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Abstract: In recent years, additive manufacturing has become one of the 

most used methods of polymer parts manufacturing, especially Fused 

Deposition Modelling (FDM). Wide range of commercial polymer 

materials can be applied, with high print quality, using low cost open-source 

3D Printers. However, due to lack of information on the mechanical 

properties of 3D printed materials, aim is to investigate the same. Tensile 

strength experimental tests were performed on specimens made of Tough 

PLA, ABS, and nylon PA 6/66, using in-house developed test rig. The 

specimens were designed and printed according to specimen standard ISO 

527:2012. Also, due to polymer viscoelastic and viscoplastic properties, 

creep (cold flow) tests were performed, using in-house developed creep-

testing machine, for better understanding of 3D printed polymer behavior 

at elevated temperatures. Finally, the characterization of 3D printed 

materials was performed by analyzing the results obtained by testing.

 Introduction 
The accelerating development and advancement of new 

technologies is a characteristic of today's economy, and 

it is also accompanied by the development of new 

materials. The main goal is faster and cheaper production 

with the lowest possible energy consumption and greater 

reliability and efficiency, while considering the 

protection and preservation of the environment. 

Materials that meet such requirements are polymers, 

specifically a group of synthetic polymers known as 

plastics. Throughout history, the era has often been 

named after the materials used, such as stone, bronze, or 

iron, and many agree that the steel age is slowly coming 

to an end and that the plastic age is coming. In 1950., 

world plastic production amounted to about one million 

tons, while in 2004. it amounted to 224 million tons [1]. 

Due to cheaper and simpler machinability of plastics, 

today there are many technologies to produce plastic. 

One of the technologies is additive manufacturing, also 

known as 3D printing, and Fused Deposition Modeling 

(FDM) stands out. Additive production begins with the 

creation of a three-dimensional model using software 

(CAD) that is transformed into a series of horizontal 

cross-sections or layers. FDM technology works on the 

principle of melting polymer filament in the form of wire. 

By passing through the nozzle, the material melts, and by 

moving the nozzle in the plane, the first layer is formed, 

on which the next layers are applied, and the process is 

repeated until the end-use product is made. Initially, 

FDM technology was used only for prototyping and 

conceptual models, but with the rapid development of 

FDM devices of high accuracy and precision, its 

application has expanded to various fields such as 

electronics, automotive and aerospace, medicine, and 

many others. FDM technology applies a wide range of 

commercially available polymeric materials such as 

acrylic butadiene styrene (ABS), polycarbonate (PC), 

polypropylene (PP), polylactic acid (PLA) or nylon (PA) 

[2]. FDM devices are relatively cheap and easy to 

operate, but the main disadvantage of the technology is 

dimensional instability, sensitivity to temperature 

changes and the dependence of the mechanical properties 

of the end-use product on the orientation of layer 

printing. However, the short manufacturing time, low 

cost, quality of parts and flexibility of the process 

indicate the increasing use and representation of this 

technology and how it could become the future of 

producing polymer parts. Recently, there has been an 

effort to increase the precision of additive manufacturing 

devices to be able to produce items that require high 

dimensional accuracy, without additional finishing [3]. 

The mechanical properties of parts made with FDM 

technology depends on polymer material, print speed and 

orientation of printing, density, and pattern of infill, but 

also on the printing temperature and build plate 

temperature at which the molten material is laid. Dimić 

et al. [4] conducted an experimental test of the load 

capacity of polymer gears made of ABS and PLA. ABS 

is not suitable for making products that have sharp angles 

and demanding geometry, while PLA is. ABS is not 

biodegradable but can be recycled, while PLA is 

biodegradable. PLA printing temperature is lower 
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compared to ABS, and, in addition to the above 

advantages, is a better choice when it comes to elements 

that withstand higher loads and require high accuracy of 

geometry such as gears. Calignano et al. [5] studied the 

dependence of tensile strength, hardness, and impact 

strength of polyamide PA 612 reinforced with 20% 

carbon fiber on the infill density and layer orientation. 

