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ABSTRACT
This study investigates the effects of modifying PA12 powder with a low concentration of surface-functionalized hollow glass 
spheres on powder characteristics and the mechanical properties of the Powder Bed Fusion–Laser Beam (PBF-LB) produced 
parts. A novel and scalable feedstock formulation was developed using a dissolution-precipitation method followed by dry 
mixing, which enabled the uniform incorporation of hollow glass spheres (Glass Beads (GBs)) while preserving the powder's 
flowability and thermal behavior. The powders were characterized by morphology, particle size distribution, flowability, melt 
behavior, and sintering window. After PBF-LB processing, the as-built parts were analyzed for part density, surface roughness, 
tensile, flexural, and impact properties. Results indicate that GB modification did not adversely affect powder quality but altered 
the mechanical performance of printed parts. 1 wt.% glass bead modified PA12 parts exhibited lower relative density and tensile 
strength compared to virgin PA12, but showed significantly enhanced impact resistance. This improvement is attributed to 
energy-absorbing mechanisms enabled by strong interfacial bonding between the glass beads and the PA12 matrix. This work 
introduces a novel toughening strategy for PBF-LB polymers, contributing a new material design pathway for producing light-
weight, impact-resistant components in additive manufacturing for aerospace, automotive, and consumer applications using 
PBF-LB processes.

1   |   Introduction

Powder bed fusion (PBF) is one of the seven categories of ad-
ditive manufacturing (AM) processes [1] and a sophisticated 
process that involves the selective fusion of powder materials 
using thermal energy. This technique allows for the fusion of 
various substances, including metal powders, polymer powders, 
and alloys. The fusion process can be executed using multiple 
technologies, including lasers, electron beams, heated thermal 

printheads, or concentrated light sources combined with masks. 
Each method is chosen based on the specific requirements of 
the application [2–4]. Among these methods, PBF using a laser 
beam (PBF-LB) stands out as a technique suitable for mass pro-
duction, which has progressed in the standardization and in-
dustrialization of the process. PBF-LB operates by selectively 
sintering polymer powders with a laser. The individual powder 
particles are joined through melting rather than fusion. This 
technology is advantageous for mass-producing products made 

© 2025 Wiley Periodicals LLC.

https://doi.org/10.1002/app.57980
mailto:
https://orcid.org/0000-0001-5479-8474
mailto:burcinozbay@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fapp.57980&domain=pdf&date_stamp=2025-09-17


2 of 11 Journal of Applied Polymer Science, 2025

from a single material [5]. The process involves depositing a fine 
layer of powder, typically measuring 0.1 mm in thickness, onto 
a substrate. Subsequently, a laser beam is directed onto the plat-
form to sinter the powder in designated regions selectively. This 
method facilitates the creation of precise and intricate geome-
tries through controlled thermal interaction.

Although PBF-LB has established itself in polymer production 
methods, it is currently used in the industry for a limited num-
ber of polymer types, primarily due to the initial raw material 
being powder. Polymer powders are used mainly in the PBF-LB 
process, particularly in Selective Laser Sintering (SLS). And 
powders, depending on their type, are produced by emulsion/
suspension polymerization, precipitation from solutions, mill-
ing and mechanical grinding, coextrusion, and other techniques 
such as spray drying and drop extrusion [6, 7]. The polymers 
commonly utilized in these powder processing technologies are 
mainly semicrystalline thermoplastics. However, there is also 
the option to use amorphous thermoplastics, bisegmented ther-
moplastics, or elastomers [8]. According to the Wohlers Report, 
polymers constitute the largest and most diverse group of ma-
terials used in AM. Polymers comprise 85.5% of the materials 
employed in AM technologies, whereas metals represent 11.5% 
[9]. The most frequently used polymer powders include polyam-
ide powders, especially Polyamide 12 (PA12), along with PA11 
and PA6 to a lesser degree [10]. Furthermore, this method also 
employs polystyrene (PS) powders, thermoplastic elastomers 
(TPEs), and polyaryletherketones (PAEKs), etc. [11–13]. PA12, as 
it provides the best performance, accounts for as much as 90% of 
the market share [14, 15]. This is due to the relatively reasonable 
price of these powders and the good repeatability obtained when 
using them in the AM process.

