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A selective laser melting (SLM) process is developed for manufacturing of a novel glass fiber-reinforced
glass (GRFG) composite material. Experiments using a continuous wave fiber laser are conducted for
demonstrating this SLM process using borosilicate S-glass fibers and fine soda lime glass powders, which
have distinct glass transition temperatures. During laser scanning, fine glass powders turn into viscous
flow. The molten glass flows through and encapsulates the relatively solid fibers, which are not fused
due to their relatively higher glass transition temperature. Upon cooling, a compacted GRFG composite
forms with a high volume ratio of intact and well-encapsulated glass fibers.
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1. Introduction

Fiber-reinforced glass (FRG) composite is a new type of compos-
ite material for structural and optical applications [1–4]. For
instance, Boccaccini and his colleagues developed a transparent
glass fiber-reinforced glass (GFRG) composite material using a
hot-pressing process [5–8]. From their process, a laminate compos-
ite structure is achieved with unidirectional glass fibers sand-
wiched between glass slides. The resultant laminate structure
had a low volume ratio of 5%–10% for fibers, which limits its capa-
bility of further improving fracture toughness. In addition, signifi-
cant debonding and fiber pull-outs were observed in the
microstructure. Yao and his colleagues developed a laser-based
glass fusion reinforcement process for glass fiber-reinforced poly-
mers [9–12]. In their work, a soda lime glass bead of � 1 mm in
diameter was placed on top of multiple glass fabric layers and
melted using a Nd:YAG laser. A large glass joint about 1 mm in
diameter was formed after solidification, which melted a large area
of glass fibers. More recently, fused deposition modeling (FDM)-
based additive manufacturing (AM) processes have been devel-
oped for manufacturing optical transparent glass using soda lime
glass nuggets [13] or solid filament [14].

In this study, a novel selective laser melting (SLM) process is
presented for manufacturing of a new glass fiber-reinforced glass
(GRFG) composite material. To demonstrate this SLM process, a
continuous wave fiber laser is employed to scan a glass powder
bed, in which glass fibers are embedded. Borosilicate S-glass fibers
and fine soda lime glass powders with distinct glass transition
temperatures are investigated as fiber reinforcement and glass
matrix, respectively, for synthesis of this novel GRFG composite.
Fine soda lime powders have a low glass transition temperature
(Tg) of 564–573 �C with 4 mm in size [15]. Borosilicate S-glass fibers
with Tg of 815 �C [16] with �15 mm in diameter are selected as
fiber reinforcement due to their high strength at high temperatures
and relatively low cost. During laser scanning, most of the laser
energy is absorbed by fine glass powders due to multiple laser
ray reflections, whereas the glass fibers are largely transparent to
the 1070 nm wavelength fiber laser. Due to the laser heat absorp-
tion, fine glass powders turn into viscous flow. The molten glass
flows through and encapsulates the relatively solid fibers, which
are not fused due to their relatively higher glass transition temper-
ature. To preserve the fiber morphology and mechanical strength
during the SLM process, temperature of the viscous molten
glass flow must be well controlled within the range of 573 �C to
815 �C. Upon cooling, a compacted GRFG composite forms with a
high volume ratio of intact and well-encapsulated glass fibers.
Post-process analyses are performed to investigate the microstruc-
ture of the GFRG composite and fusion bonding mechanism at the
glass fiber-glass matrix interface.
2. Experiments

An experimental setup was developed for SLM of GFRG
composites using a multi-mode 500 W continuous waveform
Ytterbium fiber laser (IPG YLR-500-MM-AC-Y11, 1070 nm). As
illustrated in Fig. 1a, laser raster scan of a wide range of speed,
i.e., 1 mm–1000 mm/s, was implemented using a laser scan head
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Fig. 1. Design of SLM experiments: (a) SLM setup; (b) unidirectional fiber layout.

Fig. 2. Transverse sections of unidirectional GFRG composite samples. (a) Single
scan, P = 135W, v = 2.5 mm/s; (b) raster scan, P = 80 W, v = 1.25 mm/s; (c) raster
scan, microstructure around a fiber.
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(SCANLAB intelliSCAN 20) in conjunction with a dynamic focusing
unit. During the SLM experiments, one layer of GFRG composite
was fabricated to evaluate the feasibility of this process (Fig. 1b).
Fine glass powders were manually applied with the fiber bundles
before laser scan. A transparent borosilicate glass slide was placed
on top of the powder bed to avoid any balling effect during SLM.
Due to various amount of fibers placed for each layout, the thick-
ness of powder layer was about 0.3–0.5 mm. For these experi-
ments, the laser power (P) ranged from 50W to 250 W, and the
scanning speed (v) ranged from 1 mm/s to 60 mm/s. The laser spot
size was set to 5 mm, and a raster scan width was set to be 2.5 mm,
i.e., a 50% overlap.

