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Abstract: 

The goal of this research is to investigate the fracture surface morphology of additive 
manufactured parts made from acrylonitrile butadiene styrene (ABS), a common and commercial 
type of polymer. A number of six tensile testing coupons were manufactured with different angles 
of orientations (0°, 45°, and 90°) in accordance with ASTM D638-10 - Standards for Polymer 
Tensile Testing. The specimens were manufactured based on Fused Deposition Modeling (FDM) 
technique and on flat side. However, two different 3D printer machines were used to build these 
parts, 3 parts printed with a Stratasys BST 1200es FDM and the other 3 manufactured by a 
commercial desktop 3D printer – the Creality CR–10. In addition, three low Kt fatigue coupons 
were manufactured using a Stratasys BST 1200es and fabricated with angle variation of (0°, 45°, 
and 90°). The specimens were tested until failure. The fracture surfaces showed different 
morphological features. The fracture surface of the specimens was analyzed using optical and 
scanning electron microscopy. ImageJ software was utilized as an image analysis technique to 
investigate the surface of the failed specimens and to estimate the void content. Furthermore, it was 
found that the angle of orientations has a critical impact on the morphology of AM part. For 
example, the investigation of fractography for tensile test specimens that created with two different 
machines revealed that each specimen has its unique failure mode. The characteristics of the fatigue 
surface and its features unique to AM polymer parts such as beachmarks and striations are 
discussed.  
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1. Introduction 

Additive Manufacturing (AM) technology is the process of manufacturing a part by adding 
material in a layer-by-layer process [1]. AM technology has been developed since the last 1980s 
[2]. It has is a very broad term covering many methods [3]. Therefore, the American Society for 
Testing and Materials (ASTM) has classified the AM processes into seven categories [4]. This 
classification includes; Vat Photopolymerization, Material Jetting, Binder Jetting, Material 
Extrusion, Powder Bed Fusion, Sheet Lamination, and Directed Energy Deposition. Additive 
manufacturing is growing rapidly in the last few years.  

In this research, Fused Deposition Modelling (FDM) was used to create AM polymer parts. The 
manufactured parts were basically tensile coupons suggested by ASTM D638-10 - Standards for 
Polymer Tensile Testing. Also, low kit fatigue coupons designed for fatigue testing [5]. All the 
specimens were fabricated with angle variation of (0°, 45°, and 90°) and on flat side.  

 For the experimental work, a group of specimens was tested under tensile testing, and the 
other group of fatigue coupons was tested under low tension – tension fatigue testing. All 
specimens were experimentally tested until failure, where the part fractured and separated into two 
pieces. Then, the fractured surface was investigated using two approaches. First, an optical analysis 
was conducted using a microscope for the surface morphology of the fractured area. Second, the 
Scanning Electron Microscope (SEM) technology was applied to characterize the fractured 
surfaces. A software tool ImageJ was employed in this study to calculate the void fraction within 
the fractured surface.  

It is essential to investigate the reason behind material failure for AM polymer parts. In this 
study and since the FDM technique was applied. It is very common to find voids in material 
extrusion 3DP between the deposited print rasters. Even though traditional macro fractography is 
the most used optical approaches.  The application of Scanning Electron Microscopy (SEM) was 
rapidly grown in the material filed, and it was recommended by a number of researchers [6].  

 
A Scanning Electron Microscope (SEM) is a powerful magnification tool was used in 

research, to analyze the fractured failures. The reason for applying this approach is to be able to see 
the damaged surfaces with good quality and high resolution images. From its name, the work of 
SEM is based on produces images of a sample by scanning the surface with a focused beam of 
electrons. It uses an electron beam which interacts with the sample surface causing it to emit 
electrons and with two different electron detectors, it is able to achieve a high-quality magnified 
image of the specimen surface [7]. Figure (1) illustrates a schematic representation of the SEM 
process.   

 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1: A schematic representation of an SEM [7]. 
 
The SEM also can detect and analyze surface fractures, provide information the material's 

microstructure, examine surface contaminations, and inspect the voids/pores within the material.  
SEM has a wide application in both scientific and industry-related fields, particularly for materials 
characterizations, which can become a very useful tool and it fits very well with the goals of this 
research [8].  

The effect of print orientations and air gaps on the mechanical performance of AM polymer 
parts were experimentally investigated in [9]. In this paper, the influence of angles of building 
orientations (0°, 45°, and 90°) on the fracture surface was as examined.    
 