PA possesses superior attributes that make it particularly suitable 
for the PBF-LB process. PA12 powder is the predominant poly-
mer utilized in this additive manufacturing process, mainly due 
to its extensive thermal range. This is especially significant in re-
lation to the temperature differential between the initial phases of 
melting and crystallization. This unique characteristic enhances 
the processability and performance of PA in PBF-LB applica-
tions [16]. This family of materials is often preferred due to its 
advantageous thermal properties. Furthermore, PA demonstrates 
biocompatibility, along with commendable mechanical proper-
ties and high chemical stability, making it suitable for various 
applications. Despite its low density, approximately 1 g/cm3, PA 
exhibits remarkable resistance to impact, particularly in dry or 
cold conditions, and possesses outstanding bending and fatigue 
strength [17–20]. Further, in the Powder Bed Fusion-Laser Beam 
(PBF-LB) processing of Polyamide 12 (PA12), various micro- 
and nano-scale materials have been incorporated into the pow-
der feedstocks [21–25] to tailor the properties of the final parts. 
These fillers serve to enhance and improve thermal stability [26], 
mechanical strength [27], electrical conductivity [28], and anti-
bacterial response [29], depending on the intended application. 
Inorganic fillers, such as silica (SiO2) and alumina (Al2O3), are 
frequently used to enhance dimensional stability, optical proper-
ties, and stiffness [30, 31]. Carbon-based fillers, including carbon 
black, carbon nanotubes (CNTs), and graphene, are introduced 
to impart electrical conductivity and mechanical reinforcement 
[32–34], although their dispersion and laser interaction require 
careful control. Metallic powders, such as aluminum and copper, 

are added to hybrid applications to enhance thermal or electri-
cal performance [35, 36]. For biocompatible or medical applica-
tions, bio-ceramic fillers, such as hydroxyapatite, are explored to 
enhance bioactivity, while antimicrobial nanoparticles, includ-
ing silver or zinc oxide, provide hygienic functionality [37, 38]. 
Additionally, ceramic nanoparticles, such as titanium dioxide, 
are employed for UV stability and improved abrasion resistance 
[39, 40]. The selection and surface modification of these fillers 
are crucial, as they must be compatible with the PA12 matrix and 
PBF-LB processing parameters to avoid compromising powder 
flowability, sintering behavior, and final part integrity.

Glass beads are one of the microparticle modifiers, not only for 
PBF-LB processed PA12 [23, 41, 42] but also for other polymer 
types, such as Polyetherketone (PEK) [43] and Polypropylene 
(PP) [44], to prevent warping during PBF-LB processing and 
inhibit crack propagation, thereby improving the toughness of 
as-built parts under mechanical loads. Studies with glass bead 
modification have shown that using a coated glass bead, i.e., 
one with an amino silane group, forms a strong covalent bond 
through the reaction of the amino group of the silane with 
the carboxyl group of the polyamide chain, further improving 
the filler-matrix adhesion and the toughness of the parts [45]. 
The above studies investigated high loading amounts (ranging 
from 5 to 40 wt.%) of glass beads in the PA12 matrix and found 
that increasing the glass bead amount reduces both the tensile 
strength and impact resistance. Compared to literature, this 
study primarily focuses on investigating the low mixing amount 
(1 wt.%) of surface-coated hollow glass spheres, examining not 
only the mechanical properties of PBF-LB processed as-built 
parts but also the powder properties after dry mixing in com-
parison with dissolution-precipitated virgin PA12 powders. This 
work presents a novel toughening strategy for PA12 in laser-
based additive manufacturing, utilizing minimal filler content 
with targeted surface modification. It provides a scalable, light-
weight, and process-compatible solution for enhancing part 
toughness, distinguishing it from previous studies that focused 
on heavier loadings or unmodified fillers. In other words, this 
study demonstrates a previously unexplored impact strength 
enhancement strategy for PBF-LB polymers by incorporating 
surface-functionalized hollow glass spheres into PA12 powder 
at low concentrations. Compared to the literature, a low amount 
of glass bead modification (1 wt.%) in PBF-LB processed PA12 
parts showed a mechanical trade-off. On the one hand, tensile 
and flexural strength decrease; on the other hand, elongation 
and impact toughness improved due to the energy mechanism. 
This trade-off makes glass bead-modified PA12 parts suitable 
for use in protective equipment and enclosures, as well as auto-
motive interior components and consumer electronics housings, 
which require enhanced crack propagation resistance.

