, flowability was degraded. Moreover, even if SGF was added,
crystallization time of the composite powder (which significantly affects selective laser

sintering (SLS) processability and accuracy) did not change. In the case that proportion
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of SGF addition (15, 30, 45, and 60 wt%) was taken as a parameter, mechanical
properties (except tensile elongation at break) were improved; in particular, tensile
strength and flexural strength were maximized by 30-wt%-SGF addition (which
improves those properties 1.1 times compared to the case of no SGF addition), but
impact strength was maximized by 45-wt%-SGF addition (which improves that
property 1.8 times compared to the case of no SGF addition). Observations of the
fracture surfaces of the SGF SLS specimens showed that as the amount of SGF addition
increased, the amount of fiber “debonding” of the SGFs also increased, while the
amount of cPBT resin that adhered to the SGFs decreased. This result suggests that the
adhesion at the interface between the cPBT and SGF is weak. Moreover, porosity
increased as the amount of SGF addition increased; in particular, at 45-wt%-SGF
addition and above, it increases dramatically. In addition, average glass fiber length of
the SLS specimens was reduced by 5-6 % with SGF addition of 45 wt% and by
10-11 % with SGF addition of 60 wt% , whereas average glass fiber length in the case
of the SLS specimens with SGF addition of 30 wt% was not reduced. Furthermore, the
micro CT results showed that in the case of SGF addition of 30 wt%, although long
fibers remained aligned in the direction of the roller, the SGFs did not align in the
direction of the layer thickness. These results show that porosity, adhesion between
cPBT and SGF, and fiber length have significant effects on tensile and flexural
properties; in contrast, those parameters have little effect on impact strength but a
significant effect on stiffness. Compared to the effect of SGF addition on mechanical
properties, its effect on thermal properties is more significant; in particular, in the case
of SGF addition of 45 wt%, HDT was increased to 172.6 °C (from 69.4 °C) compared

to that in the case of no SGF addition. Moreover, the linear-expansion coefficient in the
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direction of alignment of the SGF-added SLS specimen was decreased by SGF addition,
and the same reduction effect was shown above and below the glass-transition
temperature. In addition, crystallization characteristics (i.e., crystallization temperature

and degree of crystallization) of an SLS specimen did not change with addition of SGF.
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5-1. Introduction

As one of the most-widespread additive-manufacturing (AM) processes, selective
laser sintering (SLS) is a type of powder-bed fusion. In this process, a resin in the form
of a bed of powder polymer is partially targeted by a laser, thereby forming a solidif ied
layer of fused powder. In comparison to conventional methods, such as injection
molding (IM), SLS has several advantages, namely, increased degree of design freedom,
ease of handling complicated shapes and customizations, short fabrication time, and low
cost in the case of low production volume [1].

As for standard resins used for SLS, polyamides (polyamides 11 (PA1l) and 12
(PA12)) are the most common [2]. As for the PA materials, various properties resulting
from addition of glass fiber [3-5] and carbon fiber [6-9] have been extensively studied,
but examples other than PA are very few [10, 11]. Therefore, in a previous study [12],
we added SGF to cPBT and evaluated various mechanical properties, thermal properties,
and shrinkage factor with the amount of SGF as a parameter (15 to 60 wt%). In that
study, in particular, the porosity was increased in accordance with the amount of SGF,
and that porosity increase was presumed to be the main reason that the molten resin did
not easily penetrate between the SGFs [12]. Generally, it is known that even in the case
that SGF is not added, porosity is the biggest problem concerning SLS compared with
injection molding [2,13,14]. Accordingly, various parameters affecting porosity in SLS
have been extensively studied [12,14,15-17]. Furthermore, in regard to SLS, the effects
of anisotropy due to the arrangement of test specimens have been reported [18-21]. In
particular, it was reported that when the specimens are arranged in the direction of
lamination-layer thickness, their mechanical properties tend to be lower than those of

specimens arranged on the powder-bed plane. However, few examples of studies using
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SLS powder with added fiber to investigate various influences of the specimen
arrangement have been reported [8,10].

In the previous study [12], therefore, it was shown that when PBT composite powder
with 30-wt%-added SGF was used, the SGFs tended to orientate in the direction of
movement of the roller. The influence of orientation on various properties in the case of
IM has been studied extensively [22-24]. In particular, to maximize the improvement of
properties by fiber reinforcement, it is essential to understand the relationship between
anisotropy and differences in characteristics and reflect that knowledge in product
design. If that relationship is understood, it is speculated that even in the case of SLS, as
with IM, it will lead to expansion of the application of SLS to final products.

Accordingly, in the present study, PBT composite powder with 30-wt% SGF was
used, and the effects of laser-irradiation conditions (laser energy density and number of
laser scans per layer) and the dependence of the properties (mechanical properties,
thermal properties, and shrinkage ratio) of various SLS specimens on the build direction
were evaluated, and the evaluated properties were compared with those of IM

specimens.

5-2. Experimental methods
5-2.1. Sample preparation
Material

Copolymer PBT (cPBT) powder (powder size (D50) of 78 um) was formed by
cryomilling (as described in previous studies [12,14]). In the case of SLS, generally,
lamination layers with thickness of 0.1-0.15 mm are repeatedly formed [17,25];

consequently, laying them uniformly is presumed to be difficult if continuous fibers or
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long fibers are added [26]. In this study, 30-wt% short glass fiber (SGF, SS05C-404,
Nitto Boseki Co., Ltd.) was added to the cPBT resin powder (as described in a previous
study [12]). The SGF (with average fiber length of 99 um, fiber diameter of 11 um, and
density of 2.6 g/lcm3) was treated with a silane coupling agent, and 0.1-wt%
hydrophobic silica (AEROSIL®RA200H, Evonik Industries) was added to the mixed
powder to improve its flowability. The cPBT powder, SGF, and silica were blended for
15 minutes by mixer (SKH-40CA, Misugi, Co., Ltd.). Scanning electron microscopy

(SEM) images of the (a) cPBT powder [14], (b) SGFs, and (c) cPBT/30-wt%-SGF [12]

Fig. 1: SEM images of (a) cPBT-powder (b) SGFs, and (c) cPBT/30-wt%-SGF

composite powder.

