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Abstract 

This article provides a database of the mechanical properties of additively manufactured 

polymeric materials fabricated using material extrusion (e.g., fused filament fabrication (FFF)). 

Mechanical properties available in the literatures are consolidated in table form for different 

polymeric materials for FFF. Mechanical properties such as tensile, compressive, flexural, 

fatigue and creep properties are discussed in detail. The effects of printing parameters such as 

raster angle, infill, and specimen orientation on properties are also provided, together with a 

discussion of the possible causes (e.g., texture, microstructure changes, and defects) of 

anisotropy in properties. In addition to that, research gaps are identified which warrant further 

investigation. 
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1. Introduction

Fused filament fabrication (FFF) is an additive manufacturing technique which is suitable to 

produce parts with intricate internal shapes. An FFF printer is essentially a computer 

numerically controlled (CNC) gantry machine, equipped with one or multi-extruder nozzle 

head. In the dual-nozzle systems, one of the nozzle is for the modelling material and the other 

can be for another modelling material or for support material which can either be easily 

breakable or soluble in alkaline solutions. In FFF technique, parts are manufactured by melting 

and extruding polymeric filament through a heated nozzle in a prearranged pattern onto a base 

plate.1 While the thermoplastic filament is deposited, it cools down to the chamber temperature, 

gets hardened and fuses with the neighbouring material. After one layer of patterning and 

depositing, the base plate moves down or the print head moves up before the next layer begins. 

The process is fully automated and does not need much manpower, making it progressively 

adopted to produce customized products in different fields. 

An important characteristic of the FFF technique is its ability to manufacture objects with 

functionally graded properties (porosity, density and mechanical properties). With progresses 

in materials and technology, FFF is shifting from producing prototypes to manufacturing end 

products. In order for FFF to fully develop into production tool instead of just a machine for 

prototyping, the mechanical properties of the parts manufactured should be improved such that 

the performance of the fabricated parts is preserved during service. Apart from that, there 

should be more variety of polymers that can be used in the FFF technology. 
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Recently, there have been a lot of research in FFF process optimization as well as 

development of new materials for FFF technology. In process optimization, extruder 

temperature 2, raster angle,2-7 layer thickness,3, 6, 7 raster gap,2, 3, 6, 7 raster width,2, 3, 6, 7 contour 

width,6 and specimen orientation3, 7, 8 are the process parameters that have been studied 

extensively to obtain the highest possible mechanical properties (Figure 1). Other factors 

such as filament quality and environmental factors such as oxygen content,9 temperature10 

and humidity10, 11 are known to have effect on part quality and mechanical properties. For 

instance, Lederle et al. observed an increase in elongation at break for amorphous material 

like ABS and a 30% improvement in tensile strength for polyamide under the absence of 

oxygen.9 Halidi and Abdullah noticed that the diameters of the ABS filament feedstock would 

increase as it absorbs moisture.11 However, the effect of change in diameters as a result of 

increase in et al. moisture content on the print quality or mechanical properties were not 

determined. Chuang et al. argued that entrapped moisture in the filament will undergo 

expansion at elevated temperature and thus increases the porosity within the filament which 

results in lower mechanical properties.12 Kim et al. noted that FFF-fabricated samples 

generally absorb more moisture (5-8%) as compared to injection moulded samples (0.34%) 

and samples with more moisture content perform poorer by as much as 10% in terms of tensile 

strength.10 In the same study, they found out that the tensile strength is reduced by about 

27% whereas the strain increases when the specimens are at a 60 oC as compared to room 

temperature. Materials used for the FFF technology are normally pure thermoplastics such 

as ABS, PC, Ultem, Nylon, PEEK etc. Composite materials have also been developed to be 

used in the FFF technology by adding short fibers into the thermoplastics to obtain better 

mechanical strength. Various static and dynamic mechanical tests have been conducted to 

assess the suitability of the FFF-printed materials for end-product applications. 
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Recent review of FFF process focused on the process design and the modelling of FFF 

technology,13 the assessment of dimensional accuracy and surface roughness, along with the 

influence of process 

parameters on these important part qualities14, 15 and different optimization techniques and 

design of experiments (DOEs) used to optimize the printing process.16 However, there is no 

systematic compilation of the mechanical properties of the FFF-printed materials. In this paper, 

the available data on mechanical properties of materials manufactured by FFF will be 

systematically reviewed. 

Process parameters of FFF 

In this section, the definitions of the process parameters will be introduced with the help of 

illustration as shown in Figure 2.7, 17 

Layer thickness [mm]: Is the height of each slice of the 3D printied part 

Raster angle [degree]: Is the angles at which the nozzle deposits molten thermoplastics line-

by-line for each layer and it ranges from 0° to 180°. 

Contours/shell perimeters: Is the outermost shells to use for the exterior skin and internal hole 

of the part. The number of the contours/shell perimeters and the contours width can be used to 

vary the shell thickness. 

Raster/bead width [mm]: refers to the width of the extruded filament. 

Air/raster gap [mm]: refers to the opening between two adjacent extruded filaments, and, a 

negative air gap means there is overlapping between two adjacent filaments. 

Deposition speed [mm/min]: It is the speed at which the nozzle moves. This is directly related 

to printing speed. 
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Fill Density [%]: The amount of material within the part. The higher the percentage of fill, the 

better the mechanical properties of the part, however, the printing time will be longer and more 

material will be needed. 

Platform/bed Temperature [°C]: It is the temperature of the build platform. This parameter 

determines the cooling rate of the extruded filament especially on the first layer and is an 

important parameter for good adhesion of the first layer and the prevention of warping effect. 

Nozzle Temperature [°C]: This is the temperature at which the material is being extruded. The 

temperature is normally a few degrees Celsius higher than the melting point of the materials. 

Chamber Temperature [°C]: Some FFF printers have controlled temperature environment to 

have a more consistent printing result. This refers to the ambient temperature inside the build 

environment. 

Specimen/Build orientation denotes the direction of the printed part on the build platform, 

about the x, y and z-axes. 

