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ABSTRACT 

Fully dense PLA blocks were manufactured by 3D-printing, depositing a polymer filament in 

a single direction via the fusion deposition method (FDM). Specimens were cut from printed 

blocks using conventional machining and were used to perform tension, compression and 

fracture experiments along different material directions. The elasto-plastic material response 

was found to be orthotropic and characterised by a strong tension-compression asymmetry; the 

material was tougher when loaded in the extrusion direction than in the transverse direction. 

The response of the unidirectional, 3D-printed material was compared to that of homogeneous 

injection-moulded PLA, showing that manufacturing by 3D-printing improves toughness; the 

effects of an annealing thermal cycle on the molecular structure and the mechanical response 

of the material were assessed. 

 

Keywords: PLA, 3D-printing, elasticity, plasticity, fracture 

 

 

Submitted to Materials & Design, February 2017 

  

                                                 

* Corresponding author. E-mail v.tagarielli@imperial.ac.uk  

mailto:v.tagarielli@imperial.ac.uk


2 

1  INTRODUCTION 

Additive manufacturing allows automatic fabrication of products of complex shape with a 

significant reduction in manufacturing cost, compared to traditional subtractive manufacturing 

techniques [1,2]. In the last decade, the application of additive manufacturing has grown 

substantially in both volume and scope [3-5], mainly due to the availability of relatively 

inexpensive 3D-printing devices. Additive manufacturing techniques available commercially 

include stereolithography (STL), selective laser sintering (SLS), inkjet printing (IP) and fused 

deposition modelling (FDM) [6]. FDM has recently gain popularity among designers, 

hobbyists and small business owners, due to the low initial investment and the growing 

availability of 3D-printing software and shared CAD models.  

FDM allows productions of solid parts made from thermoplastic polymers [7], therefore of 

relatively small stiffness and strength; other techniques, such as SLS, allow 3D-printing of 

much stiffer and stronger metallic parts [8], however the associated cost per unit volume is two 

orders of magnitude greater than that of parts produced via FDM [6]. 

Irrespective of the specific method, additive manufacturing results in components with a 

layered microstructure; within each of the layers, the mechanical properties of 3D-printed 

materials depend upon direction [9-11]. The interfaces between adjacent layers are likely to 

possess different material properties from those of the bulk of the layers, and both these 

interfaces and the layers may contain populations of different defects due to imperfect 

manufacturing processes. The features described above suggest that the mechanical response 

of 3D-printed parts must be anisotropic and display tension/compression asymmetry [12,13]. 

This is an important aspect in the design of load bearing 3D-printed components, independently 

of the material used and of the specific manufacturing technique. 

Some studies [14-18] have recently reported the tensile strength of different 3D-printed 

plastics, as summarised in Table 1. These studies highlighted that polylactide (PLA) has better 

mechanical response than the other thermoplastic polymers investigated, and that the in-plane 

tensile strength of these materials is anisotropic, with the strength along the direction of 

extrusion (0°) exceeding that in the transverse direction (90°). 
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Table 1. Ultimate tensile strength (MPa) of different thermoplastics 3D-printed by FDM. [14-18]  

Raster 

Angle 
ABS Polypropylene Polycarbonate PLA PEI 

90° 26 32 19 54 40 

0° 34 36 59.7 58 59 

Authors Rezayat et al. [14] Carneiro et al. [15] Hill et al. [16] Letcher et al [17] Bagsik et al. [18] 

 

Giordano et al. [19] investigated the mechanical properties of inkjet-printed PLA and 

concluded that the highest tensile strength was achieved with polymers of low molecular 

weight; hot isostatic pressing of the 3D-printed part also improved the material’s tensile 

strength (18 MPa), which was however substantially lower than that reported for parts 

produced by FDM. Sood et al. [20] investigated the impact of printing parameters (layer 

thickness, orientation, raster angle, raster width and air gap) on the quality of printed parts by 

studying their tensile, flexural and impact strength. Research by Ahn et al. [21] showed that 

the printing orientation and air gap had the most significant impact on the mechanical 

properties of the printed objects; on the other hand, the printing temperature and the platform 

temperature have a significant impact on structural inhomogeneity. Gajdos et al. [22]  focused 

on reducing structure inhomogeneity by altering printing temperature and platform 

temperature, improving the mechanical properties of 3D-printed parts.  

Several researchers measured the mechanical properties of PLA [17,23-25] . In Tymrak et al. 

[24], dogbone-shaped tensile specimens were manufactured by 3D printing with 0°/90° and 

+45°/-45° layups; tensile strength and elastic moduli were measured for various printing 

conditions, however the specimens included a contour layer which affected the measured 

directionality of mechanical properties. This problem also affected the measurements of 

Letcher el al. [17] on unidirectional 3D-printed blocks. The experiments in [17] included 

tension, bending and fatigue but not compression or fracture; consequently, neither the 

tension/compression asymmetry of the material nor its fracture response were measured. 

The current study aims at filling some gaps in the published literature and at producing suitable 

datasets to aid designers choose and calibrate constitutive models for simulation of the response 

of 3D-printed parts. We will quantify anisotropy and asymmetry of the mechanical response of 

PLA parts produced by FDM, with focus on their elasto-plastic and fracture responses. 



