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Abstract 10 

Emerging composite materials are expanding the potential of additive manufacturing and 11 

enabling applications previously restricted by traditional manufacturing methods. The 12 

multi-phase nature of these composite materials combined with the complex internal ge- 13 

ometry of additively manufactured parts have enabled unique behavior, and potentially 14 

new applications. Additionally, these materials can be pyrolyzed to create dense metal, 15 

ceramic, and glass parts with geometries typically not achievable by traditional processes. 16 

Additive manufacturing of borosilicate glass-based systems can open new applications in 17 

nuclear engineering, astronomy, and bone regrowth therapy. To elucidate the process- 18 

parameter relationship of borosilicate-polylactic acid (PLA) composites, mechanical test- 19 

ing was conducted and compared with a pure polylactic acid polymer baseline. Test spec- 20 

imens were fabricated by fused-filament fabrication with minimal post-processing. Yield 21 

strength, ultimate strength, and elastic modulus were calculated from stress-strain curves. 22 

Optical and scanning electron microscopy were conducted to observe the specimen mi- 23 

crostructure before and after testing. The highest compressive yield strength for the com- 24 

posite was 28.22 MPa, and the highest compressive yield strength for PLA was 49.30 MPa. 25 

Print orientation was found to benefit the composite material but have a detrimental effect 26 

on the pure matrix material. An elastic modulus of 2.66 GPa was recorded for the borosil- 27 

icate-PLA composite at 100% infill, 1 shell wall, and layer lines parallel to compression 28 

axis. Microscopy revealed that lower modulus composite specimens had the particulates 29 

re-distributed within the matrix. Tensile testing was done according to a polymer testing 30 

standard, which caused difficulties obtaining consistent fracture within the gauge length. 31 

Keywords: 3D Printing, composites, borosilicate, PLA, mechanical testing 32 

 33 

1. Introduction 34 

Since the invention of the first borosilicate glass in the early 1880s by Otto Schott, its 35 

uses have become widespread and increased manyfold around the globe. The main ad- 36 

vantage provided by borosilicate glasses is their extremely low coefficient of thermal ex- 37 

pansion (CTE) compared with traditional glasses. Alkali or alkaline earth network modi- 38 

fiers are added to a borate (B2O3) network in precise concentrations to reduce CTE and 39 

increase the glass transition temperature [1]. Borosilicate glasses are common in 40 
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laboratory and household kitchen use for their resistance to thermal shock and chemical 41 

corrosion. They also serve a critical role in telescope mirrors to minimize image distortions 42 

due to thermal expansion of the mirrors [2]. The durability and radiation resistance of 43 

borosilicate glasses made it the primary solvent for immobilization of high-level nuclear 44 

waste materials [3-4]. Additionally, borosilicate glasses have been shown to have potential 45 

in the field as bioactive materials, particularly for promoting regeneration of bone [5-6]. 46 

Such varied applications mean any advancements in the manufacture of borosilicate glass 47 

have the potential to have widespread impact. 48 

Some of the most prominent advancements in manufacturing technology in the past 49 

decades have been in the field of additive manufacturing (AM). One of the most wide- 50 

spread AM approaches uses thermoplastic feedstock in a fused-filament fabrication (FFF) 51 

process. This process produces near-net shape polymer parts by pushing filament or pel- 52 

lets through a heated nozzle in a computer-controlled toolpath, with minimal or no post 53 

processing needed. One of the most common materials for FFF is polylactic acid (PLA). 54 

PLA is derived from corn starch, and does not require enzymes to catalyze its reaction, 55 

making it easy to manufacture. In addition to its biocompatibility and compostability, the 56 

composite offers tailorable crystallinity, allowing it to be processed into either amorphous 57 

or crystalline structures [7]. The material capabilities of FFF are expanded through use of 58 

composites and secondary processing techniques. By loading a thermoplastic with metal, 59 

ceramic, or glass particulates, green body parts can be printed by traditional FFF methods, 60 

processed to remove the thermoplastic matrix, then sintered in a furnace to densify the 61 

particulates into a solid part. Compared with other methods for AM of ceramics and met- 62 

als like selective laser sintering or binder jetting, FFF has significantly lower barriers to 63 

entry in terms of equipment cost and complexity. The uniform heating of the secondary 64 

sintering process results in a more isotropic material compared with selective laser sinter- 65 

ing, which can be prone to columnar grain growth [8]. Additionally, these composite ma- 66 

terials may have other uses beyond AM. Particle reinforcement is commonly used to im- 67 

prove the mechanical and tribological properties of polymers and other matrix materials 68 