Mechanical properties of additively manufactured polymeric materials 

Review of the literature shows that significant amount of the published work has concentrated 

on tension and flexural testing. Other tests such as compression and fatigue testing are also 

available. In the tables, the effects of specimen orientation and printing parameters such as 

raster angles and layer thickness on various mechanical properties are reported. The X, Y, Z 

labels used for the specimen orientation shown in Figure 3 are in accordance with the standard 

(ISO/ASTM 5291:2013 Standard Terminology for Additive Manufacturing – Coordinate 

Systems and Test Methodologies) and have been used by Lewandowski et al. to systematically 

discuss the mechanical properties of the AM metal parts.18 As stated in the standard, Z denotes 

the build direction. The X axis is parallel to the front of the machine and is perpendicular to Z. 

http://www.tandfonline.com/10.1080/10408436.2018.1549977


The Y axis is normal to both the Z and X axes, with a positive direction defined to make a 

right-hand set coordinates.  For rectangular and unsymmetrical test specimens, three letters 

(X,Y,Z) are needed to define the orientation. The first letter denotes the axis parallel to the 

longest overall dimensions. The second letter denotes the second-longest overall dimension, 

while the third letter denotes the shortest dimension of the coupon. As an illustration, a 

specimen with XYZ designation means that its longest dimension is aligned to X axis, its 

second-longest dimension is aligned to Y-axis, and its shortest overall dimension is aligned to 

Z-axis. 

Quasi-static properties: tensile, compression, flexural, hardness and fracture toughness  

Thus far, various tests have been used to determine the tensile, compression, flexural, hardness, 

and fracture toughness of the polymer materials. Tensile properties are the most commonly 

used properties by researcher to determine the material properties. Hence, in this section, 

tensile properties of different materials produced using FFF technique will be discussed in 

depth. Based on available information, other mechanical properties will also be discussed. 

Tensile properties 

Table 1 is a compilation of published tensile properties for various materials fabricated using 

FFF along with literature references. In addition to that, Table 2 shows the machine types and 

materials used; shows the testing standard and dimension of the specimens used; and specifies 

whether the specimen is tested in as-built or thermal-treated condition. 

Dependence of mechanical properties such as ultimate tensile strength (UTS), elastic modulus, 

and elongation to failure on printing parameters such as raster angle and specimen orientation 

is observed. Generally, 0o raster angle gives the highest UTS and elastic modulus.5, 19-22 The 
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UTS and elastic modulus drop as the raster angle increases until 90 o. This is because changing 

raster angles affect how load is transferred within the specimens. When the raster angle 

increases, the bonding between adjacent filaments (intra-layer bond (Figure 4A)) play a bigger 

role in carrying the load.23 The variation with respect to raster angle suggests that bonding of 

polymer between the adjacent filament is not as strong as bonding of polymer within the 

filament. The poorer bonding could be attributed to the inadequate fusion of polymer chains at 

the boundary between the adjacent filaments as a result of the fast cooling nature of the printing 

technique.  Due to the inadequate fusion at the boundary, each extruded filament can be treated 

as a fiber which can take higher stress in the fiber direction and lowest stress perpendicular to 

the fiber direction. 

The effect of raster width on the tensile properties is divisive.  Onwubolu and Rayegani7 found 

that smaller raster width would result in higher tensile strength. However, the results are the 

opposite in the studies by Sood et al.3 and Alhubail6 in which  higher tensile strength is obtained 

with larger raster width. More in depth research would be needed to conclusively determine 

the effect of raster width on the tensile properties. 

Apart from that, the anisotropy of mechanical properties is affected by the specimen orientation. 

Specimen printed in XYZ and XYZ orientations generally provides better mechanical strength 

compared to ZXY orientation.19, 24, 25 The tensile strength and the elongation in the ZXY 

orientation is normally 40-50% of the tensile strength and elongation respectively in XYZ and 

YXZ orientations. The reason for the deviation was due to the different failure modes that 

specimens of different orientations exhibit. For the ZXY orientation, the specimens are pulled 
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in the across-the-layer direction and the load is normal to the fibres direction, leading to inter-

layer fusion bond (ILFB) failure. 

In the ZXY orientation, interlayer or fibre-to-fibre bond (Figure 4A) greatly influences the 

tensile strength. This is because the fibres do not take the applied load, instead, ILFBs between 

adjoining layers bears majority of the pulling force. As far as the YXZ and XYZ orientations 

printed tensile coupons are concerned, they are pulled in the in-plane directions and the fibres 

are stressed, leading to trans-layer failure. Here, the fibres bear majority of the pulling force 

and fibre breakage would normally be observed. Interestingly, the elastic modulus is least 

affected by the specimen orientation. The maximum percentage deviation of the elastic 

modulus in the three orientations is only about 18%.25 

Layer thickness (Lt) is a highly disputed parameter due to variation in the results from different 

research groups. Rankouhi et al.26 stated that even though layer thickness has been investigated 

widely, more detailed investigations should be carried out owing to the discrepancy of results. 

For instance, Sood et al.3 found out that tensile strength first dropped and eventually rose with 

increasing layer thickness from 0.127 mm to 0.178 mm, and to 0.254 mm. Another research 

group compared two layer thicknesses (0.2mm and 0.4mm) of acrylonitrile butadiene styrene 

(ABS) and polylactic acid (PLA) specimens and concluded that lower thickness produced 

higher tensile strength.27 However, PLA specimens exhibited larger variability between 

parameters. Similar results have been shown by Vaezi and Chua28 in which a decrease in layer 

thickness would favour the enhancement of tensile properties. It was found that increasing 

number of shell perimeters would lead to higher disparity of tensile strength with layer 

thickness.17 Onwubolue et al. concluded that maximum tensile stress is achieved by using 

minimum layer thickness.7 A more detailed study on the effect on layer thickness on the 

http://www.tandfonline.com/10.1080/10408436.2018.1549977


mechanical properties of the FFF printed parts at different specimen orientations revealed that 

the effect of layer thickness and the specimen orientation are coupled in determining the tensile 

properties of FFF-printed parts.25 It was found that the tensile strength increases for the 

specimens in XYZ direction as the layer thickness decreases. The opposite trend is observed 

for the specimens in ZXY orientation. 

The feed rate/ printing speed is an important parameter as it is associated with printing time, 

and therefore, to production cost. The higher feed rate allows parts to be printed faster and thus 

increasing productivity. However, the feed rate cannot be increased indefinitely as it also has 

an effect on the tensile properties. For instance, the studies of Ning et al.29 and Christiyana et 

al.30 have revealed that tensile strength dropped as the feed rate increased. It was also found 

that the significance of the feed rate is dependent on the specimen orientation. Feed rate plays 

an important role when the specimen is in ZXY orientation. The tensile strength increases when 

the feed rate decreases. However, the effect of feed rate on the tensile strength is not significant 

in the XYZ and XYZ orientations.  