Selective laser sintering (SLS)

An SLS machine (RaFaEl 300, Aspect Inc.) was used for manufacturing the
specimens. As the heat source, a carbon-dioxide laser (with wavelength of 10.6 um and
spot diameter of about 0.3 mm) was used. As for SLS, the parameters [2] that influence
the quality of the sintered specimens are laser power, scan rate, scan spacing,
powder-bed temperature, feed temperature, and layer thickness. In this study, laser
power and number of laser scans per layer (“single scan” and “double scan,” hereafter)

were used as parameters.
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Schematic diagrams explaining the “single scan” and “double scan” laser-scanning

methods are shown in Fig. 2.

Laser scan pass  1st layer 2nd layer 3rd layer

Single scan +————

1st layer 2nd layer 3rd layer

FEEEERSF S RS AL 4
Double scan «—— ‘ 5 . »

* L L

Fig. 2: Schematic of single laser scanand double laser scan.

Up until now, in our previous study on cPBT [14], the single-scan laser-scanning
method was investigated. That is, as for the first layer, the laser is scanned in one
direction on the powder-bed surface. After that, as for the second layer, the laser is
scanned perpendicularly to the direction of the first-layer scan, and as for the third layer,
the laser is scanned in the same direction as the first-layer scan. This single-scan laser
scanning is then repeated for the remaining layers. In contrast, in the present study, the
double-scan laser scanning method was investigated. That is, as for the first layer, the
laser is first scanned in one plane on the powder-bed surface. After that, the laser is
scanned again on the same layer but in the perpendicular plane to the first scan, before
the next powder layer is laid to complete the laser scanning of the first layer. And the
effect of repeating this double scan for the remaining layers was investigated.
According to reports by Goodridge et al. [27] and Khalil et al. [28], in the case of the
double-scan method, laser energy can be gradually imparted to each layer; consequently,

this method is effective for materials, such as PE (polyethylene), with a narrow

129



Chapter 5

processing window. Also according to those reports, shrinkage and warp can be reduced
by using the double-scan method. For the single-scan procedure, laser power was set to
5,8, 11, 14, 17, 20, 25, and 30 W; for the double-scan procedure, it was set to 5, 8, 11,
14, 17, and 20 W. The conditions under which the specimens were formed are listed in
Table 1.

Table 1: Processing parameters for SLS.

Processing parameters

Wavelength 10.6 pm

Laser-beam diameter 0.3 mm

Fill and outline laser power 5 - 30 W (single scan)
5-20 W (double scan)

Scan speed 5.0 m/s

Scan spacing 0.15 mm

Fill energy density 6.7 - 40.0 kJ/m? (single scan)
13.4 - 53.4 kJ/m* (double scan)

Laser-scan direction Alternating bi-directional scan

Powder-bed temp. 190 °C

Feed temp. 165 °C

Layer thickness 0.1 mm

Part piston temp. 180 °C

Laser energy density per layer of the double-scan laser scanning was assumed to be
the sum of that of two single scans. All parameters other than laser power are the same
as those used in a previous study on cPBT [14] and cPBT/SGF composite [12]. In this
study, the anisotropy of the build direction was investigated. The build direction is
defined in Fig. 3 by using a tensile specimen as an example. As for the build direction,
the X-direction is defined as the “roller-movement direction,” the Y-direction is defined
as the direction perpendicular to the “roller-movement direction on powder-bed plane,”

and the Z-direction is defined as the “layer-thickness direction.”
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Y\I/,X

Fig. 3: Schematic of build direction of the tensile specimens.

Injection molding (IM)

IM specimens were prepared by using IM cPBT pellets (dried for 4 hours at 140 °C
before IM) and an IM machine (S-2000i 50A, Fanuc Corporation). The dimensions of
the test specimens formed by IM were assumed to be the same as those formed by SLS.
As for the IM conditions, nozzle temperature was 245 °C, cylinder temperature was
230-250 °C, injection pressure was 50 MPa, holding pressure was 40 MPa, tool
temperature was 72 °C, injection speed was 20 mm/s, and screw revolution rate was 120
rpm. As for the IM specimens, if a tensile specimen is taken as an example, the
longitudinal direction is defined as the X-direction (i.e., “machine direction” (MD)), the
Y-direction is defined as the “transverse direction” (TD), and the Z-direction is defined

as the “nominal direction” (ND).

131



Chapter 5

5-2-2. Evaluation methods
Mechanical testing

To evaluate mechanical properties of the SLS and IM specimens (composed of cPBT
with 30-wt% added SGFs) oriented in each direction (X, Y, and Z), tensile tests,
flexural tests, and Charpy-impact-strength tests were conducted. The tensile-test
specimens were taken as “type A” specified in ISO3167; 1993 [total length: 170 mm;
parallel-portion length: 80 mm; and thickness: 4 mm]. Tensile tests were performed on
a 5500RF tensile tester, Instron Corporation, according to 1SO527-1 and -2; 2012.
Testing speed was 50 mm/min, and distance between the clamps was 115 mm. Flexural
tests were performed on the same tensile tester according to 1SO178; 2001. Size of the
flexural-test specimens was 80 x 10 x 4 mm, testing speed was 2 mm/min, and distance
between the fulcrums was 64 mm. Charpy-impact-strength tests were performed on an
AG-100kNX testing machine, Shimadzu Corporation, in accordance with 1SO179-1;
2010. A notch was formed in the Charpy-impact-strength-test specimens (with the same
shape as the flexural-test specimens). Generating an energy of 0.5 J, the hammer weight
was applied so that the impact was in the edgewise direction. All the strength tests were
performed with n = 5 (minimum), and average strength and elongation at break were
estimated.
Optical microscopy

To evaluate the porosity of the SLS and IM specimens, the central portions (10 x 4
mm) of the specimens were cut out, and the cut-out portions were embedded in epoxy
resin. The epoxy-embedded portions were then polished at intervals of 0.5 mm and
observed by microscope (VHX-2000, Keyence Corporation). After that, porosity of the

portions was calculated by image processing with image-analysis software (WinROOF,
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Mitani Corporation). For measuring porosity, cross sections of the portions at n =5 or
more were observed by optical microscope.

To compare the lengths of SGFs in the SLS and IM specimens, first, portions
(weighing 8 to 10 g) of the flexural-strength SLS and IM specimens were cut out and
heated at 700°C for 1.5 h to burn off the cPBT only. The lengths of the residual SGFs
(at least 800) were measured by optical microscope (VHX-5000, Keyence Corporation).
Moreover, polarization microscopy (model BX60, Olympus Corporation) was used to
compare the morphologies of the single-scan- and double-scan-formed SLS specimens
with that of the IM specimens. The middle part (40 x 10 x 4 mm) of the flexural
specimens (80 x 10 x 4 mm) was cut out, and the cut-out portion was cut to a thickness
of 2 um with a microtome. The thin pieces were then observed by polarization
microscopy.