After the experiments, the fabricated GFRG composite speci-
mens were mounted in acrylic resin, and sectioned using a dia-
mond saw. Scanning electron microscopy (SEM) analysis was
performed to investigate the fusion microstructure and fracture
mechanism. The sectioned samples were intentionally not polished
flat to preserve the fibers and fractured surface.

3. Results and discussions

Fusion bonding between glass fiber and glass matrix was inves-
tigated using the unidirectional GFRG composite specimens fabri-
cated using various laser processing conditions. Using a single
laser scan with power of 135 W and speed of 2.5 mm/s, a unidirec-
tional GFRG composite specimen was successfully fabricated. As
shown in Fig. 2a, it can be observed that glass powders were com-
pletely fused to form the solid glass matrix. S-glass fibers were
remained intact and well-encapsulated by the glass matrix. Few
defects can be observed in the glass matrix and at the fiber-
matrix interface.

A raster laser scan condition produced a significantly different
fusion microstructure as shown in Fig. 2b and c. Under this condi-
tion, an even sectional specimen surface was obtained after saw
cutting. Examined under a low magnification of 800x (Fig. 2b),
the SEMmicrograph shows about 20 fibers (indicated with arrows)
randomly distributed within an area of about 110 � 150 lm2 with-
out fiber pull-outs or porosity. The fiber volume ratio was esti-
mated to be at least 38% under this condition. The fiber–matrix
interface can only be resolved under a high magnification of
�3000� (Fig. 2c). A brittle fractured fiber can be clearly identified
(indicated by the circle), whereas the surrounding fused glass
matrix shows a ductile fracture. The indistinguishable fiber-glass
matrix interface indicates the fiber surface was completely well
fused with glass matrix. A defect-free bonding interface can be
inferred under this condition. These findings demonstrated that
the fibers are remained intact during the SLM process by a proper



Fig. 3. Unidirectional GFRG composites formed with raster scan (P = 80 W, v = 1.25 mm/s). (a) Longitudinal section of the specimen; (b) detailed view of a fiber encapsulated
by glass matrix; (c) glass matrix after fiber removal; (d) detailed microstructure of the glass matrix after fiber removal.
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control of the laser process parameters, while the glass powders
can be completely fused to form a solid defect-free glass matrix.

The fusion microstructure and fracture mechanismwere further
investigated for the unidirectional GFRG composite samples
formed by raster scans. In the longitudinal section as shown in
Fig. 3a, many fibers can be seen encapsulated by the fused glass
matrix without significant pores. Due to the sample preparation
process using saw cutting, fibers on the sectional surface were bro-
ken with a brittle fracture characteristic, while glass matrix shows
a ductile fracture characteristic. As shown in Fig. 3b, some fibers
remain encapsulated within the glass matrix. The fracture occurred
in the glass matrix, not at the fiber-matrix interface, and left a large
amount of residual glass matrix material on the fiber surface. Some
fibers were completely removed from the glass matrix as shown in
Fig. 3c, and cylindrical glass matrix fractured surfaces were
exposed. Examined under a high magnification, the SEM micro-
graph of the fractured glass matrix shows a homogeneous texture
(Fig. 3d). This microstructure analysis showed that a ductile frac-
ture occurs in the glass matrix around a fiber, rather than at the
fiber-matrix interface. Compared with the fusion microstructure
achieved from single scan, a higher quality bonding was formed
under the raster scan condition and was likely to be caused by a
higher molten glass temperature.

The material transport process for this SLM process is governed
by viscous flow, capillarity, and solidification. The molten glass is
very viscous in nature [17–19], and its flow significantly depends
on the volume fraction of fibers and their arrangement [20–22].
The current study demonstrates the feasibility of a high-viscosity
molten glass flow through the random fibrous media during this
new SLM process for manufacturing of GFRG composite material.
A fundamental understanding of the process mechanism will be
further investigated in future study. It is worth noting that this
method has a great potential to be transformed to other FRP com-
posites or metal matrix composites.
4. Conclusions

Manufacturing of FRG composite was demonstrated using a
new SLM process. High-fiber volume ratio GFRG composites were
successfully synthesized using borosilicate S-glass fibers and fine
soda lime glass powders. The microstructural analysis showed
the fibers are remained intact during the SLM process by a proper
control of the laser process parameters, while the glass powders
can be completely fused to form a solid defect-free glass matrix.
A good bonding was formed at the fiber-matrix interface. Fracture
analysis showed that a ductile fracture occurs in the glass matrix,
rather than at the fiber-matrix interface.
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