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Abstract: Additive manufacturing (AM) has been rapidly growing for a decade in both consumer 17 

and industrial products. Fused deposition modelling (FDM), one of the most widely used additive 18 
manufacturing method, owes its popularity to cost effectiveness in material and equipment 19 
investment; thus, it has a dominant market share, especially in consumer markets. Considering 20 
FDM dominance, many small and mid-size companies have invested in new composite filaments, 21 

e.g., comprising thermoplastic polymers and reinforcing agents (fibers and particles). Current 22 
efforts are aimed toward high load-bearing capacity at low material costs. However, the mechanical 23 
reliability of end-products derived from these compositions and their dependence on 24 
microstructural effects, have remained as major limitations. This is mainly owing to the unknown 25 
mechanics of the materials, including the reinforcing or filler components and their 26 

interphase/interface compatibility. For this reason, here we investigate the most relevant 27 
commercial polymeric materials used in composite filaments. We investigate the associated phases 28 
and the characterization protocols that can guide component selection, screening and 29 
troubleshooting. We first present thermal analyses (thermogravimetric, TGA and differential 30 
scanning calorimetry, DSC) in relation to the constituent fractions and identify the type of polymer 31 

for uses in filaments production. The influence of various fillers is unveiled in terms of the 32 
crystallization behaviour of derived 3D-printed parts. To understand the microstructural effects on 33 
the material strength, we carry out a series of tensile experiments on 3-D printed dog-bone shaped 34 
specimens following ISO standards. Simultaneously, real-time thermal energy dissipation and 35 

damage analyses are applied by using infrared measurements at fast frame rates (200 Hz) and high 36 
thermal resolution (50 mK). The failure regions of each specimen are examined via optical, scanning 37 
and transmission electron microscopies. The results are used to reveal new insights into the size, 38 
morphology, and distribution of the constituents and interphases of polymer filaments for FDM. 39 
The present study represents an advancement in the field of composite filament fabrication, with 40 

potential impact in the market of additive manufacturing. 41 

Keywords: Additive manufacturing; fused deposition modelling; composite filaments; 42 

thermoplastic polymers; thermogravimetric analysis; differential scanning calorimetry. 43 
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1. Introduction 45 

Advances in new and low-cost additive manufacturing (AM) combined with developments in 46 
polymer materials technologies related to AM play a critical role in the life cycle of today’s consumer 47 
and high-technology products [1–5]. Enjoying the high level of flexibility from the prototyping to the 48 
mass production phases, recent advances have been effective to replace conventional product 49 

development strategies. Meanwhile, such developments have allowed freeform fabrication and 50 
minimization of the reliance on expensive tools, providing more room for material recycling [6,7]. By 51 
means of these advances, it is possible to use thermoplastic polymers, which can be reused or 52 
recycled, as the matrix material binding the reinforcements in polymer composites. Compared to the 53 
given matrix in conventional thermosetting polymer composites, thermoplastic polymer composites 54 

are faster for fabrication and material toughening [8]. These characteristics make them attractive in 55 
mass-production industries with a focus on moderate operational conditions due to their low 56 
processing temperature and solvent resistance [9]. It is evident that the market share of the 57 
thermoplastic polymers and their composites has been rapidly increasing in correlation with the 58 
state-of-the art fabrication methods and processing strategies for their mass-production [10]. 59 

Additionally, for the low volume applications—e.g. in aeronautical and medical industries— 60 
thermoplastic polymers have been a frequent choice in the context of fused deposition modelling 61 
(FDM), which is a widely used AM method based on filament softening and extrusion through a 62 
nozzle [11,12]. The reason behind this choice is the wide range of commodity thermoplastics which 63 

include polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and high-performance materials 64 
such as polyether ether ketone (PEEK) and polyetherimide (PEI), all of which can be effectively used 65 
with FDM [13,14]. However, for many of the FDM applications with thermoplastic composite 66 
filaments, the scientific foundations have been outrun due to process-centered industrial practices. 67 
In line with the extrusion and printing processes illustrated in Figure 1, the issues discussed so far 68 

can be addressed by controlling production process variables, including extrusion speed, heating and 69 
cooling cycles. During the formation and printing processes, crystallinity, mechanical and thermal 70 
characteristics of the filaments as well as constituents and compatibility at their interphases are 71 
affected to different extents [9].  72 

 73 

 74 

Figure 1. Schematic illustration of the cycle from pellets to printed product: a) 3-D printing filament 75 
extrusion process and b) fused deposition modeling (FDM). 76 
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In consideration to the extrusion and FDM processes, the present study investigates the 77 

mechanical and thermal characteristics of some of commercially available filaments, with matrix 78 
material composed of PLA, polyamide (PA6/66), or polyethylene terephtalate (PET) while using as 79 
reinforcement the so called “nanodiamond” (from uDiam-PLA or uDiam-PLA filaments), cellulose 80 
(UPMFormi), carbon and glass fibers (CF and GF, respectively). For a thorough characterization, 81 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) analyses were carried 82 
out. We identify the type of polymer used in their production processes, and determine the influence 83 
of various fillers on the crystallization behaviour of their 3D printed parts. Thereafter, for 84 
understanding the microstructural effects on the material strength, a series of tensile test experiments 85 
were conducted on additively manufactured dog-bone specimens using simultaneous infrared (IR) 86 

thermal analysis. The failure regions of each specimen were finally examined with optical (bright 87 
field and polarized microscopy), and scanning electron microscopy (SEM) to gain a clear insight into 88 
the constituents, their interphases, and the propagated fracture post tensile testing. The results are 89 
expected to better connect industrial developments associated with thermosetting polymer 90 
composites and the scientific insights available in FDM applications. 91 