Scanning electron microscopy (SEM)

After the tensile tests, the fracture surfaces of the IM specimens and SLS specimens
composed of cPBT with 30-wt% added SGF and formed in each build direction were
observed by SEM (JSM-7000F, JEOL, Ltd.) with acceleration voltage taken as 15 kV.
Micro-computer tomography (micro-CT)

Orientation of the SGFs in the SLS- and IM specimens was determined by micro-CT
measurement with an inspe Xio SMX-100CT (manufactured by Shimadzu Corporation).
The center of a flexural test piece formed from the SLS specimens arranged in the
X-direction (as shown in Fig. 3) was cut in the thickness direction, and an area of 2 x 2
mm in the X-Y plane in the center portion in the thickness direction and areas of 2 x 1.8
mm in the Y-Z and the Z-X planes were measured by micro-CT. As for the IM

specimens, it is clear that the orientation of the SGFs differs in the ND [29]. Therefore,
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as for the 1M specimens, an area including the surface (skin layer) was measured instead
of only the central portion (core portion). As for the measurement conditions, X-ray
tube voltage and current were respectively 60 kV and 60 pA, and voxel size was 4 um.
The fiber-extraction angle of each SGF was calculated by using a fiber-extraction
algorithm/tool [30] based on cylindrical fitting of SGF images obtained by micro-CT,
and the orientation tensor of each fiber was estimated. The angle of a SGF is defined in
Fig. 4, and the orientation tensor was calculated by using Equations (1) to (3) [29]

shown as follows.

N
1
_ = - 2
;g = NZ(smEJcosqa) Q)
N
1
Ayy = EZ(sin.Gsinqo)z (2
i=1
N
1
Ay = ﬁZ(cosEﬁ)z )
i=1

Here, a41, a,,, and asz; are respectively the orientation tensors in the X-, Y-, and

Z-directions, and N is the number of SGFs.

352) Fiber direction
|

I
/

1(X)

Fig. 4: Definition of fiber orientation.
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Differential-scanning calorimetry (DSC)

Melting point, crystallization temperature, and degree of crystallinity of the SLS and
IM  specimens formed with cPBT/30-wt% SGF were determined by
differential-scanning calorimetry (DSC) (Q2000, TA Instruments). Degree of

crystallinity (y) is given in terms of heat of fusion ( AH ), perfect-crystal heat of fusion
(AH_ ), and mass fraction of fiber (f) as [31]
AH

X(%) = T =7y % 100 @

In this study, AH_ was taken as 145.5 J/g [32, 33]. The DSC specimens (with

assumed weight of 5 = 0.5 mg) were cut from the central portion of the flexural test
pieces and measured under increasing temperature from 5 to 300 °C at a rate of
10 °C/min and nitrogen flow rate of 40 mL/min.
Heat-deflection temperature (HDT) testing

Heat-deflection temperature (HDT) of the SLS and IM specimens formed with
cPBT/30-wt% SGF was measured by HDT tester (6A-2, Taiyo-seiki Co., Ltd.)
according to standard 1SO75-1,-2; 2004 (JIS K7191-1,-2; 2007) in flatwise mode under
bending stress of 1.82 MPa.
Thermomechanical analysis (TMA)

The cPBT/30-wt%-SGF SLS specimens formed in the X-, Y-, and Z- directions
(sample size: 10x5x5 mm) were measured by thermomechanical analysis (TMA)

(TMA4000SA, BrukerAXS, Ltd.) according to standard 1SO11359-2. A compressive

load of 26 mN (face pressure: 4= 0.1 kPa) was applied by a probe positioned about 3
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mm from the surface of the specimen (size of 10 x 5 mm). As for the measurement
environment, nitrogen gas was flowed at a rate of 100 mI/min, test temperature range
was 25 to 200 °C, and rate of temperature increase was 5 °C/min. Before the TMA
measurements, the specimens were not annealed. The linear-expansion coefficient, at a
temperature not in the range near the glass-transition temperature (Tg), was calculated.
Coefficients of linear expansion at temperatures under Tg (a1) and above Tg (a2) were
calculated in temperature ranges of 25-40 °C and 70-200 °C, respectively.
Shrinkage measurements

In a CAD model, the size of the samples was 200 x 10 x 10 mm, the 200-mm edge
was aligned in the X-, Y-, and Z-directions, and shrinkage ratio (S) in each build
direction (X, Y, and Z) was evaluated from the following equation [34]:

L1—-12
§ = —7—x100 (®)

where L1 is the CAD value of length, and L2 is the measured length. S was measured
in the X- and Y-direction by using Vernier calipers. However, in the Z-direction, an
excessive amount of laser penetration occurs in the depth direction [34]. For that reason,
it was predicted that the amounts of surplus sintering due to the laser in the Z direction
differ in the cases of the single and double scans. Accordingly, a test piece with
dimensions of 10 x 10 x 0.4 mm (thickness direction = Z-direction), which is expected
to be undamaged during blasting and include the influence of shrinkage rate within the
measurement error, was used, and thickness L3 was measured, and the value obtained

by subtracting L3 from L2 was used to estimate S in the Z-direction.
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5-3. Results and discussion

5-3-1. Mechanical properties

Mechanical properties, namely, (a) tensile strength, (b) elongation at break, and (c)
flexural strength, and (d) notched Charpy impact strength, of the single- and
double-scan specimens formed in the X-, Y-, and Z-build directions are plotted against
laser energy density in Fig. 5. The numerical values when mechanical properties in each

direction are maximized and the laser energy densities at that time are listed in Table 2.
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Fig. 5: Comparison of mechanical properties of SLS specimens formed by single-scan
and double-scan laser-scanning method in the X-, Y-, and Z-build directions under
various laser-energy densities: (a) tensile strength, (b) elongation at break,

(c) flexural strength, and (d) notched Charpy impact strength.
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Table 2: Comparison of mechanical properties of 1M specimens and SLS specimens
formed in the X-, Y-, and Z-build directions under optimum laser conditions for

single-scan and double-scan laser scanning.