2   |   Materials and Methods

2.1   |   Materials

Virgin PA12 and hollow glass bead modified PA12 (GB-
PA12) powder feedstocks are produced at SOCAR Refinery 
and Petrochemical Business Unit, Türkiye, following the 
dissolution-precipitation method using ethanol (min. 96% pu-
rity) and PA12-based granules (Grilamid L16 with a molecular 

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.57980 by Faith Sultan M

ehm
et U

niversity, W
iley O

nline L
ibrary on [26/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 11

weight < 45,000 g/mol, EMS-Chemie AG) as starting materials, 
given in Figure 1. The obtained polyamide powder is separated 
from the solvent by centrifugation carried out at 600 rpm for 
12 min with a Vibromak VKYA50. Collected precipitated PA12 
powder feedstocks were ground using a double-blade grinder 
with a rotation speed of 28,000 rpm for 40 s, and sieved (> 32 μm 
and < 100 μm) to assess a suitable particle size distribution for 
the PBF-LB process. As an additive, micro-hollow glass spheres 
with a surface modified by amino functional groups are used, 
improving wettability and adhesion with the PA12 matrix. 
These spheres have an average particle diameter of 22 μm and 
a true density of 0.46 g/cm3. 1 wt.% of glass bead modification, 
together with flow-enhancing agents such as nano-silica and 
other process-enhancing additives (in total < 3 wt.%), is mixed 
with as-produced PA12 powders using a 3D shaker mixer 
(Turbula, WAB AG) at 40 rpm for 30 min (Figure 1).

2.2   |   Methods

2.2.1   |   Powder Characterization

The properties of virgin and 1 wt. % GB-modified PA12 pow-
der feedstock are evaluated extensively using several charac-
terization techniques. Powder morphology and GB distribution 
within PA12 powders are observed by SEM (Hitachi-SU3500). 
The particle size distributions of both powders are measured 
using laser diffraction (Malvern Mastersizer, 2000). Melting and 

crystallization temperatures are measured using Differential 
Scanning Calorimetry (DSC-Shimadzu DSC-60 Plus) with a 
heating rate of 10°C/min to 250°C and a cooling rate of 10°C/
min to room temperature, to determine the sintering window of 
the PBF-LB process. Moreover, the additive content of the mix-
ture was verified through thermogravimetric analysis (TGA-TA 
Instruments SDT 650) with a heating rate of 20°C/min to 800°C.

The melt flow behavior of the powders is determined by using 
a melt flow index tester (Instron Ceast MF20) under a load of 
2.16 kg at 235°C. The flow behavior of powders is determined 
by measuring the avalanche angle of powders using the rotating 
drum (Granudrum) and the Hausner ratio, as specified in ISO/
ASTM 52925:2022 [46].

2.2.2   |   PBF-LB Process of PA12-Based 
Powder Feedstocks

Virgin and GB-modified PA12 powder feedstocks are processed 
by the EOS P396 model PBF-LB machine to build density and 
mechanical test specimens shown in Figure  2. Each powder 
composition is processed with two different parameter sets, as 
shown in Table  1, which are the best experienced conditions 
of the authors for processing virgin PA12 powders. Both sets 
yielded the same volumetric energy density, which can be calcu-
lated using Equation (1). The powders are processed at a powder 
bed temperature of 170.5°C and a removal chamber temperature 

FIGURE 1    |    Schematic illustration of virgin and glass bead modified PA12 powder feedstock production via dissolution-precipitation method. 
[Color figure can be viewed at wiley​onlin​elibr​ary.​com]

FIGURE 2    |    Additive manufacturing file design of the build job to produce test specimens via the PBF-LB process and corresponding test sample 
dimensions. [Color figure can be viewed at wiley​onlin​elibr​ary.​com]
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of 140.5°C, respectively, which are far below the softening tem-
perature of the hollow glass spheres.

As-built parts' surfaces are blasted with glass beads before con-
ducting corresponding tests for part characterization.

