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Abstract: The current article presents a case study of the defects that can occur in the metal fused deposition modeling 
(FDM) process, a popular additive manufacturing technique for producing metal parts. The metal parts of Ultrafuse 
316L SS filament (a metal-polymer composite) were produced and then subjected to de-binding and sintering. The 
defects in the brown parts (after de-binding) and the silver parts (after sintering) were analyzed carefully. The main 
defects detected include brittleness, cracks, blisters, layer delamination, part deformation, and porosity. Further, the 
formation of these defects was found to be influenced by the process parameters such as heating rate, holding time, 
temperature, and atmosphere. The analysis of these effects suggests to use furnace temperature of 310 °C, heating rate 
of 1 °C/min and holding time of around 10 to 15 minutes to minimize the defects. As regard to the atmosphere, vacuum 
is preferred over other environments to produce parts with reduced defects and enhanced quality.

Keywords: fused deposition modeling, 3D printing, additive manufacturing, metal printing, de-binding, sintering, 
Ultrafuse 316L SS

1. Introduction
The fabrication of metal parts encompasses a range of manufacturing processes, which can be broadly classified

into three categories: subtractive manufacturing (SM), forming manufacturing (FM), and additive manufacturing 
(AM). SM involves the removal of material through machining techniques such as grinding, milling, and cutting [1]. 
In contrast, FM entails the pouring of molten material into molds, allowing it to solidify and acquire the desired shape 
upon cooling [2]. AM, as defined by ISO/ASTM 52900:2017, involves the layer-by-layer joining of materials based on 
instructions from a 3D model [3].

In recent years, AM has experienced remarkable growth in various industries worldwide, including automotive, 
biomedical, aerospace, and agriculture, while still being in its nascent stage [4]. The distinguishing feature of AM lies 
in its ability to fabricate highly complex geometries, surpassing the limitations of traditional manufacturing methods 
[5]. Additionally, its customization and personalization capabilities have positioned it as a crucial pillar of Industry 4.0 
[6]. By combining different raw materials and intricate designs in an economical manner, AM enables the production 
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of homogenous and heterogeneous products with unprecedented flexibility. Among the diverse range of AM processes, 
fused deposition modeling (FDM) has emerged as a popular choice, especially due to its cost-effectiveness, design 
freedom, waste reduction, and economic viability [7]. While initially associated with plastic products, FDM has 
extended its applicability to the fabrication of ceramics and even metal parts [8-10].

Moreover, it is crucial to acknowledge that the metal FDM process comes with certain limitations and 
disadvantages. Despite being a cost-effective technique compared to other AM methods such as selective laser melting 
(SLM), electron beam melting (EBM), and binder jetting (BJ), metal parts produced through FDM exhibit relatively 
low mechanical strength owing to process induced defects in the parts. This limitation can be attributed to the inherent 
anisotropy found in FDM-manufactured metal parts, resulting in variations in mechanical properties depending on the 
orientation of the printing layers [6].

Various researchers have utilized FDM for the production of metal parts and investigated both the manufacturing 
process and the integrity of the final products. A study conducted by Wu et al. [11] explored the fused deposition 
of metals (FDMet) technique as a hard tooling fabrication method for prototype metal components, eliminating the 
need for molds or dies. The process, based on FDM principles and employing a metal filament, enables direct three-
dimensional object fabrication. Post-processing steps involving binder removal and sintering result in densification. 
The technique demonstrated success in producing standard samples and hard tooling components. However, for broader 
applicability, improvements in accuracy, reproducibility, and defect elimination could be essential areas of focus. It was 
concluded that FDMet holds promise as an efficient and cost-effective approach for rapid metal component prototyping. 
Kurose et al. [12] used the FDMet technique with a 316L stainless steel particle-filled filament and organic binder to 
produce metal specimens. Investigations on processing conditions revealed that a layer thickness of 0.1 mm resulted 
in higher relative densities (92.9%) compared to 0.3 mm. Anisotropic shrinkage was observed, with the highest linear 
shrinkage along the layer direction (15-17%). Mechanical properties varied depending on the layer direction, with 
the perpendicular direction showing the highest ultimate strength (453 MPa) and strain at break (48%). Researchers 
observed that anisotropy was attributed to segregated binder domains and oriented binder domains in the green parts, 
influencing metal particle distance during sintering. It was concluded that addressing the defects such as anisotropy, is 
vital for commercialization of the FDMet process for small-sized metal parts [12].