Molding  Build Scan Laser energy Tensile strength ~ Elongation at  Flexural strength ~ Impact strength
method direction method density (kI'm?)  (MPa) break (%) (MPa) (kI/m?)
™M - - - 66.1 3.07 97.8 3.02
SLS X Single 18.7 61.2 277 894 2.03
Y Single 18.7 514 249 78.0 1.73
z Single 227 441 21 619 1.44
X Double 254 65.7 3.00 959 225
Y Double 254 56.0 273 83.7 1.92
VA Double 374 511 2.54 714 1.77

It is clear from these results that compared to the single-scan case, the double-scan
laser-scanning procedure improves the mechanical properties (tensile strength,
elongation at break, flexural strength, and notched Charpy impact strength) in any of the
directions. Laser-energy densities of maximum mechanical properties are compared. It
is clear that in both the single- and double-scan cases, as for difference in build
directions, the mechanical properties in the case of the X- and Y-build directions are
maximized at the same laser energy density; on the other hand, compared the case of the
X- and Y-build directions, in the case of the Z-build direction, they are maximized at
higher laser energy density.

Up to now, it has been shown that in the single-scan case with cPBT, mechanical
performance deteriorates due to thermal degradation of cPBT (that is, reduction of
molecular weight) when laser energy density is increased beyond 18.7 kJ/m? [14].
However, in the case of SGF30-wt% SLS specimens, it was reported that porosity and
adhesion between SGFs and cPBT have significant influences and that mechanical

properties showed maximum values when the single-scan laser scanning was applied (at
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laser energy density of 18.7 kJ/m?) with the build direction in the X-direction; that is,
the cPBT resin itself may be deteriorated to some extent during laser scanning [12].

In the present study, it was revealed that when double scanning was used, as
compared with the single-scan case, mechanical properties were maximized at higher
laser energy density (that is, in the single-scan case, the value at which thermal
degradation obviously occured), and it was also revealed that high strength was
achieved while deterioration of the resin was suppressed by scanning twice with low
energy density per layer. In addition, as reported by Bai et al. [35], although flexural
modulus was also improved after the double-scan scanning, the same laser power as the
single-scan method was used. From the results of this study, it is clear that the
mechanical properties can be maximized by using the double-scan method with lower
laser power (i.e., laser energy density) than that used with the single-scan method.

Comparing the dependences of maximum strength on built direction reveals that
mechanical properties can be ranked in the descending order of build direction of X >Y
> Z in both the single-scan and double-scan cases. It is known from several reports that
normally in the case that the specimens are formed in the X- and Z-build directions, the
strength in the latter case often decreases, and that result was confirmed in the present
study. However, as for comparing the dependencies of the tensile strength on the X- and
Z-build directions in the case that only cPBT was used, in the case of the X-direction
and laser energy density of 14.7 kJ/m?, the tensile strength was 54.9 MPa [14], however
in the case of the Z-direction and laser energy density of 22.7 kJ/m?, the tensile strength
was 48.1 MPa. In other words, the tensile strength was lowered by about 12.4 %. On the
other hand, it was revealed by the results of the present study (in which SGF was added

to the cPBT) that in the case of the Z-direction in comparison to the X-direction, tensile
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strength was about 27.9 % lower. And compared to the specimens formed without
addition of SGF, those with added SGFs showed a remarkable anisotropy in build
direction. Moreover, Jansson et al. [8] used a composite product formed with PA12 and
carbon fibers (CF) to compare the influence on strength of the X- and Y-build directions,
and they found that of the strength in the Y-direction is lower. The results reported in
this paper show the same trend. It was therefore revealed that when SGF was added, in
comparison with the case that SGF was not added, the influence of the dependence of
mechanical properties on build direct was prominent.

Furthermore, when the influences of the single- and double-scan scanning methods
were compared in terms of build direction, it became clear that the increase effect on the
mechanical properties due to the double scan was 7 to 11 % in the case of the specimens
in the X- and Y-build directions; in contrast, in the case of the Z-build direction, it was
15 to 23%. This result is presumed to be due to the fact that the effect of suppressing
deterioration of the resin is higher in the double-scan case. And when the IM specimens
are compared with the SLS specimens, it becomes clear that all the mechanical
properties are lower in the SLS case. This result is similar to the results of studies on IM
and SLS specimens formed with cPBT [14], PA12 [13, 36], and PEK [20]. However, in
a similar manner to IM specimens, the various mechanical properties of SLS specimens
with added SGFs are conceivably influenced in a complex way by properties other than
porosity, such as adhesion of SGF and PBT, anisotropy of SGFs, and breakage of SGFs.
In the next and following sections, these influences are compared with the results for IM
specimens. In addition, the results of a study on SLS specimens presented hereafter are
compared using specimens formed made under the condition that the mechanical

properties are maximized.
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5-3-2. Porosity and observation of fracture surface

Cross-sectional observations of SLS specimens formed in the X-build direction with
the single- and double-scan laser-scanning methods are shown in Fig. 6. The results of
the porosity evaluation of SLS specimens formed in the X-, Y, and Z-build directions
with the single- and double-scan methods are plotted in comparison with the IM

specimens in Fig. 7.
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Fig. 6: Cross-sectional observation (optical microscope) images of SLS specimens

formed in the X-build direction in the case of the single- and double-scan methods.
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Fig. 7: Comparison of porosities of IM specimens and SLS specimens formed by the

single- and double-scan scanning methods in the X-, Y-, and Z-build directions.
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As for the IM specimens in this study, no porosity was observed in the same manner
as previously reported results on IM specimens formed with cPBT [14]. When the
amounts of porosity in the single-scan-formed specimens were compared, dependencies
in the X- and Y-build directions were revealed. This result is presumed to be due to the
fact that the laser is scanned alternately in the X- and Y-directions, respectively. It also
agrees with the result reported by Jansson, et al. [8]. On the other hand, it confirms that
the porosity in the Z-direction is slightly increased compared with that in the X- and
Y-directions. In a previous study on cPBT [14], it was shown that as laser energy
increases, porosity itself increases slightly due to the influence of gas in addition to a
decrease in molecular weight due to thermal decomposition. In the present study, since
the laser energy density in the Z-direction of the sample is higher than that in the X- and
Y-directions, it is conceivable that it has a greater influence on porosity. Moreover,
when the double-scan specimens are compared to the single-scam specimens, porosity
decreases by more than half, and its size is decreased, with no significant difference
seen between the X-, Y-, and Z-directions.