4 

‘Uniaxial’ solid blocks of 3D-printed PLA are produced by depositing a melted PLA filament 

over multiple layers in a single direction (denoted as axial direction, or 0°); specimens are cut 

along different directions from these blocks, and tested in tension and compression; single-

notch beam bending tests are also performed to measure the material fracture toughness in the 

axial and transverse direction. The response of the 3D-printed specimens is compared to that 

of injection-moulded PLA; the effect of annealing on 3D-printed parts is also investigated. The 

next Section reports on the techniques for manufacturing and testing of the specimens; Results 

are presented and discussed in Section 3. 

 

2 EXPERIMENTAL METHODS  

2.1 3D-printing of the PLA blocks 

All specimens were produced using a FDM 3D-printer (Flashforge Replicator) from a single 

spool of PLA filament (procured from IMAKR, www.imakr.com). The printer performs hot 

extrusion of a PLA filament with an initial diameter of 1.75 mm through a circular nozzle with 

diameter of 0.4 mm. The extruded filament is deposited onto a heated metallic platform by a 

moving printing head in a user-defined pattern, such as to achieve the desired shape. Once a 

certain layer is completed, the printing head is lifted and proceeds to depositing the following 

layer. The user can control the layer thickness and the velocity of deposition, as well as the 

temperature of extrusion and the feeding rate of the PLA filament; the spacing between 

adjacent filament depositions are determined automatically by the printer from the user-

controlled parameters and considerations of volume conservation. 

In the following, we refer to the direction of deposition as “axial” (x); in the plane of the 3D-

printed layers, the direction perpendicular to the axial is referred to as “transverse” (y); the out-

of-plane direction is denoted as z (or Z). The 3D-printer can produce parts with multidirectional 

texture, such that the direction of deposition is different in different layers, to obtain a more 

isotropic mechanical response of the component. In this study, however, we focus on the 

mechanical response of uniaxial 3D-printed material, in which the direction of deposition is 

identical in all layers.  

Prior to manufacturing of the blocks, a study on the sensitivity of the material microstructure 

to the user-defined printing parameters was conducted. Several uniaxial blocks were 

manufactured using different printing parameters, as summarised in Table 2; the blocks were 

subsequently polished and observed via optical and SEM microscopy to measure their porosity 

http://www.imakr.com/
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and to observe any features of the material microstructure. The porosity was measured by 

converting optical micrographs into binary images, which allowed extracting the ratio of 

voided area to total area; a minimum of three photographs were analysed and average porosities 

were recorded. No additional features of the surface were observed in addition to occasional 

rounded pores. The ranges investigated were 200 to 240°C for the extrusion temperature, 0.1 

to 0.4 mm for the layer height and 45 to 150 mm s-1 for the deposition speed. The optimal 

printing parameters were determined as 220°C for the extrusion temperature, 0.2 mm for the 

layer height and 60 mm s-1 for the deposition speed. Such printing parameters resulted in an 

average porosity of 1.5%, corresponding to occasional spherical pores of average diameter of 

approximately 100 μm . We note that the porosity of the 3D-printer material was found to be 

very sensitive to the printing parameters, as it is evident from the measurements reported in 

Table 2. 

The reason for choosing, in this study, to investigate PLA over other thermoplastics is primarily 

a practical one, since this material worked best with our 3D-printer, allowing manufacturing of 

blocks of negligible porosity; in contrast, preliminary trials with ABS, nylon and carbon fibre 

reinforced PLA resulted in much greater minimum porosity, of order 5-10%. In addition, our 

preliminary tests suggested that the strength of PLA was approximately twice that of ABS and 

20% higher than carbon fibre reinforced PLA. 

 

2.2 Manufacturing of the test specimens 

With reference to Fig. 1, we denote as XYZ a global Cartesian reference system aligned with 

the printing platform, in which XY lie in the plane of each 3D-printed layer and Z is the out-of-

plane direction. Three types of PLA blocks ( 70 12 20 mm   in the X, Y, Z directions, 

respectively) were 3D-printed, as indicated in Fig. 1a, with different deposition patterns, and 

used as the base material for production of test specimens by conventional subtractive 

machining. Figure 1b shows the dimensions of test specimens and the planes in which these 

were cut, while Fig. 1c shows a three-dimensional view of the same. 
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Table 2. Sensitivity of the material porosity to the user-defined 3D-printing parameters. The shaded row 

indicates the manufacturing conditions (T10) for the specimens tested in this study. 