[9-10]. Inorganic nanoparticle-polymer composites are utilized in bioimaging, photovol- 69 

taics, and various other fields [11]. It is worthwhile to explore novel borosilicate compo- 70 

sites and manufacturing processes, considering their numerous applications. 71 

To enable the use of these novel materials in large-scale manufacturing, properties 72 

such as material strength, wear resistance, and density must be understood. Additional 73 

factors are introduced by the 3D printing process; the user's slicing parameters determine 74 

the geometry of the toolpath, and these settings can affect the mechanical characteristics 75 

of the finished product. For example, reduction in infill percentage can provide critical 76 

material savings and faster print times, however this can come with a tradeoff in reduced 77 

mechanical strength. Certain printing orientations are necessary to print parts with large 78 

overhangs but can cause undesirable weakness to shear forces along layer lines. With the 79 

introduction of secondary particulate phases, interactions between the matrix, dispersion, 80 

and print geometry become even more complex.  This report explores the effect of print 81 

parameter settings on the mechanical behavior of a composite filament made of borosili- 82 

cate glass and PLA (BSC-PLA). Compression and tensile tests of as-printed test specimens 83 

of BSC-PLA and pure PLA were conducted to compare mechanical properties. Visual and 84 

statistical analysis were applied to observe the effects of varying print parameters on qual- 85 

itative properties. 86 

2. Results and Discussion 87 

As shown in Table 1 and Table 2, the pure PLA is significantly stronger than BSC- 88 

PLA in compression. For 100% infill compression specimens, the Young’s moduli are sim- 89 

ilar but slightly reduced between the PLA to the BSC-PLA, but close to the accepted values 90 
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for pure PLA [12]. Infill % was the strongest factor in determining compressive yield 91 

strength in BSC-PLA samples. The design of experiments (DoE) revealed that, in addition 92 

to increased infill percent, fewer walls had a positive effect on the yield strength as well 93 

as the elastic modulus. Furthermore,-the composite material’s yield strength and modulus 94 

benefits from the 90° print orientation. This contrasts with the pure PLA data, which sees 95 

decreased strength from both parameters. The BSC-PLA samples exceeded the PLA sam- 96 

ple’s elastic modulus in both 50% and 100% infill samples with 1 shell and 90° print ori- 97 

entation. This increase in stiffness suggests that the borosilicate particles are playing a 98 

more active role in compression with these parameters. 99 

 100 

Table 1. PLA batch parameters and compression response values. All batches were 

printed with a 0.2 mm print layer height. 

 

Batch # Infill % Shells Orientation [°] σyield [MPa] E [GPa] 

1 50 1 0 23.2 ± 0.60 1.15 ± 0.05 

2 50 1 90 21.0 ± 1.20 1.03 ± 0.04 

3 50 3 0 37.5 ± 1.04 1.72 ± 0.04 

4 50 3 90 29.1 ± 0.46 1.45 ± 0.03 

5 100 1 0 62.2 ± 2.60 2.61 ± 0.12 

6 100 1 90 47.6 ± 0.86 2.45 ± 0.06 

7 100 3 0 63.1 ± 1.59 2.58 ± 0.07 

8 100 3 90 49.3 ± 0.35 2.48 ± 0.04 

 

Table 2. BSC-PLA batch parameters and compression response values. All batches 

were printed with a 0.2 mm print layer height. 
 