Dadbakhsh et al. [37] compared the single- and double-scan methods in terms of
porosity from the top surface in a single layer by using virgin, mixed, and aged PA 12.
In the case of the single scan, porosity was 0.2 to 2 %; in contrast, it has been reported
that porosity is hardly seen after the double scan. The above results (observed in the
cross section) revealed that the double-scan scanning method is not only effective for
reducing in-plane porosity but also especially effective for reducing porosity in the
thickness direction. It was thus confirmed that with the double-scan process, it is

possible to easily impregnate the molten resin between the SGFs while suppressing
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deterioration due to excessive laser irradiation; as a result, porosity can be considerably
reduced.
SEM images of fracture surfaces of SLS specimens formed in the X-, Y-, and Z-build

directions by the single- and double scan scanning methods are shown in Fig. 8.

SLS

|

Fig. 8: SEM images of fracture surfaces of 1M specimens and SLS specimens with

single scanand double scanand arranged in the X- or Y- or Z-direction.

As for the IM specimens, many traces of missing fibers can be seen, and it is clear
that adhesion between SGFs and cPBT is relatively poor. When the SLS specimens are
compared, the single-scan specimens, as for the fracture surface in the case the
specimens were formed by the single-scan method in either of the X-, Y-, or Z-build
directions, areas containing SGFs existing alone can be seen; in contrast, the
double-scan specimens do not show SGFs existing alone. As for the IM specimens, it is
suggested that adhesion between SGFs and cPBT is poor. Given that result, it is

assumed that as for the double-scan specimens, rather than improving the adhesion, the
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reduction of porosity (namely, the fact that the resin sufficiently fills up the peripheries

5-3-3. Fiber orientation and distribution

of the SGFs) has a greater influence.

Chapter 5

Micro CT results for IM specimens and SLS specimens[12] formed in the X-build

direction with SGFs are shown in Fig. 9. Fiber anisotropy extracted by image analysis is
shown in Fig. 10. The results of estimating the tensor of SGFs in each direction are

listed in Table 3.

Fig. 9: Comparison by micro-CT images of IM and SGF specimens in X-Y plane, Y-Z

plane, and Z-X plane.
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Fig. 10: SGF direction of IM and SLS specimens: (a) angle 6 , and (b) angle ¢ .

Table 3: Results concerning fiber-orientation tensors of IM and SLS specimens.

Fiber orientation tensors

Molding method

ay(X) (YY) 053(2)
IM 0.62 0.30 0.07
SLS 0.50 0.35 0.15
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As for the micro-CT results, in the case of the IM specimens, the fibers are aligned in
the X-direction (i.e., MD), and the phenomenon in which the fibers align in the
Y-direction of the core layers (which has often been reported [29]) was not observed.
As for the cPBT used in the present study, crystallization rate for SLS is low, and since
it is not intended for IM use, the influence of cooling due to the mold might be a minor
factor that influences the normal injection grade.

As for the SLS specimens, the fibers are aligned in the X-direction (the direction in
which the powder is laid by the rollers), indicating that relative ly long fibers remain in
the X-direction. Moreover, it is clear from the CT results as well that in the case of the
IM specimens, in the same manner shown in the cross-sectional observations shown in
subsection 5-4-2, the SGFs are well dispersed, porosity is not observed; in contrast, in
the case of the SLS specimens, the SGFs are poorly dispersed, and porosity is observed.
In the case of the IM specimens and SLS specimens, when anisotropy of extracted
fibers and orientation tensors are compared, it becomes clear that in contrast to the
alignment of fibers in the X-direction (i.e., MD) of the IM specimens, in the case of the
SLS specimens, the ratio of fibers aligned in the X-direction (i.e., that in which powder
is laid by the roller) is small, and the ratio of fibers aligned in the Z-direction is large.
Moreover, it is understood from the results concerning orientation tensors that the
difference in mechanical properties in the X- and Z-directions described in subsection
5-4-4 is a phenomenon resembling two concerning IM, namely, dependency on
alignment of SGFs and mechanical properties of weld-line parts [38].

The distributions of SGFs in the IM and SLS specimens [12] are shown in Fig. 11.
Although it is known that average fiber length of GF decreases in IM specimens due to

the kneading process and interference of the glass fibers during the IM process [39],
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even in the case of IM specimens formed using SGF in the present study, average fiber
length of SGFs was shortened by about 10 %. Moreover, as for the SLS specimens,
difference in average fiber length due to the SLS process was not seen; however, when
fibers with length of more than 200 um are compared, it becomes clear that the amount
of such SGFs in the SLS specimens is lower than that before SLS processing, and it is
supposed that the long fibers are broken during the SLS processing [12]. That is to say,
in the case of SLS, although the effects of alignment and definite breakage of SGFs do
not occur to the same extent as in the case of IM processing, it is clear that the SGFs are
aligned by the roller laying and only long fibers (which make up with a very small

proportion of SGFs) are broken.

50

45 - SGF before IM or LS (average fiber length: 904 um) |
B DM specimens (306 um)

40 —
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Fig. 11: Distribution of SGFs in IM and SLS specimens [12].

5-3-4. Crystallization characteristics and morphology
In the case of the double-scan method used in the present study, since the laser is
irradiated twice per layer, the time that the sintered specimens are retained in the

powder at high temperature is long. For example, in the case of the flexural specimen,
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the retention time during which the sintered part remains in the powder is 1.5 times that
in the case of the single scan. Although this trend also depends on the sintered shape, in
the case of the Z-build direction, the retention time is longer than that in the cases of the
X- and Y-build directions. Accordingly, melting point, crystallization temperature, and
degree of crystallinity of the single-scan-formed specimens and double-scan-formed
specimens by SLS were compared with the respective properties of the IM specimens.

The results of the comparison are listed in Table 4.

Table 4: Results of evaluation of Tm, Tc, and degree of crystallinity of IM and SLS
specimens formed by single-scan and double-scan methods and arranged in the X- or

Z-build directions.

