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A modified Poly(trimethylene terephthalate) used for Fused 1 

deposition modeling: Synthesis and Appliation 2 

Abstract This paper presents the synthesis and appliation of a modified poly(trimethylene 3 

terephthalate) for Fused deposition modeling process. Five samples(S1-S5) of 4 

poly(trimethylene terephthalate-co-isophthalate-co-seacate) (PTTIS) were prepared by direct 5 

esterification and subsequent polycondensation of terephthalic acid(PTA), isophthalic 6 

acid(PIA) (nPTA/nPIA =7/3), sebacic acid(SA) and 1,3-propanediol (PDO) with different mole 7 

percent(αSA) of SA(αSA=0–4.8mol%). The samples were characterized by gel permeation 8 

chromatography (GPC), 
1
H-NMR spectroscopy, and differential scanning calorimetry (DSC). 9 

The mechanical properties tests showed  that the tensile strength, tensile modulus, and 10 

flexural strength values of the samples increase with increasing in αSA up to 1mol%, and then 11 

decreases, while  the elongation at break value the opposite, and the izod impact strength 12 

value increases with increasing in αSA.  The 3D printing materials which were prepared from 13 

S1-S5 were tested by a 3D printer to assess their suitability for Fused deposition modeling 14 

(FDM). The results showed that the PTTIS (nPTA/nPIA =7/3) containing 1.0–3.8mol% SA are 15 

suitable for FDM, and their anisotropy are better than that of ABS. 16 

Key words: modified PTT, FDM, mechanical properties,3D printing,  anisotropy 17 

1. Introduction 18 

The fused deposition modeling (FDM) is one of the most widely used rapid prototyping 19 

systems in the world due to its reliability, safe and simple fabrication process, and low cost of 20 

material. The FDM works as follow: the filamentous thermofusible plastic is melted, and the 21 

filament acts as a piston at the entrance of the liquefier head in FDM machine to force the 22 

molten material out of the nozzle, and then a solid three-dimensional object is obtained 23 

through the layer by layer deposition of the molten material [1]. The main use of the FDM 24 
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system is to optimize the product design, short the product development cycle, reduce 25 

development costs in aerospace, home appliances, automotive, medical, military, teaching 26 

and scientific research and other fields[2]. A number of feedstock materials are available for 27 

FDM, including an investment casting wax, thermo-plastic polyester-based elastomer, 28 

poly(acrylonitrile-butadiene-styrene) (ABS) copolymer, polycarbonate, and 29 

polyphenylsulfone. However, the greatest limitation to this technology is the lack of a variety 30 

of compatible materials, because most of the above materials do not possess the strength to 31 

produce fully functional parts using FDM, limiting the applicability of parts fabricated from 32 

FDM. 33 

There are two ways to solve this problem: synthesis of new thermoplastics possessing 34 

high strength and improvement of the properties of the existing thermoplastics.
 
Many works 35 

have been done by the second way [3-6]. A modified ABS including liquid crystal polymer 36 

(TLCP) fibers have been used in FDM system to fabricate prototype parts, and its tensile 37 

modulus and strength were about four times those of ABS [3]. The material consisting of iron 38 

particles in a nylon type matrix material have been used successfully in the unmodified FDM 39 

system for direct rapid tooling of injection moulding inserts [4]. However, few new materials 40 

for FDM system were synthesized by the first way. Poly (trimethylene terephthalate) (PTT), a 41 

new member of the thermoplastic polyester, possesses excellent mechanical properties such 42 

as high strength, good stability and abrasion resistance
[7-15]

. However, it is not suitable for 43 

FDM because its melting point(~225℃) is too high. It is quite difficult to be heated to molten 44 

state for materials with high melting point in the nozzle, making FDM processing impossible.  45 

In this paper, in order to solve  the  problem, PIA and SA are introduced into PTT to 46 

replace prat of PTA,  and five samples of poly(trimethylene terephthalate-co-isophthalate-co-47 

seacate) (PTTIS) were prepared for FDM by direct  esterification  and  subsequent  48 
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polycondensation with the constant mole ratio of PTA/PIA( nPTA/nPIA =7/3) and different 49 

mole percent of SA (αSA=0–4.8 mol%). The samples of PTTIS were characterized by gel 50 

permeation chromatography (GPC), 
1
H-NMR spectroscopy, and differential scanning 51 

calorimetry (DSC). The  effects  of  the  content  of SA  on the  mechanical  properties of 52 