2. Materials and Methods 92 

2.1. Thermoplastic polymer composite filaments for additive manufacturing 93 

In the present study, four thermoplastic composite printing filaments (2.85 mm diameter) were 94 
used and abbreviated as UPM Formi-PLA, GF-PA6, CF-PET, Udiam-PLA. In addition, three single-95 

component thermoplastic printing filaments, PLA, PA6/66 and PET, were also investigated. The 96 
detailed descriptions of the compositions and the proposed FDM printing conditions stated by the 97 
manufacturers are listed in Table 1 [15–20]. For the 3D printing of these filaments into dog-bone test 98 
specimens, an Ultimaker 3 Extended printer was used with the recommended nozzle and printing 99 
bed temperatures. The selected 3D printer has a print bed moving only in the Z-axis while the print 100 

core (or extruder) can move in both X- and Y- axes, and is thus classified as Cartesian 3D printer [21]. 101 
The specimens were printed with 100% rectilinear infill in the XY-plane, also known as flat raster 102 
orientation, following the dimensional specifications, as shown in Figure 2 and provided in ISO 527-103 
1:2012 Plastics - Determination of tensile properties [22,23]. Layer height was taken to be 0.1 mm 104 
whereas nozzle size was 0.4 mm. Due to the abrasive nature of the reinforcing fibers and particles, 105 

the default nozzle system was replaced with the third-party 3D Solex Hardcore Pro print core and 106 
Everlast Ruby nozzle kit [24].  107 

 108 
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Table 1. Descriptions, abbreviations, printing conditions and characteristics of the investigated 126 
printing filaments. 127 

Material 

description 

Abbreviation 

in the text 

Brand Nozzle 

Temperature 

Bed 

Temperature 

Suggested 

print 

speed 

Density 

   
(°C) (°C) (mm/s) (g/cm3) 

Polylactic acid PLA Ultimaker 210-230 60 - 75 40 - 80 1.24 

Polyamide  

(grade PA6/66) 
PA6/66 Ultimaker 230-260 60 - 70 40 - 80 1.14 

Poly(ethylene 

terephtalate) 
PET Innofil3D 210-230 75 40 - 80 1.34 

Cellulose 

polylactic acid 

UPM Formi-

PLA 
Octofiber 210 - 225 60 15 - 30 1.21 

Glass fiber 

polyamide  

(grade PA6) 

GF-PA6 
Owens-

Corning 
220-280 80 - 110 30 - 110 1.17 

Carbon fiber 

poly(ethylene 

terephtalate) 

CF-PET Innofil3D 250-260 75 40 - 60 1.23 

Nanodiamonds 

polylacticacid 
Udiam-PLA Carbodeon 220-250 Ambient 50 - 500 1.35 

 128 
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Figure 2. Dimensional specifications of the specimen according to ISO 527-1:2012 [23,25]. 158 

2.2. Thermogravimetric analysis and differential scanning calorimetry 159 

The thermal properties of printing filaments (as received, without any further heat treatment or 160 

drying) were determined by thermogravimetric analysis (TGA Q500, TA Instruments) and 161 
differential scanning calorimetry (DSC Q2000, TA Instruments). TGA was used to determine the 162 
thermal degradation temperatures and to estimate the amount of filler material present in the 163 
composite filaments. A sample weight of 5-10 mg was heated from 30 to 600-800 °C at the rate of 10 164 
°C/min in a flowing air atmosphere with a purge rate of 60 ml/min. Instead of performing the thermal 165 

degradation of printing filaments in a standard flowing nitrogen atmosphere, we intentionally 166 
carried out the degradation in air to simulate the 3D printing conditions that is often performed at 167 
ambient atmosphere.  168 

DSC was performed on the printing filaments to 1) identify the type of polymer used in the 169 

production of filaments, based on the available literature, and 2) determine the influence of various 170 
fillers on the crystallization behaviour of filaments and hence 3D printed parts. All experiments were 171 
performed under a constant nitrogen gas flow. The non-isothermal crystallization process was 172 
carried out according to the following procedure: Each sample weight of 5-6 mg (sealed in aluminium 173 
pans) was subjected to two heating cycles with an intermediate cooling. During the first heating cycle, 174 

the samples were heated from -40 °C to the a given value depending on the suggested nozzle 175 
temperature ,180-300 °C (heating rate of 10 °C/min). After keeping them at 180-300 °C for 3 min, the 176 
given molten sample was cooled to -40 °C at a cooling rate of 10 °C/min and kept for another 3 min. 177 
Subsequently, the samples were heated again from -40 °C to 180-300 °C (heating rate of 10 °C/min). 178 
The first heating cycle was performed to erase the thermal history associated with the polymer 179 
processing and thermal properties such as glass transition temperature (Tg), melting temperature 180 
(Tm), melting enthalpies (∆Hm) and degree of crystallinity (Xc) , which were analysed by using the 181 

second heating cycle [26–28]. However, in case of 3D printed polymers the first heating performed 182 

Details Dimension 

(mm) 

Full length, l 170 

Grip face length, l1 112 

Parallel test length, l2 80 

Grip section width, b2 20 

Parallel section width, b1 10 

Thickness, h 4 

Radius, r 20 
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on the filaments is considered more appropriate and realistic for simulating the 3D printing 183 

conditions and hence determining the thermal properties of the 3D printed parts [29]. The melt 184 
crystallization temperatures (Tmc) were determined from the cooling cycle. From the first heating 185 
cycle, the initial existing degree of crystallinity (Xc1F) of filaments was evaluated by equation 1, 186 
whereas, the evolution of overall crystallinity (Xc13D) of 3D printed composites was calculated with 187 

equation 2. The degree of crystallinity (Xc2M) was also calculated from the second heating cycle (after 188 

removing the previous thermal history associated with the polymer processing) in order to determine 189 
the actual crystallinity of a polymeric material and calculated by equation 3. The glass transition 190 
temperature (Tg (ii)) of the filaments were also determined from the second heating cycle and 191 
compared with the glass transition temperature (Tg (i)) obtained from the first heating cycle. TA 192 