1.1 Objectives 
 

The main goal of this research is to investigate the fracture surface morphology of additive 
manufactured parts made from acrylonitrile butadiene styrene (ABS). Also, to study the fractured 
surface of AM parts fabricated with two different layer thicknesses as well as two different Fused 
Deposition Modelling (FDM) machines. In addition, to investigate the effect of building 
orientations on the fractured surface morphology which will help in suggesting a better design for 
AM polymer using FDM.   

 
2. Methodology 

 
The methodology section in this paper will explain the experimental procedure and it is divided 

in the following sections: 
 

 



2.1 Material and Manufacturing 
 

FDM machine usually utilizes Acrylonitrile Butadiene Styrene (ABS) or Polylactic Acid (PLA) 
[10]. In this research, ABS P430 polymer was used to manufacture the tensile and fatigue parts.  
The choice of this type of thermoplastic polymer material was because it becomes moldable when 
heated and solidifies upon cooling [11]. Therefore, it becomes easier to manufacture parts using 
FDM. As shown in Figure (2) the schematic of the FDM illustrates the process of building AM 
components using the layered approach where the ABS filament moves through a heated extrusion 
which will help to soften the polymer then extrude the material through the nozzle on the printing 
surface.  A commercial desktop 3D printers called the Creality CR–10 Fused Deposition Machine 
(FDM) machine shown in Figure (3) was used to manufacture the parts. More information about the 
Creality CR–10 features and specifications can be found in [12]. 

 
 
 
 
 
 
 
 
 
 
 

Figure 2: a) Schematic of the FDM process, the model is built layer by layer [13]. 
 

 
 
 
 
 
 
 
 
 
 

(a)                                                                                            (b) 
 

Figure 3: a) The Creality CR–10 Fused Deposition Machine (FDM), nozzle diameter: 0.4mm, build 
volume: 300×300×400 mm. b) AM polymer parts (tensile in the left, fatigue in the right). 
 



2.2 Test matrix 
 

The following Table (1) shows the proposed materials test matrix for this research. As 
illustrated, the total number of tested specimens was 9 and those specimens were manufactured on 
flat with different angles of build orientations. Two types of mechanical tests were carried out; 
tensile testing and fatigue testing, 

 
Table 1: Proposed materials test matrix 

Fused Deposition Modeling (FDM)  Angles of 
orientations  

Number of Tests 
Total  

Tensile test Fatigue test  

Stratasys BST 1200es (FDM) 
0° 1 1 

6 45° 1 1 
90° 1 1 

Creality CR–10 
0° 1   

3 45° 1   
90° 1   

Total  6 3 9 

 
2.3 Test Procedure 
 

The Materials Testing System (MTS) shown in Figure (4) was used to conduct the tensile and 
fatigue testing for all AM polymer specimens. The machine has a maximum capacity of 25 kN and 
the test was done at the structures labs at Carleton University. All the tests were performed at room 
temperature.  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: Materials Testing System (MTS) machine in the structures lab at Carleton University 

 



2.3.1 Tensile testing 
 

The tensile specimen was loaded into the MTS machine with a clamping pressure of 400 Psi. 
The specimen was pulled with a load rate of 5 mm/min, frequency of 2 Hz which will pull and 
stretch the samples up to the point of failure as illustrated in Figure (5). 
 
 
 
 
 
 
 
 
 
 
 
AM polymer parts after tensile testing                    Specimens following tensile failure  
 
Figure 5: Tensile testing, a) AM polymer parts after tensile testing, b) specimens following tensile 
failure 

2.3.2 Fatigue testing 
 

The fatigue test performed in this study was based on low cyclic fatigue. The type of fatigue 
test was sinusoidal tension-tension loading as a maximum applied load of 0.9 kN and at a low 
frequency of 3 Hz. As shown in Figure (6), the specimen was mounted with a gripping pressure of 
400 Psi, and tested with careful motoring until the final failure occurred and the specimen is broken 
at the gage into two parts.  
 
 
 
 
 
 
 
 
 
 
Figure 6: Fatigue testing, a) sample under fatigue failure b) failure mode of specimen manufactured 
in 45° orientation d) top view of the failed surface 
 



After completing all the testing, the fractured surface of failed specimens must be prepared for 
microscopy analysis.  
 

2.4 Samples preparations  
 
The sample preparation for optical microscopy is generally involve sectioning, mounting 

and polishing the area of interest, which is here the fractured surface. Therefore, upon finishing the 
tests, the specimens were cut and mounted in epoxy for 24 hours to give the epoxy enough time to 
solidify. Then the specimens were carefully polished. In this research, the samples were hand 
polished first and then moved to automatic polishing under examination to achieve the satisfied 
surface. A finer polishing procedure help in surface features became more visible.   
 
