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Abstract 

Mixtures made of a solid metal powder and a viscous polymeric binder are increasingly used in 

material Extrusion Additive Manufacturing (EAM) processes. The EAM process adopts the 

relative movement of an extruder head to a build table, to deposit thin strands of the mixture and 

build a 3D object layer by layer. In this study, EAM process was applied to produce 3D printed 

square plate-shaped parts of stainless steel 316L at the green state, i.e. before debinding and 

sintering. The 3D printing experiments were designed by considering various independent process 

parameters: extrusion velocity ve, table velocity vt, layer height h and hatch spacing Da. The surface 

characteristics of as printed (green) square plate-shaped parts were investigated by a rapid, high-

resolution optical imaging technique. The obtained images were analyzed to model the effect of 

the process parameters on the surface uniformity Ui and space filling Fi. The proposed 

methodology can be also used as a process monitoring technique. The study has demonstrated that 

the layer height h has the most relevant effect on the infill quality and should be set at a low value 

for good quality. However, a combination of the other parameters can be found that yields a 

compromise between infill surface quality and build up rate. 
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1. Introduction

In this paper, we use terminology a terminology according to the ISO/ASTM standard 52900, 

referring to additive manufacturing (AM) by material extrusion. The variants of material extrusion 

technologies are so numerous that the terminology itself might be confusing, so that some papers 

have been published focused on classification and terminology [1]. Many new material systems 

and combinations can today be extruded by AM, including short fiber reinforced thermoplastics 

[2,3]. The material Extrusion Additive Manufacturing (EAM) technique can also be used to deposit 
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a feedstock derived from the Metal Injection Molding (MIM) process, when the ultimate purpose 

is not to obtain a composite part but a full metal part. The typical MIM feedstock is made of metal 

fine powder, homogenously mixed with a limited amount (usually less than 50% by volume) of a 

thermoplastic polymeric binder [4]. The extruded filament can be deposited according to a 

designed path, as in the Fused Deposition Modelling (FDM) techniques, for obtaining a 3D 

geometry [5]. The 3D printed feedstock is a so-called “green” part, still very soft, not yet capable 

of bearing any load except its own weight. In further steps of the process chain, thermal and 

solvent-based debinding techniques are used to remove water-soluble or organic binder 

constituents out of the green part. A porous “brown” structure is formed thereafter. The brown part 

is finally sintered to achieve desired densification and mechanical properties [6]. 

The EAM technique with green metal-polymer mixtures is rapidly growing, thanks to the recent 

availability of commercial equipment, but the scientific literature on this peculiar process is still 

very limited. In a recent review [7], the authors state that the idea of using highly-filled polymers 

for the additive manufacturing of metal parts was first introduced in the late 1990s and named 

fused deposition of metals (FDMet) [8]. It was based on the Stratasys FDM technology, in which 

highly-filled polymers with metal or ceramic particles are initially prepared as filaments, and then 

deposited according to the FDM principle.  

An alternative type of feedstock has been recently proposed by some authors, made of pellets or 

granules produced as blends of polymeric binder and high solid powder loading [9]. Using high-

pressure extruders was the technological innovation which enabled the use of highly dense and 

viscous thermoplastic-based feedstock, with viscosity values above 100 Pa·s. At the same time, 

the use of pellets or granules instead of filaments or pastes has allowed increasing the availability 

of material combinations and to use commercial powder injection molding materials. In 2010, a 

research group of Shenzhen University implemented an EAM process using a MIM feedstock [10]. 

They used a stainless-steel powder and thermoplastic paraffin wax-based binder, extruded through 

a screw extruder and they started studying the material properties of the green and sintered 

extruded filaments. Some years later, this idea was further developed at Politecnico di Milano [11], 

where a fully functional AM machine was built, combining a compact CNC controlled injection 

molding unit with a parallel kinematics (linear delta) table. This system can extrude a mixture with 

as much as 70% solid loading by volume. As demonstrated in [12], the mechanical properties of 

the deposited, debinded and sintered parts are comparable to the homogenous wrought alloys. Very 
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recently, some commercial machines for the extrusion of metal-binder feedstock have been made 

available; the Desktop Metal Studio System has been proposed [13], based on the extrusion of a 

rod made of metal-binder mixture, rather than filaments or pellets. 

