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ABSTRACT 
Fused Deposition Modelling (FDM) is one of the most important Additive 

Manufacturing (AM) technologies. This is a technology suitable for various 

engineering applications and currently used with many types of thermoplastic 

materials including Acrylonitrile Butadiene Styrene (ABS). AM-FDM printed ABS 

possesses an inherent capacity for property modifications as a function of printing 

parameters. The main goal of the present ongoing research project is to estimate the 

strength of the AM-FDM printed ABS for varying printing process parameters. In 

the present study, the mechanical and structural characterizations of AM-FDM ABS 

were evaluated by light microscopy and mechanical testing. Three-point bend 

flexural test results revealed the mechanical properties as well as the fracture 

behaviour according to the dimensions and printing strategies of the build-on 

specimens. An innovative transmitted-light microscopy experimental method was 

developed and utilized to investigate the crack propagation behaviour under 

bending. 
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1. INTRODUCTION 
 

One of the most important Additive Manufacturing 

(AM) technologies is the Fused Deposition Modelling 

(FDM), also known as fused filament fabrication 

(FFF), a technology suitable for various engineering 

applications, such as rapid prototyping, advanced 

composite parts and toys. FDM is currently used with 

many types of thermoplastic materials including 

Acrylonitrile Butadiene Styrene (ABS) [1]-[4]. AM-

FDM printed ABS possesses an inherent capacity for 

property modifications as a function of building 

parameters. The ABS parts, produced by AM, display 

good chemical resistance, stable product dimensions, 

and good impact resistance. However, the same parts 

often have dissimilar mechanical behaviour when 3D 

printed in different orientations [5]-[7]. While FDM is 

one of the most commonly used AM technologies for 

modelling, prototyping, and selected structural 

applications, the major research inquiries have 

revolved around balancing the ability to produce 

aesthetically appealing looking products without 

compromising functionality. When it comes to 

components' functionality, structural integrity 

(preventing fracture) is of the highest importance. 

 The relationship between mechanical properties 

and fracture morphology of ABS material and FDM 

process parameters has been studied in the last years 

by several research groups [8]-[19]. Printed ABS 

standard tensile specimens (ASTM D638, Type V) 

demonstrate a “ductile” fracture morphology [17], 

[20]-[23]. The tensile strength, compressive strength, 

and flexural bending strength, together with the 

fracture appearance of ABS specimens, were 

investigated as a function of process parameters such 

as specimen temperature, specimen orientation, the 

quality of polymer filament, layer thickness, air gap, 

raster orientation, and raster width [17], [20]-[23]. 

 The present study evaluates the relationship 

between the mechanical properties in bending and the 

structural characteristics of FDM ABS material, using 

different building strategies. The mechanical 

properties of FDM parts are not solely controlled by 

the material of the original filament but are also 

significantly influenced by a directionally dependent 

production process that fabricates components with 

anisotropic characteristics associated with the inherent 

layering, and finally by the loading conditions in 

service.   The crack propagation behaviour in ABS 

under three-point bending loads was characterized as 
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part of an ongoing research project on AM-FDM 

printed ABS for various modelling purposes. In this 

experimental study, the mechanical and structural 

features in various building orientations were 

obtained through flexural testing (ASTM D790). 

Transmitted light microscopy was used to reveal 

stressed and deformed layers governing the crack 

propagation. The results can contribute to better and 

faster analysis capability of the output data for 

modelling purposes and understanding the fracture 

modes of ABS in flexural tests. 

 

2. EXPERIMENTAL PART 
 

2.1. Material and FDM Process 

 
All ABS specimens were designed with computed 

aided design (CAD), using SolidWorks 2017 

program, and were built with a STRATASYS© 

Dimension Elite FDMTM machine (Fig. 1) system 

[10], [20], [23]. The maximum extrusion temperature 

was ~ 285 oC, the building chamber temperature was 

~ 70 oC, and the nozzle speed during extrusion was up 

to 12.7 mm/sec [20]. There are three available 

material filling options for this system (low density, 

high density and solid). The specimens of the present 

research were printed in low density (50% of the 

volume) and solid (100% of the volume) filling 

modes. The molten ABS layers built across the tray 

were directed in ±45o in relation to the X-axis. 