Batch # Infill % Shells Orientation [°] σyield [MPa] σultimate [MPa] E [GPa] 

1 50 1 0 9.65 ± 0.20 19.47 ± 0.14 1.01 ± 0.06 

2 50 1 90 9.65 ± 0.20 13.29 ± 0.54 1.04 ± 0.15 

3 50 3 0 9.65 ± 0.20 14.08 ± 7.04 0.7 ± 0.09 

4 50 3 90 10.42 ± 0.44 9.78 ± 0.14 0.75 ± 0.05 

5 100 1 0 7.15 ± 0.17 36.85 ± 0.69 2.07 ± 0.19 

6 100 1 90 7.36 ± 0.12 34.35 ± 0.84 2.66 ± 0.23 

7 100 3 0 21.63 ± 1.06 30.01 ± 0.48 1.55 ± 0.09 

8 100 3 90 28.22 ± 0.61 21.13 ± 10.57 1.82 ± 0.29 

 101 

The Pareto chart in Figure 1 summarizes the relative effects of the printing parame- 102 

ters and their interactions on the compressive yield strength of BSC-PLA specimens. The 103 

t-value represents the statistical magnitude of each factor's contribution to the response, 104 

while the sign indicates whether the effect is positive or negative. Infill percentage (C) 105 

exhibited the largest positive effect by a substantial margin, indicating that increasing 106 
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infill from 50% to 100% was the dominant factor controlling compressive yield strength. 107 

This behavior is consistent with the reduction in internal porosity and the corresponding 108 

increase in load-bearing material. Shell count (B) was the second most influential factor 109 

and exhibited a negative effect on yield strength. Additionally, the significant shell–infill 110 

interaction (B×C) indicates that the influence of shell count in part depends on the selected 111 

infill level. Print orientation (A) also had a significant positive effect, with the 90° orienta- 112 

tion generally producing higher yield strengths than the 0° orientation, suggesting that 113 

the alignment of deposited tracks influences stress transfer during compression. The A×C 114 

interaction was also statistically significant, indicating that the influence of orientation 115 

becomes more pronounced as infill percentage increases. By contrast, the A×B interaction 116 

had only a minor contribution, and the three-factor interaction (A×B×C) did not exceed 117 

the significance threshold and was therefore excluded from further consideration. Over- 118 

all, the results demonstrate that compressive yield strength in BSC-PLA is governed pri- 119 

marily by infill percentage, with shell count and print orientation exerting important sec- 120 

ondary effects and interactions. 121 

 122 

Figure 1. BSC-PLA yield strength vs print parameter effects and interactions. The AxBxC interaction 123 

is below the significance criteria and has been marked with a red “X”. 124 

Mechanical testing revealed that macroscopic failure modes were highly dependent 125 

on the selected print parameters. Specimens printed with 50% infill frequently exhibited 126 

perimeter wall buckling and subsequent delamination from the internal infill structure. 127 

Additionally, distinct diagonal shear bands were observed in samples printed with a 0° 128 

orientation. Figure 2 illustrates the contrast in deformation behavior between a 50% infill, 129 

3-shell specimen printed at 0° (Figure 2a) and a 50% infill, 1-shell specimen printed at 90° 130 

(Figure 2b). Notably, the 0° orientation samples sustained higher strain values prior to 131 

failure, whereas single-wall specimens were particularly susceptible to diagonal shearing. 132 
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(a) 

 

(b) 

 

Figure 2. Post-test compression samples: (a) Compression batch 3; (b) Compression batch 2. 133 

Digital image correlation (DIC) analysis provided further insight into these underly- 134 

ing deformation mechanisms. As shown in the DIC strain map of a BSC-PLA Batch 2 spec- 135 

imen (Figure 3), captured just prior to reaching ultimate compressive load, localized strain 136 

concentrations are clearly visible. The teal bands stretching across the specimen surface 137 

indicate regions where internal voids within the infill matrix collapsed prematurely com- 138 

pared to the surrounding exterior shells, leading to uneven stress distribution and even- 139 

tual failure. 140 

 141 

Figure 3. DIC strain map of BSC-PLA batch 2. 142 

Microstructural analysis provided insight into the distribution of the borosilicate par- 143 

ticulates within the PLA matrix (Figure 4). The particles exhibited a predominantly spher- 144 

