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Abstract 
In binder jetting, shrinkage and deformation occur during the sintering step, both of which 
are affected by the green density of the binder jetted materials. The study innovatively 
introduces a cost-effective, practical, and in-process monitoring system for visualizing 
shrinkage and deformation on larger samples than conventionally observed using small-
scale specimens in dillatometry equipment. The powder characteristics and binder jet 
printing process itself influence the initial green density. The comprehensive analysis of 
powder flowability and packing density, densification behavior, and shrinkage reveals that 
the consolidated parts using virgin powder (with a green density of 55%) can achieve a 
relative density above 99.9% with an anisotropic shrinkage in the Z>X>Y direction. In 
contrast, the used or recycled powder exhibits a lower green density of ~48%, higher 
shrinkage rate in all three dimensions, and a decreased degree of anisotropy. Using in-
process imaging and experimental data on the grain size attained through optical microscopy 
and electron backscatered diffraction imaging, the material's shear and bulk viscosities were 
determined. The formation of delta-ferrite and its impact on densification were discussed in 
the context of solid-state and supersolidus liquid phase sintering. The model relied on the 
continuum sintering theory formulated by Skorohod and Olevsky. The strain evolution from 
the in-situ imaging of sintering process is correlated with porosity based on the used 
feedstock and applied sintering temperatures. The outcomes of this study offer valuable 
perspectives on anisotropic sintering mechanisms, bridging the knowledge gap regarding the 
relationships between structures produced through binder jetting and subsequent sintering 
of materials. 
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1. Introduction 
In powder bed additive manufacturing (AM) processes, it is crucial to monitor powder 

characteristics, including morphology, particle size distribution (PSD), rheology, and 
contaminants (such as C, O, N), especially when powders are recycled [1–7]. During binder 
jetting, powder encounters binder agglomerates, altering the particle size distribution (PSD). 
This, in turn, affects powder flowability and packing density. Typically, spherical powder 
with a narrow PSD enhances both powder flowability and powder bed packing density [8,9]. 
Monitoring powder chemistry, particularly changes in C, O, and N contents, is crucial to 
minimize deviations in sintering behavior, phase formation at elevated temperature, and 
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densification. However, contradictory opinions have been reported for different metal alloys, 
such as alloy 718, Ti-6Al-4V [10], and 17-4 PH steel [11], used in powder bed fusion AM 
processes. Mirzababaei et al. [3] studied recycled 316L stainless steel (SS) powders used in 
binder jetting. Recycled powder generally exhibits improved flowability due to a reduction 
in fine particles. Additionally, there is a slight enhancement in powder flowability linked to 
the increased presence of coarser powders. Furthermore, there is typically a slight increase 
in C and O concentrations observed in recycled powder. However, the powder packing 
density tends to decrease due to the lower presence of fine powders [12–14].  

As a multi-step AM technique, binder jetting operates by depositing layer upon layer of 
powder feedstock and selectively binding them using a liquid polymer. After printing, curing 
step is needed to enhance strength in binder jetted components thus parts can be handled 
and placed in a furnace for consolidation [15–17]. During the printing step, interactions 
between the binder and powder result in the formation of interlayer voids and printing lines. 
This occurs due to the ballistic ejection of powder from the surface and the displacement of 
powder beneath the surface, leaving sub-surface voids and a continuous gap between the 
deposited layers [18,19]. Sintering is a typical densification process in the binder jetting of 
metallic components. Given that the relative green part density is ~50-60%, binder jetted 
components undergo volumetric shrinkage ranging from 50% to 40% [16].  

Sintering is a critical step in the sinter-based AM processes, impacting the quality of 
components through significant densification. Over decades, researchers have conducted 
analytical and experimental studies to understand sintering behavior, including pore 
evolution, shrinkage, and grain size. Frenkel's initial theory [20] on particle coalescence due 
to surface tension formed the basis for subsequent analytical models, including various 
material responses such as viscoplastic [21] and viscoelastic [22] behaviors. Constitutive 
models including Skorokhod's continuum mechanism [23] and Li and Häggblad's viscoplastic 
model [21] revealed insights into densification rates, strain, and shape changes. An 
integrated microscale model by Raether et al. [24] captured microstructure evolution during 
solid-state sintering. Olevsky and Molinari [25] developed a model to connect the sintering 
stress and viscosity tensors to the shrinkage of porous bodies. However, the isotropic 
sintering variables that govern these models, such as the strain rate tensor, stress tensor, 
viscous modulus, and sintering stress [26], lack the precision to accurately quantify 
anisotropic shrinkage in sinter-based AM components. These variables depend on factors 
such as powder shape, specific surface energy, relative density or pore fraction in the preform 
component, particle arrangement during densification, self-diffusion coefficient related to 
particle chemistry, and surface contamination. This complexity poses a significant challenge 
in understanding anisotropic sintering behavior in sinter-based AM parts. Thus, unlike 
traditional isotropic models, the nature of the additively manufactured components demands 
consideration of anisotropic shrinkage.   