The tensile strength of the tested samples depends on the 

direction of printing and increases with increasing infill 

density. Infill density has very little effect on hardness 

and impact strength while both properties depend on print 

orientation. Tensile strength testing was performed on 

standardized specimens according to ISO 527, but also 

ASTM D638, and differences in results between these 

standards were observed, mainly due to different shapes 

and rates of deformation of the tested samples [6, 7]. The 

addition of carbon or glass fibers to the base material has 

a positive effect on mechanical properties, tensile, 

compressive, and flexural strength, and impact strength 

[8]. As in [4], Zhang et al. [9] optimized the printing 

process on the example of polymer gears made of PA 618 

polyamide. Optimization of four parameters of the FDM 

process was performed to save material and reduce the 

time of fabrication of polymer gears and used artificial 

neural network (ANN) and genetic algorithms (GA). The 

following print parameters were determined: print 

temperature 250 °C, build plate temperature 25 °C, print 

speed 70 mm / s and infill density 80%. Also, the 

influence of each of the parameters on the overall process 

of making gears was determined, with conclusion that 

greatest dependence of the process has infill density. The 

effect of build plate temperature is evident only on the 

first few layers during the printing process while the infill 

density directly affects the mass and mechanical 

properties of the gear. Kuznetsov et al. [10] investigated 

the effect of nozzle temperature and print speed on the 

strength of FDM printed parts. For PLA material, higher 

printing temperature causes 8% more mass of the part and 

up to 16% higher strength. By increasing the print speed, 

the resistances in the nozzle increase, due to greater 

friction and shear stresses in the molten material, and the 

mass and strength decrease. When a larger number of 

layers is applied, a higher print speed is desirable for 

better cohesion between layers. The quality of the bond 

between the layers determines the integrity and 

mechanical properties of the specimen, and as expected, 

in the zones of the bonding layers the properties of the 

part are worse than the properties of the filament. In paper 

[11, 12] ABS is investigated, and it has been 

experimentally confirmed that different cooling rates of 

layers have a significant impact on the structure of the 

bond, but also the overall quality and strength of the 

bond. Parts made by FDM technology consist of stacked 

layers and are always anisotropic [13, 14]. Among the 

mechanical properties being tested, tensile strength is the 

most common. Smaller values of individual layer 

thickness, raster width and air gap increase the tensile 

strength of the part made by FDM technology [15]. 

Onwubolu et al. [16] investigated the tensile strength of 

the specimens by analyzing and optimizing the layer 

thickness, part orientation, raster angle and width, and air 

gap. Tensile strength is highest when the orientation of 

the part in the direction of tensile stress, as well as when 

the air gap is negative or when the grid overlaps, while 

other parameters coincide with those described in [15]. 

Parameter optimization was performed using group 

method of data handling (GMDH) and differential 

evolution (DE) algorithm. Tanikella et al. [17] confirmed 

the dependence of tensile strength on the mass of the test 

sample for various materials. Among the tested materials, 

the highest tensile strength was achieved by PC (49 

MPa), while slightly lower values were determined for 

HIPS (34 MPa), PA 618 (32 MPa) and ABS (29 MPa). 

Unlike ABS, HIPS and PC which are not flexible, PA 618 

has proven to be the best material, which has an excellent 

ratio of strength, flexibility, and ductility. Yao et al. [18] 

experimentally investigated the dependence of tensile 

strength on the orientation of PLA samples. The test was 

performed for different orientations, and the difference in 

tensile strength was observed, up to 52.29% between 0 ° 

and 90 ° orientation, at a specimen layer thickness of 0.1 

mm. As in [15, 16], higher tensile strength was achieved 

when specimens thickness of 0.1 mm compared to 

samples with a layer thickness of 0.2 mm or 0.3 mm. The 

thicker the layer, the greater the possibility of interlayer 

fractures. Bašić et al. [19] investigated the relationship 

between tensile strength and production costs of FDM 

technology on samples made of PLA polymer. The fuzzy 

logic approach was used for modeling, and it was proven 

that higher tensile strength leads to higher costs of FDM 

process. Long-term loaded polymers exposed to 

persistent tensile loads begin to stretch and this 

phenomenon is called creep. Creep in polymeric 

materials occurs at room temperature, and the increase in 

temperature accelerates the phenomenon itself. Like 

tensile strength, the creep of parts made by the FDM 

process depends on the orientation of the part, layer 

thickness, air gap and raster angle and width. For ABS 

and PC polymers by increasing the layer thickness, air 

gap and raster angle increase the tendency of the material 

to creep while the highest creep resistance was achieved 

by a specimen with an orientation of about 17 ° [20, 21]. 