Universal analysis software was used for the analysis of the TGA and DSC results. 193 
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where ∆Hm1 and ∆Hm2 represent the melting enthalpy of the crystals formed in the polymer during 194 
the first and second heating cycle, respectively, and ∆Hcc1 is the enthalpy of cold crystallization 195 
formed during first heating. ∆H°m is the theoretical enthalpy value for a 100 % crystalline polymer as 196 

follows: PLA = 93.7 J/g [30]; PA6 = 230 J/g [31]; PA6/66 = 240 J/g [32]; PET = 130 J/g [27] and wt% filler 197 
is the mass fraction of fillers present in the filament. Xc1F is the initial existing crystallinity of the 198 
printing filament and Xc13D is considered as the overall crystallinity of 3D printed part evolved after 199 
3D printing (from first heating cycle). Xc2M is the actual crystallinity of a polymeric material calculated 200 

from the second heating cycle.  201 

2.3. Mechanical and thermal characterization procedure 202 

Mechanical testing procedure was based on the tensile strength of dog-bone shaped specimens, 203 
which followed the geometry and test method specifications stated in ISO 527-1:2012 Plastics - 204 
Determination of tensile properties [23]. Tensile tests were carried out at room temperature (20 ⁰C), 205 
at a relative humidity of 60 %. The test speed was 5 mm/min with nominal initial grip to grip 206 

separation of 110 mm for each specimen [33]. The force transducer, with a limit of 20 kN, was used 207 
with a mechanical gripping system on a Zwick tensile testing frame. In order to measure the real-208 
time thermal energy dissipation and to identify the thermomechanical characteristics of the damage, 209 
FLIR A655SC infrared (IR) measurement system was also used with the frame rate of 200 Hz, optical 210 

resolution of 640 x 480 px2, and thermal resolution of 50 mK. 211 

2.4. Optical measurement systems 212 

Optical microscopy was used to gain a deeper insight into the filament composition, for which 213 
the images were obtained on a Nikon Leica microscope in transmission and reflection mode with or 214 
without cross-polarizers. A JVC KY-F55BE camera with a resolution of 752 × 582 was used. For the 215 

observation and assessment of the fractures after tensile testing, a field emission scanning electron 216 
microscope (FE-SEM) (Zeiss SigmaVP, Germany) operating at 1.6 kV and a working distance of 4 mm 217 
was used. Prior to imaging the samples were sputtered with a 4 nm layer of platinum-palladium 218 
alloy. 219 
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3. Results 220 

3.1. Thermoplastic polymer composite filaments for additive manufacturing 221 

The thermal degradation of the different printing filaments at temperatures between 23 and 600-222 
800 °C is illustrated by the TGA data (air atmosphere) included in Figure 3. According to the weight 223 
loss profiles (Figure 3 (a)), the thermal degradation of the printing filaments occurs in two steps, 224 

except for CF-PET, which degraded following three steps. The thermal degradation temperature at 225 
each step was determined from the derivative thermogravimetric analysis (Figure 3 (b)), where Td1, 226 
Td2 and Td3 represents the degradation temperature at first, second and third step (Table 2). 227 

Comparing neat and composite filaments of PA6/66 and PET, it is evident that PLA and its 228 
composites are less thermally stable. As such, the initial degradation temperature (IDT) was 229 

determined for each filament and compared to determine the onset of thermal degradation (Table 2). 230 
Clearly, PA6/66 and GF-PA6 are the most thermally stable materials (IDT of 390.34 and 393.34, 231 
respectively), followed by PET and CF-PET, which displayed an intermediate stability (IDT of 381.47 232 

and 386.08, respectively). The results compared to those of PLA, UPM Formi-PLA and Udiam-PLA 233 
with lowest stability due to an early onset of degradation (IDT of 321.11, 310.61 and 334.85, 234 

respectively). Among all composite filaments, only PLA containing cellulose fibers (UPM Formi-235 
PLA) degrades slightly earlier than pure PLA, which is attributed to the early degradation of 236 
hemicellulose in the temperature range of 220-280 °C [34]. In contrast, other composites containing 237 
nanodiamond particles, glass or carbon fibers performed similarly or slightly better than their 238 

reference polymers, potentially due to better thermal stability of the fillers. In addition, the presence 239 
of any residual volatile solvent, bound and unbound water in the printing filaments, was also 240 
determined from TGA by measuring the weight loss at 220 °C, WL220 °C (Figure 3 (a), inset). As such, 241 

PLA, PET and CF-PET resulted in minimum weight loss at 220 °C (< 0.19 %) inferring the absence of 242 
any solvents. However, UPM Formi-PLA, Udiam-PLA, PA6/66 and GF-PA6 resulted in higher 243 

weight loss (1.10, 0.87, 1.62 and 1.07 %, respectively) that indicate the presence of solvents. For UPM 244 
Formi-PLA, the weight loss should be attributed to the adsorbed water on the hygroscopic cellulose 245 
fibers from the ambient environment. Finally, from the weight loss curves (Figure 3 (a)) the amount 246 
of filler content was determined at the first, second, third step (WL1, WL2, WL3) and the residual ash 247 

(Table 2). As such, a filler content similar to the data provided by the respective producer was 248 

obtained: UPM Formi-PLA contains 14.70 wt.% cellulose fibers (15-50 wt.% stated by the producer), 249 
Udiam-PLA contains 14.62 wt.% nanodiamond particles (produced data not available), GF-PA6 250 
contains 29.5 wt.% glass fibers (30 wt.% as stated by the producer) and CF-PET contains 15.74 wt.% 251 
carbon fibers (15 wt.% according to the producer). 252 