Manufacturing 

trial 

Layer height 

(mm) 

Extruder 

temperature 

(°C) 

Extruder speed 

(mm/s) 
Porosity (%) 

T1 0.2 200 45 5.66 

T2 0.2 200 45 7.53 

T3 0.2 210 45 4.71 

T4 0.2 230 45 5.83 

T5 0.2 240 45 7.28 

T6 0.1 220 45 3.43 

T7 0.3 220 45 13.54 

T8 0.4 220 45 7.01 

T9 0.2 220 30 4.49 

T10 0.2 220 60 1.46 

T11 0.2 230 75 5.45 

T12 0.2 230 100 6.67 

T13 0.2 240 100 5.79 

T14 0.2 240 125 6.32 

T15 0.2 240 150 7.70 
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Figure 1. (a) Patterns of filament deposition in the layers of the 3D-printed PLA blocks; the angles 

indicated in the figure are those formed by the axes x and X. (b) Sketch of the machining route for 

tension, compression and fracture specimens. (c) 3D view of specimens used for measurements of in-

plane mechanical response. 
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Flat dogbone specimens were machined for the tensile tests; these had gauge section of 

dimensions 10 5 5 mm  ; compression tests were conducted on cubes of side length 7 mm. 

Notched beam specimen for fracture tests on the 3D printed material were manufactured in 

accordance to ASTM D5045-14 [26] to have height W of 12 mm and width B of 6 mm; a notch 

of depth 5 mm was included, and the beams had total length 60 mm.  

Similar specimens were manufactured from injection-moulded PLA; the same PLA filament 

used in the 3D printing was injection-moulded using a piston-driven injection moulder (Haake 

Minijet II, ThermoFisher Scientific, Hampshire, UK) into either flat dogbone or flat rectangular 

shapes. The barrel temperature and the mould temperature used were 185°C and 68°C, 

respectively; all samples were injected with an injection pressure of 300 bar and injection time 

20 s, and a pressure of 100 bar was applied for 10 s following the injection. The dogbone 

specimens had a gauge section of dimensions 10 3 3 mm  ; the flat rectangular specimens had 

dimensions 12 3 80 mm.   These rectangular specimens were used to machine cuboidal 

specimens for compression tests ( 4 3 3 mm  ) as well as notched beam specimens, by 

inclusion of a central notch depth of 5.4 mm. For both 3D-printed and injection-moulded 

specimens, a surgical scalpel was used to sharpen the notch to a radius of approximately 50 m, 

producing an initial crack of length of order 200 m, as measured via SEM microscopy. 

To allow mechanical tensile tests in the out-of-plane (Z) direction, additional blocks were 3D-

printed having dimensions 12 20 70 mm   in the X, Y, Z directions, respectively, and dogbone 

specimens as in Fig. 1b were machined from these additional blocks. All specimens were 

extracted from the central part of the blocks such to exclude the regions near the surface and 

have uniform unidirectional texture of the material across the entire specimen volume.  

Tensile tests were also conducted on both the as-received PLA filament and on the same 

filament after extrusion by the 3D-printer. These extruded PLA filaments were produced at 

220°C via the printer nozzle (of diameter 0.4 mm); the filament rapidly solidified and expanded 

to a diameter of 0.63 mm, as measured by an optical microscope.  

 

2.3 Annealing thermal cycle  

Selected 3D-printed and injection-moulded specimens were subject to an annealing thermal 

cycle in a vacuum oven (VacuTherm VT6025, Thermo Scientific) prior to testing. This 

consisted of a gradual heating from room temperature (20°C) to a temperature of 60°C over 30 
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minutes, a dwelling phase of duration 5 hours and slow cooling to room temperature over a 

period of 12 hours.  

 

2.4 Mechanical testing and data processing 

Tension, compression and fracture experiments were conducted in this study in a screw-driven 

Instron tensometer (model 5969) of capacity 50 kN, operated in displacement control; the load 

was measured by resistive load cells of appropriate load capacity and negligible noise. Selected 

tests were repeated with different speeds of the machine’s cross-head, to investigate the strain 

rate sensitivity of the material. The details of all tests performed are as follows. 

 

2.4.1 Tension and compression tests 

Tensile tests on the as-received and extruded PLA filaments were conducted by loading the 

filaments in tension after gripping the specimens with pneumatic Capstan grips (Instron, model 

CP108524). Two reflective strips were adhered on the filaments at an initial distance of 80 mm 

and used to monitor the filament elongation via a laser extensometer, of resolution 1 m.  

Tensile tests on bulk PLA samples (both 3D-printed and injection-moulded) were conducted 

by gripping the ends of the dogbone specimens with flat V-clamps. The surface of the test 

specimen was adhered with resistance strain gauges (Tokyo Sokki Kenkyujo Co. Ltd., type 

GFLA-6-50) on two opposite sides. The strain gauges were connected to a Fylde amplifier, 

with an integrated quarter-bridge Wheatstone bridge, via soldered junctions. 

Compression tests were conducted by loading cuboidal specimens (Fig. 1b) by polished steel 

platens, lubricated with PTFE spray; the shortening of the specimens was measured by both a 

laser extensometer and Digital Image Correlation (DIC), as well as, in selected tests, by strain 

gauges of grid length 1 mm (Tokyo Sokki Kenkyujo Co. Ltd., type FLK-1-23). DIC (Imetrum 

Optical Strain) was also employed to measure the material’s Poisson ratios in selected tension 

and compression tests. 