2.2.3   |   As-Built Parts Characterization

The density of as-built parts is measured on three replicas using 
the immersion method, as specified in ISO 1183-1:2019 [47]. The 
surface roughness was characterized by employing a Mitutoyo 
SJ-500 profilometer. The arithmetic mean roughness (Ra) values 
were quantified for both virgin PA12 samples and PA12 samples 
reinforced with 1 wt.% glass beads, which were fabricated under 
two distinct processing parameter sets. The tensile strength and 
elongation at break of as-built parts are determined by testing six 
replicas (Type 1B) per composition using an Instron 5966 uni-
versal test machine at a test rate of 5 mm/min, following the ISO 
527-2 standard [48]. ISO 527 is comparable to ASTM D638, which 
is applicable for isotropic or mildly anisotropic plastics with low 
strengths (< 100 MPa). The flexural modulus of as-built parts is de-
termined by testing six replicas per composition using an Instron 
5966 universal test machine with a support span of 64 mm and a 
test rate of 2 mm/min, in accordance with the ISO 178 standard 
[49]. The Izod and Charpy impact strengths of as-built parts are 
determined by testing five samples per composition using an 
Instron Ceast 9050 universal test machine, following ISO 180 [50] 
and ISO 179 [51], respectively. The fracture surfaces of tensile and 
impact samples are examined using an SEM (Hitachi SU3500).

3   |   Results and Discussion

3.1   |   Properties of As-Produced Powder Feedstocks

The morphology of virgin PA12 powders produced via the 
dissolution-precipitation method and 1 wt.% GB modified 
PA12 powders is given in Figure 3. Virgin PA12 powder feed-
stocks have a spherical to potato shape morphology, as seen in 
Figure 3a,b. As shown by white arrows in Figure 3c,d, the glass 
beads (white spheres) are randomly distributed between the 
PA12 powders after modification.

Powder properties are evaluated to understand the effect of glass 
bead modification, as given in Table 2. Since the average particle 
size of glass beads was 22 μm, Dv,10 and Dv,50 fractions of GB-PA12 
resulted in smaller size distributions than virgin PA12 powders. 
However, flow behavior is compared by considering the Hausner 

ratio and the Avalanche angle. On the one hand, measuring the 
Hausner ratio was not a suitable characterization technique to 
distinguish the effect of GB on flowability compared to the vir-
gin ones. Still, both powders had good flowability with a Hausner 
ratio of 1.05 [10]. On the other hand, the rotating drum test was 
more precise in determining the effect of GB modification, and the 
results revealed that virgin PA12 has better flow behavior with a 
lower avalanche angle of 27°, which was better than the literature 
values [10]. Additionally, the GB modification did not adversely af-
fect the melt flowability or sintering window, indicating that both 
powders can be processed under the same PBF-LB process param-
eter sets. Furthermore, the crystallinity of the GB-modified pow-
ders was almost 10% higher compared to the virgin PA12 powders.

Overall, the GB modification did not adversely affect the powder 
properties, except for a slight decrease in flowability, which can be 
attributed to the reduced particle size distribution resulting from 
the addition of glass beads having an average particle size of 22 μm.

However, according to TGA analysis results, the residue content 
at 800°C is approximately 3.2 wt.%, which complies with the 
total additive content, including nano-silica, other additives (ex-
cluding GB), and 1 wt.% GB.

3.2   |   Macrostructural Properties of PBF-LB 
Processed Parts

Both powders are PBF-LB processed to produce mechanical 
test specimens under two different process parameter sets 
by applying the same VED of 0.267 J/mm3, where Set-1 has 
a higher scanning speed of 5000 mm/s with a smaller hatch 
spacing of 150 μm, and Set-2 has a lower scanning speed of 
3150 mm/s and a larger hatch spacing of 250 μm. The effects 
of two different process parameters on densification and sur-
face roughness of both virgin and GB-modified samples are 
presented in Figure 4.

Virgin PA12 parts achieve a relative density of 95% under both sets 
1 and 2 after PBF-LB processing (Figure 4a), which is higher than 
the literature values reported [10, 26]. However, GB-modified ones 
result in a very low relative density of 65%, which is slightly en-
hanced under Set-2 conditions by setting a lower scanning speed 
and wider hatch spacing during PBF-LB processing (Figure 4a). 
In addition to the GB density reduction effect, it can be said that 
the sinter voids formed within the structures to which additives 
were added also contribute to the decrease in density. But these 
values are still far below the reported values [10]. The slightly de-
creased flow behavior and smaller particle size distribution of GB-
modified ones require a process parameter optimization different 
from that used for processing virgin PA12.