 
 
 
 
 
 

Figure 7: Sample preparation a) cutting, b) mounting, c) polishing 
 

2.5 Optical Analysis   
 

An optical analysis was carried out for the fractured surface of all failed specimens. A 
microscope illustrated in Figure (8) with a USB Digital Camera was used to take the images. This 
camera has a resolution: 4912x3684 pixels (18M pixels); pixel size: 1.25 um x 1.25 um. More 
information about the camera features was provided in [14]. A number of images were taken for 
each specimen. The images were saved for later analysis.  
 
 
 
 

 
 
 
 
 
 

 
 

Figure 8: Microscopy imaging process (right), USB digital camera (left) [14] 

Sample under microscopy 



2.6 Scanning Electron Microscope (SEM) 
 

The following Figure (9) describes the process for taking SEM images for AM polymer 
samples manufactured with (0°, 45°, and 90°). The samples were mounted and perfectly attached to 
the stage and then sent to the coating machine. The samples were coated with a very thin layer of 
gold ~10nm. Having a conductive layer on the sample surface is essential to achieve clear images 
with a high resolution. In other words, if a sample surface is not conductive, it will have electron 
accumulation on its surface when it is scanned by an electron beam and forms an electric field. This 
electric field in return will interfere with Secondary and Backscattered electrons which are used for 
imaging purpose. Thus, a conductive layer is needed for discharging the electric field and 
accomplishing good quality images. After the samples were coated then become ready SEM 
imaging. A small amount of dry dust remover spray was distributed on the surface of the sample to 
make sure it is clean and prepared for SEM. The samples being placed in the SEM chamber. There 
were some samples analyzed under a low vacuum pressure of around 9×10-3 Pa and some tested 
under a 30 Pa. However, the voltage was 20 kV for all tested samples.  

A computer station was connected with the SEM machine where the samples display on its 
screen. Then, by using the SEM software, the images can be taken with the desired magnifications.  
In this research, a group of images were taken for each specimen, with magnifications vary from 20 
x to 500 x depends on the area of interest. The images were saved for later analysis.   
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Figure 9: Scanning Electron Microscope (SEM) process for AM polymer tensile samples 
manufactured with (0°, 45°, 90°), 1) samples mounted, 2) samples being coated, 3) samples after 
coting, 4) samples in SEM machine 
 

2.6.1 ImageJ analysis for SEM Images  
 

ImageJ is an open - source software and one of the most commonly utilized programs for 
image processing. In this research, ImageJ was used as a tool for image analysis for the Scanning 
Electron Microscope (SEM) images. ImageJ has the ability to calculate surface area and pixel value 
statistics [15]. Also, it supports image processing functions including contrast manipulation, 
sharpening, smoothing, edge detection and median filtering. Therefore, it was selected for this 
research to calculate the void fraction percentage of AM polymer fractured surfaces. The result of 
ImageJ will be discussed in the results section of this paper.   
 

3. Results and Discussion 
 

In this section, the optical microscopy images of the fractured surface for AM polymer parts 
will be investigated, and the significate of fractured surface morphology will be discussed. Also, 
microscopic inspection of fracture areas and air-gap measurements will be provided. The SEM 
images for all the samples will be analysed and compression between the fractured surface 
morphology of AM polymer parts manufactured by Creality CR–10 versus the components 
fabricated by Stratasys BST 1200es 

3.1 Optical Microscopy Results 
 

The following Table (2) illustrates the fracture surface morphology for all tested specimens. As 
shown, there are clear differences between the tensile specimen’s images of the parts manufactured 
by Creality CR–10, images 1-2-3, and the images of the tensile specimens fabricated by the 
Stratasys BST 1200es images 4-5-6. The white area is the polymer materials and the black spots are 
voids. As depicted in image 4 the amount of air gaps in tensile specimen created by Stratasys BST 
1200es was larger than the air gaps in sample 1 which manufactured by Creality CR–10 the 
displayed in sample 1. The reason for this is because the layer thickness for parts made by Creality 
CR–10 was much finer than the printing layers for the Stratasys BST 1200es machine. In Table (3) 
the printing parameters of each AM machine such as the number of layers to create part, the layer 
thickness and the time required to build a part are illustrated. 