ical morphology, with diameters ranging from 10 µm to over 100 µm observed in the op- 145 

tical micrographs. Notably, minimal voids were detected at the interface between the PLA 146 

matrix and the glass particles, indicating adequate wetting of the filler material in the as- 147 

printed state. Furthermore, analysis of the post-compression specimens revealed distinct 148 

fracturing of the glass particulates, highlighting their active engagement in the material's 149 

stress response and subsequent failure. 150 

 151 

 152 

 153 
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 154 

 155 

Figure 4. SEM microscopy of BSC-PLA. (a) 620x magnification pre-compression; (b) 520x magnifi- 156 

cation post-compression. 157 

A larger-scale overview of the particle distribution within the samples can be seen in 158 

Figure 5. Images were selected of samples with the highest and lowest elastic modulus for 159 

100% infill. The samples were mounted to view along the axis of compression. In the high 160 

elastic modulus sample (Batch 6), we see uniform distribution of the glass particles within 161 

the matrix. However, in the low elastic modulus sample (Batch 7), there are clear regions 162 

where the particles have become concentrated, visible both along the compression axis 163 

and on the compression plane. A similar trend is noted in the 50% infill samples, but the 164 

effect is less apparent, possibly because these tend to fail due to stress concentrations 165 

caused by voids in the infill pattern before failing due to material strength limits. The 166 

particle distribution within the matrix for uncompressed samples is homogenous. 167 

 168 

 169 

Figure 5. Optical microscopy of post-compression BSC-PLA. Darker regions are PLA, lighter speck- 170 

les are borosilicate: (a) Batch 6 compression axis; (b) Batch 7 compression axis.  171 
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In other literature studies, similar compression tests on epoxy-glass particulate com- 172 

posites were conducted. Pre- and post-test microscopy from Singh et al. shows that the 34 173 

μm glass beads embedded in epoxy matrix were not fractured after dynamic compression 174 

testing [13], unlike the damage noted in our SEM images. Elastic modulus was measured 175 

by Bhatia et al. for a 70 wt. %-epoxy, 30 wt. %-glass mixture, with E values of 1.57 GPa for 176 

spherical particles in the size range of 20 μm and 50 μm [14], which is lower but compa- 177 

rable to the results of this work. Cho et al. tested a distribution of glass particle sizes within 178 

vinyl resin epoxy and found that the elastic modulus of the composite increased with de- 179 

creasing particle size in the nanoscale range but was unaffected by particles on the micron 180 

level [15]. The literature review returned no works which utilize additively manufactured 181 

glass-PLA specimens. 182 

Having contrasted the BSC-PLA’s modulus against pure PLA and other similar com- 183 

posite materials, we can also compare the results with models which attempt to predict 184 

the effective modulus of a composite system. The simplest model, known as the Reuss 185 

model, describes the lower bound of the elastic modulus for a composite material under 186 

iso-stress conditions (applicable to particulates dispersed in matrix), given by Equation 1 187 

[16]. 188 

𝐸𝑒𝑓𝑓 =
𝐸𝑚𝐸𝑑

𝑓𝐸𝑚 + (1 − 𝑓)𝐸𝑑
 (1) 

Where 𝐸𝑒𝑓𝑓  is the effective elastic modulus of the composite, 𝐸𝑚 is the elastic mod- 189 

ulus of the matrix, 𝐸𝑑 is the elastic modulus of the dispersion, and 𝑓 is the volume frac- 190 

tion of the dispersion. ImageJ analysis of 3 sample images was used to calculate the area 191 

fraction of particulates given in Table 3. Typical area fraction measurements in isotropic 192 

regions of the material had consistent values between 30-35%. 193 

Table 3. Borosilicate particle area fraction measurements. Images available in Appendix A. 194 
 

Image Filename Area % 

BSC7C0001.tiff 34.49 

BSC80006.tiff 33.56 

BSC80002.tiff 29.80 

Later work by Yunhua Luo provides a more complex model which accounts for elas- 195 

ticity relations and the Poisson effect [17]. For iso-stress condition, given by Equation 2: 196 