Molding Build Scan Tm Tc Degree of
method direction method (°O) (°O) crystallinity (%)
IM - - 207.8 173.9 294
SLS X Single 209.5 169.5 35.0

z Single 209.8 169.7 42.6

X Double 2101 169.8 37.1

z Double 210.3 169.7 44.0

As for the IM specimen, Tc is 6.3 °C higher than reported Tc of a cPBT IM specimen
(167.6 °C [14]) because the SGFs act as a nucleating agent as the resin flows. In the
case of the SLS specimens, SGFs do not act as nucleating age nts even if they are added,
so Tc does not change significantly [12]. Also, when melting points and degrees of
crystallinity are respectively compared, it becomes clear that the SLS specimens have
higher values than those of the IM specimen. This result is similar to results reported in
regard to cPBT [14], PA12 [35], PEK-glass-beads composite [40], and these properties

have a significant influence on the difference in the IM and SLS processes [14, 40]. In
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other words, it is supposed that the IM specimen is formed by rapid cooling using a
mold; in contrast, the SLS specimen is formed by holding the sintered part at high
temperature (near the melting point) and then slowly cooling it.

In comparison to the difference in the degrees of crystallinity of the SLS specimens
formed in the X- and Z-build directions, the degree of crystallinity increases when either
the single-scan or double-scan methods are applied in the case of the specimen formed
in the Z-build direction. According to Ghita et al. [20], who compared the degrees of
crystallinity in the vicinity of the bottom surface and the vicinity of the top surface in
the case of specimens arranged in the Z-build direction and using PEK, the retention
time concerning the vicinity of the bottom surface at high temperature is longer, so the
degree of crystallinity increases there. Although the central part of the test piece was
used for measuring the degree of crystallinity when it was formed in the Z-build
direction in this study, it is thought that the degree of crystallinity is higher when the
specimen is formed in the Z-build direction than when it is formed in the X-build
direction because the retention time at high temperature is longer. It is therefore
presumed that in the case of forming the specimen in the Z-build direction, the
distribution of crystallinity is remarkably higher as compared with the case where it is
formed in the X-build direction.

Moreover, comparing the single- and double-scan-formed specimens reveals that the
former specimen has a slightly higher melting point. In the case of a crystalline resin, it
is known that as isothermal crystallization temperature after melting rises, lamella
thickness increases, and melting point rises [41]. In this study, the melting temperature
in the case of the double-scan specimen is kept at a higher point than that in the case of

the single-scan one, and since the temperature rises in the layer beneath that under laser
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irradiation (that is, surplus sintering), it is possible that the longer holding temperature
near the melting point has an effect on the crystallinity. Regarding the degree of
crystallinity, it seems that the double-scan method produces a higher value because of
the longer retention time at high temperature than in the case of the single-scan method.
Next, the results of spherulite observation of the IM specimens and the SLS single-

and double-scan-formed specimens are shown in Fig. 12.

M SLS -s

ingle SLS - double

Fig. 12: Polarization-microscopy images of IM specimens and SLS specimens formed

by single-and double-scan methods.

As for the IM specimen, clear Maltese crosses are observed, whereas in the SLS
specimens, non-uniform spherulites are observed. Moreover, in the case of the SLS
specimens, the spherulites are smaller. It was reported by Zarringhalam et al. [25] that
in the case of PA12, compared to that of SLS-formed specimens, the size of spherulites
was smaller in the case of IM specimens. This finding is attributed to the influence of
rapid cooling in the IM process, which has no influence in the case of the SLS process.
In the present study, even if the rise in crystallization temperature in the case of IM is
considered, it was confirmed that the SGFs themselves function as nucleating agents;
that is, it is conceivable that the SGFs have the effect of reducing the size of spherulites.
However, compared to the IM specimens, the SLS-formed ones have smaller spherulite

size, namely, the opposite trend. This contradictory trend is presumed to be due to the
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significant influence of contamination, such as iron, which contaminates the cPBT
during pulverization (as reported in a previous cPBT study [14]) and acts as a
nuc leating agent. Moreover, comparing the single- and double-scan cases regarding SLS
reveals no remarkable difference in the spherulite states in the two cases. It is
considered that this result is due to the considerable nucleating-agent effect of
contamination.

In the case of the IM specimens made of crystalline resin, it has been reported that
impact strength increases as spherulite size decreases [42]. However, as shown in
subsection 5-4-1, impact strength increases in the order of IM specimen, double-scan
SLS specimen, and single-scan SLS specimen, and it has no correlation with spherulite
size. Therefore, it can be inferred from this comparative result concerning spherulite
size that in the case of SLS, porosity affects mechanical properties (especially impact

strength).

5-3-5. Thermal properties

Heat-deflection temperatures (HDT) of IM and SLS specimens formed with single-
scan and double-scan methods and arranged in the X-, Y- and Z-build directions are
compared in Fig. 13. Comparing the SLS specimens reveals that in the same manner as
concerning mechanical properties, clear dependence on build direction. It is generally
known that HDT greatly influences crystallinity in the case of IM specimens [43]. The
same trend holds for IM and SLS specimens formed with cPBT, and when HDT and
crystallinity of IM formed with cPBT are compared with the respective values for SLS
specimens formed in the X-build direction, it becomes clear that those reported values

for IM specimens (49.2 °C and 26.9 % [14]) differ from those for SLS specimens
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(69.1 °C and 34.9 % [12]). As for SLS specimens, it is presumed that in contrast to IM

specimens, although porosity remains, its influence is small.
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Fig. 13: Comparison of heat-deflection temperature (HDT) of IM and SLS specimens

formed with single- and double-scan methods arranged in the X-, Y- and Z-build

directions.

In the present study, compared to the case that the specimen is formed in the X-build
direction, as indicated in Table 4, in the case of the Z-build direction, the degree of
crystallinity is obviously a high value, but that trend is the opposite to that normally
expected. This contradictory trend is due to the large difference in alignment of SGFs.
Moreover, comparing the single- and double-scan cases reveals that HDT is higher by 4
to 5 °C in the latter case. This finding is supposed to be due to the difference in
crystallinities.

In addition, when with IM and SLS specimens formed with 30-wt% SGF are
compared, HDT under load is higher when the SL'S specimen is formed in the X-build
direction. From studies performed so far, it is known that IM specimens have no

porosity compared to SLS specimens, the SGFs are 10 % shorter (although SGF
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orientation ratio is slightly greater in the X- direction), and the degree of crystallinity is
small. From this result as well, it can be judged that the influence of porosity is weaker
in regard to HDT than in regard to mechanical characteristics. Results of the evaluation

by TMA are plotted in Fig. 14.
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Fig. 14: Comparison of linear-expansion coefficient below and above glass-transition
temperature (Tg) of SLS specimens formed with single- and double-scan methods and
arranged in the X-, Y-, and Z-build directions.