PTTIS  were  investigated.  And the suitability of the 3D printing materials prepared from the 53 

samples were tested by a 3D printer. 54 

2. Materials 55 

Terephthalic acid (PTA), isophthalic acid (PIA), and sebacic acid (SA) were purchased from 56 

Shanghai Yetan Chemical Industry Co., Ltd (China), and 1,3-propanediol (1,3-PDO) was 57 

provided by Shanghai Haiyu Chemical Industry Co.,Ltd(China). Tetrabutoxytitanium 58 

(Ti(OBU)4)  was  obtained  from tetrabutyl titanate Shanghai  Chemistry  Reagent  Company  59 

(China).  Talc powder was provided by Shanghai huanyu Chemical co. Ltd(China). 2,5-60 

dihexadecylhexanediamide was obtained from Shanghai Huayi Chemical Auxiliary Co.,Ltd 61 

(China). Antioxygen 1076 was purchased from Zibo Xiangdong Chemical Co.,Ltd(China). 62 

3. Preparation of PTTIS 63 

In this paper, five samples(S1,S2,S3,S4,and S5) of PTTIS were prepared by direct 64 

esterification and subsequent polycondensation from PTA, PIA,  SA and 1,3-PDO, in the 65 

presence of Ti(OBU)4 as catalyst. Formulas for the preparation of PTTIS are shown in Table 66 

1. The  detailed  preparation  program was  similar  to  that  in  elsewhere[16], and it was  67 

described  briefly  as  follows:  The mixture of TPA, PIA, SA, 1,3-PDO, and Ti(OBU)4  was 68 

put into a three-necked round-bottom flask equipped with a mechanical stirrer and a 69 

distillation column, and was continuously stirred and kept in the range of 170–215 ℃ until 70 

the solution becomes transparent. After esterification, the mixture was heated up to 255℃and 71 
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kept for 2 h for polycondensation with reduced pressure (60-80Pa), thus the sample of PTTIS 72 

with various sebacic acid content could be prepared.   73 

Table 1  Formulas for the Preparation of  PTTIS 74 

Sample 

Feed
a
(mol%) 

Copolyester composition
b
 

(mol%) 

nPTA+nPIA 

(nPTA/nPIA)=7/3 SA 
nPTA+nPIA 

(nPTA/nPIA)=7/3 SA 

 S1 100 0 100 0 

S2 99 1 98.98 1.02 

S3 97.6 2.4 97.57 2.43 

S4 96.2 3.8 96.21 3.79 

S5 95.2 4.8 95.19 4.81 
a
Molar percent of PTA, PIA and SA fed in the polymerization 75 

b
Measured by 

1
H-NMR spectroscopy 76 

 77 

4. Characterization 78 

4.1 Gel Permeation Chromatography (GPC)  79 

The molecular weights (Mw,Mn) of the samples were determined by GPC(Waters 1515, 80 

USA) with refractormeter 2414 as a detector at 25℃, using hexafluoroisopropanol  as a 81 

solvent. 82 

4.2 
1
H -NMR  83 

The chemical compositions of the samples were analyzed by means of 
1
H-NMR spectra (500 84 

MHz NMR, Varian, MERCURY plus400) using the mixture of CDCl3/CF3COOD as a 85 

solvent.  86 

4.3 Differential scanning calorimetry (DSC)  87 

The  glass  transition temperature (Tg), the temperature of crystallizing peak (Tc) and the  88 

melting temperature (Tm) of the samples were determined by using a  differential scanning 89 

calorimeter instrument (DSC1, METTLER TOLEDO, Switzerland) under  a nitrogen  90 

atmosphere. The sample was first heated from 10℃ to 220℃ at a heating rate of 10℃/min 91 
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and maintained at 220℃for 5 minutes to erase the thermal history.  The sample was cooled 92 

down to -10℃ at  a cooling rate of 70℃/min, and then heated again to 220℃at the heating  93 

rate of 10℃/min. The  second  heating  curves  were  analyzed  to  obtain  the  value of Tg , Tc 94 

and Tm. 95 

4.4 Viscosity testing 96 

The melt viscosity of samples were measured using a Brookfield viscometer (DV-11 Pro) 97 

with a spindle(SC4-27) rotating at 15 rpm from 210℃to 230℃. 98 

4.5 mechanical property 99 

Tensile properties  The specimens of the sample were tensile-tested in a Universal  Testing  100 