As a powerful tool, analytical modeling has been employed to predict anisotropic 
shrinkage in sinter-based 3D printed parts [27]. While some recent work, such as that by Rios 
et al. [28], has established isotropic parameters for pressure-less sintering in binder jetted 
stainless steel alloys, the assumption of isotropic shrinkage contradicts existing literature 
[29–34]. Experimental and numerical studies, such as those by You et al. [34] and Wang et al. 
[33], on the densification of extruded 3D printed stainless steel powder have demonstrated 
higher shrinkage of 3% in the Z-direction. Earlier research by Jamalkhani et al. [35] and 
Mostafaei et al. [30,36] also provided experimental insights into the reasons behind this 
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observed trend. It is noteworthy that the formation of sub-surface voids contributes to 
increased shrinkage in the Z-direction [29,31]. Additionally, studies [35,37] demonstrated 
that binder droplets displace powder in the bed, causing the formation of print lines on each 
discrete layer. Consequently, a slightly lower relative density in the X-direction compared to 
the Y-direction is observed. Similar observations of anisotropy in shrinkage were reported 
in other sinter-based AM processes such as extrusion 3D printing, fused deposition modeling, 
and fused fillemant fabrication [38–41]. Therefore, anisotropy and non-uniform shrinkage in 
sintered binder jetted components are likely, and these factors should be considered in 
modeling approaches. 

The 316L SS alloy is categorized as an austenitic stainless steel; nevertheless, there is a 
possibility of a small quantity of delta-ferrite (δ-ferrite) forming at the grain boundaries. In 
sintered-based manufacturing processes such as powder metallurgy, extrusion 3D printing, 
and binder jetting, the occurrence of δ-ferrite has been observed at sintering temperatures 
surpassing the solidus temperature. Specifically, the introduction of a polymer binder to 
316L SS powder poses the risk of carbon contamination, potentially influencing the solidus 
temperature and elevating the fraction of δ-ferrite at the grain boundaries [42]. The 
formation of the δ-ferrite phase enhances material diffusivity through two primary 
mechanisms. The newly formed phase possesses a body-centered cubic (BCC) structure with 
a higher diffusion coefficient compared to the face-centered cubic (FCC) austenitic phase. 
Additionally, the creation of δ-ferrite grains results in the development of new grain 
boundaries, thereby promoting the sintering process [43]. Consequently, the formation of 
this phase contributes to an elevated densification rate at high temperatures during 
sintering.  

Previous studies suggest that δ-ferrite can enhance the strength, ductility, toughness, 
and resistance to thermal cracking in stainless steel [35,44,45]. It is important to note, 
however, that an excess of δ-ferrite (>5%) may elevate the likelihood of pitting corrosion 
[46,47]. Wang et al. [33] also showed the δ-ferrite could be eliminated through solution 
treatment at 1100 °C for 1 h. Slow cooling rate during densification of 3D printed 316L SS is 
also a practical way to control δ-ferrite formation at the grain boundaries [33,35]. 
Conversely, δ-ferrite in 316L SS has the potential to improve dislocation mobility, increase 
work hardening, and enhance overall ductility [35,48]. Controlling the δ-ferrite content in 
316L SS is crucial due to its positive effects, especially as the alloy is increasingly used in 
industries like marine, nuclear, and chemical engineering. 