According to these results, clear dependency on build direction due to the influence
of alignment of SGFs can be seen. It is, however, clear that despite the fact that the
specimens are reinforced with SGF, the linear-expansion coefficient in the Z-direction
of the SGF-containing specimens is higher than that of cPBT (i.e., a2: 203 ppm/°C
[12]). As for the reason for that result, it is conceivable that in regard to the X- and
Y-build directions (in which SGFs align easily), by strongly suppressing linear
expansion and applying compressive stress in the X- and Y-directions, that expansion
distortion occurs in the Z-direction, and linear-expansion coefficient in the Z-direction

increases. In addition, comparing the single- and double-scan cases shows that the latter
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case has slightly smaller values. This trend is supposed to be due to the high degree of
crystallinity in the latter case.
5-3-6. Shrinkage evaluation

Results of evaluating shrinkage ratios of specimens formed in the X-, Y, and Z-build
directions by single- and double-scan SLS are listed in Table 5. Clear dependence of
shrinkage ratio on build direction is observed in all build-direction cases. That is, the

influence of orientation of SGFs is prominent.

Table 5: Comparison of shrinkage of SLS specimens formed with single- and

double-scan methods and arranged in the X-, Y-, and Z-build directions.

Excessive

Build direction  Scan method Length (mm) sinter depth (mm)

Shrinkage (%)

X Single 197.30 - 1.35
Y Single 195.16 - 2.42
z Single 193.08 0.43 3.68
X Double 197.21 - 1.39
Y Double 195.08 - 2.46
z Double 193.50 0.63 3.57

Comparing the single- and double-scan cases shows that shrinkage rate is slightly
higher in the case of the double-scan-formed specimens when the specimen is formed in
the X- and Y-build directions. In regard to the SLS process, it is presumed that there are
two types of shrinkage: (i) shrinkage occurring when the specimens are held at high
temperature in the powder during laser irradiation and (ii) shrinkage occurring during
cooling until removal after completion of SLS processing. According to the results of
TMA presented in subsection 5-4-7, linear-expansion coefficient is smaller in the case

of the double-scan specimen than that in the case of the single-scan specimen. If only
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cooling until removal after completion of SLS processing is considered, shrinkage ratio
ought to be smaller in the case of the double-scan specimens. However, the influences
of shrinkage during laser irradiation and holding at high temperature are considered to
be greater in the double-scan case. In other words, it is presumed that as a result of the
greater influences of shrinkage ratio during laser irradiation and high-temperature
retention during SLS processing, shrinkage rate is higher in the double-scan case.

Furthermore, surplus sintering (namely, extra penetration depth in the depth
direction) significantly influences dimension in the case of the Z-build direction [34].
Although laser energy density per one scan is lower for the double scan than that for the
single scan, in double- scan case, each layer is irradiated twice, so excess sintering
increased by 0.20 mm. When shrinkage ratios in the single- and double-scan cases are
compared and this influence is eliminated, unlike the cases of the X- and Y-build
directions, and the shrinkage ratio is smaller in the double-scan case.

In the case of the Z-build direction, unlike the cases of the X- and Y-build directions,
the direction in which the shrinkage ratio is measured is the same as the layer-thickness
direction; accordingly, even if shrinkage occurs during laser irradiation and holding at
high temperature during SLS processing, as the powder continues to be supplemented,
the shrinkage is canceled, and its influence seems to be small. In the case of cPBT as
well, the same trend was clarified and shrinkage ratio in the X-direction was 3.56 %
[14], whereas in the case the specimen was formed in the Z-build direction, it was
2.72 % (when laser-energy density is 22.7 kJ/m?2, and surplus-sintering amount is 0.48
mm). This result is presumed to be due to the effect of supplementing the powder resin.
As a result, the double-scan specimen formed in the Z-build direction has a lower

linear-expansion coefficient, so shrinkage ratio during cooling is also smaller;
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consequently, it is considered that the shrinkage ratio of the double-scan specimens is
smaller. Incidentally, when SGFs were added, shrinkage ratio in the Z-direction was
about 0.96 % higher than that in the case SGFs were not added. As shown in subsection
5-4-6, it is presumed that due to inclusion of SGFs, the linear-expansion coefficient in

the Z-direction is larger than that of cPBT.

5-4. Conclusions

cPBT with 30-wt%-added SGF was used to evaluate the dependence of build
direction (X, Y, or Z) on properties of various specimens. It was confirmed that the
mechanical properties of the specimens could be ranked in descending order of X>Y >
Z in a similar manner to the degree of orientation of SGFs. In particular, comparing the
dependences of X- and Z-build directions of specimens formed with cPBT revealed that
when SGF was added, the influence of orientation of the SGFs was added, and the
dependency on the build direction was increased. It was also revealed that in the case of
the double-scan method, mechanical properties were maximized when the resin layer
was irradiated twice at lower energy density than that used in the single scan.
Furthermore, it was found that the effect of improving the mechanical properties by the
double-scan laser-scanning method in the case of the Z-build direction was twice as
large as that in the case of the X- and Y-build directions. This result is presumed to be
due to the fact that the effect of suppressing deterioration of the resin is high in the
former case. It was also confirmed that the double-scan method contributed greatly to
reducing porosity.

HDT showed the same dependency on build direction as mechanical properties;

however, the effect of the double-scan method was 4-5 °C higher than that of the
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single-scan method. This trend is presumed to be due to the effect of increased
crystallinity rather than the effect of reduced porosity. When the IM specimens were
compared with SLS specimens formed in the X-build direction (in a similar manner to
trend in alignment of SGFs), it was ascertained that the mechanical properties of the
SLS specimens were lower. This trend seems to be mainly caused by the residual
porosity of SLS. On the contrary, in regard to HDT, the SLS specimens showed higher
values. This result is due to the fact that IM specimens are affected by about 10 %
breakage of the SGFs (in the case of SLS, average fiber length does not decrease), and
crystallinity is lower than that in the case of SLS; in the case of HDT, it is thus
speculated that the influence of porosity is low.