Zhang and Roch [13] demonstrates the competitiveness of fused filament fabrication (FFF) in AM of 17-4PH metal 
parts. Highly dense material with relatively improved mechanical properties were noted, including a yield strength of 
1007 MPa and ultimate strength of 1212 MPa, similar to conventional MIM 17-4PH materials. Therefore, FFF offers 
economic advantages, simplicity, and minimal safety standards. Proper printer settings and sintering are crucial for part 
performance. The growing availability of FFF filaments makes it a highly competitive and promising technology for 
future applications. Safka et al. [14] aimed to directly compare the FFF manufactured Ultrafuse 316LX material with 
rolled material and SLM processed specimens. The feasibility of using FFF for producing fully functional metallic 
parts was also evaluated. The study found that inexpensive desktop printers can be used for fabricating metallic models, 
making initial investment affordable for many companies. However, specific equipment for de-binding and sintering is 
required for post-processing, which can increase the overall cost. Tensile tests showed that the Ultrafuse 316LX material 
had lower ultimate tensile stress and yield stress compared to rolled 316L material but offered greater ductility. These 
materials show promising possibilities for further research and development, including investigating properties such 
as shrinkage, shape precision, porosity, and conducting deeper material-related analyses. Obadimu and Kourousis [15] 
evaluated the influence of fabrication parameters on the microscopic and mesoscopic/macroscopic characteristics of 
material extrusion (ME) Steel 316L parts and their impact on structural integrity. The study highlighted the heterogeneity 
of grain structures and the presence of voids and porosities in ME metal parts, resulting from production-induced defects 
such as incomplete fusion and inadequate extrusion. It was observed that the de-binding and sintering processes also 
affect the microstructural and mesostructural/macrostructural characteristics, further compromising structural integrity 
and leading to mechanical anisotropy. Controlling the ME fabrication process, including manufacturing parameters 
and de-binding/sintering conditions, is crucial to minimize variations in microstructure and porosity, thus enhancing 
structural integrity. Researchers recommended further research to optimize fabrication parameters and improve the 
understanding of their impact on ME Steel 316L parts.

In view of the literature presented above, it can be concluded that metal parts fabricated using the FDM process 
often exhibit higher levels of porosity and inherit process induce defects when compared to similar parts produced 
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through alternative metal AM processes. The increased porosity and inherent defects negatively impact crucial 
mechanical properties, including tensile strength, bending strength, and yield strength. The extent of defects in 
FDM-produced metal parts is highly influenced by parameters related to printing, de-binding, and sintering. The 
post-processing parameters play a vital role in eliminating the induced defects which directly influence the overall 
mechanical performance of the metal parts. As the technology surrounding metal FDM continues to evolve and advance, 
it is imperative to address potential defects that may arise during the process. To the best of authors’ knowledge, there 
are very limited studies [16, 17] that discuss the FDM related process induce defects and therefore it is need of the time 
to present and discuss the defects. Consequently, the focus of this paper is to present a comprehensive case study and 
thoroughly examine the defects that can occur during the metal FDM process.

2. Materials and methods
In this study, the research material used was a metal-polymer composite filament, Ultrafuse 316L SS, with a

diameter of 2.85 mm. The material was chosen for its favorable mechanical and biocompatible properties and was 
sourced from BASF, USA. An Ultimaker S5 machine was employed to create 3D printed specimens, called as green 
parts, following the MPIF-35 standard using the FDM method. The printing parameters, including layer height, printing 
speed, infill type, and infill density, were carefully selected and are listed in Table 1. It is noteworthy that the Ultrafuse 
316L SS filament being a composite that contains 80% of stainless-steel particles is highly abrasive in nature, therefore 
the general-purpose print core (AA 0.4) is not recommended [18]. Instead, the special print core (CC 0.4) which is made 
of hardened steel was employed for 3D printing as recommended by Ultimaker. It was recommended by the Ultrafuse 
316L SS filament manufacturer to scale the part up by 120% in the X and Y, and 126 % scale up in the Z direction for 
printing. Figure 1 displays the actual manufactured green part along with the printing setup. A total of 18 FDM printed 
samples were initially fabricated for subsequent post-processing.