This study aims to investigate and quantify the influence of powder characteristics on 
the relative green density of binder jetted 316L SS parts, followed by an analysis of 
densification, revealing anisotropic shrinkage. An innovative in-process imaging setup is 
employed to unveil the anisotropic dimensional evolution throughout the sintering stage. 
Microstructure analysis is then carried out to assess pore fraction, grain evolution, and phase 
formation. Using an analytical model established for anisotropic sintering, the correlation 
between pore distribution and anisotropic viscous behavior was elucidated by introducing 
relevant parameters associated with anisotropic viscosity. The findings of this research offer 
valuable insights into the sintering behavior of binder jetted parts, contributing to an 
enhanced comprehension of the sintering process applicable to various material systems. 
 

2. Materials and Methods 
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2.1. Material – Gas-atomized 316L SS (Sandvik Osprey Co. with chemical composition 
of Ni=10.9 wt%, Cr=18.28 wt%, Mo=2.12, Mn=2.19 wt%, Si=0.58 wt%, C=0.03%, Fe=bal.) 
utilized as the feedstock under two distinct conditions: virgin and used powders. The used 
powder, subjected to multiple drying cycles over a span of more than a year, went through 
preparation in an oven and then sieving through 106 μm mesh to ensure optimal conditions 
for the subsequent printing cycle. The used powder has been recycled over time by blending 
used powder with virgin one at a ratio of 2:1 (used to virgin) every 10 cycles. The chemical 
analysis indicated that the used powder exhibited minimal deviation in terms of carbon (C), 
oxygen (O), and nitrogen (N) uptake compared to the virgin powder. This can be attributed 
to the storage of powder in a moisture-free environment and the adapted drying cycle 
applied to the powder before each printing session. The C, O, and N concentrations in the 
powders were quantified using LECO instruments (models TCH600 and CS744). The virgin 
powder was employed directly from the packaging, with a single pre-heat cycle in an oven at 
185±2 °C for 8 h to enhance its readiness for use as feedstock. The PSD of these powders was 
analyzed based on the sampling from ~600 particles using a scanning electron microscope 
(SEM) model 5900LV from JEOL USA Inc. Subsequently, the particle sizes were determined 
through the application of ImageJ software. Regarding powder rheology, the ability of 
powder to flow was evaluated by measuring the power, time, and variances in energy of 
powder in a rotating drum (Revolution Powder Analyzer, Mercury Scientific Inc.). A camera 
was used to capture images of the powder at 20 frames per second within the rotation 
process occurred at 0.3 rpm, and then, its software analyzed the behavior of powder in flow 
including the potential energy, angle, surface fractal, and volume. 

2.2. Processing – Cubic samples with the dimensions of 15×20×10 mm³ were binder 
jetted (Innovent+ binder jet 3D printer, ExOne). The AquaFuse (BA-005 solution), a water-
based binder, was deposited onto the powder bed with a 30 pL print head nozzle size, a 
powder bed layer thickness of 50 μm, and a saturation level of 80%. The binder application 
followed a schedule, settling for 8 s and then went through a 10 s drying phase for each layer. 
The roughing and smoothing rollers were configured to have a rotational speed of 300 rpm 
and 600 rpm, respectively, coupled with a traverse speed of 3 mm/s. Such process 
parameters were consistently maintained for printing samples using both virgin and used 
powder, ensuring consistency and reliability across various material conditions. 

2.3. Post-process sintering – The densification process performed using a tube furnace 
(FT1700, 1700 °C 1-zone 60 mm tube furnace, Across International) operating under a 
vacuum level of approximately 10−5 bar. The sintering profile involved a binder burnout step 
at 600 °C for 1 h. Subsequently, the temperature was ramped up to the maximum sintering 
temperatures which inludes 1220 °C, 1340 °C, 1370 °C, and 1400 °C with an 8-h hold time. 
The entire sintering cycle adhered to a controlled heating/cooling rate of 5 °C/min. 

2.4. In-situ imaging and data processing– This step was performed to evaluate the 
temperature-dependent densification behavior and viscosity of the binder jetted parts using 
virgin and used powder. For such an objective, the cap from one end of the tube was adjusted, 
allowing observation of the interior through a quartz window. Then, a DSLR Canon EOS T7 
camera equipped with a Canon EF 180mm f/3.5L Macro USM Lens was employed to capture 
images at 1-min intervals. The camera settings were optimized for the imaging requirements, 
operating in aperture priority mode with an aperture set at 9.0, ISO set at 100, exposure 
compensation of minus 1 stop, and a White Balance configured for Tungsten lighting 
conditions. For each sintering temperature, two samples were sintered—one sample was 
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positioned to reveal the XZ plane, while the other was oriented to expose the XY plane as 
illustrated in Figure 1. 