 

 
 

Fig. 1. Schematic illustration [4], [10] of the AM-

FDM technology. The main parts of the 3D printing 

machine are shown as well as the direction of the 

printed molten ABS filament's configuration 

 

2.2. Specimens 
 

Standard three-point bending specimens in 

accordance with the ASTM D790 standards were 

additively manufactured (3 trays) with different 

printing parameters and various orientation groups 

(Fig. 2). Bending specimens with their length printed 

in the Y-Axis and width parallel to the X-axis were 

used for the crack propagation research. 

2.3. Three-Point Bending Test System Setup 

 
The bending tests were conducted using an MTS© 

Model E43-504 universal testing machine equipped 

with a three-point bending fixture (Fig. 3). A 

Crosshead velocity of 0.5 mm min-1 was used for all 

tests. Based on the theory of force and internal 

moment generated on a loaded beam, the flexural 

strength σb was calculated from Eq. (1): 

 

2
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b h
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    (1) 

 

where f is the applied force, L is the span between the 

two anvils, and b and h are the measured dimensions 

of the specimen's cross-section.  

 

 
         (a)        (b) 

 

Fig. 2. The printed ABS specimens and building 

orientations: (a) an illustration of a typical printing 

tray design showing the main axes; (b) a drawing of 

the tested three-point bending test specimen 

 

          
 (a)           (b) 

 

Fig. 3. The experimental setup; (a) a general view of 

the three-point bending fixture attached to the testing 

machine; (b) close-up of the three-point bending 

bridge; the span L is 80 mm 

 

 As mentioned above, bending specimens with 

their length printed in the Y-Axis direction and their 

width parallel to the X-axis direction were used for 

the crack propagation research. These specimens were 

loaded in the X-axis direction to evaluate the 

interaction of the propagating crack with printed ABS 

layers printed at an angle of 45o to the loading line. 

 

2.4. Fractography 
 

Nikon© SMZ800 Zoom Stereomicroscope was used 

(a) for surface observation; (b) to perform 
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fractographic examinations of fracture face 

morphology (“ductile”, “brittle” or “mixed mode”) 

following the mechanical tests and; (c) to find any 

possible defects that might affect the quality of the 

printed specimens' properties.  

 

2.5. Transmitted-Light Fractography 
 

A new experimental method was developed to 

examine and visualize the specimens' surface and the 

in-depth phenomenon in the surroundings of the 

propagated crack. The observation system consists of 

an Olympus© BX43 biological computerized 

microscope equipped with an Olympus© DP73 

camera, controlled using cellSense Entry 1.9 program 

(Copyright ©2009-2013 Olympus Corporation). 

Transmitted light (sometimes called 

transillumination) shines light from a transmitted-light 

illuminator and through the specimen to the viewing 

lens. It is used for transparent or translucent objects, 

commonly found in prepared biological specimens 

(e.g., slides), or with thin sections of otherwise 

opaque materials such as mineral specimens. 

 

3. RESULTS AND DISCUSSION 
 

3.1. Three-Point Bending Mechanical  

       Properties 
 

The mechanical properties obtained from the three-

point bending experimental tests, compiled from three 

building trays, are shown in Fig. 4. (a) Flexural stress 

is commonly used, instead of load values, as per 

ASTM D790 that provides the way to report the three-

point bending test results (see also eq. 1 in the paper); 

(b) bending was conducted at a constant crosshead 

velocity – 0.5 mm min-1, that can be used, along with 

axial deflection data to obtain the test time; and (c) 

the deflection values presented in Fig. 4b correspond 

to the initiation of crack propagation. The mechanical 

testing results of specimens from the first tray show 

significant differences between the X-axis and Z-axis 

specimens. The flexural strength of the X-axis 

specimens shows about ~ 2.2 times greater values 

than the flexural strength of the Z-axis specimens. 