In this paper, the tensile strength and creep test on ABS, 

Tough PLA, and nylon PA 6/66 samples, by Ultimaker 

manufacturer, was performed. The tensile strength test 

specimens were designed according to ISO 527:2012 and 

were made on an Ultimaker S5 FDM device. 

Experimental tests were performed on in-house tensile 

and creep test devices. 
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 Experimental method 
The tested specimens were made on an Ultimaker S5 

FDM printer of easy use and high reliability, and the 

Ultimaker S5 was controlled using Ultimaker Cura 

software. The diameter of the filament used to make the 

samples is 2.85 mm and the diameter of the nozzle is 0.4 

mm. The maximum printing temperature of the device is 

280 °C, the positioning accuracy is about 7 µm, and the 

layer resolution is from 20 to 200 µm. Layers are built on 

a glass heated build plate that can be heated up to 140 °C. 

ABS, Tough PLA and PA 6/66 samples were made 

according to default parameters recommended by the 

manufacturer. For ABS the print temperature is 250 °C 

while the build plate temperature is 85 °C, for Tough 

PLA a print temperature of 215 °C is required with a 

build plate temperature of 60 °C, and for PA 6/66 the 

print temperature is 255 °C and the temperature build 

plate 70 °C. Layer thickness for all materials is 0.2 mm 

and a cubic infill pattern was used. Print speed for ABS 

is 60 mm / s, Tough PLA 50 mm / s, and for PA 6/66 70 

mm / s. Specimens for different infill densities, from 70% 

to 100%, and different displacement rates were tested. 

Defining the test operating parameters that are changing 

during the experiment is made using the software Design-

Expert (Version 6). After experimental testing on 

specimens and statistical analysis of the results are 

obtained, diagrams were generated for all response 

quantities. 

2.1. Tensile strength 

Experimental tensile testing of ABS, Tough PLA and PA 

6/66 samples was performed on an in house developed 

device adapted to polymeric materials while standardized 

specimens, according to ISO 527: 2012 - Type 1A, with 

4 mm thickness, were made on FDM device Ultimaker 

S5. The tensile strength testing machine and specimen 

with associated geometry are shown in Figure 1. The 

polymer tensile strength testing machine drives two 

stepper motors None 34 - M-3431-6.3 (double length), 

with a rated torque of 8.7 Nm and driven by a DMA860H 

driver. Jaw displacement is achieved via two 5 mm 

threaded spindles. The maximum tensile force that the 

device can achieve is 5000 N, displacement rates in the 

range of 1 - 30 mm / min can also be achieved. 

Displacement rates are calculated for the elastic region of 

the tested specimen by entering the modulus of elasticity 

and the desired displacement rate. The upper jaw is 

movable while the displacement of the lower jaw is 

linearly proportional to the tensile force (known stiffness 

of the measuring cell). Since the increase in force is 

achieved and the displacement of the lower jaw, the same 

is considered in the calculation of displacement rate.  

 

 

Figure 1.  In house developed ultimate tensile strength device (left) and tensile strength testing specimen (right) 
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Displacement rate of the upper jaw is constant throughout 

the test so that from the moment the material loosens the 

actual rate of stretching of the specimen increases. The 

device is equipped with a force meter MAVIN NA4 (0 - 

800 kg) and a signal amplifier HX711 which achieves 

24bit resolution in the measuring range.  

The resolution of the force measurement is 0.1 N, and the 

achievable measurement accuracy is ±1 N. The 

displacements were measured with the aid of a developed 

extensometer with a linear sensor Megatron MM30 

measuring range 0 - 30 mm and amplifier ADC1115. The 

resolution of the displacement measurement is about 

0.002 mm, and the achievable measurement accuracy is 

±0.01 mm. The extensometer was made and adjusted for 

a measuring length of a large, standardized specimen of 

80 mm. 