In FFF, when the layer thickness is larger or printing speed is higher, the lesser the overall 

degree of cooling on the deposited filaments.31 Higher average temperature of the deposited 

filament is essential for inter-layer fusion which in turn gives rise to higher mechanical 

properties in across-the-layer direction. Due to this, higher layer thickness, which usually has 

lower cooling rate due to higher heat capacity of the extruded filament (due to higher mass of 

the extruded filament), usually associates to higher mechanical performance in across the layer 

direction.32 Inter-layer cooling time is found to be inversely related to tensile properties of FFF-

printed parts,33 i.e., the lower the printing speed, the longer the inter-layer cooling time. A 

longer interlayer cooling time allows the just-deposited material to be cooled down to the 
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chamber temperature, which normally is lower than the glass transition temperature of the 

material. This lower temperature disfavours the fusion of the thermoplastics at the interlayers. 

As the samples in ZXY orientation are loaded in the across-the-layer direction, and hence their 

strength and ductility are affected by the interlayer cooling time. The XYZ specimens, 

contrarily, are not loaded in the across-the-layer direction, and hence are not directly influenced 

by interlayer cooling time.  

Infill pattern and infill percentage are two parameters that are available in FFF technique to 

save materials.34  The lower the infill percentage, the lesser the material is used, thus saving 

cost and reducing weight of the part. However, at the same time, the mechanical properties will 

be compromised as lowering the infill percentage also means introducing voids inside a part. 

Numerous studies have been conducted in relation to the infill pattern and infill percentage of 

the printed parts.35 It was found out that the fill pattern has negligible effect on the mechanical 

properties of the FFF-printed parts. 

Apart from printing parameters and choice of materials, there are other factors that would affect 

the resulting mechanical properties. For instance, the mechanical properties of the AM 

materials are dependent on the how fast the load is applied in the tensile test, i.e. the measured 

UTS and elastic modulus are found to be higher at lower strain rate. It should be noted, however, 

that due to the variation in gauge length used by different researchers, direct comparison of 

elongation to failure should be avoided. In addition to that, variation in the type and quality of 

the polymer filament is found to affect the resulting mechanical properties. Tymrak et al. 

noticed that the filaments of different colours would give different extrusion characteristics, 

even though they are from the same manufacturer.27 In general, the reported tensile properties 

of the AM polymeric materials are found to be slightly lower than those conventionally 

manufactured polymers. The lower mechanical properties are attributed to presence of voids in 
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the additively manufactured specimens (Figure 5). Voids can be reduced by applying negative 

raster gap and thus better mechanical properties can be achieved.36 In processing process such 

as infrared preheating37 or laser-assisted heating38 were introduced to improve the mechanical 

performance of the parts. Post treatment process such as thermal treatment could help improve 

the tensile properties by improving bonds between adjacent filaments (for FFF).39 

Improvement in tensile properties after the thermal treatment has been reported. But most 

importantly, precise control of FFF process parameters like printing speed and particularly 

build platform and the environment temperatures can avoid such problem during the fabrication 

process. 

Compressive properties 

A compression test is able to determine the material behaviour under a quasi-static crushing 

load. As compression test cannot be considered significant for typical engineering design 

perspective, limited data and articles have reported on the compressive properties of FFF 

printed specimens. The compressive strength is regarded as meaningless in the case when the 

material does not fail in compression by a shattering fracture as the polymer materials will 

continue to deform until it is flattened completely, resulting in the compressive stress to 

increase steadily during compression tests. The most commonly used standard test method for 

compression test is the ASTM D695 - Standard Test Method for Compressive Properties of 

Rigid Plastics. Various forms of specimens, for example, sheet, plate, rod and tube, can be used 

based on the material specifications and thickness. The speed of testing is usually 1.3 ± 0.3 

mm/min, as suggested by the ASTM standard.  
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Build orientation has a substantial impact on the compressive strength. Compression specimens 

built in the Z-orientation generally produce a higher compressive strength then those built in 

the X-orientation.40-42 The difference in compressive strengths of the two orientations is due to 

the fact that to the layers are arranged normal to the acting load, leading to increased 

compressive strength in the Z-orientation specimens.42 

Raster angle is also one of the important parameters that affects the compressive properties of 

FFF printed specimens. Single raster orientation angle specimens have consistent clean fracture 

due to buckling while alternating raster orientations (0o / 90o) specimens fail in a more complex 

and inconsistent manner. In the study by Krishna et al., 40 it was found out that different raster 

angles (0o / 90o and 45o / -45o) produce different compressive yield strength on the X-orientation 

specimens, but not on the Z-orientation specimens. This is because in the case of the Z-

orientation specimens, the internal structure is essentially the same for resisting the applied 

load that is perpendicular to the area of the raster. But for the X-orientation specimens, the 0o / 

90o raster offers stronger resistance against deformation as compared to 45o / -45o specimens. 

However, Zieman et al.5 reported that 45o raster specimens exhibited poorer compressive 

properties while other raster angles produced similar compressive strength. This is due the 

distortion as a result of shearing along the 45o rasters when the specimen was compressed.  

Compressive properties of FFF fabricated specimens are still very limited and hence the effects 

of other parameters such as layer thickness and infill pattern are not covered at current stage.   

Flexural properties 

Flexural test is the second most common quasi-static mechanical test conducted to get the 

knowledge of how the materials behave under bending loads. The available information on the 

flexural properties is significant lesser as compared to the tensile properties. The FFF-printed 
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materials that has been tested for flexural properties are ABS, PEEK, Nylon, and PLA. 

Thus far, three-point bending test is the only method to get the flexural data and ASTM 

D790 Standard Test Methods for Flexural Properties of Unreinforced and Reinforced 

Plastics and Electrical Insulating Materials is the most commonly used standard for the three-

point bending test although ISO 178:2001 Plastics - Determination of flexural properties has 

also been used to test the flexural properties. It is interesting to note that another 

standard test method, ASTM6272 - Standard Test Method for Flexural Properties of 

Unreinforced and Reinforced Plastics and Electrical Insulating Materials by Four-Point 

Bending – has not been used to determine the flexural properties of FFF-printed 

materials to the authors’ knowledge. The reason for not using the four-point bending test 

could be due to the need for extra instrument to determine the maximum deflection at the 

center of the test coupon. Although the researchers used the same standard for the flexural 

test, the specimen dimensions and the strain rates differ resulting in deviation in the data 

obtained from the flexural test. It is evident in 25 and 22 that although both groups used 

PLA as the material of study, the differences in specimen dimensions and strain rates 

resulted in the disparity in the results.  