 

2.4.2 Fracture tests 

Three sets of single-edge notched bending (SENB) experiments were conducted on specimens 

machined from 0° and 90° 3D-printed PLA blocks, as well as from the injection-moulded PLA. 
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The tests were conducted in accordance to ASTM D5045-14 [26]; the notched beams were 

loaded in 3-point bending by steel rollers of diameter 6 mm, with beam span L of 48 mm (50.8 

for injection-moulded specimens); the displacement of the loading roller was measured by a 

laser extensometer as well as DIC, and the displacement rate was set to 10 mm min-1  or 

10.58 mm min-1 for the 3D printed and injection-moulded specimens, respectively, in line with 

the recommendations in [26]; the choice of slightly different test speed is in line with the 

slightly different dimensions between the 3D-printed and injection-moulded; this choice 

ensures identical strain rate fields in the two specimens. 

A calibration procedure was conducted to correct the measured load versus displacement 

histories, to account for material indentation under the rollers, as prescribed in [26]. For this 

calibration procedure, a 3D-printed PLA specimen was machined from 0° blocks to have length 

80 mm, height 25 mm and width 6 mm. The dimensions were chosen to give negligible 

bending compliance compared to the SENB specimens, but equal indentation stiffness as in the 

SENB experiments). The load versus displacement curve in the calibration test was used to 

correct the measured displacement by subtracting the displacement due to indentation. 

The SENB specimens were sprayed with a speckled pattern and a grid was marked on their 

surface to facilitate measurements of the displacement field and crack length via DIC, as shown 

in Fig. 2. A set of finite element simulations was also conducted to predict the elastic bending 

stiffness versus crack extension, to allow a more accurate estimate of the current crack length. 

These are described in detail in Appendix A. 

Knowledge of the load versus displacement and crack length versus displacement profiles 

allowed calculation of the critical stress intensity factor 
IC

K   via the formulae provided in [26].  
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Figure 2. Photographs of a PLA fracture specimen prior to and during loading. The specimen includes 

a speckled pattern and a grid to aid measurements of the displacement field and of the crack length. 

 

2.5 Thermal measurements  

The crystallinity and thermal behaviour of the PLA were investigated by differential scanning 

calorimetry (DSC); the calorimeter (Discovery DSC, TA Instruments, Newcastle, UK) 

operated in nitrogen atmosphere. Approximately 5 mg of each sample was tested, under a heat-

cool-heat cycle. The sample was first heated from room temperature to 200 °C and then cooled 

to room temperature, before a second heating to 200 °C; heating and cooling rates were of 

5°C min-1. The percentage of crystallinity 
C

X  of the PLA was calculated using the equation 

 
0

100
m c

C

m

H H
X

H

  



  (1) 

where 
m

H , 
c

H  and 
0

m
H  are the melting enthalpy, the crystallization enthalpy (based on 

the 1st heating curve) and the melting enthalpy of pure crystalline PLA, taken as 93 J g-1 [27]. 

 

3 RESULTS AND DISCUSSION  

3.1 Crystallisation and melt behaviour 

The measured DSC curves are shown in Fig. 3 for different materials: the as-received and 

extruded PLA filaments, the 3D printed PLA (before and after the annealing cycle described 

5mm 5mm
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in Section 2.3) and the injection-moulded PLA. The glass transition, crystallisation and melting 

temperatures, along with the degree of crystallinity of these materials are summarised in 

Table 3. A large endothermic peak at around 170 °C can be seen for all samples, corresponding 

to melting of the PLA. Further endothermic heat flow occurs at around 60 °C for all samples, 

indicating glass transition. These peaks are consistent with the thermal properties of PLA 

reported by other researchers [28,29]. The crystallinity values shown in Table 3 are also 

consistent with results published in the literature, which reported a typical value of 35% 

[30,31]. 

The as-received and extruded filaments, as well as the injection-moulded PLA display a 

relatively sharp exothermic peak at around 100 °C during the 1st heating; this is attributed to 

crystallisation of the samples during 1st heating. The degree of crystallinity (see Table 3) of as-

received and extruded filaments were found to be quite low (~8%), due to the relatively fast 

cooling during the manufacturing of these filaments. The injection-moulded PLA sample 

possessed a crystallinity of around 30%, as the cooling of the material during manufacturing 

by 3D-printing is much slower than for the extruded filaments. The 3D-printed PLA samples 

display higher crystallinity, of order 37%; this higher crystallinity can be attributed to the 

slower cooling of the 3D printed filament as this is deposited on a relatively hot substrate 

[32,33]. 