𝐸𝑒𝑓𝑓 =
𝐸𝑚𝐸𝑑[𝑓𝐸𝑚(1 − 𝜈𝑑) + 𝐸𝑑(1 − 𝑓)(1 − 𝜈𝑚)]

𝐸𝑚𝐸𝑑[𝜈𝑚(1 − 𝑓)2(1 − 𝜈𝑑) + 𝜈𝑑𝑓
2(1 − 𝜈𝑚)] +

𝑓(1 − 𝑓)𝐸𝑚
2[(1 + 𝜈𝑑)(1 − 2𝜈𝑑)] + 4𝜈𝑑𝜈𝑚𝐸𝑑𝐸𝑚 + (1 + 𝜈𝑚)(1 − 2𝜈𝑚)𝐸𝑑

2

 (2) 

Where 𝜈𝑚 is the Poisson’s ratio of the matrix material and 𝜈𝑑 is the Poisson’s ratio 197 

for the dispersed particles. Material properties for the constituent materials were taken 198 

from current literature to compare calculated elastic modulus values with the observed 199 

values. The volume fraction was taken from the average of the ImageJ analysis results. 200 

Poisson’s ratio values for PLA and borosilicate are well defined, as are elastic modulus 201 

values for PLA. For PLA, the elastic modulus was taken as 2.54 GPa [12].  The Poisson’s 202 

ratios were taken as 0.36 and 0.22 for PLA and borosilicate, respectively [18, 19]. Since the 203 

exact composition of the borosilicate in BSC-PLA is unknown, each of the models was 204 

compared using multiple borosilicate modulus values from A. Abd El-Moneim [20], and 205 

the results are shown in Table 4. 206 
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Table 4. Predicted effective modulus of BSC-PLA. 207 

 208 

Luo’s improved Reuss model predicts the closest values to our observed effective 209 

elastic moduli, but all models fall outside the range seen in Table 2. Since our observed 210 

PLA elastic modulus values are similar to the accepted values from the literature (2.45- 211 

2.61 GPa) [12], it is unlikely that the modulus differences are due to the 3D printing ge- 212 

ometry. If particle-matrix interface adhesion is particularly poor compared to typical com- 213 

posites, this could lead to reduced load transfer, resulting in lower-than-expected elastic 214 

modulus values.  215 

Tensile tests were also conducted for both BSC-PLA and PLA, with 100% infill per- 216 

centage and additional print details of infill angle, number of shells, and layer height pro- 217 

vided in Table 5. However, difficulties arose in obtaining consistent breakage/defor- 218 

mation within the gauge length of the BSC-PLA specimens. The material behaves with 219 

much less ductility in this test condition compared with compression, causing many sam- 220 

ples to break prematurely or at/near the test stand grips. This is a well-known difficulty 221 

with tensile testing of brittle materials like ceramics or glasses [21]. For this reason, the 222 

quality of the tensile response values for elastic modulus, yield and ultimate strength are 223 

called into question. The 0° tensile samples tended to break outside the gauge length more 224 

than the 90° samples (Figure 6) and had much smoother fracture surfaces due to delami- 225 

nation at the layer lines. 226 

Table 5. Tensile testing details of experimental batches with 100% infill. 227 

 228 

 229 

Borosilicate Elastic Modulus [GPa] 35.65 45.63 67.65 

Effective Modulus 

[GPa]  

Reuss Model 6.79 6.98 7.23 

Luo Model 5.08 5.24 5.46 

Batch # 
Infill 

Angle 
Shells 

Layer 

Height 

1 0 5 0.3 

2 0 1 0.3 

3 90 5 0.3 

4 90 1 0.3 

5 45 3 0.2 

6 0 5 0.1 

7 0 1 0.1 

8 90 5 0.1 

9 90 1 0.1 
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  230 

Figure 6. (a) Tensile samples with varying failure modes. The top sample (90° infill) has a rough 231 

fracture surface near the grip. The middle sample (0° infill) has a clean break near the center of the 232 

gauge length. The bottom sample (0° infill) has a rough break at the grips; (b) Batch 3 fracture sur- 233 

face and profile; (c) Batch 7 fracture surface and profile 234 

3. Materials and Methods 235 

3.1 Specimen Preparation 236 

A Design of Experiments (DoE) approach was implemented to investigate how var- 237 

ious printing parameters influence mechanical behavior under compression and tension. 238 