 253 

Figure 3. Thermogravimetric analysis representing (a) weight loss, inset (details up to 250 °C) and (b) 254 
differential weight loss of different printing filaments. 255 
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Table 2. Thermogravimetric analysis of different printing filaments. 256 

Sample WL220°C 

(%) 

IDT 

(°C) 

Td1 

(°C) 

WL1 

(%) 

Td2 

(°C) 

WL2 

(%) 

Td3 

(°C) 

WL3 

(%) 

Ash 

(%) 

Filler 

(%) 

PLA 0.15 321.11 346.13 95.17 467.40 3.65 - - 1.27 - 

UPM 

Formi-PLA 
1.10 310.61 343.28 85.20 443.05 13.50 - - 1.20 14.70 a 

Udiam-PLA 0.87 334.85 356.61 81.93 460.48 3.01 - - 14.62 14.62 b 

PA6/66 1.62 390.34 440.12 83.15 520.83 16.56 - - 0.36 - 

GF-PA6 1.07 393.34 433.75 62.25 489.70 8.29 - - 29.50 29.50 c 

PET 0.19 381.47 420.56 84.24 526.80 15.59 - - 0.08 - 

CF-PET 0.15 386.08 423.26 69.97 508.63 13.18 698.18 15.358 0.39 15.74 d 

a = WL2 + Ash; b = Ash; c = Ash; d = WL3 + Ash 257 

The crystallization behaviour of neat and composite printing filaments were investigated by 258 
DSC non-isothermal crystallization using the first and second heating and cooling thermographs, as 259 

shown in Figure 4. Table 3 summarizes the thermal parameters from the DSC curves, such as glass 260 
transition temperature (Tg (i), first heating; Tg (ii), second heating), cold crystallization temperature (Tcc), 261 
cold crystallization enthalpy (ΔHcc), melting enthalpy (ΔHm), onset crystallization temperature (Tonset), 262 
melt crystallization temperature (Tmc) and derived parameters such as half crystallization time (t1/2), 263 
crystallization rate (R), crystallinity of filament (Xc1F), crystallinity of 3D product (Xc13D) and actual 264 

crystallinity of polymeric material (Xc2M). The half crystallization time and crystallization rate were 265 

obtained following the literature [35] where 266 
 267 

 1 2
onset mcT T

t



 , (4)268 

  269 

 
1 2

1
R

t
. (5) 270 

Here, Tonset is the temperature at the onset of crystallization during the cooling cycle, Tmc is the peak 271 
temperature of the crystallization endotherm,  is the cooling rate at 10°C/min, t1/2 represents the time 272 
when 50 % of the polymer already being crystallized and R represents the crystallization rate.  273 

From the first heating cycle (Figure 4 (a)), similar glass transition temperatures, Tg (i) were 274 

observed for PLA, UPM Formi-PLA and Udiam-PLA, indicating that no plasticizer was used in the 275 
manufacture of the filaments, which would have otherwise shifted the Tg (i) towards lower values. 276 
From Table 3, similar glass transition Tg (ii) temperatures were observed when determined from the 277 

second heating cycle, inferring that the slight moisture uptake by the cellulose-containing systems 278 
and those with nanodiamonds (as determined previously from the weight loss at 220 °C, TGA) did 279 
not affect the bulk properties of PLA. However, addition of fillers significantly affected the 280 
crystallization of PLA that occurred initially at 114 °C (Tcc) for neat PLA and latter shifted to lower 281 

temperatures of 91.2 and 79.8 °C upon addition of cellulose fibers and nanodiamond particles (UPM 282 

Formi-PLA and Udiam-PLA, respectively). Clearly, the crystallization of PLA composites becomes 283 
easier in the presence of fillers, which act as nucleating agents. Notably, from the cooling cycle (Figure 284 
4 b), a well-developed melt crystallization peak was observed for Udiam-PLA, around 120 °C, which 285 
compares with an under-developed peak at 30 °C for UPM Formi-PLA. In addition, no cold 286 
crystallization peak (Tcc) was observed for Udiam-PLA during the second heating cycle (Figure 4 (c)), 287 
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indicating the complete crystallization of PLA during the previous cooling cycle. In contrast, a fully 288 

developed cold crystallization peak was observed for UPM Formi-PLA, indicating partial 289 
crystallization of PLA, in response to the coarser and heterogeneous morphology of cellulose fibers 290 
that hindered PLA crystallization, due to restriction in PLA polymeric chain movement. Therefore, 291 
nanodiamond particles, which promoted an early crystallization and hence improved PLA 292 

crystallization behaviour, are considered a better and more efficient nucleating agent than cellulose 293 
fibers. Interestingly, the melting temperature (Tm) of Udiam-PLA is around 170 °C while for PLA and 294 

UPM Formi-PLA it is around 150 °C. Similar observations have been reported for two different grades 295 
of PLA differing in D-isomer content, where, grade with 1.5 % D-isomer results in melting 296 
temperature of 170 °C and grade with 4 % D-isomer results in a melting temperature of 150 °C [28]. 297 

Therefore, a similar grade of PLA with around 4 % D-isomer content was used to produce neat PLA 298 
and UPM Formi-PLA filaments (might favoured for 3D printing due to low melting temperature), 299 
while a PLA grade with 1.5 % D-isomer content was used in Udiam-PLA filament. For UPM Formi-300 
PLA, the melting peak splits into a lower temperature peak (Tm1) that refers to the melting of the 301 
disordered crystal form, while the second peak at higher temperature (Tm2) corresponds to the 302 

melting of more ordered forms of crystals [28], whereas, no splitting was observed for Udiam-PLA. 303 
The splitting may lead to ambiguities in the crystalline structure of 3D printed product and may 304 
reduce their mechanical properties. Surprisingly, a third melting peak (Tm3) was also detected for 305 