VED =
P

v × h × t

TABLE 1    |    PBF-LB process parameters for printing build jobs.

Process Set-ID
Laser power 

(P) (W)
Scanning speed 

(v) (mm/s)
Hatch distance 

(h) (mm)
Powder layer 

thickness (t) (μm)

Volumetric 
energy density 
(VED) (J/mm3)

Set-1 20 5000 0.15 100 0.267

Set-2 21 3150 0.25 100 0.267
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Additionally, the surface roughness of virgin and GB-modified 
ones can be seen in Figure 4b. Virgin PA12 parts exhibited a 
lower surface roughness (average 6.3 μm) under PBF-LB condi-
tions of Set-2 compared to Set-1, where a lower scanning speed 
and wider hatch spacing are set. Furthermore, GB-modified 
ones exhibit higher surface roughness compared to virgin ones.

3.3   |   Mechanical Properties of PBF-LB 
Processed Parts

3.3.1   |   Tensile Properties

Figure 5 shows the tensile test results of as-built parts. Contrary 
to the literature values [10], virgin PA12 parts resulted in a 
very high average UTS of 67 MPa under Set-1, which increased 
to 71 MPa under Set-2 (Figure  5a). In comparison, GB-PA12 
parts resulted in an average UTS of 42.5 MPa under Set-1 and 

increased to 47 MPa under Set-2 (Figure  5a). As expected, an 
increase in UTS decreases elongation, as shown in Figure  5b. 
GB-modified parts processed under Set-1 resulted in the high-
est elongation values of 15%. In contrast, it is around 7.5% for 
the PA12 ones. Compared to Set-2, higher scanning speed and 
smaller hatch spacing result in higher ductility in both material 
systems.

Figure 6a–c illustrate the tensile fracture surface of the PA12, 
while Figure 6d–f illustrate the fracture surface of the PA12-GB. 
According to Figure 6a,d, the fracture surface of the PA12 has 
a smoother structure, while the GB-reinforced composite has a 
rougher structure. Figure 6a–c show that the fracture occurred 
rapidly and sharply, with limited energy absorption via crack 
propagation. This results in a smooth fracture surface charac-
terized by distinct patterns, forming a brittle fraction with lim-
ited energy absorption. In conjunction with the fracture surface 
images depicted in Figure 6b,c, the presence of a brittle fracture 

FIGURE 3    |    SEM images of (a, b) virgin PA12 and (c, d) 1 wt.% glass bead modified PA12 powder feedstocks. White arrows indicate glass beads 
distributed between PA12 powders.

TABLE 2    |    Properties of PA12 and GB-PA12 powder feedstock.

Materials

Properties

Particle size 
distribution (μm) Hausner 

ratio (−)
Avalanche 

angle (°)
MFI 

(g/10 min)
Sintering 

window (°C)
Crystallinity 

(%)Dv,10 Dv,50 Dv,90

PA12 50.2 73.0 105.7 1.05 26.8 43 23 37

GB-PA12 32.8 54.3 88.7 1.05 30.7 42 24 40
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surface and brittle fracture paths, characterized by the predom-
inance of normal stresses following the tensile test, is evident. 
A similar fracture mechanism for PBF-LB processed parts was 
also mentioned by Hooreweder et al. [52] and Rosso et al. [53].

As illustrated in Figure 6d, the glass bead (GB) modification ex-
hibits a clear dispersion of the glass beads within the matrix. 
Moreover, the fracture surface consists of voids originating from 
glass beads and the tensile test effect. The voids occurring around 
the glass beads, as seen in Figure 6e,f, can be defined as sinter-
ing voids, which form during the PBF-LB process. Moreover, 
the voids observed on the fracture surface can be attributed to 
the ductile fracture of the PA12-GB structure. It is revealed that 
the glass beads form a barrier for crack propagation, and ductile 
fracture is observed in the PA12-GB sample. The stress resulting 
from the tensile test is concentrated around the bead, and sinter-
ing voids cause partial bonding gaps in the glass bead. Following 

the findings of Lui et al. [54] and Seltzer et al. [42], GBs can be 
regarded as spherical voids. Tensile stress is concentrated at the 
PA12-GB interface, leading to an improvement in fracture be-
havior. In regions where glass beads are present, fracture may 
be driven by an energy-absorbing mechanism. The crack paths 
became irregular due to the effect of the glass beads, resulting in 
a more complex fracture behavior, as the structure is composite. 
It was found that glass beads can aid energy absorption.