1.1 Infill surface quality of 3Dprinted parts 

The typical approach for building EAM parts is, for each layer to be deposited, to treat differently 

the outer contour profile (which mostly determines the outer surface quality of the parts) and the 

internal filling (infill) path (which mostly determines the mechanical strength). Sparse and fast 

filling techniques are used by most 3D printers for the internal infill roads, while the outer surface 

quality is controlled by reducing the speed of the contour profile and by using small layer heights, 

in order to reduce the staircase effect [14]. In fact, for conventional FDM, a large amount of work 

has been done to correlate the many possible different infill strategies and parameters to the 

mechanical characterization of the 3D printed parts [15]. As a recent example, the paper [16] 

establishes the quantitative relationship between main parameters including layer thickness, infill 

rate, deposition velocity and tensile strength of FDM samples. However, the rheology, the cooling 

and solidification behavior of binders/polymers used in EAM of metals, which are highly loaded 

with metal powder, is different from the behavior of thermoplastic polymers used in conventional 

FDM. The available knowledge on conventional FDM cannot be automatically transferred to the 

EAM of metals. it is a frequent  

Metal parts produced by EAM are meant to have mechanical applications, hence not only their 

outer appearance, outer surface quality and dimensional precision are relevant, but also their 

internal infill uniformity is relevant while depositing. In fact, the internal uniformity influences the 

final metallurgical homogeneity. To the authors’ knowledge, no paper has been published that 

correlates the quality of horizontal infill surfaces, obtained by deposition paths of metal-polymer 

mixtures, to the process parameters. In [17], the nature and the origin of internal and external 

defects in the green deposited samples by FDMet is described systematically. The paper shows 

that the most serious defects were sub-perimeter voids and inter-road defects, that require process 

optimization to be reduced or suppressed. The paper suggests improving the internal quality by 

controlling the feedstock filament quality, by optimizing the build environment temperature and 

by using a negative gap between adjacent infill roads. 
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1.2 Optical assessment of surface quality through image processing 

The purpose of the present paper is to determine a correlation between the main process parameters 

and the surface uniformity and quality of horizontal layers deposited by EAM of metals. The 

surface quality is assessed by taking binary images of the as-deposited (green) deposited layers. 

While the quality of conventional FDM parts can be easily assessed with stylus-based devices, as 

in [18], in the present case, a contact system can damage the surface because the green parts are 

still very soft, not being sintered yet. Accordingly, measuring of the surface roughness with optical 

(non-contact) systems can eliminate these problems. The most accurate surface reconstruction with 

optical techniques could be performed with an optical 3D confocal microscope, as done in [19]. 

Alternatively, micro-ct scanning could be used to determine the internal micro-geometry of the 

samples, as in [20]. However, 3D optical reconstruction of surfaces, either by a confocal 

microscope or by a micro-ct scanner are a slow measurement processes that can require hours of 

scanning for a single specimen. Therefore, they are not suited for rapid process monitoring 

applications and, even less, could be applied in-situ. For this reason, 2d optical microscopic 

imaging has been used in the present study.  

New methods are being developed in different fields to solve the problems of assessment of 

textures using machine vision programs of 2D images. In [21], the authors evaluated the statistical 

roughness parameters of image textures as spatial frequency and arithmetic average of grey levels, 

based on monochromatic speckle correlation. [22] assessed the surface roughness of machined 

parts by extracting features of surface roughness in the spatial frequency domain using the 2D 

Fourier transform. [23] developed a method of intensity distribution of binary image and an 

adaptive optics integrated system for measuring the surface roughness under dynamic turbulence. 

The application of dynamic speckle technology has been used by [24] for measuring surface 

roughness using image analysis of speckle pattern images. Artifical intelligence methods have also 

been frequently used, as in [25], where the MATLAB neural network toolbox has been used to 

assess the surface roughness of face milled steel samples. 