Similar to tensile properties, it was found that printing parameters such as 

specimen orientations, raster angle, and layer thickness affect the flexural properties of 

FFF-printed materials. Anisotropy in flexural properties was observed in FFF-printed 

materials. The maximum flexural strength and stiffness were observed in YXZ orientation 

and were followed by XYZ orientation and then ZXY orientation. Specimens in the YXZ are 

the strongest because the load is acting across the intralayer bond between the adjacent 

filament in the YXZ specimens. On the other hand, load is acting across interlayer bond 

between adjacent layers in the XYZ specimens. As noted in the tensile section, intralayer 

bond would be stronger than the interlayer bond due to the better fusion of the adjacent 

filament as a result of the lower 
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temperature drop of the deposited filament. The ZXY specimens exhibit the lowest flexural 

strength as the load is applied in the direction such that the fibres do not bear the load, instead, 

interlayer fusion bonds between adjacent layers or fibres bear majority of the pulling force. 

Raster angle also plays a part in determining the flexural properties of the FFF-printed parts. 

In general, 0 o raster angle is the strongest and the strength decreases as the raster angles 

increases to 90o. The effect of raster angle on flexural properties can be explained from the 

failure mode of the flexural specimens. When a flexural specimen is loaded, one side will 

experience compression while the other side will experience tension. As observed from the 

Table 1 and Table 3, the tensile strengths of the thermoplastic materials are lower than their 

compressive strength. This means that the tensile side of the specimen will fail first and thus 

the tensile properties are the determining factors of the flexural properties.  As the UTS of the 

thermoplastics is affected by the raster angle, and thus the flexural properties are also a function 

of raster angle. 

Layer thickness has a dominant, statistically significant effect on flexural force.43 However, the 

layer thickness has different effect on specimens of different orientations. For XYZ specimens, 

flexural strength is the highest when layer thickness is lowest. For ZXY specimens, the flexural 

strength is the highest when the layer thickness is highest. 

In general, the flexural properties are strongly influenced by the printing parameters such as 

specimen orientations, raster angles, and layer thickness. However, the effect of infill pattern 

on the flexural properties has not been extensively studied. 

Interlayer properties 

Table 4 is a compilation of published interlayer properties for various materials fabricated using 

FFF. In addition to that, Table 4 also shows the sample design, printing parameters, testing 
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parameters. Thus far, three different properties have been used to gauge the 

interlayer properties of the FFF-fabricated polymer parts, they are the ZYX and ZXY-

directions tensile strength, interlayer fracture toughness and interlaminar shear 

properties. The interlayer properties have been compared with that of the polymers 

fabricated using conventional processes. It was found that the mode I interlayer fracture 

toughness of the FFF-fabricated polymer parts was lower when compared with 

compression moulded polymer parts.44 The lower mode I interlayer fracture toughness was 

found to be caused by the presence of pores at boundary between the extruded filament. 

The presence of pores in the printed parts is a common characteristic of FFF-fabricated 

parts which can be minimized by using negative raster gap. Other than that, the 

investigation on the effect of the addition of reinforcements to the polymers on the 

interlayer properties has also been conducted. A drop in the interlayer properties has been 

observed when fibre reinforcements were added. For instance, the ZYX and ZXY-

directions tensile properties of the carbon fiber-filled ABS is only 42% of that of the pure 

ABS.45 Apart from that, another study has shown that the interlayer fracture toughness of the 

carbon fiber-filled ABS is about 5 times lower than that of the pure ABS.44 Another study 

showed that the interlaminar shear strength of the reinforced ABS is 8.5 times lower than 

that of the pure ABS.46 This suggests that the strengthening of the in-plane properties 

by the addition of reinforcement comes at the expense of poorer interlayer properties. This is 

because the addition of reinforcement reduces the amount of bond formation of the 

thermoplastics at the interlayer boundary (Figure 4B). Although some work to improve 

the interlaminar properties of pure thermoplastics has been going on such as in-process 

laser heating,47 more research is needed to improve the interlayer bond of the reinforced 

thermoplastics. 

Dynamic properties: Creep, fatigue and crack growth 
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As discussed above, the existence of process induced defects and variation in microstructures 

as a result of difference in printing parameters would affect the tensile and interlaminar 

properties. The variation in microstructures as a result of difference in printing parameters will 

also affect the cyclic behaviour of the FFF-fabricated polymer parts. 

Fatigue properties 

Fatigue testing is able to determine the number of cycles a plastic material can take given a 

certain load. The test can be done in the uniaxial direction or along the cross section. The load 

applied on the plastic should be within the elastic region. Thus far, standards such as UNI EN 

ISO 527-1 (1997) Determination of Tensile Properties of Plastics, ASTM D7791- Standard 

Test Method for Uniaxial Fatigue Properties of Plastics, ASTM D7774-12- Standard Test 

Method for Flexural Fatigue Properties of Plastics, ASTM D4482 - 11 - Standard Test Method 

for Rubber Property—Extension Cycling Fatigue have been used to test the fatigue properties 

of the FFF-fabricated thermoplastic parts. 

As shown in table 5 is the compilation of fatigue properties of various polymers fabricated 

using FFF. In order to make a reasonable comparison of the fatigue properties, all data from 

various sources have been fitted with linear lines using the formula, S =  Alog(N) + B, where 

S is the stress, N is the number of cycles, A is the gradient of the slope and B is the y-intercept 

which corresponds to the max stress at static load. However, it must be mentioned that different 

standards have been used to obtain the fatigue properties which may result in data not being 

directly comparable among the studies. Nevertheless, there are still some printing parameters 

such as printing direction and raster angles that can be discussed. 