 
Figure 1. Schematics of post-processing test setup and the orientation of samples during the sintering process. 

 
After capturing in-situ images, DaVinci Resolve 18, a video editing tool, was utilized to 

convert images into videos at a frame rate of 24. Then, a Python code implemented the 
Channel and Spatial Reliability Tracking (CSRT) object tracking algorithm, integrating color 
data with spatial reliability for precise object tracking across frames. Channel reliability 
manages variations in appearance from changing illumination, while spatial reliability 
addresses occlusions and non-rigid deformations by considering spatial and temporal 
coherence in the object motion. CSRT excels in tracking solid bodies during in-situ imaging 
of sintering experiments, addressing challenges including scale variation, color changes, and 
slow-motion scenarios. 

The CSRT algorithm employs a Discriminative Correlation Filter to estimate object 
location and appearance, learning iteratively from positive and negative training samples. 
Sample generation involves positive samples representing the target object and negative 
samples capturing background or distractor objects [49]. Video tracking revolves around 
measuring the length of the solid body in each frame. This was achieved by selecting a Region 
of Interest (ROI) around each object, initializing CSRT trackers, and continuously updating 
their positions in each frame. The code computes strain by comparing object lengths in each 
frame relative to a reference length (see Equation 1-3), calculated for the X, Y, and Z axes, 
indicating shrinkage in the binder jetted parts in three dimensions. 

𝜀𝑥 =
(𝑙𝑥 − 𝑙𝑥0)

𝑙𝑥0
 Equation 1 

𝜀𝑦 =
(𝑙𝑦 − 𝑙𝑦0)

𝑙𝑦0
 Equation 2 

𝜀𝑧 =
(𝑙𝑧 − 𝑙𝑧0)

𝑙𝑧0
 Equation 3 

The interactive aspect of the code involved the user selecting the baseline and ROIs in 
the video. This interaction defines the reference points for length measurements. Also, the 
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tracking process is designed to be interruptible. Enhanced graphical visualization is achieved 
through complementary programs. 

2.5. Characterization – The surface topology of the green parts was examined using an 
optical microscope (Keyence VHX-7100 digital microscope). Surface roughness 
measurements were obtained from the top surface of both virgin and used powder samples 
using optical profilometry. The datasets comprised microscale profiles detailing distances 
and corresponding height deviations, with measurements captured at three separate 
horizontal lines along the sample's surface. Prior to analysis, the height data was adjusted to 
a zero-centered datum to account for the average height across the surface profile. This step 
ensured that subsequent roughness calculations were reflective of deviations from a 
normalized mean plane. Arithmetical mean roughness (𝑅𝑎) and root-mean-square deviation 
(𝑅𝑞) parameters were computed in accordance with ISO 4288 standards using the following 

equations [50]:  

𝑅𝑎 =
1

𝑙
∫ |𝑍(𝑥)|

𝑙

0

𝑑𝑥 ≈
1

𝑛
∑|𝑍𝑖|

𝑛

𝑖=1

 Equation 4 

𝑅𝑞 = √
1

𝑙
∫ 𝑍2(𝑥)

𝑙

0

𝑑𝑥 ≈ √
1

𝑛
∑ 𝑍𝑖

2

𝑛

𝑖=1

 Equation 5 

where l is the reference length, n is the number of discrete profile deviations, and 𝑍(𝑥) takes 
the average height of the roughness profile.  

To acquire density data, the mass and dimensions of both the green parts and sintered 
parts were measured. For the determination of the relative density value in the brown 
condition (pre-sintered in the binder debinding stage at a temperature of 600 °C with a dwell 
time of 1 h followed by a furnace cool down) and subsequent calculation of the pore level, 
two samples (one with virging powder and one with used powder) were used. The pore 
values obtained at this stage were considered as the initial porosity for analytical modeling. 
After sintering, for microstructure evaluation, samples were sliced parallel to the XZ plane, 
revealing observable stacking layer patterns from the printing process. Sliced samples were 
hot mounted using MetLab phenolic thermosetting molding powder and ground with SiC 
sandpapers ranging from grades 400 to P4000. Polishing was then followed through a series 
of steps: 3-μm diamond abrasive, 1- and 0.05-μm Al2O3 abrasive, and 0.04-μm colloidal silica 
on a platen (Buehler Phoenix 4000 Grinder Polisher). The same optical microscope (Keyence 
VHX-7100) was then employed to capture optical micrographs representing pore features. 
In addition, the microstructure was investigated using an electron backscatter diffraction 
(EBSD) detector, attached to the SEM (5900LV, JEOL USA Inc.). The phase analysis was 
conducted using MTEX, a MATLAB-based toolbox. 