In this study, a total of 48 experiments were conducted and one image for each experiment was 

taken using a digital microscope from the printed surfaces. A MATLAB routine has been 

developed to analyse thresholded binary images, with the aim of building a quantitative indicator 

of the filling degree of the deposited surfaces. In parallel, the aesthetical surface quality of the 
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samples has been assessed by showing the samples to a panel of 5 independent observers, 

averaging their scores. 

2. Materials and methods 

2.1 Feedstock preparation 

A commercially available stainless steel powder (grade: SS316L; by Sandvik Osprey) having 

mean particle size 8.8 µm (distribution: D10 = 4.1 μm, D50 = 8.8 μm D90 = 15.9 μm) was used as a 

raw material (Figure 1 (a)) for preparing feedstock. The chemical composition of powder is given 

in Table 1.  

Table 1: Chemical composition of powder used in the present study 

Element Cr Ni Mo Mn Si C P S Fe 

Wt.% 17.90 11.70 2.30 1.41 0.72 0.02 0.02 0.006 balance 

 

 

 

            

Fig. 1. SEM image of (a) SS316L powder and (b) fractured surface of feedstock pellet. 

Commercial water-soluble binder (Embemould K83), a multi-component mixture (Density  = 

1.05 g/cm3), usually employed for powder injection moulding, was used to formulate the 

feedstock. Binder constituents and powder were premixed to obtain 92.5 wt. % powder loading in 

the feedstock using turbula mixer at room temperature. This mixture having about 63% by volume 

Particles of SS 316 L Powder Embemould K83 Binder 

(a) (b) 
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powder loading was then compounded using a Brabender - Plasti-Corder mixer at 145oC for 30 

minutes. This feedstock mixture was processed through a twin-screw extruder at 145oC to obtain 

a highly homogeneous (as appreciated from Figure 1 (b)) feedstock for subsequent operations.  

 

2.2 3D printing experimental machine and setup 

A specially designed and developed machine, called Ephӕstus, shown in Figure 2 (a), was used 

for 3D printing tests. The machine is provided with a feedstock plasticizing and loader cylinder, 

heated and internally equipped with packed steel balls. The preheated melt flow enters the 

extrusion cylinder through a restricted gate. The pre-heating inside the feeding cylinder, the balls 

and the gate all provide shearing of the viscous flow and further homogenization of the feedstock. 

The temperature of feedstock inside the extrusion system was measured by means of three 

thermocouples: one at the feeding cylinder, one at the injection cylinder and one at the nozzle and 

was maintained constant at 110oC. The precise control of extrusion piston position and nozzle 

temperature ensures precise flow of molten feedstock. This machine is suitable for extruding 

varieties of feedstock mixture in required extrusion shapes, through a cylindrical exit nozzle 

(Figure 2 (b)). The synchronized movement of feeder piston supplies the molten feedstock to the 

extruder chamber and the extruder piston pushes the feedstock out of the nozzle for controlled 

extrusion and deposition. 

The deposition is programmed according to a filling path, obtained by moving the robotic table 

placed under the extrusion unit. The deposition path is customised through a (g-code), which 

defines the coordinate-based trajectories for the outer perimeter and hatch (infill) of each layer, the 

extrusion velocity ve and the table velocity vt. Starting point of each layer is the same and not 

corresponding to the end point of the previous layer. In the present study, thin prismatic samples 

were 3D printed, with a square base of side length 40 mm. The samples are built depositing 4 

layers of height h. In conventional FDM, using infill patterns with a relative density smaller than 

1 is a typical choice and the weight-to-strength ratio can be optimized with a proper infill pattern 

[26]. However, in this study we have selected a simple and common pattern strategy for the infill: 

each layer has two outer perimeters and the infill is printed with parallel rectilinear roads, 

alternating the direction of odd and even layers by 90, as shown in Figure 3 (a) and (b).  
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           (a) 3D printing machine                                                     (b) nozzle used in the present study 

Fig. 2. Extrusion based additive manufacturing machine “Ephӕstus”, with the dimensioned drawing of the 

extrusion nozzle. 

 

Fig. 3. A typical filling path with a two perimeters and unidirectional raster for (a) odd and (b) even layer 

of the part. 