Build orientation has a significant impact on the fatigue life. Coupons printed in the Z-

orientation had significantly lower strain capability for a given number of cycle.48, 49 The 
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difference can be due to weaker bonds in-between layers causing lower fatigue life when loads 

are applied parallel to the build direction. Apart from that, specimens printed in YXZ 

orientation are able to resist higher initial cyclic loading and exhibit lower drop in strength after 

10000 cycles when compared to specimens in XYZ orientation (Figure 6).48 Raster angle was 

also found to have some difference in fatigue life with 90 degrees rotation having the lowest 

fatigue life and 45 degrees having the largest.22 It should be noted that the difference is 

approximately around 10MPa at the one millionth cycle, which may not be significant 

depending on application. Different failure modes were observed in cross-ply bidirectional and 

unidirectional specimens. For cross-ply bidirectional specimens, the fatigue failure occurs in 

three stages which is not observed in unidirectional specimens. At the first stage, the fatigue 

crack propagates at a high rate due to the appearance of multiple damage modes, such as 

crazing,21, 48 fiber cracking, delamination,21 void geometry changes.50 In the second stage, the 

cracks propagate at a steady and lower rate. In the last stage, the cracks speed up due to fiber 

fracture.50 

Infill density and pattern was found to have effects on the fatigue performance of the FFF-

fabricated parts.51 Honeycomb infill pattern was found to have a longer lifespan compared to a 

rectilinear infill pattern with similar infill density.  

Other printing parameters such as the layer thickness and nozzle diameter have been found to 

be important in influencing the fatigue performance.51, 52 Larger layer thickness and nozzle 

diameter would generally result in better fatigue performance. However, the layer thickness 

cannot be increased indefinitely as it will have adverse effect due to improper bonding between 

the layers. It has been recommended that a minimum of 1:1.5 ratio between layer thickness and 

nozzle diameter should be kept. 
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Creep properties 

Creep is a time-dependent mechanical property which determines the slow deformation of the 

solid materials under constant mechanical loading. It gives an idea about the long-

term durability and reliability of a material under continuous loading which are important 

especially in automotive and aerospace industries as it affects the safety of the FFF-

manufactured parts. Creep study of the FFF-fabricated parts is very limited. Thus far, there 

are only four studies have been found to be related to creep deformation. The relationship 

between the FFF process and the creep properties has been developed by Mohamed et al.53, 

54 PC-ABS blend material was used in the study. However, the test was carried out at single 

stress and single temperature. D. Türk et al. studied the flexural creep modulus of the 

FFF-fabricated materials (ABS, Polyamide 12) at various temperatures and at two 

different specimen orientations through three-point bending creep tests.55 It was found that 

the specimen orientation has an effect on the flexural creep modulus for ABS, but not for 

PA-12.55 For ABS, the flexural modulus of the XYZ specimens (2200 MPa) was found to be 

slightly higher than that of the ZXY specimens (2050 MPa). In the experiment by Salazar-

Martín et al.,56 the number of contours was found to be inversely related to the creep strain 

with raster angle being set at 45o. This shows the significance of the direction of the 

deposited filaments in the specimens relative to the direction of the puling force. It is evident 

in the creep test of different specimen orientations, where XZY/YZX specimens were 

found to be more creep-resistant than XYZ/YXZ specimens, that the number of contours 

plays a significant role in resisting the creep.56 This is due to the fact that XZY/YZX 

specimens have higher percentage of contours as compared to XYZ/YXZ specimens 

making it able to resist creep better. Apart from that, changing the density by varying the raster 

air gap was also found to affect the creep resistance. Besides, Layer thickness and raster 

angle were found to play critical roles in the creep performance of the FFF-fabricated 
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parts. Increasing layer thickness from 0.127 mm to 0.3302 mm and raster angle from 0° to 90° 

were found to have negative impact on the creep performance.57 In general, XZY/YZX 

specimen orientations, smaller layer thickness, zero raster angle, zero airgap and maximum 

number of contours will give the most optimum creep properties. 

Potential 

There is an increasing effort to inspect, compensate, and improve the quality of the parts 

fabricated using FFF. In this section, the latest trend in improving, checking and compensating 

for mechanical properties of FFF-fabricated parts are discussed. 

Topology optimization 

Much effort has been made to incorporate additive manufacturing with topology optimization. 

In order to achieve this, topology optimization software must be able to take into account of 

the anisotropy of the FFF-fabricated parts in its algorithms. Also, Topology optimization often 

results in design that are complex and not FFF friendly. For instance, topologically optimized 

designs may need a lot of support structures to be fabricated using FFF, resulting in prolonged 

fabrication time and post-processing costs.58 Some effort has been made to take into 

consideration of the printing technique by restricting the generation of overhanging structures 

and it eliminates the need of sacrificial support materials, thus saving time and money.59 

Standardization of test methods 

Additionally, the lack of standards has caused the results generated by different research groups 

not directly comparable due to the difference in testing methods. More stringent control over 

the testing parameters is needed so that only one commonly accepted standard is adopted by 
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the research community to ensure consistency in the published works. In 2013, ISO and ASTM 

worked together to develop one set of global standards containing general standards that are 

relevant to most AM materials, processes, and applications; which includes the standards for 

testing of materials.60 This is crucial for establishing and applying AM-related testing tools and 

methodologies. For instance, ISO/ASTM DIS 52903 ‘‘Standard specification for material 

extrusion based additive manufacturing of plastic materials’’ is currently under development61. 

Diagnostic techniques 

Non-destructive tests (NDT) are needed to inspect the integrity of the fabricated parts and are 

crucial for the certification and qualification of the FFF-fabricated parts. The flexibility of FFF 

to produce parts with intricate geometries poses a challenge for conventional NDT methods 

such as ultrasonic test, eddy current test, and magnetic particle test. For instance, Zeltmann et 

al. attempted using ultrasonic C-scan to detect inner defects.62 However, this test method was 

not able to identify the defects as large as 500 microns. The most promising NDT technique 

for intricate shape parts appears to be x-ray computed tomography (CT). Various groups have 

used CT-scan to acquire information within the FFF-fabricated parts.63, 64 However, CT still 

comes with some disadvantages. For instance, CT is not ideal for crack detection, and the 

scanning process is slow and time-consuming before analysis can be conducted.65 More work 

is being carried out to further optimize the existing NDT technique to suit the additively 

manufactured parts. For instance, ISO/ASTM NP 52905 ‘‘Non-destructive testing of additive 

manufactured products’’ is currently under development.66 

In-situ monitoring and control 
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Defects present in the printed parts can be detrimental to the mechanical properties causing it 

to fail earlier than expected. Real-time monitoring is crucial for the assessment and control 

of the printed parts’ quality by eliminating the presence of undesirable effects.67 