A study conducted on the failure analysis and mechanical characterization of 3d printed ABS 
with respect to layer thickness and orientation revealed that the existence of air gaps in ABS 
polymer manufactured by FDM would perform as a stress raiser [11] as shown in Figure (10). 
Therefore, the cracks started to initiate at those weak points of high-stress concentration. Over a 
period of time and with continuous loading, the cracks will extend as illustrated in Figure (11) and 
final fracture will occur. The researchers in [11] argued that more air gaps can lead to inter raster 
fusion bonds to fail causing discretized surface area. A similar finding was obtained from the 



current optical microscopy. For instance, the image displayed in Figure (12) represents the fracture 
surface morphology of a tensile part manufactured in 90°, where the final damage of the part was 
originally started in around the void.  Also, the examiners in [16] argue that the mechanical 
properties of the 3D printed ABS objects can be reduced with the existing of voids due to the 
manufacturing technique of FDM.   

Table 2: Microscopy images for the fractured surface of AM polymer samples (scale 10 x)  

 
Angles of 

Orientations 
 

Creality CR–10  Stratasys BST 1200es  

Tensile Samples Tensile Samples Fatigue Samples 

0° 

1 
 
 
 
 

4

 

7

 

45° 

2 
 
 
 

5 

 

8

 

90° 

3 
 
 

6 

 

9

 
 
In this study, the effect of the layer thickness and the number of layers on AM polymer 

specimen fractured surface morphology are out of scope. However, it is importation to mention that 
by looking at Table (2) and Table (3) it can be argued that increasing the number of layers and 
reducing the thickness of the layers has a positive effect on the fractured surface. In other words, 
thinner layers crease lower voids and having more layers will gradually filling the gaps. As a 
consequence, the stress concentration will be mitigated. Also, the features of the fractured surface 
will vary from the parts continued larger air gaps. 

 
 
 
 
 
 
 
 



Table (3) Additive Manufacturing Specifications for fused deposition modelling (FDM) 

 
Additive Manufacturing 

Specifications 
 

Creality CR–10  Stratasys BST 1200es  

Tensile Sample  Tensile Sample Fatigue Sample 

Number of layers  49  30   30  

Layer thickness (mm) 0.1  0.254  0.254  

Manufacturing time (min) 105  32  44  

 
 

 
 

 
 
 

 
 
 

 
 

 
 
 
 
 

 
The failure modes of the AM polymer specimens was discussed in [11] and the results 

demonstrated that the failure modes are affected by the variation of angles of orientations. 
However, failure modes found to be independent on the layer thickness. This finding was also 
achieved in this research but will be comprehensively discussed in a separate following up paper.  

In addition, the researches in [9] studied the effect of void distribution on the mechanical 
properties of AM parts made from ABS polymer material was discussed. They also used Image 

Figure 11: Fatigue failure for specimen 
created by Stratasys BST 1200es in 90° 
orientations 

Figure 12: Tensile failure for specimen 
created by Stratasys BST 1200es in 90° 
orientations 

Figure 10: Stress concentration at the air 
gaps [11] 
 
 

Crack initiated at the edge and propagated 
through the specimen cross-section 

Air gaps 



analysis technique to evaluate the microstructures and void distributions of specimens fabricated 
with various build orientations. 
 

3.2 Scanning Electron Microscope (SEM) Results 
 
In this section, the SEM results for the fractures surface of AM polymer parts will be 

discussed. Two part of the analysis will be introduced. First, the fracture morphology for the 
fractured surface of the AM polymer tensile were assessed. In this case, the tensile specimens that 
built with two different machines; Creality CR–10 and Stratasys BST 1200es. Second, the fatigue 
features for the fractured surface of fatigue coupons manufactured were analysed.  
 
3.2.1 SEM Results for the Tensile Samples 
  

The fracture surface of the AM polymer tensile parts manufactured with the Creality CR–10 
FDM machine is displayed in Figure (13) with different magnifications. This part was built with 0° 
angle of orientation. As shown, the amount of air gap between the ABS filaments was small. Which 
means that each polymer filament was welded with a high welding length with the next filament. 
Having lower amounts of voids will definitely improve the mechanical properties of AM polymer 
parts. The filament alignment and the distribution of the voids were discussed in [17]. The authors 
argue that the in FDM modelling the void formation between printing beads has to be considered 
because they are acting as a stress raiser points. One approach used in that study is by implementing 
the Carbon Fiber in ABS (CF – ABS) material, which will eventually reduce the triangular channels 
between beads [17]. In addition, using this method showed a great improvement in the tensile 
strength and Young’s modulus for AM part.  
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Figure 13: A high magnification micrographs of the fracture surface of a tensile specimen 
manufactured with 0° angle of orientation.  