Machine  (SHIMADZU, AGS-X 500 N, Japan)  equipped  with extensometer  at  the room  101 

temperature according to ASTM  D  638  standard. All the tests were performed with the 102 

cross-head  speed of 50mm/min . Three specimens were tested in each case, and the average 103 

value was recorded. 104 

Izod impact properties  The specimens of the sample were impact-tested in a cantilever 105 

beam impact testing machine according to GB/T1043-1992. All the tests were performed at a 106 

constant impact velocity of  3.5 m/s. Six specimens were tested in each case, and the average 107 

value was recorded. 108 

Flexural properties  The specimens of the sample were bend-tested in a bend testing 109 

machine (PT-307, Precise Test, Dongguan, China). The 2.5 kN load cell was applied for the 110 

measurements at a constant cross head speed of 1 mm/min. The mechanical testing was 111 

stopped when specimen was fractured. ten specimens were tested in each case, and the 112 

average value was recorded. 113 
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5. Results and discussion    114 

5.1 The Molecular Weight and Chemical Composition of PTTIS  115 

The  molecular  weights  of  S1-S5 determined by GPC were shown in Table 2. From  Table 116 

2, these  samples  have  a  similar  range  of  molecular  weights (Mn= 72900 - 117 

74900 Da).  The 
 1

H-NMR spectra  of  S1-S5  were measured and that of S3 was illustrated  118 

in Figure 1. From Figure 1, S3 shows the characteristic peaks at 7.83(a), 8.23(g), and 1.28 119 

ppm (f), which are attributed to protons of PTA, PIA and SA, respectively. The molar ratio of 120 

the PTA, PIA, and SA units on the polymer backbone was calculated from integrations of 121 

their specific chemical shifts. The results are summarized in Table 1. The composition data in 122 

Table 1 indicates that almost all the PTA, PIA, and SA fed in the polymerization come into 123 

the resultant polymer. 124 

Table 2. Molecular weight and distribution  125 

Sample                         Mw(Da)                      Mn(Da)                       Mw/Mn 

S1                                 84600                          73500                            1.15  

S2                                 86500                          73900                            1.17 

S3                                 89200                          74900                            1.19 

S4                                 87500                          72900                            1.20 

S5                                 91300                          74200                            1.23 

 126 

 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 

 138 
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Fig 1. The  
 1

H-NMR spectra of S3 139 

5.2 Thermal properties of PTTIS 140 

Thermal properties of S1-S5 were measured by the  procedure  described in the above, and 141 

one of the  DSC thermograms (S3) is shown in Figure 2. From the DSC thermograms, the 142 

values of Tg, Tc and Tm for the samples can be obtained and shown in Table 3. As we can seen 143 

from Table 3, the Tg values of PTTIS increases from  43.4℃ to 45.9℃ with increasing in αSA 144 

up to 1mol%, and then decreases from 45.9℃ to 35.6℃. Similarly, the Tm values of PTTIS 145 

increases from 182.8℃to 183.9℃ with increasing in αSA up to 1mol%, and then decreases 146 

from 183.4℃ to 175.3℃. While the Tc value the opposite. The above phenomenon may be 147 

caused by the changes of crystalline properties of PTTIS. SA  may  play  two  roles  in  the  148 

crystallization of PTTIS:  (1)  it  acts  as  a  longer  chain  to  facilitate  crystallization  and  (2)  149 

as  a third  component  disturbs  the  regularity  of  the  co-polymer  mocecular  chain  to  150 

retard crystallization[17-19]. Therefore, from the above data, we could speculate that SA(αSA151 

≤1mol%) can accelerate crystallization of PTTIS, and  a lot of microcrystal can be formed in 152 

a short time to play a role similar to the "physical cross-linking point", which limits the 153 

movement of the chain segments in the non crystalline part[20] and then leads to the increase 154 

of Tg and Tm. However, the later will play its role when αSA is greater than or equal 155 

to2.4mol%.  156 
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                                 Fig 2. DSC thermogram158 

Table 3. The values of Tg, Tc and Tm  159 

5.3 Mechanical properties of PTTIS164 

Based on the method described165 

elongation at break, izod impact 166 

Fig 3. From Fig 3, the tensile strength 167 

increasing in αSA up to 1mol%, and then168 

opposite. These results may be also induced169 

of PTTIS.  170 

On the other hand, the izod i171 

indicating both the formation of microcrystal172 

Sample                    Tg (℃)                 

S1                         43.4                      

S2                         45.9                           107                                183.9

        S3                         41.8                           115                                181.0

        S4                         40.3                           118                                178.6

        S5                         35.6                           119                                175.3

 

thermograms of S3 

 