Table 1. Green part printing parameters

Printing parameters Values

Nozzle material
Nozzle diameter

Layer height
Extrusion temperature

Bed temperature
Infill density

Infill type
Print speed

Hardened steel
0.40 mm
0.1 mm

230-250 °C
90-100 °C

100%
Hatch 45°

50-60 mm/s

Figure 1. Green part manufacturing illustration: (a) FDM 3D printing setup; (b) green part geometry and actual 3D printed part

(a) (b)

Ultimate S5 3D 
Printer
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(316L SS)

Actual green part 
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The green parts were then followed by de-binding process in which binder removal is carried out and the obtained 
part is called as brown part. To achieve brown parts, green parts were subjected to a combined thermal de-binding and 
sintering cycle in the tube furnace. Combined thermal de-binding and sintering cycle is shown in Figure 2 and the process 
parameters are provided in Table 2 respectively. The sintering cycle in Figure 2 that has been employed for the current 
study, shares similarities with the sintering process applied to 316L SS metal parts via powder metallurgy, as evident in 
[19]. Since our study utilizes Ultrafuse 316L SS filament, this sintering cycle is well-suited as a reference.

Figure 2. Combined de-binding and sintering cycle [19]

Table 2. Thermal de-binding parameters for different atmospheres

Nitrogen atmosphere Vacuum atmosphere Normal atmosphere (air)

Pressure
Input heat rate
De-binding temperature
Holding time
Heat rate after holding

1.1 bar
20 ℃/min

310 ℃
15 min

1.5 ℃/min, 1 ℃/min

-0.75 bar
20 ℃/min

310 ℃
15 min

1.5 ℃/min, 1 ℃/min

-
2 ℃/min
340 ℃
10 min

1 ℃/min and 10 min holding time

After analyzing the micro and macro defects produced in the brown parts, the defects free brown parts were further 
sintered to analyze the defects generated in the final silver parts (fully metallic parts). Sintering was employed under 
argon and vacuum atmosphere at varying heating rate and holding time. The sintered parts were cooled down under 
vacuum rather than normal atmosphere. The sintering setup used to conduct experiments is shown in the Figure 3. Figure 
4 illustrates the adapted sintering cycle, specifically designed to explore the impact of dwell time on the defects in metal 
parts produced the sintering process. Overall, a complete transformation of the actual 3D green part to the brown part 
and then eventually silver part is shown below in Figure 5. At the final stage, the final silver parts were ready for defect 
analysis which occurred during the process. It is essential to recognize that the processing steps are sequential in nature, 
meaning that any error, defect, or problem in one step will affect the subsequent steps. Therefore, addressing all issues 
related to each specific step is crucial for achieving overall success in the process.
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Figure 3. Actual sintering setup: (a) sintering under vacuum atmosphere; (b) sintering under argon atmosphere

Figure 4. Sintering cycle

Figure 5. Overview of complete transformation from 3D printing to final metallic part
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3. Results and discussion
3.1 Defects in brown parts

The brown parts were observed to suffer from two main defects: (a) brittleness; (b) surface cracks during binder 
removal, as can be seen in Figure 6. The appearance and severity of these defects were found to depend on the processing 
conditions. The brittleness of the brown parts is regarded as a defect because it makes them very fragile and susceptible 
to fracture under minor impacts. Actually, the binder is eliminated at this stage (after de-binding) due to which the metal 
particles are weakly bonded to withstand external forces. 