 
The SEM images illustrated in Figure (14) demonstrated the fracture morphology for two 

tensile specimens manufactured in 45° angle of orientations. However, the parts were fabricated 
with two different FDM machines and different thickness, as mentioned earlier in table (3). The 
images were taken at the same magnifications of 50x. Depend on the unique characteristics of the 
FDM modelling, in this case, the variation in building orientations and the layer thickness, it was 
noticed that a variety level of filling was accomplished. There were several voids and craters that 
exist in both fracture surface. However, for part manufactured with a Stratasys BST 1200es, image 
1 in Figure (14), the fracture surface exhibited a lower number of cavities and voids. The existence 
of this voids playing an important role on the AM part mechanical properties. The stress-strain 
curve was plotted for all tensile specimens and the results are presented in a follow-up paper. It is 
essential to mention that the higher amount of voids inside the AM parts would explain the reason 
for the reduction in the ultimate tensile stress. This finding was perfectly correlated with the result 
presented in [18]. There are other researchers examined the relationship between process 
parameters and specimen strength including [19]. Also, the effect of air gaps, layer thickness and 
the building orientation on the elastic performance of ABS 3D printed parts was analyzed in [20]. 
Furthermore, it was reported in [11] that the elastic modulus and ultimate strength for ABS objects 
manufactured with FDM improved if the parts manufactured with thin layer thickness. 
It was clear that the ABS material exhibited a ductile fracture mode. This can be observed in the 
large area where the ABS filaments were plastically deformed on the broken surface. A similar 
result was found in [21], where investigators conducted a study on the ABS 3D printed polymer 
parts that printed in a different angle of orientation. The SEM analysis for the fractured surfaces 
was also examined.  

 

 
 
 
 
 
 
 
 
 
 

 
 
Figure 14: SEM results for tensile specimen manufactured with 45° angle of orientations 
manufactured using 1) Creality CR–10, 2) Stratasys BST 1200es 

1 

2 



Now, to investigate the bonding mechanism of the ABS polymer in the FDM and how the 
ABS filaments weld to each other, the following image in Figure (15) represent a higher 
magnification for the previous two tensile samples. The yellow arrows represent the layer thickness 
which is, in this case, the filament diameter. However, the red arrows characterize the welding 
length between two filaments. From what observed here, a shorter welding length between 
filaments provides more air gaps and voids such a case was observed in AM parts manufactured 
with Stratasys BST 1200es. On the other hand, the polymer filament was welded with a high 
welding length with the next filament using the Creality CR–10. This can explain the reason for a 
lower amount of voids for the AM parts fabricated with this machine shown in Figure (16). 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
Figure (15) Bonding mechanism for AM part manufactured in 45° angle of orientation using 
Stratasys BST 1200es, 1) Two polymer filaments welded together, 2) fractured surface 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (16) Bonding mechanism for AM part manufactured in 45° angle of orientation using 
Creality CR–10, 1) Two polymer filaments welded together, 2) fractured surface 
 



 The polymer welding theory was utilized to predict the mechanical strength of AM parts. 
The area of the weld interface between the polymer filaments was calculated in [1]. The researchers 
use it along with other parameters to predict the tensile strength of the AM component. The effect 
of larger air gaps between the polymer filaments on the fracture morphology of ABS samples was 
analysed in [11]. The results reveal that larger voids lead to an inter raster fusion bonds to fail, 
which causes more discretized surface area. The relation between the failure loads and failure 
modes  
 The microscopy analysis for ABS parts manufactured by FDM was also discussed in [22]. 
Based on the microscopic observations, the investigators claim that the effective cross-sectional 
area was reduced due to the amount of air gap distribution which will cause in the lowest tensile 
strength for ABS parts. Figure (17) illustrates the layer to layer fracture mechanism for a sample 
failed due to tensile testing.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: High magnification SEM image for the fractured surface of a sample manufactured in 
90° and failed under tensile testing, 
 