(a) (b) 

0.8 

2.2 
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Fig. 4. Pressure vs. time signal recorded during one the experimental tests. During each layer, the pressure 

curve rapidly grows to a value and then stabilizes. 

The extrusion unit is equipped with a vertical injection piston, which is numerically controlled. 

Out of each test, the electric power absorption of the drive of the CNC injection piston was 

recorded and converted into a pressure vs. time signal. An example of the pressure signal is shown 

in Figure 4. The pressure signal of the fourth layer, which is the upper and surface layer of each 

sample, has been analyzed: the central 5/7 portion of the signal has only been considered, the signal 

has been low pass filtered and the average extrusion pressure Pe, the standard deviation of the 

pressure P and the noise-to-signal ratio P/Pe have been calculated. 

2.3 Selection of 3D printing parameters 

One of the goals of the present study is to correlate the surface appearance and quality of the infill 

3D printed green parts with the main control parameters of the extrusion based additive 

manufacturing (EAM) process of metal/binder feedstock. To obtain a full dense infill and a regular 

surface quality, a correct combination of process parameters must be identified. The main 

deposition parameters are:  

- the hatch spacing Da, which is the distance between two parallel adjacent roads in the infill tool 

path; 

Experiment No. 26 

Layer 1 Layer 2 Layer 3 Layer 4 
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- the layer height h, which is the vertical distance between two layers scanned by the printing head; 

- the extrusion nozzle diameter Dn; 

- the extrusion velocity ve of the extruded filament at the nozzle exit; 

- the velocity vt of the deposition table. 

If the extrusion velocity ve and the nozzle diameter Dn are known, the extrusion flow rate is also 

known as:  Q = 𝑣𝑒 𝜋4  𝐷𝑛2 …………………………………………………………………………………… (1) 

The available knowledge for the selection of these parameters [27], which is also embedded in 

commercial software, has been developed for the conventional FDM machines and cannot be 

directly transferred to the EAM of metal/binder feedstock. Some assumptions and considerations 

must be made, when designing the process and the 3D printing experiments. The shape of the 

deposited road can be assumed as approximately rectangular, of height h and width w. According 

to the typical selected combinations of Da, h and ve values, the actual resulting road width w is 

included within the range Dn  ≤ w ≤ 2Dn. The obtained filling density of the green specimens 

(which in turn influences the final density of sintered specimens) depends primarily on the 

volumetric filling factor (φ), defined as: φ = 𝑣𝑡 w ℎψ  𝑄 = 4 𝑤 ℎψ 𝜋 𝐷𝑛2 𝑣𝑡 𝑣𝑒   ……………………………………………………..……………….… (2) 

where ψ is the assumed swelling factor for EAM feedstock materials. The swelling factor is 

generally neglected in conventional extrusion models of FDM process. The pseudoplastic behavior 

of stainless steel 316L feedstock is likely to have viscoelastic (swelling) effects, i.e., partial 

recovery of the deformation that a viscoelastic fluid undergoes during the capillary flow of nozzle.  

The condition for an ideal, perfect filling of the space during the deposition and for achieving a 

good surface uniformity is to obtain a road which is perfectly rectangular, with no empty spaces 

between adjacent roads and no overlaps. Hence the programmed distance between roads, i.e. the 

hatch spacing should be Da = w and the fill factor should be selected as φ = 1. Under these 

assumptions, a full dense part and a regular surface can be obtained with: 𝐷𝑎 = 𝑤 = 𝜓  𝜋 𝐷𝑛2  4ℎ 𝑣𝑒 𝑣𝑡 ……………………………………………………………….…………… (3)   
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However, the actual shape of the road is unknown, is not perfectly rectangular and it has rounded 

corners. Besides, the swelling factor ψ is also unknown. Thus, the selected Da level might be 

wrong, i.e. different from the real w. This uncertainty is tested by assuming 4 possible values for 

ψ at 1, 1.05, 1.1 and 1.15, i.e. selecting the Da value at the corresponding value. The highest ψ-

value which yields full density and good surface quality will be considered the optimal swelling 

factor for the studied feedstock material. Technologically, higher ψ-values would be more 

convenient because the build-up rate (bur) of the EAM process is equal to the product: 

bur = vt·h·Da …………………………………………………………………………………… (4)  

and it is therefore directly proportional to ψ, according to equation (3). 