Fig. 4 presents the flexural strength and deflection 

data for all three batches of specimens manufactured 

in X and Z directions and tested in bending. The 

difference between flexural strength values in the X-

axis vs Z axis was highlighted as the most observed 

phenomenon. The axial displacement (deflection) 

values of the X-axis specimens are also greater than 

the deflection of the Z-axis specimens. Specimens 

built in the X direction, 45° orientation, have slightly 

higher flexural strength and deflection values than the 

specimens built in the X-axis orientation. 

 The flexural strength of the X-axis specimens 

from the second tray shows about ~ 2.8 times greater 

value than the flexural strength of the Z-axis 

specimens.  The deflection in the X-axis specimens is 

also greater than that of the Z-axis specimens.  

Specimens built in the X-axis, 45° orientation, have 

slightly higher flexural strength and deflection values 

than those obtained from the specimens built in the X-

axis orientation.  There is no significant difference in 

the flexural strength of these specimens, in 

comparison to the specimens in the first tray. 

 For specimens from the third tray, the flexural 

strength of the X-axis specimens shows about ~ 2 

times greater value than the strength of the Z-axis 

specimens. The deflection in the X-axis specimens is 

also greater than that of the Z-axis specimens. 

Specimens built in the X-axis orientation have slightly 

higher strength values than those built in the X-axis, 

45° orientation, as opposed to the first and second 

trays. Additionally, a comparison of the third tray 

with the first and second trays, indicates a decrease in 

the flexural strength of the specimens from the third 

tray. 

 

 
(a) 

 
(b) 

 

Fig. 4. Experimental results for three batches (a batch 

consists of the specimens printed on one tray), 

showing (a) the values of the flexural strength, and, 

(b) the values of the axial deflection (printing density 

and layer thickness were changed in tray 3 and the 

results are given for comparison purposes) 
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3.2. Fractography 

 
3.2.1. Deformation Bands near the Crack Path 

 

During the bending tests we closely watched the 

specimens for any irregularities or any unusual 

phenomena. The bending tests were stopped just 

before the final failure to allow for clear and complete 

examination of the specimens’ surfaces as well as the 

crack and its surroundings. It was observed, for all 

specimens printed in the X-axis orientation, that when 

the bending test reaches a point involving large axial 

displacement (large deflection), the outer layers fail, 

and a crack starts to propagate from the lower side 

(where tensile stresses are dominant) upwards.  

Following the crack propagation, a symmetric pattern 

of straight lines, having different lengths, is formed 

and appears on both sides of the crack, about 10 mm 

on each side (Fig. 5). The lines are spaced equally 

around the crack path.  The distance between the lines 

is about 0.1 mm, and their length changes linearly, 

forming a triangular pattern on both sides of the crack 

path.  

  These lines are assumed to be deformation 

bands where their length can be related to the stress 

field magnitudes formed around the crack.  

 If the assumption is that triangular patterns 

represent the stress fields around the crack, then their 

length and location are governed by the tensile and 

shear stress distribution within the specimen. The 

bright area observed at the upper point of the 

triangular pattern can be assumed to be the stress field 

ahead of the crack tip. This controls the crack 

propagation behaviour. Similar patterns, in crack 

mouth opening displacement specimens, were 

reported by N. Patel and B. Patel [24] in their analysis 

of FDM manufactured ABS using FEM.   