Shrinkage ratio showed remarkably similar dependency on build direction as
mechanical properties and HDT. However, when the single- and double-scan cases were
compared, it became clear that in the cases of the X- and Y-build directions, despite the
higher shrinkage rate in the double-scan case, in the case of the Z-build direction,
shrinkage ratio was lower value and followed a different trend. This result is explained
as follows. In the cases of the X- and Y-build directions, when the double-scan method
is applied, the influences of shrinkage during holding at high temperature and laser
irradiation during SLS processing are increased; on the contrary, in the case of the
Z-build direction, the measured-shrinkage direction and lamination direction are the
same. It is thus presumed that the main causes of the result concerning shrinkage ratio
are the significant contributory effect of supplementing powder resin and the influence

of increased crystallinity.
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In recent years, AM technology has been gaining attention due to popularization of
low-cost 3D printers and improved performance and reduced cost of industrial
equipment. Among AM technologies, SLS is starting to be used not only for prototypes
but also for production of final parts, and its scope of application is expanding.
However, the type of resin used for SLS is mainly PA12 and PA1l, and its material
limitation is the biggest problem. Although PBT resin features high heat resistance,
good mechanical and electrical properties, high chemical resistance, and low cost, it is
not commercially available as a resin for SLS, and very few studies on SLS have been
done. Under those circumstances, in this study, the SLS process using PBT resin—with
those many good characteristics—was investigated, and its various basic characteristics
were evaluated and compared to those of an IM product.

As explained in Chapter 2, the influence of pulverization by cryogenic grinding was
investigated by using cPBT pellets with low crystallinity (containing 10 mol%
isophthalic acid). The investigation revealed that in the case of powder made from cPBT
pellets pulverized at low temperature, although melting point, crystalline form, and
molecular weight were unchanged by cryomilling, contaminants produced during the
pulverization acted as nucleating agents of cPBT, which increased the crystallization
temperature of the pulverized cPBT powder. As a result, although the process window
became smaller, it was demonstrated that setting the powder-bed temperature of the
SLS process to 190 °C made it possible to produce shaped articles with excellent
characteristics.

As explained in Chapter 3, flame retardancy of cPBT was investigated. As for
powder, two kinds of powders were used: (i) pulverized powder of flame-retardant

cPBT pellets obtained by adding 10 wt% of flame-retardant poly(pentabromobenzyl
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acrylate) (PPBBA) and 5 wt% of flame-retardant promoter antimony trioxide (ATO) to
cPBT pellets (where ATO is embeded in PPBBA) and (ii) flame-retardant mixed
powder obtained by dry-blending 10 wt% of PPBBA and 5 wt% of ATO pulverized into
pulverized cPBT. It was revealed by the investigation that the combustion
characteristics of the powder differed according to whether or not the ATO embeded in
the PPBBA. Moreover, it was shown that although the ATO powder acted as a crystal
nucleating agent for cPBT (which increases crystallization temperature), setting the
powder-bed temperature to 192 °C made the SLS process possible with any powder. In
addition, SLS products coated with ATO in cPBT and PPBBA showed superior
mechanical and thermal properties than SLS products embedded in PPBBA with ATO.
It was also revealed that although the combustion characteristics differed from products
formed with either of the two powders, VO grade in the UL 94 test could be attained
with a thickness of 2 mm.

As reported in Chapter 2 and 3, the result of comparing various characteristics of
SLS and IM products showed that SLS products had more porosity than IM products in
the case of both cPBT and FR-cPBT, and all mechanical properties of both resins
tended to decline. On the other hand, compared to the IM products, the SLS products
were confirmed to have higher crystallinity because of a longer process time at high
temperature. It was revealed that as a result of that higher crystallinity, the deflection
temperature under load of the SLS products was higher than that of the IM products.
However, the size of spherulites in the SLS products was smaller than that in the IM
products. It is supposed that this finding is attributable to the fact that the
nuc leating-agent effect (due to contamination generated during powdering) is stronger

than the influence of the process (IM or SLS).
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As reported in Chapter 4, when the proportion of short-glass-fiber (SGF) addition
(15, 30, 45, and 60 wt%) was taken as a parameter, various properties of the cPBT-SGF
specimens manufactured by SLS were evaluated. As the proportion of added SGF was
increased, the flowability of cPBT was degraded. In the case proportion of SGF addition
was taken as a parameter, tensile strength and flexural strength of the SLS specimen
were maximized by SGF addition of 30 wt%; however, impact strength was maximized
by SGF addition of 45 wt%. As the proportion of added SGF was increased, the amount
of SGF “debonding” also increased, while the amount of resin that adhered to the SGFs
decreased and porosity increased. In addition, the average glass-fiber length of the SLS
specimens decreased with addition of 45-wt% SGF, whereas it did not decrease with
addition of 30-wt% SGF. Compared to SGF addition having an insignificant effect on
mechanical properties, it significantly improved thermal properties (i.e., heat-deflection
temperature and linear-expansion coefficient) and reduced shrinkage. Moreover, even if
SGF was added, it had little effect on the crystallization properties of the powder and
SLS-formed specimen.

As explained in Chapter 5, cPBT with addition of 30-wt% SGF was used to evaluate
the dependence of the properties of specimens manufactured by SLS and the influence
of laser-irradiation conditions on build direction. The degree of orientation of SGFs in
SLS was ranked in descending order of roller-movement direction, vertical direction in
the powder-bed plane, and direction of lamination-layer thickness. Moreover, the
influence of fiber orientation on mechanical properties, thermal properties, and
shrinkage ratio was found to be remarkable. In the case of the double-scan method in
SLS, in comparison to the single-scan method, while thermal degradation was

suppressed, porosity was reduced, and mechanical properties were improved.
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Furthermore, in regard to roller-movement direction and lamination-layer thickness
direction, the trends of shrinkage ratio differed in the cases of the single- and
double-scan scanning methods. Moreover, it was revealed that the SLS product formed
by double scan (in which the orientation of the fibers was similar to that in the IM
product) had similar mechanical characteristics to the IM product (with fiber-breakage
ratio of 10%) and a high HDT.

In summary, with respect to SLS specimens using PBT (which has very few research
examples), we have succeeded in producing specimens of high-strength PBT—which
can be used for actual products—by using cPBT-based materials. The cPBT powder
used has been commercially available from Aspect Company as ASPEX PBT from June
2017. Furthermore, we have developed not only PBT but also flame-retardant PBT and
SGF-reinforced PBT for SLS processing, and it is possible to increase SLS products
line-up according to the application and develop these PBTs industrially. By comparing
SLS products and IM products, we were able to understand detailed phenomena and
mechanisms unique to SLS, such as ones that could not be grasped by research on
traditional IM only (e.qg., effects of ATO coating). From now onwards, while designing
products with the characteristics of SLS in mind, we will accelerate the development of
those designs to final products by utilizing the cPBT series developed in the present

study.
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