Application of polymer materials exposed to persistent 

load at room temperature, especially at elevated 

temperatures, represents a challenge for engineers.  

 

Figure 2. ASTM D638 – Type IV specimen 

Under such conditions, the viscoelastic and viscoplastic 

properties of the polymer come to the fore, as well as 

creep. Although the stress in the material is below its 

elastic limit, the material deforms over time. In the case 

of metals, such deformations are smaller and high 

temperatures are required for creep to be pronounced, 

while in the case of polymers, creep can occur even at 

room temperature.  

Creep testing was performed on ABS, Tough PLA and 

PA 6/66 samples made according to the ASTM D638 

standard for tensile strength testing. In this paper small 

specimens, ASTM D638 – Type IV, were used to test the 

creep of polymers produced by FDM technology (Figure 

2). The experimental test was carried out on an in-house 

developed creep testing rig. The experimental testing rig 

consists of a lower stationary and an upper movable jaw 

in which the specimen is attached, and they are in an 

insulated chamber with a heater of nominal power 50 W, 

where the temperature in the chamber is regulated by a 

thermocouple.  

The maximum temperature that can be maintained in the 

chamber is 50 °C. Through the lever, at the end of which 

a load is suspended and to which the upper jaw is 

connected, stress is applied to the specimen, and the 

deformation of the specimen is measured based on the 

displacement of the upper jaw. During the creep test, the 

desired stress is usually expressed as a percentage of the 

tensile strength, and most often it is 50% - 70% of the 

tensile strength. Figure 3 shows in-house developed 

creep testing rig. 

 

 

 

 

Figure 3. In house developed creep testing rig 
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  Test results and discussion 

3.1. Tensile strength 

Experimental measurement of tensile strength was 

carried out on three different polymer materials, ABS, 

Tough PLA, and PA 6/66 for different deformation rates 

of 1, 2, 6, 10 mm/min and different infill densities of the 

examined specimens, 70%, 85% and 100 %. Test 

parameters, deformation rate and infill density, were 

determined using Design Expert, statistical software that 

is specifically dedicated to performing designs of 

experiments. Also, using Design Expert, 13 specimens of 

each material were tested in order to determine an 

analytical model that can describe the dependence of 

tensile strength on deformation rate and infill density of 

the sample. Figure 4 (a – c) shows samples made of ABS, 

Tough PLA, and PA 6/66 after tensile strength testing. 

Among the tested samples, the highest tensile strength 

(50.4 MPa) was achieved by the Tough PLA sample with 

an infill density of 100% at a deformation rate of 10 

mm/min.  

On all Tough PLA samples (Figure 4. b)), the fracture 

occurred at the place of the highest stress concentration, 

that is, at the transition from the waist of the specimen to 

its fillet. By increasing the deformation rate of Tough 

PLA specimens, the tensile strength increases because 

the time required for the rearrangement of the polymer 

chains is reduced, which results in greater stiffness and 

strength of the Tough PLA material. As expected, 

reducing the infill density at the same deformation rate 

reduces the strength of the sample, and in the case of 

Tough PLA, the reduction is as much as 42% at a 

deformation rate of 10 mm/min and its caused more by 

stress concentration than cross section reduction. Similar 

behavior was observed in ABS specimens (Figure 4. a)) 

where the specimen fracture occurred at the place of the 

highest stress concentration, like Tough PLA. The 

maximum measured tensile strength is 38.3 MPa at a 

deformation rate of 2 mm/min. It is interesting that with 

ABS specimens, deformation rate has almost no 

influence on the tensile strength, while reducing the infill 

density reduced the tensile strength (up to 32% at a 

deformation rate of 2 mm/min), but not nearly as much 

as with Tough PLA specimens. In only two out of thirteen 

PA 6/66 specimens (Figure 4. c)) specimen fracture 

occurred, while in the others there was stretching, but no 

fracture, due to the limitation of the stroke length of the 

tensile strength testing device. The highest measured 

tensile strength of PA 6/66 specimens is 28.4 MPa at a 

deformation rate of 10 mm/min and an infill density of 

100%. The rate of deformation of the PA 6/66 material 

has an almost negligible influence, and it was noticed that 

the infill density has a much smaller influence on the 

tensile strength of the PA 6/66 polymer compared to ABS 

and Tough PLA. The tensile strength at a deformation 

rate of 2 mm/min and an infill density of 70% is 23.7 

MPa, only about 16% less than the maximum strength.  