Ultrasonic inspection has been used to detect faults present in the print by comparing 

the frequency response to the predetermined ideal frequency response.68 However, this 

method only works in solid and simple geometries. In another work, acoustic emission is 

used to monitor the material loading condition to check if there is any nozzle clogging 

issue.69 In-situ monitoring of strain and temperature profile using fiber Bragg grating 

(FBG) sensors has allowed researchers to study and control the diffusion time of the 

FFF-extruded thermoplastics.70 However, this involves pausing the print and inserting the 

sensor on the last deposited layer. Dinwiddie et al. used an extended range IR camera to 

do is-situ temperature monitoring of parts fabricated during the FFF process, to study 

the effect of changes in surrounding temperature on the mechanical properties of the 

printed parts.71 Temperature was found to be decreasing rapidly after deposition from 250oC 

to 60oC in just 8 seconds for ABS materials, leading to thermal stresses and –distortions.72 

Abovementioned techniques are all real-time monitoring without any closed-loop feedback 

control. Attempts on in-situ control of the FFF technique have also been made. Fang et al. 

developed, developed an in-situ surface quality monitoring system FFF systems, using 

signature analysis technique. The signature, which is the image grayscales of an ideal 

layer patterns generated using mathematical modelling, is compared with the image of 

actual deposited pattern of the same layer captured using camera. The comparison with the 

ideal layer pattern enables the possibility to detect under- and overfills on a layer and correct 

these during the production process.73  Real-time optical monitoring using a two-camera 

system for FFF has also been conducted by Nuchitprasitchai et al. and this technique was 

able to detect 100% detection rate for failure. Similar study to use image 
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processing to detect defects has been demonstrated by Straub et al.74 However, these two 

studies can only detect failure due to loss of filament during the printing process and in-process 

correction to compensate the defect were not implemented. More research is needed to improve 

on the early detection of defects of the just deposited layers (which will be later hidden) as it 

is far more important that post-process (printing) NDT. 

Conclusion and future research perspective 

In this review, various static and dynamic mechanical tests that normally used to evaluate the 

mechanical properties of the FFF printed materials are discussed in detail. Tensile, flexural, 

compressive, and fatigue properties are some of the most common mechanical properties that 

have been investigated. Nevertheless, properties such as creep, impact resistant,75-77 and wear 

resistant78-80 can also be found with limited available information. Research focus has been on 

the optimization of process parameters for different thermoplastic materials. However, there is 

limited information with regards to how cooling rate affects the crystallization of the 

thermoplastics and eventually the mechanical properties of the FFF printed materials. Thus, 

much research work is required in this area in the future research.  

More research work is warranted in the material development field to widen the choice of 

materials for FFF technique. The creation of new thermoplastic blends and fibre reinforced 

thermoplastic composites are some of the effort to develop new properties which are not found 

in a single polymer. The development of new materials needs to be complemented by the 

understanding of the physics involved during the deposition process. Modelling of the 

temperature variation and stress would allow operator to predict the microstructures and 

mechanical properties resulting from the selected printing parameters. However, due to the fast 

heating and cooling nature of the process, the melting and recrystallization of the FFF-
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fabricated thermoplastics is not fully understood and is hard to be predicted using conventional 

theories and models. This necessitates the need to have a better understanding on the physics 

to improve on the quality and mechanical properties of the parts. Efforts have been made to 

study the heat transfer of the FFF technique81  and the bond and the coalescence of the 

filament82 in attempts to enhance the understanding on the extrusion process. Apart from that, 

lack of efficient computational tools hindered the effort to translate the high-fidelity models 

into real-time process control for the FFF technique. Besides, difficulty in acquiring fast and 

accurate measurements of the temperature, cooling rate, and residual stress is another challenge 

in the in-process monitoring and control. Lastly, finite element software must be improved by 

adding composite simulation capabilities with multiscale modelling and inverse design 

capabilities to facilitate the search in the complex process-structure-property relationships. 

Figure 7 below shows an integrated approach to designing structural parts. In short, coming up 

with a predictive model to determine the structural integrity or properties of a FFF-printed parts 

require a collective effort from several science and engineering disciplines at academic, 

industrial and government institutions. 
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Table 1 Tensile properties 

Process Materi

al 

Standar

d 

Sample design Strain 

rate/ 

test 

setting 

Specimen 

orientatio

n/ raster 

angle 

Layer 

thickness/ 

crystallinity 

E 

(GPa

) 

Yield 

strengt

h 

(MPa) 

UTS 

(MPa) 

Elongatio

n (%) 

Referenc

e 

FDM, 

Printed 

with 

heating 

plate, 

100% in-

fill 

ABS ASTM 

D638 

Type 1, 0.125” 5 

mm/mi

n 

XYZ/ 0o 1.2 24 27.6 4.2 19

FDM, 100 

in-fill, 

ABS ASTM 

D638 

Type V XYZ/ 0o 

and 90o 

NA NA 33.96±1.7

4 

8.64±3.3 83

http://www.tandfonline.com/10.1080/10408436.2018.1549977


10 

mm/mi

n 

alternatin

g 

ZXY/ 0o 

and 90o 

alternatin

g 

NA NA 17.73±2.5

2 

2.08±0.5

5 

FDM, 

100% 

infill, raster 

angle: 0o, 

extrusion 

temperatur

e 340 oC, 

platform 

PEEK ASTM 

D638 

Dogbone 

165x19x3mm 

5 

mm/mi

n 

XYZ/ 0o 2.87

1 

34.68 71.36 5.01 84

XYZ/ 0o 

and 90o 

2.73

2 

40.40 67.75 3.93 

XYZ/ 90o 2.84

6 

45.93 53.91 2.29 

http://www.tandfonline.com/10.1080/10408436.2018.1549977


temperatur

e: 230 oC 

FDM, 

100% 

infill, 

PLA ASTM 

D638 

Dogbone 

165x19x3mm 

50 

mm/mi

n 

XYZ/ 0o 1.53

8 

NA 38.7 NA 20

YXZ/ 90o 1.24

6 

NA 31.1 NA 

XYZ/ 45o 1.35

0 

NA 33.6 NA 

FDM, 

100% infill 

ABS 

P400 

ASTM 

D638 

Dogbone 

165.1x19.1x2.5m

m 

4.46 

mm/mi

n 

XYZ/0o 1.48

6 

24.18 25.15 NA 21

XYZ/45o 1.04

2 

9.4 10.11 NA 

XYZ/90o 1.04

1 

8.55 9.16 NA 

http://www.tandfonline.com/10.1080/10408436.2018.1549977


XYZ/45o/

-45 o 

1.28

2 

15.34 16.9 NA 

FDM, 

100% infill 

PLA ASTM 

D638 

Dogbone 

136.6x19x6mm 

5 

mm/mi

n 

XYZ/0o 3.33 NA 58.45 2.02 

22XYZ/45o 3.60 NA 64.03 2.50 

XYZ/90o 3.49 NA 54.01 4.14 

FDM, 

100% infill 

Air gap 0.0 

mm 

Nozzle 

T12 

Road width 

0.3048 mm 

ABS ASTM 

D3039 

Rectangular slabs 

190.5 x 12.7 x 2.6 

mm  

NA XYZ/ (0°) 1.54

9 

34.2 38.1 NA 5

XYZ/ 

(45°) 