As for the other parameters of equation (3), the following selections have been made. The nozzle 

diameter Dn has been kept fixed at 0.8 mm. 

In conventional FDM, the h/Dn ratio must be < 1 for a good deposition quality. Therefore, in the 

present study, this ratio has been varied over 3 levels: 0.7, 0.785, 0.87, by changing accordingly 

the h values. The infill density and the surface quality are also determined by the velocity of the 

extruded material ve (which determines the shear rate and the viscosity of the melt) and has been 

varied at two levels (8 and 12 mm/s). 

Finally, the ratio vt/ve has been varied at two levels (1.0 and 1.1) by changing the table velocity. 

The resulting plan of experiments is made of 48 combinations: 2 levels of ve, 2 levels of vt/ve, 3 

levels of h, 4 assumed levels of ψ (i.e. 4 selected levels of Da).  

2.3 Capturing and processing images for assessment of part characteristics 

The 48 square plates were successfully printed using the Ephӕstus machine shown in Figure 3, 

according to the plan of experiments defined in Section 2.2. Some representative green and 

sintered parts are shown in Figure 4. The dimensional accuracy of the printed parts is in the limits 

allowed by the positioning precision of the deposition table. The dimensions of sintered parts 

(Figure 5 (b)) are smaller than green parts (Figure 5 (a)), because of shrinkage after sintering, with 

the side of the square sample that shrinks of about. 
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Fig. 5. Square plate shaped parts: (a) after 3D printing and (b) after sintering 

After 3D printing tests, images of the top infill surface were taken using an optical digital stereo 

microscope (SM 353 H by EchoLAB) with a magnification factor of 65. The obtained images from 

the surfaces were processed in MATLAB®, according to the method described as follows. 

First, greyscale images were adjusted for brightness and contrast, using the command imadjust of 

the MATLAB® image processing toolbox. The images were then converted into binary format, 

pixels in binary images with a value of 0, were displayed as black, and pixels with the value of 1 

were displayed as white. The binary conversion of image generates a two dimensional matrix with 

3981312 pixels data having units of 0 and 1. In Figure 6 (b), the black areas on the binary image 

represent depressions of the sample surface, mostly visible at the interface between adjacent roads. 

The white areas define the higher levels of the road width, where the road has been properly filled. 

The linear tracks in the Y direction in the image are aligned with the road orientation during the 

EAM process. On each image, the profiles of 15 lines crossing the sample in the X direction were 

Experiment 1 Experiment 1 

Experiment 13 Experiment 13 
(a) (b) 
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generated, perpendicular to the road direction. The profiles are a sequence of black (empty) and 

white (filled) segments. Each profile undergoes a filtering process, deleting all segments with a 

length smaller than 10 pixels. An example of binary profile resulting after the filtering process is 

shown in Fig. 5(c). Finally, the segments are converted from pixel to length (pixels/mm: 5/592). 

 

     

 

Fig. 6. Applied order for image analysis (a) capturing image using optical microscope, (b) converting to 

binary image, (c) period identification. 

 

Each white segment i, belonging to each profile j, on the surface of each sample k has a length lijk 

in the X direction. This length can be compared with the printing parameter, especially Da and 

ODn. Four cases can be identified: 

(a) (b) 

(c) 

Measurement direction 

X 

Y 
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Case 1  : If lijk < Da, the combination of the printing parameters generates underfilling and, 

therefore, surface depressions and irregularities. For each sample k, the total number of 

segments that can be classified under Case 1 is recorded in the variable n1. 

Case 2  : When lijk ≈ Da, the volume of the extruded road material completely occupies the 

available space created by combination of printing parameters. For each sample k, the 

total number of segments that can be classified under Case 2 is recorded in the variable 

n2. 