In AM, there are many key parameters to be considered include infill percentage, infill 239 

pattern, number of outer walls (or shells), layer height, and the build orientation relative 240 

to the applied load (i.e., parallel or perpendicular to the layers) [22–25]. The DoE method- 241 

ology allows for systematic variation of several factors simultaneously while minimizing 242 

the total number of required tests. This strategy has been widely adopted in other studies 243 

involving multiple additive manufacturing parameters [23]. 244 

Compression testing of the PLA and BSC-PLA specimens was carried out using three 245 

selected print parameters, each evaluated at two levels: number of shells (1|3), infill per- 246 

centage (50%|100%), and layer orientation (0°|90°). Orientation refers to the angle of the 247 

printed layers relative to the loading direction, where 0° indicates layers are aligned per- 248 

pendicular to the compression axis, and 90° corresponds to layers oriented parallel to it 249 

(see Figure 7a). A full factorial DoE was employed, resulting in eight unique parameter 250 

combinations across the specimen batches. Batch identifiers and corresponding print set- 251 

tings are provided in Section 2 Tables 1-2. 252 
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 253 

Figure 7. Layer dependence on orientation. (a) Compression specimen, (b) Tensile specimen. Repro- 254 

duced from [26]. 255 

 256 

Although, layer height is known to influence strength due to printing anisotropy, it 257 

was held constant at 0.2 mm to minimize its effect and isolate the impact of other param- 258 

eters. While infill patterns ranging from simple grid layouts to complex gyroid structures 259 

can have significant impact on strength, it was not varied in this study. A consistent hon- 260 

eycomb infill was chosen to simplify the DoE, as quantifying complex infill geometry in 261 

this context is challenging. Investigations into infill pattern effects are better addressed in 262 

dedicated studies such as those by Birosz et al. and Dudescu et al. [22, 25]. By focusing on 263 

a limited set of variables, the study maintains a manageable experimental scope while 264 

preserving the statistical strength and reliability of the resulting insights. 265 

For the tensile testing DoE, three parameters were evaluated at two levels with an 266 

additional midpoint selected: number of shells (1|3|5), infill orientation (0|45|90°), and 267 

layer height (0.1|0.2|0.3mm). In this context, orientation refers to the direction of the rec- 268 

tilinear infill pattern within the solid regions; shell geometry remains consistent across 269 

orientations. Additionally, all tensile specimens were printed with solid infill, as the thin 270 

geometry of standard dog-bone samples does not allow for meaningful variation in infill 271 

volume [27]. Batch identifiers and their associated print parameters are listed in Section 2 272 

Table 5. 273 

Compression specimens were designed in SolidWorks 2024 (Dassault Systèmes, 274 

Vélizy-Villacoublay, FR) based on ASTM D695 [28], using a rectangular prism geometry 275 

with dimensions of 12.7 mm × 12.7 mm × 25.4 mm (Figure 8a). A rectangular shape was 276 

selected instead of a cylindrical form due to anticipated difficulties when printing curved 277 

geometries at a 90° orientation. The model was exported as an STL file for 3D printing.  278 

Tensile specimens were modeled according to ASTM D638 [29], with dimensions 279 

shown in Figure 8b. A thickness of 4.2 mm was chosen to allow consistent printing at 280 

multiple layer heights. Nine batches, each containing three specimens, were printed for 281 

tensile testing, resulting in 27 specimens per material. 282 

 283 

Figure 8. Test specimen dimensions, in mm. (a) Compression test specimen dimensions; (b) Tensile 284 

test specimen dimensions. Reproduced from [26]. 285 
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 286 

Two materials in the form of filament were evaluated: a borosilicate-filled PLA com- 287 

posite (BSC-PLA) from The Virtual Foundry (Stoughton, WI), and a standard PLA from 288 

Raise3D (Irvine, CA), both with a nominal diameter of 1.75 mm. The composition of BSC- 289 