3.2.2 SEM Results for the Fatigue Samples  
 
 Crack formation and crack propagation with fluctuating stress lead to a fracture in which a 
specimen separate into two pieces as showing in Figure (6. b). It is critical to characteristic the 
fatigue surface of AM polymer parts. Although, the fatigue features on the fractured surface of 
plastic parts vary from the metal parts in which for the later one the fatigue features such as 
beachmarks, the area where the crack initiate and propagate the final fractured surface as well can 
be identified. However, in the current study, an effort dedicated to investigating the SEM images 



and provide detailed surface characteristics for the fractured parts due to fatigue testing. For 
example, in Figure (18) the fracture morphology reveals that the steps shown on the surface could 
be signs of the beach marks that formed due to the applied cyclic loading. In addition, it was 
observed that there some areas in which the polymer filaments are bonded together. This could be 
as a result of heat growth due to cyclic loading over time.  In this study, the temperature of all 
specimens was not monitored during testing. It would be good if that done because it will help to 
identify whether or not the localized heating occurred in the failure region.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: SEM image for AM polymer part manufactured in 90° and failed under fatigue testing, 
1) beachmarks 2) bonding filaments 
 

The localized structural damage within the filament surface is also analyzed. Figure (19) 
shows a typical fatigue crack surface for polymer material. The fatigue features include the crack 
initiation, crack propagation and the final failure are presented. The area of final failure in a 
specimen indicates a brittle fracture occurs where the crack reached a critical length. This result 
was also discussed by [19], where the fatigue performance of ABS 3D printed material was 
comprehensively discussed.  

   
As mentioned earlier, the fatigue behaviour for polymer material is different from the 

fatigue of metal. Therefore, it is hard to confirm fatigue those fatigue features because ABS 
material generally exhibited ductile to brittle behaviour during testing. In addition, it is essential to 
mention that fatigue test parameter such as cycling rate, cycling time and temperature are known to 
affect the fatigue performance of ABS polymer [19]. However, the temperature effect was not 
considered in this study. 
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Figure 19: SEM image shows fatigue feature on the fractured surface of AM polymer part 
fabricated with 90° build orientation  
 

The predicted crack path motivated by the weakest areas of ABS polymer is shown in 
Figure (20). The voids and the cavities on the crack path over cyclic loading will improve the crack 
and lead to sudden failure. In [23], the researcher conducted a study of the on the fatigue of 
polymer material. They argue that the crack initiation corresponded to the biggest voids or any 
defect on the specimens most commonly on the surface. The impact of print orientation and raster 
pattern on fracture toughness for ABS additively manufactured parts were examined in [24]. With 
the application of SEM image analysis, the researchers identified the fracture morphology of ABS 
3D printed material. Based on their investigations, the researchers conclude that there is a strong 
relationship between the alignments of extruded filaments and the ABS parts mechanical 
properties. A larger fracture toughness will occur when the ABS filaments aligned perpendicularly 
to the crack plane. 

 

 

 

Crack propagation 
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Figure 20: The crack growth in the SEM image of the fractured surface of AM polymer parts built 
in 45° angle of orientations 
  
3.3.3 Other Considerations for SEM Analysis  

As mentioned earlier, the fractured surface of a specimen has to be coated to improve the 
SEM image quality. To show the importance of this step. Two tensile specimens of AM polymer 
manufactured by Stratasys BST 1200es were examined using the SEM tool.  The building 
orientation was 0° for each specimen. Sample 1 showing in Figure (21) was coated first and then 
imaged by SEM tool, and sample 2 was imaged without being coated. 

 

 

 

 

 

 

 

 

 

Figure 21: SEM images for the fractured surface of AM polymer parts built in 0°, sample 1 coated, 
sample 2 was uncoated.   
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The void fracture was calculated for both samples. The uncoated samples had an 
approximate average void area percentage of 10 % while the coated samples had nearly 6% of the 
average void area. However, the uncoated images are unclear and not as defined as the coated 
images. The unclear images are a possible reason for the higher void area percentage which 
demonstrates the need for coating the sample before using the SEM. For this reason, coating before 
imaging is necessary to achieve the correct void fraction percentage and to better understand the 
AM polymer fractured surfaces. The result in Table (4) and Figure (21) validating the need to coat 
the samples surfaces as well as it is showing the void area percentage of each of the sample.  

Table 4: The void area percentage of coated and uncoated samples 

Sample angle of 
orientations 

Void area percentage 
uncoated samples (%) 

Void area percentage 
coated samples (%) 

0° 8.86 6.63 

45° 9.64 4.68 

90° 11.56 5.61 

 
3.3.4 ImageJ Analysis Results 

The images obtained from the SEM were processed using ImageJ processing program. This 
method was proposed to assess the fractured surface morphology of AM polymer specimens. The 
achieved results will be discussed. This includes the amount of air gaps size between the polymer 
filaments and calculating the percentage of void fraction. The obtained result will help to 
characterize the AM polymer material for service applications.   