 

3.2 Effects of manufacturing processes on the mechanical response 

We begin by comparing, in Fig. 4a, the tensile responses of the as-received and extruded PLA 

filaments, as well as those of the 3D-printed (0° direction) and injection-moulded dogbone 

specimens. The figure includes repetitions of the tensile tests on the filaments, to illustrate the 

scatter in these measurements. Figure 4b shows the measured strain rate sensitivity of the same 

materials, by plotting the peak flow stresses as a function of the imposed nominal strain rate. 
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Figure 3. DSC traces of different materials during (a) first heating and (b) second heating. 
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Table 3. Summary of DSC measurements conducted on PLA after different manufacturing processes. 

sample  
Tg 

(°C) 

Tm 

(°C) 

|ΔHm| 

(J/g) 

|ΔHc| 

(J/g) 

χc 

(%) 

as-received filament 
1st heating 61 168 35 28 8 

2nd heating 58 168 44 0 48 

extruded filament 
1st heating 61 169 36 29 7 

2nd heating 59 169 45 0 48 

3D printed 
1st heating 64 169 35 0 38 

2nd heating 62 169 34 4 36 

3D printed (annealed) 
1st heating 61 168 34 0 36 

2nd heating 62 168 32 4 35 

injection-moulded 
1st heating 56 168 44 16 30 

2nd heating 57 168 46 0 49 

 

The measured initial material stiffness is identical for the 3 tests considered. The process of 

extrusion of the filament by the 3D-printer only slightly improves the tensile response of the 

filament, in line with the fact that the crystallinity of the filament is not affected by the 

extrusion. The peak stress of the 3D-printed and injection-moulded specimens is lower than 

that of the filaments; the stress-strain curves of 3D-printed and injection-moulded specimens 

are steeper and show a lower ductility compared to those of the filaments. The different 

measured material responses are linked not only to the nature of the material but also to the 

different specimen geometries (slender filaments versus stocky dogbone specimens). However, 

the 3D-printed and injection-moulded samples, of relatively high crystallinity, are much more 

brittle and moderately weaker than the filaments [34,35]. It is also evident in Fig. 4b that the 

3D-printed and injection-moulded specimen have a substantially higher strain rate sensitivity 

than the filaments, due to the higher degree of crystallinity. 

 

3.3 Anisotropy of the 3D-printed PLA 

We continue to highlight the anisotropy of the 3D-printed material by comparing selected 

tensile responses along the axial (x), transverse (y) and out-of-plane (z) directions. Figure 5 

shows that the elastic response of the 3D-printed PLA is approximately isotropic; the strength 

of the material on the other hand is orthotropic, with similar transverse and out-of-plane tensile 
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strength but a stronger axial response (similar conclusions are reached comparing compression 

tests along the same directions). 

 

Figure 4. (a) Comparison of the tensile stress versus strain responses of filaments and dogbone 

specimens (
4 -1

2.5 10 s


  ); (b) strain rate sensitivity of the different materials; power-law best fits 

through the data are included. 

(a)

(b)
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Figure 5. Comparison of the tensile response along the axial, transverse and out-of-plane directions.  

 

The response along the out-of-plane material direction was measured on a specimen possessing 

a layup comprising alternating 0° and 90° layers, as it was very difficult to 3D-print suitable 

‘uniaxial’ blocks; in general, is was difficult to obtain suitable specimens for out-of-plane 

testing, as these had much larger height than base. The few tests performed showed that the 

out-of-plane material direction was the weakest and most brittle compared to the axial and 

transverse. In the rest of this study, we focus on the material response in the xy plane.  

 

3.4 Uniaxial response in the xy plane 

To highlight the tension/compression asymmetry and the directionality of the material response 

we compare, in Fig. 6, tensile and compressive responses of the 3D-printed material along the 

axial (0°), transverse (90°) and 45° directions; the response of injection-moulded PLA is 

included for comparison. All tests were performed at an imposed strain rate of 
4 -1

2.5 10 s


 . 

Irrespective of the test direction, the elastic response is approximately symmetric in tension 

and compression; however, at any given strain the flow stress in compression largely exceeds 

that measured in tension. In all cases, the 3D-printed material displays a ductile elasto-plastic 

response in both tension and compression; the tensile response of the 90° specimens was 

σ
σ

σ
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relatively weak and brittle, with tensile ductility of order 2%; the 45° specimens exhibited the 

highest strength. Note that the stress-strain curves in Fig. 6 are terminated at the value of strain 

at which the strain gauge failed, or at the failure strain if indicated by a cross. In tension, the 

specimens failed by propagation of a normal crack with negligible necking; in compression, 

the stress/strain curves were interrupted after strain gauge failure at around 4.5% strain, but the 

deformation could proceed uniformly until strains of 10%, at which the tests were interrupted. 

Injection-moulded specimens have similar response to that of the 3D-printed material, however 

their tensile response was more brittle, with a sudden failure in the strain-hardening phase by 

propagation of a normal crack. 

 

Figure 6. Tensile and compressive response of all materials, highlighting the directionality and 

asymmetry of strength. The cross indicates final fracture. 

Table 4 presents a summary of all measurements, including a ‘yield stress’, taken as the flow 

stress at a plastic strain of 0.2%, and an ‘ultimate strength’ which in compression corresponds 

to the peak stress recorded in the stress-strain curves. The data for injection-moulded specimens 

includes ranges, to illustrate the scatter; only occasional repetitions were conducted for the 3D-

printed material due to the limited amount of filament contained in the batch (note: due to 

variability between different batches of PLA filament [36], all tests were conducted on material 

from a single batch). The elastic response of the 3D-printed material is nearly isotropic, while 

the strength varies substantially with direction. A strong tension/compression asymmetry is 
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shown by all materials and both stiffness and strength are sensitive to strain rate in the range 

investigated. Suggestions for modelling of the material response are given in Appendix B. 