Udiam-PLA, around 220 °C, that might due to the formation of more stable crystals of PLA in the 306 

presence of nanodiamond particles, which act as effective nucleating agent. This might be a reason 307 
for having slightly higher IDT compared to neat PLA (Table 2).  308 

For PA6/66 and GF-PA6, no cold crystallization peak (Tcc) was observed from the heating cycle 309 

(Figure 4 a), inferring that no new crystals were formed during the heating as the crystallization 310 
already reached its maximum after filament processing (during cooling). For PA6/66, two melting 311 
peaks (Tm1 and Tm2) were observed comparing the single peak for GF-PA6 and is attributed to the 312 

presence of PA6 and PA66 polymer with different melting points. A copolymer of PA6 with a fraction 313 
of PA66 is favoured for 3D printing application, as it leads to decrease in melting point and 314 
crystallization, enhance clarity and comprehensive mechanical properties, it also reduces the average 315 
material cost [32]. The copolymer filament of PA6/66 used in this study was blended in a ratio of 316 
80:20, as determined from the very similar thermal properties (Tm1, Tm2, Tmc) of PA6/66 mentioned in 317 

the literature [32]. In contrast to PLA and its composites, a significant difference was observed in the 318 
glass transition temperature of PA6/66 and GF-PA6 from the first and second heating cycle (Tg (i) and 319 
Tg (ii), Table 3). As such, the lower value of Tg (i) compared to Tg (ii) indicates the presence of a residual 320 

compound (water/solvent) (as determined previously from the weight loss at 220 °C, TGA) acting as 321 
a plasticizer for the polymer matrix. Such solvent evaporates after the first heating cycle and latter 322 
resulted in higher Tg (ii). For GF-PA6 composite filament, similar thermal properties (second heating, 323 
Tg (ii) = 67.1, Tm=206 and Tmc=171 °C) were observed comparing the neat PA6 (second heating, Tg (ii) 324 
= 65.9, Tm = 211 and Tmc =170 °C) as mentioned in the literature [36]. Due to the similar Tmc obtained 325 

after adding glass fibers in the PA6 matrix, they do not act as nucleating agent for PA6 matrix, which 326 
otherwise resulted in composites with higher Tmc. Thus, glass fibers only produced a reinforcing effect 327 

in the PA6 matrix. 328 
 For PET filaments, the glass transition temperature is clearly observed, with no signs of melting 329 

and melt crystallization peak (Figure 4 a, b), which suggests amorphous PET. For 3D printing 330 

applications, PET is often copolymerized by replacing the ethylene glycol groups of PET with the 1,4-331 
cyclohexanedimethanol (CHDM), leading to Poly(ethylene glycol-co-1,4-cyclohexanedimethanol 332 
terephthalate) (PETG), a modified PET with reduced melting temperature and crystallinity [27]. From 333 
the literature, the PETG used in this study consists of 30 wt.% CHDM, which removes the potential 334 
for PET chains to form ordered structures [27], and therefore results in a completely amorphous 335 

rather than semi-crystalline polymer. For the CF-PET composite, a semi-crystalline PET was used 336 
without any blending (100/0), as determined by the similar thermal properties (second heating, Tg (ii) 337 
= 74.84, Tm = 245.27 °C) comparable to value found in the literature (second heating, Tg (ii) = 76.30, Tm 338 
= 242.50)  [27]. However, higher Tmc (210.55°C) was obtained for CF-PET comparing the neat PET 339 
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(Tmc = 185.40 °C), [27] that definitely point towards the nucleating effect of carbon fibers in enhancing 340 

the crystallization of PET. In addition, no cold crystallization peak (Tcc) was observed for CF-PET 341 

during the second heating cycle (Figure 4 c) indicating the complete crystallization of PET during the 342 
previous cooling cycle; hence, the carbon fibers proved to be efficient nucleating agents.  343 

From Table 3, three types of crystallinities can be discussed, e.g., the existing crystallinity of 344 
printing filaments (Xc1F), overall crystallinity of 3D printed part (Xc13D), and actual crystallinity of the 345 
polymeric filament material (Xc2M). For 3D printing applications, filaments are often quenched before 346 

spooling to partially restrict the crystallization of the polymer or, in other words, to maintain the 347 
polymer in the amorphous state where it is easily soften/melt during the 3D printing. Therefore, for 348 
most of the filaments (such as PLA, UPM Formi-PLA, Udiam-PLA, CF-PET) a lower degree of 349 
crystallinity (Xc1F) is expected, which fully evolves only during the 3D printing by the action of heat 350 
and results in the formation of new crystals in the 3D printed part (Xc13D). However, there are some 351 

polymer filaments like PA6/66 and GF-PA6 where quenching did not work or the polymer was 352 
annealed to achieve the required properties. As such, no new crystals are developed during the 3D 353 
printing (Figure 4(a)) i.e., full crystallization has been already achieved during the filament 354 
processing (cooling) that results in Xc1F equal to Xc13D. The actual crystallinity (Xc2M) of a polymeric 355 

material (printing filament) is often determined from the second DSC heating cycle [26–28], after 356 
removing the previous thermal history during the first cycle. Consequently, differences were 357 
observed in the values of Xc13D and Xc2M, where, the crystallinity of 3D printed part (Xc13D) is usually 358 

slightly higher or equal to the actual crystallinity of polymeric material (Xc2M), depending on the 359 

previous thermal history (Table 3).  360 
The effect of fillers on the actual crystallinity of polymeric materials (Xc2M) can be determined by 361 