2.6. Analytical modeling – With the help of continuum theory of sintering [51], 
analytical modeling was implemented for the binder jetted 316L SS part, under different 
conditions including the use of different powder types (virgin and used feedstock) and 
sintering at various temperatures. The approach involved using a constitutive model that 
correlates the stress and strain rate tensors (𝜎𝑖𝑗  and 𝜀𝑖𝑗̇ ) in the viscous sintering process of a 

porous element, as developed by Olevsky [51]: 

𝜎𝑖𝑗 = 2𝜂 (𝜑𝜀𝑖𝑗
′ + (𝜓 −

1

3
𝜑) 𝑒̇𝐼) + 𝑃𝐿𝐼 Equation 6 
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here, 𝜂 shows the viscosity for the fully dense part. The actual resistance-to-flow behavior of 
the porous material will be different; however, it started with understanding the 
fundamental properties of the non-porous material. The symbol 𝑒̇ denotes the volume strain 
rate, or trace of the strain rate tensor, while 𝜑 and 𝜓 represent the effective shear and bulk 
moduli for the viscosity, respectively. Both 𝜑 and 𝜓 are pore-dependent parameters. In 
addition, 𝑃𝐿 shows the sintering stress, Laplace pressure. Shrinkage is anticipated to occur 
solely due to this stress, given that pressure-less (vacuum) sintering conditions were applied 
[32]. 𝐼 is a Kronecker delta function. 

Under ideal conditions, the external stress becomes zero due to sintering occurring in a 
vacuum environment, simplifying the strain rate tensor to the following form [32]: 

𝜀𝑖𝑗
′ = (

𝜀𝑥 0 0
0 𝜀𝑦 0

0 0 𝜀𝑧

) Equation 7 

Since analytical modeling is applied to a simple cubic component, the influence of 
gravity is negligible. However, if a structure with overhang features is under consideration, 
the impact of gravity should be taken into account in the calculations of 𝜀𝑧̇ [32]. 

As 𝜎𝑖𝑗  considered to be 0, Equation 6 can be expressed in the following form: 

2𝜂 (𝜑𝜀𝑖𝑗
′ + (𝜓 −

1

3
𝜑) 𝑒̇𝐼) + 𝑃𝐿𝐼 = 0 Equation 8 

The correlation between the pore and volumetric strain rate is stablished by employing 
mass conservation law to evaluate the evolution of pore as a function of the sintering time: 

𝑒̇ = 𝜀𝑥 + 𝜀𝑦 + 𝜀𝑧 =
𝜃̇

1 − 𝜃
 

 
Equation 9 

where 𝜃 is porosity and 𝜃̇ is the rate at which the porosity changes.  
To calculate the initial 𝜃 as the input in Equation 9, the relative density of the brown 

part is measured using the following equation: 

𝜌 = (1 − 𝜃) =
𝑚

(𝐿𝑥 ⋅ 𝐿𝑦 ⋅ 𝐿𝑧) ⋅ 𝜌full 

 Equation 10 

where 𝑚 is the mass of brown part, 𝑙 is the length of brown part in different directions, and 
𝜌𝑏𝑢𝑙𝑘 is the bulk density. For 316L SS, 𝜌𝑏𝑢𝑙𝑘 was considered to be 7.99 g/cm3 [52]. 

The relative density was determined to be ~55% (virgin powder) and ~48% (used 
powder). Therefore, the initial pore levels were calculated to be ~0.45 (virgin powder) and 
~0.52 (used powder). 