The de-binding was performed in three different environments, namely nitrogen, vacuum and normal. Initially, the 
de-binding atmosphere was Nitrogen with a heating rate of 2 °C/min until 330 °C and a holding time of 15 minutes. 
However, cracks appeared on the surface of the brown parts. The probable reason for the cracks on the brown part surface 
is less dwell time for the removal of binder under high temperature. The de-binding process was repeated by changing 
environment from nitrogen to vacuum, while the other parameters were kept constant, i.e., heating rate of 2 °C/min and 
temperature of 330 °C. But the brown part still had blisters and cracks on the surface.

The formation of surface crack on the brown parts appeared as a major challenge thereby calling for further 
experimentation to enhance and refine the process parameters to mitigate the defects. Therefore, in the next stage, the 
holding time was extended from 15 to 30 minutes and the furnace temperature was kept same (330 °C) under nitrogen 
atmosphere. However, these modifications further worsened the situation resulting into significant warpage of the brown 
parts. A thorough analysis revealed that the brown parts underwent extensive over de-binding and consequently fractured 
during the process under nitrogen and vacuum atmospheres due to high holding time and temperature. Therefore, it was 
concluded that these factors (de-binding temperature of 330 °C, holding time more than 10 minutes, and non-feasible 
thermal de-binding atmosphere) were the main contributors to the defect formation in the brown parts. 

Based on these previous findings, that high holding time, high temperature and nitrogen environment cause defects 
in brown parts, a new set of process parameters was tested under normal atmospheric conditions without nitrogen. The 
heating rate, holding time and temperature were reduced to 10 °C/min, 10 minutes and 310 °C, respectively. The brown 
parts obtained from this experiment showed no signs of cracks and had good structural quality. Therefore, these parameters 
along with normal atmospheric environment were considered appropriate for the debonding process of the green parts.

Figure 6. Representation of brittle fracture and surface cracks in brown parts

Brittle fracture

Surface cracks

262 | Abbas Raza, et al.Digital Manufacturing Technology



3.2 Defects in silver parts

The green part undergoes de-binding to remove the binder material, followed by sintering to densify the powder and 
form the silver part. However, some defects may occur during these processes, such as: (a) layer delamination, (b) part 
deformation, (c) sintering porosity, and (d) cracks or blisters. Figure 7 illustrates an example of layer delamination in the 
sintered silver part. This defect could be attributed to incomplete de-binding of the brown part, which leaves some residual 
binder that flows out through the inter-layer boundaries during sintering. Consequently, the layers lose their cohesion and 
separate from each other, resulting in defective silver parts.

Figure 7. Layer delamination during sintering process

Figure 8 shows the deformation and warpage of the silver parts caused by inappropriate sintering practices. This 
defect typically arises from non-uniform heating during sintering, which can be induced by the asymmetric placement 
of insulation blocks inside the tube furnace on either side of the brown part, which is usually located at the furnace 
centre. This defect may also occur when attempting to sinter a batch of brown parts, which would experience different 
shrinkage rates due to non-uniform heating, leading to deformation. The red dashed lines indicate the desired shape of the 
sintered silver parts. However, it can be seen that non-uniform shrinkage has caused distortion of the silver parts, creating 
undesirable defects.

Figure 8. Deformed specimen due to non-uniform heating

Delamination of layers Delamination of layers
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Porosity is one of the most critical defects that can adversely affect the mechanical properties of the sintered silver 
part. As previously mentioned, the Ultrafuse 316L SS filament contains binder material that holds the metal particles 
together. The binder material must be eliminated during de-binding, which can be done by thermal, solvent, or catalytic 
methods. Figure 9 clearly depicts the presence of unburnt residual binder fragments that create significant pores in the 
sintered silver part. It occurs due to low sintering temperature and insufficient holding time, which prevent adequate 
fusion between the adjacent metal particles and thus induce porosity. The excessive porosity reduces the shrinkage in 
the final metal parts, leading to poor inter-particle bonding and lower mechanical strength of the sintered silver part [20].