 

Table 4. Summary of the measured mechanical properties for all materials and strain rates. 

E
x
p
erim

en
t ty

p
e 

T
en

sio
n

/C
o
m

p
ressio

n
 

S
train

 R
ate 

O
rien

tatio
n

 

In
itial stiffn

ess 

Y
ield

 stress (0
.2

 %
) 

U
ltim

ate stren
g
th

 

 (T / C) �̇� (s-1) 𝜽 (°) 𝑬 (GPa) 𝝈𝒀 (MPa) 𝝈𝒎𝒂𝒙 (MPa) 

1 

T 

2.5x10-4 

0° 3.98 54.84 54.89 

2 45° 3.96 54.69 61.42 

3 90° 4.04 45.16 46.24 

4 Moulded 3.68−0.01
+0.01 46.76−3.14

+3.14 49.45−3.78
+3.78 

5 

1.25x10-5 

0° 3.75 34.25 34.58 

6 45° 3.56 42.50 43.28 

7 90° 3.58 38.51 38.51 

8 Moulded 3.43−0.09
+0.08 29.79−6.39

+6.39 29.79−6.39
+6.39 

9 

C 

2.5x10-4 

0° 4.73 95.79 98.40 

10 45° 4.25 98.32 99.71 

11 90° 3.73 94.87 98.08 

12 Moulded 3.88−0.17
+0.21 71.94−14.5

+7.83 89.11−9.34
+10.64 

13 

1.25x10-5 

0° 3.19 76.45 78.54 

14 45° 3.42 78.19 84.17 

15 90° 4.65 65.92 79.83 

16 Moulded 3.20−0.02
+0.01 70.80−7.71

+6.26 73.86−2.42
+3.66 
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Figure 7. Fracture surface of (a) 0° dogbone specimen, (b) 45° dogbone specimen, (c) 90° dogbone 

specimen and (d) injection-moulded dogbone specimen. 
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Fracture surfaces of the tensile specimens for the 3D-printed and injection-moulded materials 

are shown in Fig. 7; samples were adhered onto a conductive epoxy/metal base; the fracture 

surfaces were sputter-coated with gold to provide conductivity and prevent charging of the 

surface. Fracture occurred with negligible necking, however the fracture surfaces in Fig. 7 

show evidence of ductile mechanisms preceding unstable crack propagation. The 0° specimens 

in Fig. 7a show a mixture of progressive damage followed by fast fracture, as indicated by a 

combination of a rough and a smooth fracture surfaces. Both the rough and smooth parts of the 

fracture surface reveal the filamentous nature of the material. A similar fracture surface is 

observed for the 45° specimens, shown in Fig. 7b and presenting also a zone of progressive 

damage by both fracture and delamination of adjacent filaments. In Fig. 7c (90° specimens) it 

is evident that in transverse loading failure occurs by a stochastic mechanism, with a crack 

proceeding across the filaments or along their interfaces. The moulded PLA specimen, shown 

in Fig. 7d, does not display a filamentous nature; again, fracture occurred by progressive 

damage followed by fast fracture. 

 

Figure 8. Normalised load against normalised displacement for 0°, 90° and injection-moulded SENB 

specimens. 
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Figure 9. (a) Normalised crack length against normalised displacement, as measured in the 

experiments or deduced from the predicted stiffness versus crack length curves; (b) Fracture 

toughness as a function of the crack extension.  

 

 

(a)

(b)
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3.5 Fracture response 

Fig. 8 presents representative results obtained from the fracture experiments for the 3 materials 

tested. The data shown has been corrected for indentation compliance and it is presented in a 

normalised form, such that the vertical axis is proportional to the maximum elastic stress in the 

beams and the horizontal axis is proportional to the maximum elastic strain; with this choice, 

the initial slope of the curves is proportional to the material’s stiffness. All materials have 

similar stiffness, in line with the data in Table 4. The velocity of the cross-head d  was chosen 

such that 
2 1

/ 0.0521 m indW L


 , where d is the cross-head displacement and W is the height 

of the specimen; this ensures an equal elastic strain rate field in all tests. In all tests the response 

was initially linear elastic, with onset of non-linearity coinciding with the onset of crack 

propagation; in all tests the crack propagated stably and in the vertical direction. 

Fig. 9a shows the normalised crack extension as a function of the normalised beam deflection, 

for the 3 tests presented in Fig. 8; the graph includes direct measurements obtained by DIC as 

well as indirect measurements conducted with the help of FE simulations, described in 

Appendix A. The technique described in the Appendix was used to produce the R-curves in 

Fig. 9b; these include 3 repetitions of each test, to highlight variability in the measurements. 

Figure 9b clearly shows that the toughness of the 3D-printed material is greater than that of the 

moulded PLA, and that the material is tougher when loaded in direction x (0°) than in direction 

y (90°).  The initial fracture toughness of the 3 materials tested is also summarised in Table 5. 

The difference in toughness of the 3D-printed material in the 0° and 90° directions is in line 

with the difference in uniaxial tensile strength reported in Table 4 and Fig. 6. On the other 

hand, the superior toughness of the 90° specimen compared to the moulded PLA cannot be 

justified in terms of tensile strengths, as the measured strengths of these materials were similar. 