Two elements of 𝜑 and 𝜓 were evaluated using the following equations [51]: 
𝜑 = (1 − 𝜃)2 Equation 11 

𝜓 =
2

3

(1 − 𝜃)3

𝜃
 Equation 12 

At the macroscopic level, 𝜓 represents the impact that the morphology of the pores within 
the material have on its ability to densify and reduce in volume [28]. The expression of 
sintering stress was generated by the capillary force acting between neighboring particles 
during the sintering process [28]. Subsequently, a model must be used to calculate the 
average of the localized stress across a larger scale of porosity, referred to as the effective 
stress or sintering stress. In the model proposed by Skorohod [53], the effective stress is 
obtained by taking the surface free energy for each unit of mass, denoted as 𝐹𝑠, and dividing 
it by the volume of the pores, 𝑉: 
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𝑃𝐿 =
𝑑𝐹𝑠

𝑑𝑉
 Equation 13 

Next, the specific surface area, denoted by 𝜉, is calculated through a relationship 
dependent on the porosity and the average curvature of the surface, which is expressed as: 

𝜉 =
3

𝑟
𝜃 Equation 14 

Here, r stands for the radius of the powder particles (assumed that the particles are 
spherical). Additionally, the sintering pressure can be described in terms of the specific 
surface area: 

𝑃𝐿 = 𝛾𝑠

d𝜉

𝑑𝜃
(1 − 𝜃)2 Equation 15 

Equation 15 is equivalent to: 

𝑃𝐿 =
6𝛾𝑠(1 − 𝜃)2

𝐷
 Equation 16 

where D represents the grain size. To determine the evolution of grain size, sintering was 
conducted at similar maximum temperatures but with varying dwell times, including 0 min, 
15 min, 30 min, 1 h, 2 h, 4 h, and 8 h. Subsequently, Boltzmann nonlinear curve fitting was 
employed to acquire data on the evolution of grain size during the sintering process. 𝛾𝑠 
(𝑚𝑁/𝑚) is the surface tension acting on the sintering stress and serves as a temperature-
dependent parameter in Equation 19 presented in the form below [54]: 

𝛾𝑠 = −0.14𝑇 + 1450 Equation 17 
where T is the temperature in Kelvin. 

Since anisotropic shrinkage dominates the densification of the binder jetted parts, 
obtaining three-dimensional viscosity data is crucial. To achieve this, literature [32] 
proposed reformulating Equation 8 in a matrix format as follows: 

−𝑃𝐿 (
1 0 0
0 1 0
0 0 1

) = 2𝜂 [𝜑 (

𝜀𝓍̇ 0 0
0 𝜀𝓎̇ 0

0 0 𝜀𝓏̇

) + (𝜓 −
1

3
𝜑) (

ℯ̇ 0 0
0 ℯ̇ 0
0 0 ℯ̇

)]  Equation 18 

Therefore, the viscosity can be derived in three dimensions of X, Y, and Z in the following 
form: 

𝜂𝑥 =
−𝑃𝐿

2 [𝜑𝜀𝑥 + (𝜓 −
1
3 𝜑) 𝑒̇]

 Equation 19 

𝜂𝑦 =
−𝑃𝐿

2 [𝜑𝜀𝑦 + (𝜓 −
1
3 𝜑) 𝑒̇]

 Equation 20 

𝜂𝑧 =
−𝑃𝐿

2 [𝜑𝜀𝑧 + (𝜓 −
1
3 𝜑) 𝑒̇]

 Equation 21 

The representation of viscosity involves a general Arrhenius function that expresses its 
dependence on temperature [55]. 

𝜂 = 𝜂0exp (
𝑄

𝑅𝑇
) Equation 22 

where 𝜂0 shows the pre-exponent for viscous flow, 𝑄 denotes the activation energy, 𝑅 is the 
universal gas constant, and 𝑇 is the absolute temperature in Kelvin. By incorporating the 
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values of 𝜑, 𝜓, and 𝑃𝐿 from Equations 11, 12, and 16 into Equations 19-21 the resultant 
equations are as follows: 

𝜂𝑥 =
−3𝛾𝑠(1 − 𝜃)2

𝐷 [(1 − 𝜃)2𝜀𝑥 + [
2
3

(1 − 𝜃)3

𝜃 −
1
3 (1 − 𝜃)2] (𝜀𝑥 + 𝜀𝑦 + 𝜀𝑧)]