Figure 9. Representation of porosity and lack of fusion at the micro-scale in sintered part

The silver parts exhibit macro-defects, ranging from 250 μm to 400 μm, due to incomplete binder elimination during 
de-binding phase, as shown in Figure 10. The remaining binder produces gas at high temperatures and creates internal 
pressure in the material, resulting in surface blisters. This is followed by the layer detachment and formation of macro-
cracks if the inter-layer bonding is weak, as evidenced by the micro-graphs in Figure 10. Only gas-enclosed pores are 
formed when the residual binder content is very small. This occurs due to high heating rate and low holding time, which 
does not allow the binder to flow out completely. The same phenomenon was observed by Thompson et al. [21] and it 
is suggested to employ heat rate of 1 °C/min to avoid blisters formation on the bulk material. Macro-cracks were also 
evident for [17] after the sintering proves that adversely effected the load-bearing area. Likewise, macro-cracks were 
visible for the current specimen, thus representing the lack of fusion among the adjacent layers.

Lack of fusion

Residual binder
causing porosity

50 μm
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Figure 10. Micrographs of blisters and pores in silver parts

Figure 11 shows a comparison of porosities for specimens sintered in argon, vacuum, and literature. The specimens 
sintered in argon have high porosity because argon is not soluble in SS 316L matrix and gets trapped between metallic 
particles, creating voids. The specimens sintered in vacuum have low porosity because there is no gas involved and the 
likelihood of gas entrapment is very low, leading to higher density and shrinkage. The porosity in the sintered parts is also 
influenced by the presence of volatile impurities that vaporize during sintering and leave behind micro-pores. The amount 
of porosity depends on the sintering temperature, time and pressure conditions. Furthermore, porosity can also result 
from surface oxides or contaminants in the material that hinder bonding and densification during sintering. Therefore, 
achieving 100% dense part through this process is very difficult. To calculate the porosity in silver parts, the following 
equation was used:

Porosity (%) 1 100s
t

ρ
ρ

 
= − × 
 

(1)

where ρs and ρt are density of sintered parts and theoretical density of 316L SS, respectively. The reference density of 
316L SS is 7.85 g/cm. 
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Figure 11. Porosity of silver parts

The above discussion has demonstrated that the improved process parameters for de-binding and sintering of 
Ultrafuse 316L SS filament are low furnace temperature (310 °C), low heating rate (1 °C/min), and moderate holding 
time (10 minutes), can reduce the defects in the final silver parts. However, the process still exhibits inherent defects that 
affect the part quality and performance. Therefore, a potential direction for future research is to separate the de-binding 
and sintering cycles and apply different parameters for each cycle, which may enhance the defect mitigation and quality 
improvement in metal FDM process. Furthermore, optimization of the process parameters would yield a more systematic 
preview on reduction of the defects in the metal FDM technique.

4. Conclusions
The metal FDM process is a promising technique for producing metal parts with complex geometries and high design 

freedom. However, the process is prone to various defects that can compromise the structural integrity and mechanical 
properties of the final parts. A detailed case study is presented encompassing the defects that can occur during the metal 
FDM process using Ultrafuse 316L SS filament as the research material. Defects in the brown part (after de-binding) 
and silver part (after sintering) are analyzed and the main causes of defects such as incomplete binder removal, non-
uniform heating, residual binder fragments, gas entrapment, surface oxides, and impurities, are identified. The study on 
the effects of process parameters such as heating rate, holding time, temperature, and atmosphere on defect formation has 
recommended to use furnace temperature of 310 °C, heating rate of 1 °C/min with holding time of around 10 minutes. It is 
observed that controlling the de-binding and sintering conditions is crucial for achieving high-quality metal parts through 
metal FDM. It is also suggested to split the de-binding and sintering cycles and apply different parameters for each cycle, 
which may enhance the defect mitigation and quality improvement in metal FDM process. The porosity of specimens 
sintered in argon and vacuum atmospheres is compared and it is found that vacuum sintering results in lower porosity and 
higher density than argon sintering. The current study tends to contribute to the understanding of the defect mechanisms 
and mitigation strategies in metal FDM and has suggested directions for future research and development in this field.
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