 

 

 

 

Fig. 5. The typical symmetric pattern of straight lines, 

having different lengths, on both sides of the 

propagated crack is shown here (the bending test was 

stopped just before the final failure to allow for 

complete view of the line patterns; the straight lines 

are assumed to be deformation bands; stress fields are 

visible ahead of the crack tip) 

 Fig. 6. Transmitted light microcopy enabled the visual 

observation of the symmetrically deformed structure, 

near the crack initiation (the crack initiation and 

propagation affect only the areas located 10 mm from 

both sides of its path; the length of the deformed stripes 

- can be a measure for the magnitude of the local stress 

fields - changes linearly throughout this distance) 

 

3.2.2. Interactions of the Crack and the X-axis  

         ABS Structure  

 

As previously described, the formation of a triangular 

pattern consisting of different-length stripes was 

visually observed by the naked eye and with a 

stereoscope (Fig. 5). These patterns appeared on both 

sides of the crack, propagating from the lower part of 

the specimen upwards.  Due to the triangular pattern 

along with its incident crack path's resemblance to the 

stress field applied by a crack during its propagation, 

we have intuitively nicknamed these stripes 

"deformation bands".  

 Following this, the specimens were observed 

utilizing a biological microscope system, equipped 

with an illuminator and a light beam that is 

transmitted through the half-translucent specimens. It 

was immediately noticeable (Fig. 6) that the straight 

stripes that were previously observed account for the 

built layers stemming from the building strategy of 

the ABS material and FDM process (X-built 

specimens). These layers underwent deformation 

proportional to their distance from the crack 

propagating through the built layers and the stress 

fields that are formed (Fig. 7). The height of the 

deformed layers in relation to the distance from both 

sides of the crack, decreasing symmetrically in nature, 

provides a visual concept for the stress distribution. 

Only through the adaptation of proper technology and 

equipment typically used in the Biological field were 

we able to interpret the visual meaning of the above-

mentioned stripes. The transmitted light scatters and 

is reflected in different directions while incidence 

with the deformed layers leads to their highlighting, 

thus providing the interpretation explained in this 

work. Further work will emphasize the quantitative 

correlation between the size and location of the stripes 

with the stress fields and deformations of the flexural 
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tests. ABS is usually used in making smaller models 

for structures, and this work can be used to 

understand the basic elements of material-crack 

interactions/propagations due to external loads. 

 

 
 

Fig. 7. Photographic sequences, utilizing the transmitted - light microscopy system showing the crack propagation 

behaviour and its interaction throughout the width of the printed ABS bending specimen, stopped just prior to 

complete failure: a) following initiation at a point of maximum tensile stress, the crack cuts through the first 3-4 

printed layers and then, because of the stress level and deformed layer,  jumps through 5 layers; just prior to 

complete failure the crack narrows and propagates through the layer borders being the weakest link; stress fields 

are observed ahead of the crack tip; b) highlight of a massive stress field on one side of the narrow crack, 3 layers 

before failure; c) different specimens showing combinations of the phenomenon observed in a) and b) 

 

4. CONCLUSIONS 
 

The mechanical and structural characterization of 

AM-FDM printed ABS material was performed using 

three-point bending specimens built in different 

building orientations and printing parameters. 

The mechanical testing results provided quantitative 

estimates for the flexural strength and fracture 

morphology as a function of the applied AM-FDM 

process parameters. The flexural strength values of 

the X-axis specimens are about ~ 2.2 times greater 

than the flexural strength values of the Z-axis 

specimens. 

 A new experimental method was developed to 

examine and visualize the specimens' surface and the 

in-depth phenomena in the vicinity of the propagated 

crack. The crack propagation behaviour in ABS under 

bending loads was characterized. We examined the 

results of interaction of the propagated crack with the 

ABS layered structure and sub-structure. Deformed 

and stressed layers and stress fields were observed 

and located with respect to the crack path during the 

test.   

 Further work will emphasize the quantitative 

correlation between the size and location of the 

observed stripe patterns with the stress fields and 

deformations of the flexural tests. This work can be 

used to understand the basic elements of material-

crack interactions/propagations due to external loads. 

NOMENCLATURE 
 

F - applied bending load 

L   - span of the bending bridge 

b - width of the bending specimen 

h - height of the bending specimen 

 - flexural strength 

δ - axial deflection 
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