Case 3  : When Da < lijk < ODn, the combination of the printing parameters generates overfilling, 

i.e. the road width is greater than the hatch spacing. The number of segments classified 

under Case 3 is recorded in the variable n3. 

Case 4  : When Da < lijk ≈ ODn, the combination of the printing parameters generates overfilling 

and the excess material builds up and interacts with the outer diameter of nozzle (ODn 

= 2.2 mm, shown in Fig. 2). The number of segments classified under Case 4 is 

recorded in the variable n4. 

The number of segments belonging to each classification, from n1 to n4 have been used to build a 

global indicator of surface uniformity (quality) and filling and can be used for process control and 

other purposes. Cases 1 and 4 can be considered pathologic, while it would be preferable that most 

segments fall within cases 2 and 3. Two main indicators of quality have been developed: a 

uniformity index Ui and a filling index Fi, defined as follows: 𝑈𝑖 = 1 3⁄ 𝑛2+2 3⁄ 𝑛3𝑛1+𝑛2+𝑛3+𝑛4;  𝐹𝑖 = 1 3⁄ 𝑛3+2 3⁄ 𝑛4−𝑛1𝑛1+𝑛2+𝑛3+𝑛4  ……………………………………………………..… (5) 

Ui is a measure of uniformity of the surface, because it gives larger values when most segments 

fall within categories 2 and 3, i.e. when their length is equal to or slightly larger than the 

programmed hatch spacing Da.  

Fi is a filling indicator, because it positively counts the number of segments that are longer than 

Da (n3 and n4) and subtracts the number of segments that indicate under filling (n1). 

While Fi and Ui are objective experimental measurement of the surface quality of the green 

samples, they do not provide an obvious indication of cosmetic quality, which is subjective, and 

difficult to be expressed by a numerical measurement out of the 2D microscopic images. For this 

reason, a panel of 5 independent researchers have been shown the images and asked to assign them 
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a cosmetic quality value, in a range from 1 to 3, where 1 indicates a poor quality and 3 a good 

quality. The average of the five quality values has been taken as a global indicator Qi of aesthetical 

quality of each sample.  

 

3. Results and discussion 

3.1 Extrusion pressure variation with extrusion velocity 

The measured experimental pressure values Pe and P/Pe depend on the extrusion parameters, 

namely the extrusion velocity ve, the extrusion temperature and the nozzle diameter dn. In the 

considered plan of experiments, only the velocity ve has been changed. The dependence of the 

pressure average and variations on the extrusion velocity are shown in Figure 7. Since the data in 

fig. 7 evidence a large natural variability of the pressure signal, which increases with the extrusion 

velocity, there is a potential influence of the pressure fluctuations onto the surface characteristics 

of the samples, as measured by the filling Fi, uniformity Ui and cosmetic quality Qi indicators. 

However, a statistical analysis of the results of the experiments has shown that there is no clear 

and direct correlation between the surface responses (Fi, Qi and Ui) and the pressure values (Pe - 

P/Pe) of each test. In other words, the infill surface quality of the deposited green samples is not 

influenced by the variability of the pressure conditions.  

 

Fig. 7. Boxplots of the measured average extrusion pressure Pe and noise-to-signal P/Pe. 
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3.2 Effect of deposition parameters on filling and uniformity indicators 

The measured surface characteristics of the green 3D printed samples are influenced by the process 

parameters. A statistical analysis of the 48 available experimental results has been performed using 

the filling Fi and uniformity Ui as response variables. Linear regression models have been built, 

performing F-tests on the statistical significance of the regressor terms. 

The results clearly indicate that Fi depends on the combination of ve, vt/ve and h. A graphical 

representation of this dependence is given in Figure 8. Higher filling can be obtained with lower 

extrusion speed ve, lower table transverse velocity vt/ve and lower layer height h. Surprisingly, the 

filling factor does not depend on the assumed ψ level. Physically, this means that in the 

investigated range (1 to 1.15), the selection of the factor ψ and therefore the selection of Da, 

according to equation (3), does not significantly influence the apparent surface filling. Since the 

build-up rate bur is the product of vt·h·Da, the hatch spacing can be safely and conveniently 

selected at the maximum level, obtained when ψ=1.15. On the contrary, h and vt/ve must be kept 

at a low level, if higher filling is of interest. 