PLA is provided in Table 6. 290 

Table 6. Borosilicate filament composition (data provided by The Virtual Foundry). 291 

 292 

 293 

 294 

 295 

Slicing was performed using ideaMaker 4.3.1 (Raise3D), and specimens were printed 296 

on a Raise3D Pro3 at a speed of 60 mm/s. BSC-PLA prints were carried out at 220 °C using 297 

a 0.8 mm steel nozzle, while PLA was printed at 205 °C with a 0.6 mm brass nozzle, fol- 298 

lowing manufacturer recommendations. For compression specimens, minimal surface 299 

sanding using #3/0 grit sandpaper was applied to the end faces to ensure level contact 300 

with the testing apparatus and to reduce localized stress concentrations. Otherwise, spec- 301 

imens were tested in their as-printed state. For specimens used in digital image correlation 302 

(DIC), the gauge region was coated with white paint and overlaid with a black speckle 303 

pattern to enable surface strain mapping.  304 

Samples were sectioned, mounted, and polished for microscopic analysis. Specimens 305 

were selected from both pre- and post-compression batches. Cuts were made parallel and 306 

perpendicular to the printed layer lines using a Techcut 5 precision saw (Allied High-Tech 307 

Products, Compton, CA, USA), and then mounted in two-part epoxy (Metlab Corpora- 308 

tion, Niagara Falls, NY, USA). For 50% infill specimens, air was evacuated in a vacuum 309 

chamber during curing to ensure complete epoxy infiltration. Mounted samples were 310 

ground approximately 3 mm to eliminate surface contamination and cutting debris. Pol- 311 

ishing was performed in successive stages on a Struers Abrapol-30 (Copenhagen, DK) us- 312 

ing diamond suspensions with decreasing grit sizes of 9 µm, 6 µm, 3 µm, and 1 µm. 313 

 314 

3.2 Testing 315 

Compression tests were performed using an Instron 8562 universal testing machine. 316 

Prior to testing, each specimen’s mass and dimensions (length, width, and height) were 317 

recorded. Testing followed the ASTM D695 standard, utilizing a compression speed of 1.3 318 

mm/min and a maximum displacement limit of 13 mm. Load and position data were cap- 319 

tured at a sampling rate of 10 Hz, with peak load values manually recorded from the 320 

machine interface. In most cases, tests were terminated before reaching the displacement 321 

limit due to significant specimen deformation. 322 

Tensile tests were conducted on an Instron 5966 machine. As with compression test- 323 

ing, specimen mass and cross-sectional area at the gauge section were measured before- 324 

hand. A mechanical extensometer (MTS, Eden Prairie, MN, USA) was employed to 325 

Material % wt. 

Borosilicate 68.65-70.65 

Binding Additive - 

PLA <31.00 
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measure the change in length across the gauge section for strain calculations. Testing ad- 326 

hered to ASTM D638 guidelines, using a constant extension rate of 5 mm/min until failure. 327 

 328 

3.3 Visual Analysis 329 

Additional tension and compression tests were carried out using digital image cor- 330 

relation (DIC) via an ARAMIS system (Trilion Quality Systems, Plymouth Meeting, PA, 331 

USA). A virtual extensometer was used to generate load–strain plots synchronized with 332 

video recordings of the strain fields. Imaging was performed at 2 Hz during the initial 100 333 

stages to capture high-resolution data throughout the elastic region, and then reduced to 334 

0.25 Hz beyond the yield point to observe post-yield deformation behavior. 335 

Microscopic analysis was conducted using a Phenom ProX desktop scanning elec- 336 

tron microscope (Thermo-Fisher, Waltham, MA, USA) and a Keyence VHX-7000 optical 337 

microscope. Both pre- and post-compression specimens were examined to identify micro- 338 

structural changes resulting from compressive loading. SEM imaging was primarily per- 339 

formed using 15 kV intensity in image mode, with a full backscattered electron (BSD Full) 340 

detector. The volume fraction of borosilicate particles observed in the SEM micrographs 341 

was quantified using ImageJ software. For optical microscopy, large-area images of the 342 