1.25

0 

221.3 25.7 NA 

XYZ/ 

(90°) 

1.27

0 

20.8 23.3 NA 

XYZ/ 

(+45°/- 

45°) 

1.43

9 

26.5 32.2 NA 
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Slice 

height 

0.1778 mm 

Nozzle 

temperatur

e 320 ºC 

Envelope 

temperatur

e 80 ºC 

FDM, 

Air gap 

0.0mm 

Nozzle 

temperatur

e 210 ºC 

PLA ASTM 

D638-

10 

Dogbone 

165x20x4 mm 

2 

mm/mi

n 

XYZ/0 o 0.06 mm 4.40

9 

NA 88.2 NA 25

0.12 mm 3.89

2 

NA 68.6 NA 

0.24 mm 3.62

2 

NA 64.6 NA 
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YXZ/0 o 0.06 mm 4.04

0 

NA 83.4 NA 

0.12 mm 3.97

6 

NA 65.4 NA 

0.24 mm 3.93

4 

NA 71.9 NA 

ZXY/0 o 0.06 mm 3.26

6 

NA 22.4 NA 

0.12 mm 3.79

6 

NA 27.5 NA 

0.24 mm 3.46

8 

NA 39.5 NA 

FDM, 

100% infill 

PC ASTM 

D638 

- XYZ/45o/

-45 o 

2.10 45.9 NA 4.35 24

http://www.tandfonline.com/10.1080/10408436.2018.1549977


1 

mm/mi

n 

YXZ/45o/

-45 o 

2.41 54.6 NA 4.22 

ZXY/45o/

-45 o 

2.26 45.6 NA 2.90 

X+45 o

Y+45 o

Z/45o/-45

o

2.13 45.5 3.58 

Y+45 o

X+45 o

Z/45o/-45

o

2.32 53.3 3.35 

Z+45 o

X+45 o

2.18 36 2.05 

http://www.tandfonline.com/10.1080/10408436.2018.1549977


Y/45o/-45

o

FDM, 

100% infill 

, platform 

temperatur

e: 60 ºC, 

nozzle 

temperatur

e: 190 ºC 

PLA 

natural 

ASTM 

638 

NA ZXY/ 0o 

and 90o 

alternatin

g 

Crystallinit

y: 0.93% 

NA 52.47 57.16 2.35 85

black Crystallinit

y: 2.62% 

NA 49.23 52.81 2.02 

Gray Crystallinit

y: 4.79% 

NA 46.08 50.84 1.98 

Blue Crystallinit

y: 4.85% 

NA 50.10 54.11 2.13 

White Crystallinit

y: 5.05% 

NA 50.51 53.97 2.22 

nozzle 

temperatur

e: 200 ºC 

Crystallinit

y: 4.6% 

NA NA 52.6 NA 
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nozzle 

temperatur

e: 210 ºC 

Crystallinit

y: 13.9% 

NA NA 57.2 NA 

nozzle 

temperatur

e: 215 ºC 

Crystallinit

y: 5.9% 

NA NA 58.3 NA 

FDM, 

100% infill 

ABS ASTM 

638 

5 

mm/mi

n 

XYZ 0.2 mm 1.83

9 

29.7 NA 2.01 27

0.3 mm 1.73

6 

27.6 NA 2.31 

0.4 mm 1.87

5 

28.2 NA 1.97 

PLA 0.2 mm 3.48 60.4 NA 1.96 

0.3 mm 3.34 48.5 NA 1.71 
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0.4 mm 3.28

6 

54.9 NA 1.94 

Table 2 Compression properties 

Technique Sample 

design 

Material Strain rate Specimen 

orientation/ 

raster angle 

E (GPa) Yield 

strength 

(MPa) 

UTS (MPa) Elongation 

(%) 

Reference 

FDM, 100% 

infill, raster 

angle: 0o
,

extrusion 

temperature: 

340 oC, 

platform 

Diameter: 

12.7 mm 

Height: 50.8 

mm 

PEEK In 

accordance 

to ASTM 

D695 

1.30 

mm/min 

Z/ 0o 2.035±0.02 66.06±4.41 80.87±2.38 6.65±0.49 84

Z/ 0o and 

90o 

2.064±0.22 53.67±7.39 72.78±10.51 7.06±1.08 
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temperature: 

230 oC 

FDM 

Layer 

thickness: 

0.2540 mm 

Rectangular 

block: 12.7 

x 12.7 x 

25.4 mm 

ABS In 

accordance 

to ASTM 

D695 

1.30 

mm/min 

X 32.9±0.36 42

Z 50.1±1.9 

FDM, 100% 

infill, raster 

angle: 0o 

Diameter: 

12.7 mm 

Height: 25.4 

ABS In 

accordance 

to ASTM 

D695 

1.0 mm/min 

X/ (45 o 

/−45 o) 

- - 41 - 41

Z/ (45 o 

/−45 o) 

- - 38 - 

ABS Z/ 0o 0.40264±0.00364 28.83±1.16 32.32±0.58 5
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FDM, 100% 

infill, layer 

height: 

0.1778 mm 

Temperature: 

320 oC 

Diameter: 

12.7 mm 

Height: 25.4 

In 

accordance 

to ASTM 

D695 

1.3 mm/min 

Z/ 45 o 0.41720±0.01006 24.46±0.3 33.43±0.20 

Z/ 90 o 0.38221±0.01031 29.48±0.75 34.69±0.99 

Z/ (45 o 

/−45 o) 

0.41044±0.01123 28.14±0.64 34.57±0.86 

FDM, Rectangular 

block: 

38.1 x 38.1 

x 25.4 mm 

Ultem 1.27mm/min Z/(0o and 

90o) 