 

Fig. 8. A 95% confidence interval plot of the measured filling indicator Fi vs the significant deposition 

parameters. 

The results of the statistical analysis indicate that the uniformity indicator Ui mostly depends on 

the selected h level, i.e. it significantly improves when the layer height is smaller. Besides, there 

is a mild influence of ve and ψ, i.e. the uniformity slightly improves with larger extrusion speed 
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and larger ψ-value. A graphical representation of the dependence of Ui on h and ve is given in 

Figure 9. 

 

Fig. 9. A 95% confidence interval plot of the measured uniformity indicator Ui vs. h and ve. 

In conclusion, the results indicate that the surface quality of the infill of green 3D printed parts is 

mostly influenced by the layer height h, which should be as small as possible. Besides, the filling 

and the uniformity improve when the extrusion speed ve and the table speed vt are low, i.e. for a 

slow process. Finally, the surface quality is not significantly influenced (in the investigated range) 

by the hatch spacing, which can be selected at a high level, with a positive effect on the build-up 

rate and on the surface uniformity. 

3.3 Effect of deposition parameters on cosmetic surface quality 

The indicator Qi of aesthetical surface quality is also influenced by the process parameters. It must 

be observed that the subjective perception of surface quality Qi, as quantified by 5 independent 

observers, is surprisingly not correlated with the objective indicators of filling and uniformity Fi 

and Ui. In fact, while Fi and Ui substantially do not depend on the swelling factor ψ, this is not the 

case for Qi. It appears that (from Figure 10) the best surface appearance of the top layer is obtained 

when the layer height h is small (0.4 mm) and ψ =1.05 to 1.10. 
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Fig. 10. Fitted values of a regression model on Qi vs. the process parameters, including a quadratic term on 

the ψ factor. 

 

3.4 Discussion of results 

A good infill surface quality of EAM green parts (made of a mixture of metal powder and 

polymeric binder) favors adhesion of the layers while 3D printing and positively influences the 

metallurgical quality of the final sintered parts. However, it would be useful to obtain an acceptable 

surface quality with large build-up rate bur (the product of vt·h·Da), to improve productivity. In 

the investigated range, the bur was varied from a minimum of 0.23 cm3/min to a maximum of 0.44 

cm3/min. The results presented in Sections 3.2 and 3.3 clearly show that the quality of the infill 

surface of sintered parts is significantly influenced by the layer height h. The three developed 

indicators of filling, uniformity and aesthetical quality all increase when the smallest tested h-value 

(0.4 mm) is used, which is half of the nozzle diameter dn (0.8 mm). All other parameters have a 

minor influence, and they can be selected in order to increase the bur, i.e. the productivity of the 

process. When h=0.4 mm, increasing the extrusion velocity ve at 12 mm/s, the table velocity ratio 

vt/ve at 1.1 and the ψ-value at 1.1, there is no detrimental effect on uniformity and on cosmetic 

quality (see Figures 9 and 10); the corresponding productivity is bur= 0.35 cm3/min.  
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4. Conclusions 

In this paper, a method has been developed for processing of 2D microscopic images taken on the 

infill horizontal surfaces of 3D printed sample, obtained by extrusion of a mixture of metal powder 

and polymeric binder. Two quantitative indicators of surface uniformity Ui and space filling Fi 

have been extracted by the image processing routine. The method has been used in the paper for 

correlating the infill surface quality to the 3D printing process parameters. Besides, the proposed 

method can be used, in the future, for process monitoring and quality control purposes. 

Furthermore, a cosmetic quality indicator has also been used to estimate the perceived quality of 

the green samples. The results indicate that the most relevant process parameter on the surface 

quality is the layer height, which should be kept at a low value. The influence of extrusion speed, 

table speed and hatch spacing is less significant, therefore a compromise on the other parameters 

can be found, so that the build-up rate of the 3D printing process can be set at a medium-high level 

(referring to the investigated range of experimental parameters), with no detrimental effects on 

surface quality. 
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