specimen surface were created using the stitching function to combine multiple fields of 343 

view, allowing for evaluation of particle dispersion and morphology within the PLA ma- 344 

trix. 345 

 346 

3.4 Statistical Analysis 347 

Stress–strain curves were generated using Python and Matplotlib, based on load, dis- 348 

placement, and specimen dimension data collected during mechanical testing. For each 349 

specimen, individual plots were created that included calculations of Young’s modulus 350 

and yield strength, determined from the slope of the linear elastic region. A standard 0.002 351 

strain offset method was applied to estimate the yield point (Figure 9). Mean and standard 352 

deviation values for yield strength, ultimate tensile strength, and elastic modulus were 353 

computed in Excel for both PLA and BSC-PLA batches and reported in Table 1 and Table 354 

2. 355 

 356 

Figure 9. Example compression stress-strain curve of one sample with 100% infill, 1 shell, 90° orien- 357 

tation 358 
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Statistical analysis of mechanical properties was performed using Design-Expert 359 

(StatEase, Minneapolis, MN, USA) to assess the influence of each parameter and their in- 360 

teractions. P-values for the responses are included in Appendix B. The R-squared plot 361 

indicated that the model accounted for all data points within the acceptance criteria (see 362 

Appendix C).   363 

4. Conclusions 364 

Borosilicate glass’s unique thermal, chemical, and structural properties make it a highly 365 

useful material for a myriad of industries, including laboratory settings, telescopes, nu- 366 

clear power, and biomedical engineering. Developments in additive manufacturing have 367 

made 3D printing borosilicate glass more accessible than ever through new composite 368 

materials. However, the effect of print parameters on the behavior of these composites is 369 

not well understood. This work explores the mechanical properties of borosilicate glass- 370 

PLA composite test specimens created by fused-filament fabrication using varying print 371 

parameters. A design of experiments was utilized to elucidate the strength of varying fac- 372 

tors and their interactions on yield strength, ultimate strength, and elastic modulus. The 373 

standard PLA had higher yield and ultimate strength in all cases, but certain print config- 374 

urations granted higher elastic modulus for the borosilicate-PLA composite. Microscopy 375 

showed that the lowest elastic modulus samples had non-homogeneous particulate dis- 376 

persions post-compression, indicating independent motion of the phases during loading. 377 

Tensile testing was done according to a polymer testing standard, which caused difficul- 378 

ties obtaining consistent fracture within the gauge length. Future works should consider 379 

using a ceramic-based tensile test standard.  380 
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Appendix A 398 

 

Figure A1. SEM for borosilicate particle area fraction measurement, BSC80006.tiff 

 

Figure A2. SEM for borosilicate particle area fraction measurement, BSC80002.tiff. 
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Figure A3. SEM for borosilicate particle area fraction measurement, BSC7C0001.tiff 

Appendix B 399 

Table B1. BSC-PLA factor p-values for compression tests. 400 

 Yield Strength Ultimate Strength Young’s Modulus 

Model <0.0001 <0.0001 <0.0001 

A - Orientation <0.0001 <0.0001 0.0004 

B - Shells <0.0001 <0.0001 <0.0001 

C- Infill <0.0001 <0.0001 <0.0001 

AxB 0.0001 0.0005 0.0022 

AxC <0.0001 <0.0001 - 

BxC <0.0001 <0.0001 0.0032 

AxBxC 0.0093 - - 

Table B2. PLA factor p-values for compression tests. Reproduced from [26]. 401 

 Yield Strength Young’s Modulus 

Model 0.04 0.06 

A - Orientation 0.29 0.34 

B - Shells - - 

C- Infill 0.51 0.31 

AxB - - 

AxC 0.01 0.02 

BxC - - 

AxBxC - - 

 402 

 403 
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Appendix C 404 

Figure C1. BSC-PLA yield strength model vs data. The color gradient indicates lowest (blue) to 405 

highest (red) experimental value. 406 

 407 

Figure C2. BSC-PLA elastic modulus model vs data. The color gradient indicates lowest (blue) to 408 

highest (red) experimental value. 409 

 410 
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