The images presented in Figure (22) are obtained from the ImageJ analysis. They display the 
fractured surface for tensile specimens built with different angles of orientations 0°, 45° and 90°. 
Those part were manufactured using the Creality CR–10. The gray area represents the ABS 
polymer materials, while the red color means the air gaps between the ABS filaments. As illustrated 
here, the fractured surface for the three parts manufactured at 0°, 45° and 90° were different from 
each other. This can be seen through the distribution of the red color on each image. The specimen 
manufactured with 0° demonstrated a higher amount of air gaps in compression with parts built in 
45° and 90°. However, the fracture surface of a part manufactured with 0° angle of orientation 
exhibited the lowest amount of air gaps among the group. That means the ABS filaments are 
perfectly attached to each other and the percentage of the void fraction is relatively low. Therefore, 
from a design perspective, AM parts manufactured with a 0° angle of orientations using Creality 
CR–10 are more preferable than components fabricated in 45° and 90° of orientations. In other 
words, the mechanical properties for parts with 0° angle of orientations would be better than the 
other parts. For example, if a fatigue property considered here, it can be said that crack initiation 
and propagation would exist faster in case of the internal structure of AM components has larger 
amount of air gaps. By meaning faster here is, that the crack will initiate at a less number of cycles 



compared with a part have a lower amount of air gap where a crack can handle a relatively larger 
number of fatigue cycles before it initiates.  

 

 

 

 

Figure 22: ImageJ analysis for the fractured surface for tensile specimens from left to right 0°, 45°, 
90° built by the Creality CR–10, 50 x, 

Now to see a similar effect using parts manufactured with a different machine here, in this case, 
Stratasys SST 1200es. The same ImageJ analysis procedure was done for the fractured surface for 
tensile specimens from built 0°, 45°, 90° and the results shown in Figure (23). In this case, by 
comparing the two Figures (22) and (23), It can be argued that parts fabricated with Stratasys SST 
1200es have a larger amount of voids in comparison with parts manufactured using Creality CR–
10. This due to the variation of layer thickness, in which the layer thickness for parts manufactured 
with Creality CR–10 were lower than components fabricated with Stratasys SST 1200es. 

For the three parts manufactured in 0°, 45°, 90° built orientations illustrated in Figure (23). 
There was not a considerable variation in the amount of voids between these parts. However, the 
fracture morphology for the part built at 45° showed the lowest amount in term of air gaps between 
ABS filaments.  

 

 

 
 
 
 
 
 

 
Figure 23: ImageJ analysis for the fractured surface for tensile specimens from left to right 0°, 45°, 
90° built by Stratasys SST 1200es, 50 x 
 

The fracture morphology for AM polymer tensile specimens was investigated in [18]. The 
ImageJ tool was applied to analysis the SEM images. It was argued that a drastic variation of 
fracture behaviours was demonstrated for electron micrographs of the fracture surfaces the parts 
made from ABS AM polymer material.  



The relationship between the void fraction percentage and the variation of building 
orientations of AM polymer parts was obtained. As shown in Figure (24), the green histogram bars 
represent the void fraction percentage for the specimens fabricated in (0°, 45°, 90°) using the 
Stratasys BST 1200es. However, the blue bars representing the percentage of the void fraction in 
the fractured surfaces for parts manufactured in (0°, 45°, 90°) by the Creality CR–10 machine.  
It was clear that the amounts of voids in the specimens built by Stratasys BST 1200es were higher 
than the voids in the parts created by the Creality CR–10 machine.  

 

 
Figure 24: Void fraction percentage of various specimen print orientation 

 
By looking at the green column, it can be claimed that the void fraction percentage in the 

fractured surface for all the specimen manufactured in (0°, 45°, 90°) are very close. For instant, 
both parts fabricated with 0° and 90° have the same void fraction percentage of 9.54 %. Also, for 
specimen oriented in 45° the calculated void fraction was 9.16 % which around the above value for 
0° and 90° parts. This finding was opposite for the components fabricated by the Creality CR–10, 
where the amount of air gaps between the polymer filaments of AM parts were influenced by the 
angles of orientations. The specimen created with 0° has a larger amount of void in compression 
with the other part manufactured with 45°, 90° of orientations. The smallest percentage of the void 
fraction is 2.95 % and this was found in part manufactured with 45°. Therefore, it can be argued 
that for designing AM polymer parts made from ABS it is better to manufacture with the Creality 
CR–10 FDM machine and the part should be oriented in 45°. 
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The effects of voids on structural properties of fused deposition modelled objects was 
investigated in [25]. The goal of this study is to increase the understanding of the phenomenon of 
void bond formation within the FDM parts. Therefore, ImageJ program was also applied to 
investigate the formation of voids as well as to calculate the size of voids between filaments. 
Although, the study was focused on PLA parts made by FDM. However, the researchers provided a 
comparison between the mechanical properties the ABS and PLA and fused deposition modelled 
objects. The later one found to have better mechanical properties because it has a lower melting 
point and a low shrinkage when it extrudes at room temperature.   