 161 

 162 

 163 

 164 

TTIS  

on the method described in the above, the results of  tensile strength

mpact strength and flexural strength for S1-S5 were presented in 

tensile strength and flexural strength values of PTTIS incre

1mol%, and then decreas, while the elongation at break

also induced by the effect of SA on the crystalline properties

On the other hand, the izod impact strength value increases with increas

he formation of microcrystal(αSA≤1mol%) and the disturbances

)                      Tc（℃）                      Tm（℃） 

3.4                           114                                182.8 

S2                         45.9                           107                                183.9 

S3                         41.8                           115                                181.0 

S4                         40.3                           118                                178.6 

S5                         35.6                           119                                175.3 

8 

ensile strength at peak, 

were presented in 

strength values of PTTIS increase with 

elongation at break value the 

crystalline properties 

ith increasing in αSA, 

disturbances of the  
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regularity  of  the  mocecular  chain173 

strength.  174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

  Fig 3. The values of tensile strength, 184 

5.4 Rheological properties of P185 

The melt viscosity values (η)  of S1186 

described above, and  the  results  were  shown  in  Table 187 

S2-S5 are one order of magnitude smaller than188 

is beneficial to successful printing in FDM.189 

factor that should be considered for the practical utilization190 

viscosity at the time of application is a desirable attribute for its ability to191 

relationship between η and the activation energy for flow 192 

(1) and (2)  193 

194 

 lnη195 

regularity  of  the  mocecular  chain(αSA≥2.4mol%) are helpful to enhance the izod i

trength, flexural strength, izod impact strength and elongation at 

Rheological properties of PTTIS 

)  of S1- S5  were  measured from 210-230℃ by  the  procedure  

and  the  results  were  shown  in  Table 4. From Table 4,  the 

one order of magnitude smaller than that of S1, indicating  the introduction

successful printing in FDM. The temperature dependency of viscosity

that should be considered for the practical utilization of the PTTIS, 

of application is a desirable attribute for its ability to be processed

he activation energy for flow (E) can be expressed 

)/exp(0 RTEηη =                (1) 

0ln/ η+= RTE       (2) 

9 

the izod impact 

longation at break. 

by  the  procedure  

the viscosities of 

introduction of SA 

The temperature dependency of viscosity is a 

the PTTIS, because low 

be processed. The 

) can be expressed by Equation 
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where R is the gas constant and η196 

for the samples shown in Fig 4 are 197 

listed in Table 4.  198 

Table 4. The melt viscosity values 199 

Sample 
210℃ 

S1 1234 

S2 174 

S3 164 

S4 163 

S5 115 

Fig 211 

212 

 213 

5.5 Fabrication of filaments for FDM processing214 

The feedstock filaments need to be of 215 

successful FDM processing. In order 216 

wiredrawing extruder (HXY-ZS, CHINA)217 

The polymer powder of S1-218 

dihexadecylhexanediamide as lubricant (0.219 

η0 is the pre-exponential factor. The plots of ln(η

for the samples shown in Fig 4 are approximately linear. The E values for these samples are 

melt viscosity(Pa·s) 
E (kJ)

  220℃ 230℃ 

862 587 77.22

112 78     83.35

97 62           101.12

102 73            

65 45           115.04

201 

202 

203 

204 

205 

206 

207 

208 

 209 

 210 

 211 

Fig 4. The plots of ln(η) versus 1/T 

for FDM processing  

need to be of specific size, strength and properties for

In order to create such filaments from S1-S5, a d

, CHINA) equipped with a die diameter of 3.6mm 

-S5 containing talc powder as additive (

xanediamide as lubricant (0.5wt%) and antioxygen 1076  (0.5wt%

10 

η) versus 1/T 

The E values for these samples are 

E (kJ) 

77.22 

83.35 

101.12 

  83.56 

115.04 

 

 

 

 

                   

 

 

 

 

specific size, strength and properties for 

S5, a desktop 

of 3.6mm was used. 

as additive (1wt%), 2,5-

5wt%)  was added 
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to the feed hopper, and the powder material flows into the extruder barrel from the feed 220 

hopper by gravity.  221 

During the extrusion process, die swell phenomenon occurs, and the molten material 222 

will swell when coming out of the die [21]. Because of swelling, the diameter of the filament 223 

will be bigger than that of the die. On the other hand, when the traction speed is bigger than 224 

the extrusion speed, the diameter of the filament will become smaller. Furthermore, the 225 

extrusion speed is related with the temperature of extruder barrel. In this work, the 226 

temperature of barrel heaters is generally 20℃lower than the melting point of the composite. 227 