3.3.2   |   Flexural Properties

Figure 7 illustrates the flexural strength and flexural modulus 
of parts, a crucial measure for structural components, automo-
tive parts, or construction materials subjected to bending forces. 
The flexural strength of both materials (Figure 7a) indicates that 
Set-1 results in the highest strengths for both materials, with 

FIGURE 4    |    (a) Relative density and (b) surface roughness of both virgin and GB-modified parts processed by PBF-LB under Set-1 (20 W, 
5000 mm/s, 150 μm) and Set-2 (21 W, 3150 mm/s, 250 μm) conditions. [Color figure can be viewed at wiley​onlin​elibr​ary.​com]

FIGURE 5    |    (a) Ultimate tensile strength and (b) elongation of both virgin and GB-modified parts processed by PBF-LB under Set-1 (20 W, 
5000 mm/s, 150 μm) and Set-2 (21 W, 3150 mm/s, 250 μm) conditions. [Color figure can be viewed at wiley​onlin​elibr​ary.​com]

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.57980 by Faith Sultan M

ehm
et U

niversity, W
iley O

nline L
ibrary on [26/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/


7 of 11

PA12 having the highest value of 80 MPa and GB-PA12 having a 
strength of 50 MPa. The flexural modulus of both virgin and GB-
modified PA12 parts (Figure 7b) was higher under Set-2, with 
virgin PA12 resulting in 1600 MPa, which is 30% higher than 
that of the GB-PA12 parts.

3.3.3   |   Impact Properties

The toughness and energy a polymer can absorb before break-
ing are determined by Izod (Figure 8a) and Charpy (Figure 8b) 
impact strengths, which are essential for parts where sudden 

forces or collisions might occur. Despite the other mechanical 
properties, both Izod and Charpy impact strengths were higher 
for GB-modified PA12 parts. The Izod impact strength of virgin 
PA12 parts was higher under Set-1 compared to Set-2, while it was 
higher for GB-PA12 parts processed under Set-2 compared to Set-1.

The fracture surfaces of virgin and GB-modified PA12 after the 
impact test are further evaluated by SEM (Figure 9) to under-
stand the fracture mechanism better.

Figure 9 illustrates that SEM images show that the glass beads 
are dispersed within the PA12 matrix. However, sintering 

FIGURE 6    |    Fracture surfaces of virgin PA12 (a–c) and 1 wt.% glass bead-modified PA12 (d–f) after tensile test.

FIGURE 7    |    (a) Flexural strength and (b) flexural modulus of both virgin and 1 wt.% GB-modified PA12 parts processed by PBF-LB under Set-1 
(20 W, 5000 mm/s, 150 μm) and Set-2 (21 W, 3150 mm/s, 250 μm) processing conditions. [Color figure can be viewed at wiley​onlin​elibr​ary.​com]

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.57980 by Faith Sultan M

ehm
et U

niversity, W
iley O

nline L
ibrary on [26/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/


8 of 11 Journal of Applied Polymer Science, 2025

voids and partial bonding voids between the glass beads and 
the polymer matrix can be observed. These voids are likely a 
consequence of incomplete sintering across the material struc-
ture. The increased impact strength of PA12 depends on the 
uniform distribution of glass beads and improved interface. 
The beads can prevent material deformation from cracking by 
distributing stress intensity during the impact test. This can 
enhance the impact strength by increasing the material's en-
ergy absorption capacity [44, 45]. In particular, the wettability 
of the glass beads enabled them to be effectively embedded 
in the polymer, which contributed to an increase in the en-
ergy absorption capacity and enhanced the impact strength 
compared to virgin PA12. Nevertheless, this increase in me-
chanical properties is accompanied by the formation of ductile 

fracture. Additionally, Özbay Kısasöz et al. [55] noted that a 
higher amount of the hollow GB reduces the impact strength 
of the structure due to low interfacial bonding between the 
matrix and filler, as well as the heterogeneous distribution 
of the GB. However, this study reveals that a lower amount 
of GB has a beneficial influence on energy absorption, and 
the toughness of the structure can be enhanced by adding 
1 wt.% GB.