comparing it with the crystallinity of their respective matrix polymers. As such, addition of cellulose 362 
fibers in PLA (UPM Formi-PLA) results in a reduced Xc2M (19.7 %) if compared to the Xc2M (21.3 %) of 363 

neat PLA (see Table 3). This might be due to an overloading of cellulose fibers (~15 wt.% from TGA) 364 
added as filler in the PLA matrix, which hindered the flexibility of PLA polymeric chains and led to 365 
a limited crystallization of PLA. Similarly, for GF-PA6 and CF-PET composites with glass fibers (~ 30 366 
wt.%) and carbon fibers (~ 15 wt.%), a reduction in Xc2M (24.8 and 32.2 %, respectively) was observed 367 
compared to the Xc2M of the matrices, PA6 and PET (28 [36], 35 % [27], respectively). From previous 368 

observations, glass fibers are more likely to act only as a reinforcing agent for PA6 while only carbon 369 
fibers are considered as a nucleating agent for PET. A higher loading of fillers in the polymer matrix, 370 
however, results in reduction of Xc2M due to restricted polymer chain movement. In contrast, for 371 
Udiam-PLA, a significant improvement in Xc2M (52 %) is observed compared to the Xc2M (36 %) of neat 372 

PLA [30]. It is interesting to note that both cellulose fibers and nanodiamond particles were loaded 373 
at ~15 wt.% in the PLA matrix but only nanodiamond particles with fine and homogeneous 374 
morphology acted as effective nucleating agent for PLA when compared to cellulose fibers, with 375 
coarser and heterogeneous morphology. The detailed explanation of the effect of filler size on the 376 
crystallinity of the composite could also be investigated by the activation energy required by fillers 377 

to crystallize the polymer, a subject for further studies. 378 
For 3D printing applications, both GF-PA6 and CF-PET are considered an ideal choice as 379 

printing filaments, displaying the lowest half crystallization time, t1/2 and highest crystallization rates, 380 
R (Table 3). However, GF-PA6 may be preferred over CF-PET due to lower melting temperature that 381 

is often associated with better energy efficiency in 3D printing. 382 

 383 
 384 
 385 
 386 
 387 

 388 
 389 
 390 
 391 
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 392 

Figure 4. Non-isothermal DSC curves for different printing filaments showing (a) first heating cycle, 393 

(b) cooling cycle, and (c) second heating cycle. 394 

 395 

Table 3. Non-isothermal crystallization parameters of different printing filaments. 396 

Sample Tg (i) 

(°C) 

Tg (ii) 

(°C) 

Tcc1 

(°C) 

∆Hcc1 

(J/g) 

Tm1; Tm2 

(°C) 

∆Hm1+2 

(J/g) 

Xc1F 

(%) 

Xc13D 

(%) 

Xc2m 

(%) 

Tonset 

(°C) 

Tmc1; Tmc2 

(°C) 

t1/2 

(min) 

R 

(min-1) 

PLA 58.76 58.22 113.99 18.978 147.78 21.279 2.46 22.71 21.30 - - - - 

UPM 

Formi-

PLA 

57.62 56.59 91.16 11.689 
143.87; 

151.57 
23.257 14.47 29.10 19.71 40.04 31.38 0.87 1.15 

Udiam-

PLA 
56.68 57.44 79.83 14.288 172.5 32.584 26.19 51.67 52.05 123.32 

146.90; 

116.7 
0.66* 1.50 

PA6/66 46.39 56.78 - - 
180.59; 

188.99 
89.101 37.13 37.13 18.12 143.84 133.75 1.01 0.99 

GF-PA6 34.06 67.11 - - 207.61 47.481 29.28 29.28 24.80 176.19 170.8 0.54 1.86 

PET 65.72 69.13 - - - - - - - - - - - 

CF-PET 71.79 74.84 118.64 21.772 251.57 32.679 9.96 29.83 32.18 216.38 210.55 0.58 1.72 

* Tmc2 was used to calculate t1/2 397 
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3.2. Tensile tests and IR thermography 398 

The tensile test specimens were printed in batches of three to provide the same environmental 399 
and printing conditions, thus eliminating any effect of unknown manufacturing parameters. As listed 400 
in Table 4, most of the tested specimens exhibited significantly lower Young’s moduli (37-79 % 401 
relative to the values provided by the manufacturers [15–20]). The main reason for the difference 402 

related to the procedure used for testing the specimens. For convenience, some of the manufacturers 403 
produce both pellets and filaments of same compositions and provide the characteristics by using the 404 
injection molded test specimens, which is the only way to present the pellet characteristics. It is 405 
known that the injection molding uses external forces to reduce the voids and defects resulting in 406 
final products that exhibit better performance than the ones manufactured with FDM [13,37]. As seen 407 

in Figure 8 (b), raster orientations for the fibers, which are not aligned under loading during the 408 
tensile testing, is another reason for the reduced value of the mechanical characteristics of the 409 
specimens manufactured with FDM [38]. However, an exception was the experimental results 410 
obtained from PA6/66, which exceeded the provided Young’s modulus by 120% [15]. The ultimate 411 
tensile strengths (UTS) of filaments comprising the polymeric matrices (PLA, PET and PA6/66) were 412 

higher than those quoted by manufacturers while the UTS for GF-PA6 composite filaments was 413 
similar to the manufacturer’s figures. For the rest of the investigated materials, the measurements 414 
indicated lower values than quoted. 415 

 416 

Table 4. Mechanical and thermal characterization of investigated materials under tensile loading. 417 

Here, E, UTS, εUTS, εBreak and ∆TBreak refer to Young’s modulus, ultimate tensile strength, strain at 418 

ultimate tensile strength, strain at break and temperature increase at break, respectively. StDev refers 419 

to the standard deviation. 420 

Material Cross-

section 

E UTS εUTS εBreak ∆TBreak  
mm2 MPa MPa (mm/mm) (mm/mm) (°C) 