 

Table 5. Summary of the measured initial fracture toughness KIC of PLA specimens.  

Specimen 
Fracture toughness,

IC
K         

( 1/2
M Pa m ) 

Uncertainty 

0° 5.05 ±0.19 

90° 4.06 ±0.15 

Moulded 2.87 ±0.51 
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Figure 10. SEM images of the fracture surface of SENB specimens; (a) 0° specimen; (b) 90° specimen 

and (c) injection-moulded specimen. 

 

The different fracture response must also depend on the different microscopic fracture 

mechanisms, which are illustrated in the SEM micrographs of Fig. 10. The fracture surfaces of 

the 3D-printed materials in Figs. 10a and 10b again reveals the filamentous nature of the solids 

and two completely different mechanisms for the tests in the two principal material directions. 

For the 0° specimen, the crack advances mainly in a single plane but occasionally kinks by 90°, 

causing delamination between the relatively weak inter-layers (recall Fig. 5) and dissipation of 

additional energy. The periodic features observed on the fracture surface are cross-sections of 

the deposited filaments. In contrast, for the 90° specimens, the crack advances in an irregular 

fashion, as shown by the topology of the fracture surface, possessing a higher surface area than 

for the 0° specimen. The wavy texture (in only one direction) is created by the horizontal 

filaments. The fracture surface of the injection-moulded specimen is much smoother than those 

of the 3D-printed solids, due to the homogeneous nature of the microstructure; the features 

shown in Fig. 10c also suggest that a surface boundary layer with different mechanical 

properties might have been present in this material, consequent to the non-uniform cooling rate 

associated with the injection-moulding process. The results demonstrate that the process of 3D-
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printing of PLA by fusion deposition results in an increase in toughness, compared to 

homogeneous injection-moulded PLA. 

 

3.6 Effect of annealing 

The DSC data in Table 3 shows that the annealing cycle does not significantly affect the degree 

of crystallinity of the material; on the other hand, this cycle is expected to partially release the 

residual thermal stresses inevitably present in the material, by heating to just below the glass 

transition temperature, thereby promoting viscous stress relaxation. The measurements after 

the annealing cycle, however, showed a negligible effect on the material stiffness and an 

unexpected substantial reduction in strength, of 10%, 30% and 20% for 3D-printed material 

tested in the 0°, 45° and 90° directions, respectively. The reason for this reduction were not 

investigated further in this study.  

 

 

4 CONCLUDING REMARKS 

We measured the orthotropic mechanical response of 3D-printed PLA manufactured using the 

fusion deposition method, by testing 3D-printed PLA along several directions. The study 

highlights the main features of the mechanical response of 3D-printed plastics, showing that 

these are anisotropic and asymmetric, with direction-dependent fracture behaviour. We provide 

a comprehensive dataset for 3D-printed PLA and we show that 3D-printing enhances the 

mechanical response compared to injection-moulded PLA. The main conclusions from the 

study are as follows: 

 The porosity of the 3D-printed material can be minimised (leading to an improvement 

of the mechanical response) by optimising the temperature and speed of extrusion, as 

well as the speed of the printing head. Specimens of porosity of order 1% were tested 

in this study. 

 Compared to the homogeneous polymer, manufacturing by 3D-printing increases the 

crystallinity of the material, reduces its ductility and increases the fracture toughness 

and the sensitivity to the imposed strain-rate. 

 The elastic response of the 3D-printed material is transversely isotropic, although the 

anisotropy is mild; both axial and transverse stiffness are similar to that of injection-
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moulded PLA, indicating that 3D-printing does not affect material elasticity 

substantially. 

 The inelastic response of the material is ductile and orthotropic; in tension the 

material is relatively brittle when tested in the out-of-plane direction and more ductile 

when tested in-plane. 

 The material displays a pronounced tension/compression asymmetry, with the 

compressive flow stress largely exceeding the tensile flow stress in each direction. 

This is a result of loss of cohesion since the early stages of the tensile response. 

 The fracture response of the material is tougher when this is tested in the axial 

direction then in the transverse direction. 

 3D-printed PLA is tougher than injection-moulded PLA. This is due to the layered 

and filamentous nature of the 3D-printed material and the complexity that this induces 

in the microscopic mechanisms of fracture. 

 An annealing heat treatment with dwelling temperature just below the glass transition 

temperature has a negligible effect on crystallinity and material stiffness but reduces 

the strength by up to 30%. 
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APPENDIX A 

Predictions of the stiffness of the notched beams as a function of crack extension 

The commercial finite element (FE) solver Abaqus Standard was used to simulate the elastic 

response of the fracture specimens, with the objective of determining the sensitivity of beam 

stiffness to crack extension. Two FE models were constructed with geometry dictated by that 

of the fracture specimens used for 3D-printed and injection-moulded PLA, respectively. Only 

half of the specimen was modelled due to symmetry, and these half beams were meshed by 

linear, three-dimensional, constant stress finite elements (of type C3D20 in Abaqus); following 

a preliminary mesh-sensitivity study, the beams were meshed with 4316 approximately cubic 

finite elements, to give mesh-insensitive predictions. Geometric non-linearity was accounted 

for in the simulations. The elastic material response was transversely isotropic for the 3D-

printed specimens and isotropic for injection-moulded specimens, with elastic constants taken 

from Table 6 and Table 4, respectively. 