4. Limitations and Sources of Errors  
 
In this study, it is important to consider the fatigue scatter when doing fatigue testing as they 

may affect the final fractures surface of the specimen. Also, the test parameters for both tensile 
and fatigue testing should be selected carefully because they are significantly affecting the 
fracture morphology including. The AM parts alignment in the MTS machine must be vertically 
so the applied load can go vertically through the tested area.  Any error during test set up will 
have a negative influence on the fatigue properties as well as impact the damaged surface. Any 
small error can be accumulative and eventually will have a significant influence on the results.  

Furthermore, it is important when using the ImageJ process to identify the voids on the SEM 
image to consider the shadow of the polymer filaments. In other words, there must be some errors 
on the calculations of the void fractures presentation because not all the red color presented in 
Figures (22) and (23) are representing the voids and cavities. Some of this color might be the 
shadow of the polymer filaments.   

As mentioned coating the samples before putting them in the SEM system is an essential step.  
Having unclear SEM images could be a result of higher void area percentage.  

 
5. Conclusion and Recommendations 

 
The fracture surface morphology of additive manufactured parts made from ABS polymer 

material was investigated. In this study, groups of tensile and fatigue specimens were manufactured 
using Fused Deposition Modeling (FDM). Also, the parts were fabricated in different angles of 
orientations (0°, 45°, and 90°). Then, all the specimens were tested using the Materials Testing 
System (MTS) machine located in the structures lab at Carleton University. The tensile test was 
basiclly by stretching the specimens until failure. The fatigue test was carried out by subjecting the 
fatigue coupon to a low cyclic loading until the part separates into two pieces. The fracture surfaces 
were investigated by utilizing the optical and scanning electron microscopy. The optical 
microscopy images of the fracture surfaces showed different morphological features. The voids 
formations, cavities, and air gaps between the ABS filaments were examined. To investigate the 
effect of air gaps of the fracture surface morphology of polymer parts, ImageJ software processor 
was employed to analyze the images obtained by SEM system. ImageJ tool also used to estimate 
the voids content and calculate the void fraction percentage. It was observed that parts 



manufactured using Creality CR–10 machine with a thin layer of 0.1 mm thickness has a smaller 
amount of air gaps compared with components fabricated by Stratasys BST 1200es with a 0.254 
mm layer thickness. Hence, the void fraction percentage calculated by ImageJ was for part built 
with Stratasys BST 1200es was almost double of the void fraction percentage of objects 
manufactured using the Creality CR–10.  

In addition, the relation between the building orientations and the void fraction percentage 
of AM components was obtained. Parts that manufactured with 45° angle of orientations using 
Creality CR–10 machine demonstrated the smallest amount of void fraction percentage. Therefore, 
from design perspective, it can be recommended that it is better for designer to manufacture parts 
with 45° angle of orientation when considering creating ABS parts. The advantages of having a part 
with lower amount of voids is because effect cross-sectional area of this part will be large. 
Therefore, parts can undertake a larger amount of load in contrast with a part with big voids 
distributions.  

The bonding mechanism of the ABS filaments was discussed. It was observed that during 
loading the ABS filaments tend to soften and welded to each other. Furthermore, the characteristics 
of the fatigue surface and its features unique to AM polymer parts was discussed. Some interesting 
features on the fractured surface such as crack initiation and crack propagation and final failure was 
obtained. However, it is important to take into consideration that the fatigue behaviors of polymers 
are significantly different from on metal. In other words, the fatigue sings in this research such as 
beachmarks was very difficult to identify.  

 
To sum up, the effects of print parameters such as the angle build orientations and voids 

have a significate impact of the fracture morphology of AM polymer components. The proposed 
results can assist designers, engineers as well as manufacturers in understanding the influence of 
building parameters on AM parts. Thus, suitable decisions will be made after the fractured 
morphology of ABS additively manufactured parts being evaluated.  
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