PLA       

(Tests) Mean 42.39 1790.13 56.77 0.041 0.050 12.86 

(Tests) StDev. 0.44 16.38 3.65 0.003 0.011 4.11 

(Data sheet) [15] - 2852.0 38.1 0.021 0.028 - 

PET       

(Tests) Mean 42.38 1607.76 65.64 0.054 0.067 27.03 

(Tests) StDev. 0.57 52.75 1.03 0.003 0.001 9.54 

(Data sheet) [20] 

 

- 2264.0 40.9 0.030 0.031 - 

PA6/66       

(Tests) Mean 41.25 1299.77 58.29 0.061 - - 

(Tests) StDev. 0.31 9.44 0.20 0.001 - - 

(Data sheet) [15] - 579.0 27.8 0.020 2.10 - 

UPM Formi-PLA       

(Tests) Mean 41.89 809.91 16.69 0.033 0.038 5.56 

(Tests) StDev. 0.15 30.73 0.38 0.004 0.004 1.83 

(Data sheet) [17] - 2600.0 28.0 0.050 - - 

GF-PA6       

(Tests) Mean 40.52 2533.22 91.16 0.051 0.051 14.41 

(Tests) StDev. 0.13 19.88 0.78 0.002 0.002 2.86 

(Data sheet) [18] - 7400.0 102.0 0.021 0.021 - 
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CF-PET       

(Tests) Mean 41.57 1875.49 52.02 0.037 0.038 7.73 

(Tests) StDev. 0.80 36.34 1.38 0.020 0.020 0.58 

(Data sheet) [20] - 9000.0 80.0 0.025 - - 

uDiam-PLA       

(Tests) Mean 41.56 1995.47 35.59 0.026 0.027 14.35 

(Tests) StDev. 0.49 179.80 2.14 0.002 0.002 4.29 

(Data sheet) [19] - 6300.0 43.5 - 0.032 - 

 421 

During the tensile testing measurements, IR thermography was simultaneously carried out to 422 
better understand the thermomechanical characteristics of the materials. To eliminate any 423 
disturbance in the acquisition of the IR thermographs, e.g., from the surroundings and also to provide 424 
a reasonable contrast, the background during the measurement was covered with a wetted paper. 425 
Based on the temperature gradients at the instant of failure (breaking) ∆TBreak, listed in Table 4 and 426 

temperature profiles in Figure 5, filaments of the polymeric matrix phase (PLA, PET and PA6/66) are 427 
shown to dissipate high thermal energy in a correlation with the measured strain values εUTS and εBreak 428 

in the plastic region. This effect, especially for PA6/66, is evident in the thermal images shown in 429 
Figure 6. In case of the composite filaments, GF-PA6 and uDiam-PLA, they dissipate quite high 430 
thermal energies although they display brittle behavior (see the close εUTS and εBreak strain values). 431 

Especially for UPM Formi-PLA, ∆TBreak values were measured to be the lowest among the others, 432 

which can be related to low bonding characteristics between the fibers and the polymeric interface 433 
and, more importantly, the presence of fibers aggregates (please, see the SEM images in Figure 9(f) 434 
for the details). 435 

 436 
 437 
 438 
 439 
 440 
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 441 

Figure 5. Temperature profiles measured during the tensile testing with IR measurement system: (a) 442 
PLA, (b) PET, (c) PA6/66, (d) UPM Formi-PLA, (e) GF-PA6, (f) CF-PET, (g) uDiam-PLA. 443 

 444 
 445 
 446 

 447 
 448 
 449 
 450 

 451 
 452 
 453 
 454 
 455 
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 457 
 458 
 459 
 460 
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Material Thermal Image (camera: FLIR A655SC) 

PLA 

 

PET 

 

PA6/66 

 
 

UPM Formi-

PLA 
 

GF-PA6 

 

CF-PET 

 

uDiam-PLA 

 

 461 

Figure 6. Infrared thermography for some of the investigated specimens. 462 

3.3. Optical measurements 463 

Microscopy was used to for morphological elucidation of the components dispersed in the 464 
filaments as well as to gain mechanistic insights into their strain-dependent behavior. Optical 465 
microscopy in reflection and transmission mode revealed large-scaled grain for the UPM Formi-PLA 466 

filaments (Figure 7(a), ca. 200 µm x 50 µm). The brown color observed suggest substantial amounts 467 
of residual lignin. The grains were brighter (white) when observed between cross polarizers (Figure 468 
7 (b)) highlighting their birefringent nature. The latter is generally associated with cellulose’s 469 
crystalline domains. Such effect was not observed for filaments containing glass or carbon fiber 470 

(Figure 7 (c) and (d)). 471 
 472 
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 473 

Figure 7. Transmission microscopy images obtained for (a) UPM Formi-PLA based composites and 474 
(c) GF-PA6 based composites. In (b) and (d) the respective images are obtained with the sample 475 
between cross polarizers highlighting the crystalline nature of the fibers in UPM Formi-PLA in (b) 476 
and of the amorphous nature of the glass fibers in (d). 477 

Observations by scanning electron microscopy (SEM) of the fractures obtained after tensile tests 478 
revealed information on the composites as well as their behavior under strain. For instance, a high 479 
volume fraction of fiber in the UPM Formi-PLA filaments was observed (Figure 8 (e)). The distinction 480 

between the fibers and the matrix was rather difficult and there is no clear evidence of debonding 481 
between the fibers and the polymeric interface (Figure 9f). Large fibrous aggregates are present, as 482 
also observed by bright field microscopy between cross-polarizers. The fracture was multi-scaled 483 
with features from the submicrometer scale to > 200 µm. This is in contrast with the matrix polymer, 484 
where the fracture was clean and smooth (Figure 8(a)). Multi-scale fracture propagation was also 485 

observed for CF-PET, and GF-PA6 composites (Figure 8 (c), (d), respectively. The Udiam-PLA 486 
composite filaments displayed a rather smooth fracture (Figure 8 (b)). The largest fracture features 487 
were observed for UPM Formi-PLA followed by GF-PA6 and CF-PET. 488 