Since the barrel is stationary and the screw is rotating, the frictional forces will act on the 228 

material. As the material moves forward, it will heat up as result of frictional heat generated 229 

and conducted from the barrel heaters. When the temperature of the material exceeds the 230 

melting point, the melted material is simply pumped to the die. By adjusting extrusion speed 231 

and traction speed, the filaments with desired diameter are produced. After repeated test, 232 

uniform filaments have been made from S1-S5. 233 

5.6 Printing process 234 

The feedstock filaments made from S1-S5 were loaded into spool of a FDM machine 235 

(Panowin F3CL, Φ3mm, CHINA) and were fed into the nozzle for part fabrication. The 236 

results showed that the filaments made from S2- S4 can be printed fluently in the FDM 237 

machine in the temperature range of 210-230℃. However, the filaments made from S1 and 238 

S5 cannot be used to print parts due to nozzle clogging. The reasons for nozzle clogging may 239 

be the viscosity is too large (S1) or the bending strength is too low (S5). According to the 240 

data in Fig 3 and Table 4,the ratios(β) of bending strength to viscosity for S1-S5 at 210-230℃241 

are listed in Table 5. From Table 5, the β values for S2-S4 are higher than that for S1 and S5 242 

at the same temperature. 243 
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Table 5. The ratios (β) of bending strength to viscosity for S1-S5 at 210-230 ℃ 244 

Sample 
β 

210℃ 220℃ 230℃ 

S1 0.06 0.08 0.12 

S2 0.43 0.67 0.96 

S3 0.43 0.72 1.13 

S4 0.41 0.66 0.92 

S5 0.33 0.58 0.84 

 245 

The anisotropy of UTS and elongation at break values for S2, S3 andS4 246 

Like other 3D printing methods, parts fabricated from FDM will exhibit physical property 247 

anisotropy. In most cases, the analysis of ultimate tensile strength can be used to observe the 248 

mechanical property anisotropy. For this reason, two sets of specimens were produced, one 249 

printed in the XYZ direction and the other printed in the ZXY direction( as shown in Fig 5) 250 

for each material type, and the percent difference(∆UTS and ∆EL the difference in UTS values 251 

relative to the horizontally printed samples) was used to characterize the mechanical property 252 

anisotropy of the materials as follow: 253 

              
(XYZ) (ZXY)

UTS

(XYZ)

×100%
UTS UTS

∆
UTS

−
=             (1) 254 

                                           
(XYZ) (ZXY)

EL

(XYZ)

×100% 
EL - EL

∆
EL

=                      (2) 255 

Table 6 presented tensile test results of specimens built in different orientations. From Table 256 

6, we obtain that the values of ∆UTS（23.2 – 26.7%）and ∆EL（37.8 －39.6%）for the 257 

modified PTT are lower than that for ABS ( ∆UTS=47.79% and ∆EL=75.92%, 258 

respectively)[22]. 259 
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 260 

Fig 5. Specimens printed in the XYZ (horizontal) and ZXY (vertical) directions   261 

Table 6. Tensile test results of specimens built in different orientations. 262 

 263 

 264 

 265 

 266 

6. Conclusions 267 

The samples of PTTIS were prepared by introducing PIA (nPTA/nPIA =7/3) and  SA 268 

 (αSA=0–4.8mol%)  into  PTT  to  replace  part of PTA. The  effects  of  αSA  on  the  269 

mechanical  properties  of  PTTIS  were  investigated, and the results showed  that the tensile 270 

strength, tensile modulus, and flexural strength values of PTTIS increase with increasing in 271 

αSA up to 1mol%, and then decreases, while  the elongation at break value the opposite, and 272 

the izod impact strength value increases with increasing in αSA. The 3D  printing materials 273 

which were prepared from S1-S5 were tested by a 3D printer and the results showed that the 274 

PTTIS (nPTA/nPIA =7/3) with αSA = 1.0–3.8mol% display desirable mechanical properties,  275 

and flexible filaments of S2-S4 can be printed fluently in the FDM machine.  276 

 277 

Samples 
UTS(MPa) EL (%) 

XYZ ZXY ∆UTS(%) XYZ ZXY ∆EL(%) 

S2 47.22 36.26 23.2 8.19 5.13 37.8 

S3 45.52 34.37 24.5 10.73 6.62 38.3 

S4 36.25 26.57 26.7 12.53 7.57 39.6 
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