- 87 - - 40

X/(0o and 

90o) 

- 74 - - 

Z/ (45 o 

/−45 o) 

- 86 - - 

X/ (45 o 

/−45 o) 

- 67 - - 
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Table 3 Flexural properties 

Technique Sample 

design 

Material Strain rate Specimen 

orientation/ 

raster angle 

Layer 

thickness 

E (GPa) Yield 

strength 

(MPa) 

UTS 

(MPa) 

Elongation 

(%) 

Reference 

FDM, 100% 

infill, raster 

angle: 0o
,

extrusion 

temperature: 

340 oC, 

12.7*64*3.2 PEEK In 

accordance 

to ASTM 

D790 

0.01 

mm/mm.min 

XYZ/ 0o 1.972 86.26 114 10.6 84

XYZ/ 90o 1.954 65.90 83.59 5.81 

XYZ/ 0o and 

90o 

2.146 66.50 88.70 6.58 
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platform 

temperature: 

230 oC 

6.8 mm/min 

FDM, 100% 

infill, raster 

angle: 0o 

124*12.7*3.2 ABS 1.4 mm/min 

Support 

span: 51.2 

mm 

XYZ 1.75 38 60 3 86

FDM, 100% 

infill, 

extrusion 

temperature: 

200 oC, 

layer height 

0.3 mm 

Nylon 10 mm/min XYZ/0o/45

o/90o/-45 o 

1.050 - 46 - 87
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FDM, 

Air gap 

0.0mm 

Nozzle 

temperature 

210 ºC 

65x13x4 PLA 2 mm/min XYZ/0 o 0.06 mm 1.596 NA 56 NA 25

0.12 mm 1.434 NA 49 NA 

0.24 mm 1.246 NA 46.2 NA 

YXZ/0 o 0.06 mm 1.852 NA 65 NA 

0.12 mm 1.729 NA 61.3 NA 

0.24 mm 1.886 NA 64.2 NA 

ZXY/0 o 0.06 mm 1.318 NA 14.3 NA 

0.12 mm 1.392 NA 23.8 NA 

0.24 mm 1.414 NA 28.4 NA 

FDM, 100% 

infill, 230 

ºC, platform 

temperature 

65 ºC, 

extrusion 

127x12.7x3.2 PLA 10 mm/min XYZ/0 o 3.187 NA 102.203 10.6 22

XYZ/45 o 2.985 NA 90.649 7.8 

XYZ/90 o 3.000 NA 86.136 4.5 
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speed 100 

mm/s 

FDM,  

nozzle 

temperature: 

200 oC, 

printing 

speed:  20 

mm/s, layer 

height: 0.3 

mm, 

In accordance 

to ASTM 

D790 

PA-12 10 mm/min 1376.14 61.27 - >25 87

Table 4 Interlaminar properties 

Materials Sample design Strain 

rate/ 

Specime

n 

orientati

Interlayer properties Ref-

erences 
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test 

setting 

on/ raster 

angle 

ABS 152x22.5x4 

Crack length: 

76 

2 

mm/mi

n 

XYZ/ 0o Interlayer 

fracture 

toughness 

(kJ/m2) 

1.57 44

ABS with 

fiber 

1 

mm/mi

n 

0.33 

ABS ISO 

14130:1998 

80x10x4 

Span 

length:64mm 

NA XYZ/ 0o Interlaminar 

shear (MPa) 

24 46

ABS with 

fiber 

2.81 

ABS NA ZXY z-direction 

tensile 

16.75±

4.56 

45
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ABS with 

13% carbon 

fiber 

ASTM D638 

Type V 

specimens 

ZXY 7.00+ 

2.59 

Table 5 Fatigue properties 
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Proces

s 

Material Standar

d 

Sample design Strain rate/ 

test setting 

Specimen 

orientation

/ raster 

angle 

Max 

cycle 

stress 

(MPa

) 

Stress = A x 

log(N) +B 

Enduranc

e limit 

Cycle to 

failure 

Referenc

e 

A B 

FDM ABS UNI 

EN ISO 

527-1 

(1997) 

10mm by 4mm 

cross-section 

with a gauge 

length of 80mm. 

Pulling: 

25.4mm/mi

n 

Relaxing: 

12.7mm/mi

n 

0.1 Hz 

XYZ/± 45 19 -

2.35 

19.61 48

XYZ/(0/-

90) 

21 -

2.62 

20.98 

YXZ/± 45 25 -

2.91 

25.78 

YXZ/(0/9

0) 

23 -2 23.0 

ABS plus XYZ/± 45 35 -

4.80 

36.4 
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XYZ/(0/-

90) 

36 -

5.57 

35.6 

YXZ/± 45 37.5 -

5.36 

37.82 

YXZ/(0/9

0) 

37 -

3.13 

37.64 

ZXY/± 45 14.5 -

1.75

8 

14.895

3 

ZXY/(0/-

90) 

14.5 -

2.12 

14.5 

ABS-P400 ASTM 

D7791 

165.1x19.1x2.5m

m 

0.25 Hz for 

17,5000 

cycles 

XYZ/0 25.15 -

5.94 

37.56 21

XYZ/90 9.16 -

1.68 

11.13 
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XYZ/45 10.11 -

2.25 

14.03 

XYZ/± 45 16.9 -

4.91 

30.5 

PLA ASTM 

D7791 

136.6x19x6mm sinusoidal 

loading 

waveform 

at 2 Hz up 

to 1,000 

cycles, then 

5 Hz up to 

10,000 

cycles and 

then 20 Hz 

until failure 

XYZ/0 102 -

4.59 

66.46 5 MPa 22

XYZ/45 90 -

4.31 

67.07 10 MPa

XYZ/90 86 -

5.04 

67.51 0.5 MPa 
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ABS ASTM 

D7774-

12 

150mm long, 

20mm wide 

and 3mm thick 

0.5% 0 35 NA NA NA 20000-

40000 

(drop 10% 

of 

originalloa

d) 

49

90 30 70000-

320000 

polycarbona

te urethanes 

(PCUs) 

ASTM 

E606 

and 

D4482 

5 Hz alternating 

± 45 

2.2 -

0.35

5 

3.56 1.52 and 

1.61 MPa 

88

4.3 -

0.56 

5.37 1.79 and 

2.33 MPa 
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7 -

0.53 

6.96 2.87 

and 3.63 

MPa 
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