 489 

Figure 8. Example of fractured surfaces as obtained after tensile tests observed by SEM for (a) neat 490 
polymeric matrices and the respective composites, (b) Udiam-PLA, (c) CF-PET, (d) GF-PA6, (e) UPM 491 
Formi-PLA. 492 
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Observing the interface at the single reinforcing component scale, the UPM Formi-PLA fibers 493 

appear well bound to the polymeric matrix (Figure 9(f)). A good polymer-additive interface is 494 
observed for Udiam-PLA (Figure 9 (a) and (b)), where the fillers appear as flakes with a nanometer-495 
scaled thickness and highly polydisperse planar dimensions, ranging from 1 to 10 µm. 496 

 497 

Figure 9. Magnified fractured surfaces as obtained after tensile tests highlighting polymer-additive 498 
interfaces observed by SEM for (a, b) Udiam-PLA, (c, d) CF-PET, (e) GF-PA6 and (f) UPM Formi-PLA. 499 

Interestingly, bright spots could be observed when imaging uDiam-PLA between cross 500 

polarizers, suggesting filler’s crystalline attributes (Figure 10). The carbon fiber interface with the 501 
polymer is also good in the case of filaments containing carbon fibers (Figure 9 (c) and (d)). This 502 
strong interaction between the CF and PET must be the reason for CF to act as an effective nucleating 503 
agent for PET matrix. The CF cross sectional diameter appeared rather homogeneous, ranging from 504 
4 to 10 µm. The polymer can be seen clearly on the fractured carbon fiber, up to the actual cross 505 

sections of the fractured filler. Nevertheless, some debonding was observed. In contrast, the glass 506 
fiber had a poor interaction with the PA6 in the GF-PA6 composites (Figure 9(e)), with the glass fibers 507 
largely protruding from the fractured area and clearly showing debonding around the polymer-GF 508 
interphase. This observation is in line with the previous DSC measurements where no nucleating 509 
activity was associated with the glass fibers, which only acted as reinforcing agent in the PA6 matrix. 510 

The observed glass fibers are very narrowly dispersed in terms of diameter, ca. 5 µm. 511 

 512 

Figure 10. Transmission microscopy images obtained for (a) uDiam-PLA composites and (b) uDiam-513 
PLA composites images with the samples between cross polarizers highlighting crystalline phase in 514 
uDiam-PLA (bright areas). 515 
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4. Conclusions 516 

In the present study, some of the commercially available filaments comprising neat polymers 517 
and respective composites were investigated for their thermos-mechanical properties. From 518 
thermogravimetric analysis (TGA), PA6/66 and GF-PA6 were found to be the most thermally stable 519 
materials. PET and CF-PET showed an intermediate stability while PLA, UPM Formi-PLA and 520 

Udiam-PLA displayed the lowest stability. However, PA6/66, GF-PA6, UPM Formi-PLA and Udiam-521 
PLA are the most water sensitive materials if compared to PLA, PET and CF-PET. For composite 522 
filaments, a similar filler loading was determined as that quoted by the manufacturer, which was 523 
further confirmed by TGA. From differential scanning calorimetry (DSC), the polymeric materials of 524 
all printing filaments were identified after comparing their thermal properties (Tg and Tm). As such, 525 

two different PLA grades were identified based on different melting temperatures (170 and 150 °C, 526 
D-isomer content of 1.5 and 4 %, respectively), a copolymer of PA6/66 identified with 80/20 blending 527 
ratio, and PET with a completely amorphous nature (known as PETG) obtained after blending 30 528 
wt.% CHDM. The results confirm the practice of blending, modifying tor quenching the standard 529 
polymers to reduce their melting temperature and to achieve better energy efficiency. It is 530 

demonstrated that nanodiamond particles and carbon fiber (CF) acted as an efficient nucleating agent 531 
(higher Tmc). In contrast, cellulosic and glass fibers (GF) were not effective in enhancing the 532 

crystallization of the matrix. Notably, only nanodiamond particles with fine spherical geometry 533 
resulted in an increased the crystallinity of polymer matrix, while, cellulose, carbon or glass fibers, 534 

with large fibrous morphologies, resulted in a reduction of composite crystallinity. This is owing to 535 
the more restricted polymeric chain movement. Microstructural effects were related to the failure 536 
regions of the tested specimens. A good polymer-additive interface was observed for all fillers apart 537 
from glass fibers, which displayed no clear attachment to the matrix. UPM-Formi was revealed to 538 
contain cellulosic fibers while Udiam contained crystalline, micro-scaled flakes with a nm thickness. 539 

All fillers increased tortuosity of the fracture propagation across the filaments, aside from Udiam, 540 
potentially due to its smaller dimensions. Overall, the present study shows that there is a great 541 
deviation between the experimental strength data and the values quoted by the manufacturers, which 542 
is presumably related to the printing conditions i.e. printing temperature, speed, ambient conditions, 543 
infill pattern and percentage [39,40]. Another factor is related to variation in test specimens produced 544 

with injection molding. Since the voids are reduced with pressure and temperature, the strength 545 
properties of the specimens are definitely higher than the ones obtained from FDM. The 546 
considerations brought forward in this study are expected to result in further progress, both in 547 
reverse engineering to associate a deeper science with ongoing industrial efforts and in the formation 548 

of high-performance filaments for FDM. 549 
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