For each geometry, the elastic response was simulated at different amounts of crack extensions, 

ranging from 0 to 4 mm; the presence of a crack was modelled by imposing, at the central 

cross-section of the notched beams, stress-free boundary conditions along appropriate portions 

of the height of the specimens. 

The predicted elastic load versus deflection response of the cracked beams was extracted from 

the simulations and used to construct two plots (one for each of the two specimen geometries) 

of the beam stiffness versus the crack extension. Such plots were used to predict the crack 

extension from the measured load versus deflection curves, as follows. At every point  ,P d   

of the load versus deflection curve, it was assumed that the stiffness of the notched beam was 

/ ,P d  in line with the assumption that any non-linearity in the load versus deflection curve 

was due to crack extension; the stiffness /P d  was computed and the stiffness versus crack 

extension curves determined from the FE simulations were used to compute the current value 

of the crack extension. As seen in Fig. 9a, such computed values of the crack extension were 

in reasonable agreement with the corresponding DIC measurements. In constructing the R-

curves in Fig. 9b we used the values of crack extension determined via the procedure described 

above; these values in fact are expected to give more accurate results than the measured ones, 

as measurements allow determining only the value of the crack length at the specimen surface 

but ignore any variation of this crack length along the specimen’s width. 
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APPENDIX B  

Calibration of an elastoplastic constitutive model 

We suggest below a constitutive modelling strategy for the 3D-printed material loaded in the 

xy plane. Table 6 summarises the elastic properties of the orthotropic 3D-printed layers, where 

the subscripts 1,2 refer to directions x,y, respectively. The shear modulus of the layer 
12

G  was 

calculated from the stiffness of the 45° specimens, as in [37] 

  12 12

45 22 1

1

1

4 1 1
1 2G

E E E



      (2) 

while the transverse shear modulus can be obtained as  23 22 23
2 1/G E     , upon assuming 

a transversely isotropic elastic response of the material.  

 

Table 6. Summary of engineering lamina constants (subscript 1 denotes the extrusion direction). 

11
E

 22
E

 12


 23


 12
G

 23
G  

3.98 GPa 4.04 GPa 0.34 0.37 1.50 GPa 1.47 GPa 

 

Beyond its elastic limit the 3D-printed material displays a ductile orthotropic plastic response, 

characterised by a strong tension/compression asymmetry. In presence of only tensile (or only 

compressive) stress components, such response can be modelled as incompressible anisotropic 

plasticity, for example following the anisotropic yield criterion proposed by Hill [38]. The 

Hill’s quadratic condition for yielding, in a Cartesian reference system aligned with the 

principal material’s direction, reads as 

      
o2 2 2 2 2 2 0

22 33 33 11 11 22 23 31 12
2 2 2

Y
F G H L M N                    (3) 

where the material constants F to N must be determined from experiments and 
o

0

Y
  is the yield 

stress in direction x. Using direction 1 (x) as the reference direction, and assuming a state of 

plane-stress (
33 23 31

0     ) and transverse-isotropy ( G H ), the yield condition reads 

  
o22 2 0

22 11 11 2

2

122
2

Y
F G NH          (4) 

and one can relate the material parameters to the measured strength in different directions as 
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        (5) 

The material constants to use in presence of only tensile or only compressive stress components 

are summarised in Table 7.  

 

Table 7. Summary of Hill’s coefficients for the 3D-printed PLA (for an equivalent applied strain rate 

of 4 -1
2.5 10 s


 ). 

 F H  ,G H  N  

Tension 1.47 0.5 1.27 

Compression 1.02 0.5 1.39 

 

In presence of stress components of different sign, the Hill’s criterion is no longer applicable, 

as it cannot account for tension/compression asymmetry. The formulation of an adequate yield 

criterion is beyond the scope of this investigation; however, we report the following 

observation, which can be useful in formulating an adequate constitutive description. 

Selected uniaxial tension and compression tests were repeated in this study adopting a different 

test protocol; this involved superimposing, to the monotonic straining of the material, 

numerous unloading/reloading cycles of small strain amplitude, of order 50 με . This allowed 

measuring the current material stiffness as a function of the imposed axial strain, thereby 

quantifying the loss of cohesion of the 3D-printed PLA. These experiments showed that in 

compression the material stiffness was nearly independent of axial strain, indicating a response 

governed solely by plasticity, with negligible damage. In contrast, in tension the material 

stiffness decreased as a function of strain, indicating the presence of damage mechanisms in 

conjunction with material’s plasticity. Based on this observation, the compressive response in 

a certain direction may be taken as ‘undamaged’, while the damage evolution in presence of 

tensile stress components may be deduced from a comparison of the compressive and tensile 

responses. The implementation of such modelling strategy is left as a topic for future studies. 