By comparing the results of the tensile strength provided 

by Ultimaker Technical Data Sheet for ABS, Tough 

PLA, and PA 6/66 and the test results, it can be concluded 

that there are minor deviations, with the emphasis that the 

results of the manufacturer Ultimaker are shown 

exclusively for infill density 100% at a deformation rate 

of 5 mm/min for ABS and Tough PLA, while for PA 6/66 

the deformation rate is 50 mm/min. 

 

Figure 4. Specimens after tensile test: a) ABS, b) Tough PLA and c) PA 6/66 
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A comparison of the tensile strength results achieved by 

the experimental testing in this paper, at a deformation 

rate of 6 mm/min (ABS and Tough PLA) or 10 mm/min 

(PA 6/66) and for an infill density of 100%, and the 

results achieved by testing of the manufacturer 

Ultimaker, shown is in Table 1. All the results of the 

tensile strength test depending on the deformation rate 

and infill density are shown in diagrams in Figure 5 (a – 

c). 

 

Table 1. Comparison of tensile strength results 

Tensile strength, MPa 

Material ABS Tough PLA PA 6/66 

Experimental results 37,4 49,2 28,4 

Ultimaker results 38,1 45,3 27,8 

 

 

 

Figure 5. Tensile strength depending on deformation rate and infill density: a) ABS, b) Tough PLA and c) PA 6/66 

 

3.2. Creep 

Creep testing was performed on 2 specimens of each 

material on in house developed test rig at 20 MPa 

nominal stress and at two different temperatures, 32 °C 

and 40 °C and specimens are shown on Figure 6. 

Diagram on Figure 7. a) shows creep test results at 32 °C. 

All specimens survived 1500 minutes when the testing is 

stopped. ABS and Tough PLA performed almost the 

same with around 1 mm elongation in total, while PA 

6/66 suffered larger elongations of almost 10 mm without 

fracture. PA 6/66 showed great toughness but poor 

resistance to creep, compared to ABS and Tough PLA. 

Experimental results performed at 40 °C are presented in 

Figure 7. b). Testing was performed for 300 minutes and 

as expected, larger elongations occurred at higher 

temperature. ABS specimens fractured after only around 

210 seconds, unlike Tough PLA and PA 6/66 specimens 

which survived whole testing. Again, PA 6/66 elongated 

the most, up to 20 mm, while Tough PLA elongated for 

around 17 mm and its creep behavior can be divided into 

3 phases: period of linear elongation followed by rapid 

elongation and narrowing, and at last, steeper almost 

linear elongation. It can be concluded that ABS is most 

sensitive to increase in temperature under permanent 

load. 
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Figure 6. Creep specimens at 32 °C (left) and 40 °C (right): PA 6/66 (top), ABS (middle) and Tough PLA (bottom) 

  

Figure 7. ABS, Tough PLA, and PA 6/66 creep test at nominal stress 20 MPa and temperature a) 32 °C and b) 40 °C

 Conclusion 
In this paper, influence of the deformation rate and infill 

density on the tensile strength of ABS, Tough PLA and 

PA 6/66 specimens produced by fused deposition 

modeling (FDM) was analyzed. Experimental 

investigation was carried out on in house developed 

testing rig, influence of deformation rate and infill 

density on the ultimate strength was presented and results 

are compared with the ones presented by manufacturer 

Ultimaker. Contribution of this research is significant due 

to the lack of information on the influence of deformation 

rate and infill density of FDM printing materials on its 

mechanical properties, in this case tensile strength. Also, 
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creep test was performed on mentioned materials, and 

influence of temperature on creep was investigated. 

These are preliminary results and this work will serve as 

a basis for future research on the influence of FDM 

printing parameters, such as printing speed, infill pattern, 

nozzle and build plate temperature, and layer thickness 

on tensile strength. 
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