Figure  10a displays the SEM image of the fracture surface of 
the virgin PA12 specimen, while Figure 10b depicts the fracture 
surface of the PA12 specimen reinforced with glass beads. As il-
lustrated in Figure 10a, the fracture surface of the virgin PA12 
exhibits a predominantly brittle fracture mode, characterized 

FIGURE 8    |    (a) Izod impact strength and (b) Charpy impact strength of both virgin and 1 wt.% GB-modified parts processed by PBF-LB under 
Set-1 (20 W, 5000 mm/s, 150 μm) and Set-2 (21 W, 3150 mm/s, 250 μm) processing conditions. [Color figure can be viewed at wiley​onlin​elibr​ary.​com]

FIGURE 9    |    Fracture surfaces of virgin PA12 (a–c) and 1 wt.% glass bead-modified PA12 (d–f) parts after impact test.
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by observable crack propagation paths that converge at specific 
points, indicating low energy absorption during the failure pro-
cess. Conversely, Figure  10b suggests that in regions devoid of 
glass beads, the fracture maintains a brittle and continuous path, 
which tends to localize at particular points. However, in areas 
containing glass beads, a comparatively deformed fracture sur-
face is apparent. Additionally, the type of fracture surface sug-
gests that the presence of glass beads alters the crack propagation 
mechanism, leading to more uniform and potentially more elastic 
fracture behavior. These observations indicate that the integra-
tion of glass beads enhances the alteration of fracture properties 
in PA12, thereby reducing the likelihood of brittle fracture.

Figure 10c illustrates a high-magnification SEM image empha-
sizing the interface between the glass bead and the PA12 matrix. 
The image distinctly demonstrates that the glass beads are ef-
fectively integrated into the polymer matrix, with no observable 
interfacial voids or debonding. This observation signifies good 
wetting and robust interfacial adhesion, which optimizes load 
transfer efficiency. Such a well-bonded interface is also antici-
pated to enhance the fracture behavior by hindering crack prop-
agation and augmenting toughness.

4   |   Conclusion

This study evaluated the influence of incorporating 1 wt.% 
aminosilane-modified hollow glass spheres into PA12 pow-
der feedstocks for use in the Powder Bed Fusion-Laser Beam 
(PBF-LB) process. Powder characterization revealed that the 
addition of glass beads had a minimal impact on key thermal 
properties, such as the sintering window and melt flow behav-
ior, thereby maintaining compatibility with standard PBF-LB 
process parameters. Although a slight reduction in flowabil-
ity and part densification was observed, the overall process-
ability of the modified powders remained suitable for additive 
manufacturing.

Mechanical testing revealed a clear trade-off between tensile 
properties and impact performance. While the GB-PA12 parts 
showed a reduction in ultimate tensile strength and flexural 
modulus compared to unmodified PA12, they exhibited sig-
nificantly improved impact resistance. Notably, under Set-2 
processing conditions, the flexural modulus increased by ap-
proximately 30%, from 1200 MPa for virgin PA12 to 1600 MPa 
with glass bead reinforcement. Scanning electron microscopy 

further confirmed that the embedded glass beads enhanced 
interfacial bonding and altered fracture behavior by impeding 
crack propagation and promoting more ductile failure modes.

Notably, SEM analysis confirmed that the presence of glass beads 
altered the fracture behavior by impeding crack propagation and 
promoting ductile failure, accompanied by improved wettability 
and adhesion. Furthermore, even setting the same VED, the ma-
terials' mechanical properties under different test conditions are 
highly dependent on processing strategies and should be consid-
ered to achieve the desired trade-off between properties.

Overall, this work introduces a novel toughening strategy for 
PA12 in PBF-LB by utilizing low-load, surface-functionalized 
hollow glass spheres. The findings suggest that even minimal 
filler content can be effectively used to tailor mechanical per-
formance—particularly impact toughness—without compro-
mising processability. This approach provides a scalable route 
for developing lightweight, durable components for applications 
where toughness is critical. Future studies should explore the op-
timization of glass bead content, alternative surface treatments, 
and their long-term effects on part integrity and durability.

Future studies will focus on the addition of a larger amount 
of glass beads (< 5 wt.%), glass bead sizes, and optimization of 
PBF-LB process parameters, while maintaining high part den-
sity. It is also recommended to investigate atomic-scale struc-
tural properties using a high-resolution transmission electron 
microscope to understand and gain a deeper understanding of 
the material's behavior under mechanical forces.
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