 Equation 23 

𝜂𝑦 =
−3𝛾𝑠(1 − 𝜃)2

𝐷 [(1 − 𝜃)2𝜀𝑦 + [
2
3

(1 − 𝜃)3

𝜃 −
1
3 (1 − 𝜃)2] (𝜀𝑥 + 𝜀𝑦 + 𝜀𝑧)]

 Equation 24 

𝜂𝑧 =
−3𝛾𝑠(1 − 𝜃)2

𝐷 [(1 − 𝜃)2𝜀𝑧 + [
2
3

(1 − 𝜃)3

𝜃 −
1
3 (1 − 𝜃)2] (𝜀𝑥 + 𝜀𝑦 + 𝜀𝑧)]

 Equation 25 

In the field of continuum mechanics, the rheological or flow properties of materials 
are characterized using shear (G) and bulk (K) viscosities. These parameters are essential in 
establishing a proportional relationship between stress and strain rate, presented in a 
specific mathematical form: 

𝜎𝑖𝑗
′ = 2G ∙ 𝜀𝑖𝑗

′  Equation 26 
𝜎𝑚 = K ∙ 𝜀𝑖𝑖

′  Equation 27 
Here, 𝜎𝑖𝑗

′  denotes the deviatoric (or differential) component of stress, 𝜀𝑖𝑗
′  shows the deviatoric 

component of strain rate, 𝜎𝑚 is the measure of hydrostatic (or mean) stress, and 𝜀𝑖𝑖
′   

represents the rate of volumetric strain. Both G and K are temperature-sensitive constants 
intrinsic to the wrought material. Nevertheless, during sintering, the presence of pore 
modifies these viscosity values. To incorporate the influence of porosity, adjustment factors 
are necessary. Therefore, effective shear and bulk moduli are employed, which are functions 
exclusively of the porosity level [32]: 

G = η(T) ∙ 𝜑(𝜃) Equation 28 
K = 2η(T) ∙ 𝜓(𝜃) Equation 29 

where 𝜂 denotes the temperature-dependent viscosity of the fully-densed material. There are 
numerous models formulated to establish the shear and bulk moduli, among which 
Skorohod's model is noted for its high accuracy [56]. This model treats the material as a dual-
phase porous matrix, with one phase being an incompressible elastic matrix and the other 
phase consisting of pores. Skorohod drew parallels between the hydrodynamics in 
composites and the behavior of this two-phase system to initially define a correlation 
between shear viscosity and porosity for cases where porosity is very small (θ is much less 
than 1). Subsequently, Skorohod extended this relationship to account for higher porosity 
levels using a differential method, leading to the final formula presented in Equation 11. 

Conversely, Mackenzie and Shuttleworth [53] applied a different approach by 
considering a spherical pore within an incompressible elastic material. From this model, they 
derived a formula for bulk viscosity, represented by Equation 30, which shows that bulk 
viscosity (𝐾), adjusted for the presence of porosity (𝜃) [32]: 

K =
4

3
G ∙

1 − 𝜃

𝜃
 Equation 30 

By replacing G with its expressions from Equation 28 and Equation 11, the function 𝜓, which 
accounts for the effect of porosity on bulk viscosity, can be determined and is presented in 
Equation 12. 
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3. Results and discussions 
3.1. Powder characteristics 
In the context of binder jetting process, the rheological properties of the feedstock 

powders play a key role in determining the green density of the binder jetted product. Figure 
2(A) shows morphology of the virgin and used powders. Results indicated that the 
population of fine particles (<5µm) deacreased in the used powder compared to the virgin 
one. The probability density function (PDF) graphs, plotted via Kernel Density Estimation 
(KDE) [3], and cumulative distribution function (CDF) graphs are illustrated in Figure 2(B). 
For the virgin powder, the D10, D50, and D90 values were 3.3, 7.5, and 18.0 μm, respectively; 
while the used powder exhibited slightly larger values of 5.2, 9.4, and 19.6 μm, respectively. 
This PSD analysis data confirmed a higher proportion of larger particles in the used powder, 
as initially suggested by the micrograph observations. 

In terms of distribution spread, the standard deviation for the used powder was ~5.6 
μm, suggesting a narrower range of powder sizes. In contrast, the virgin powder exhibited a 
slightly broader spread with a standard deviation of ~6.8 μm. Both distributions showed 
right-skewed characteristics, as evidenced by skewness values of ~1.2. This skewness 
implies a higher frequency of smaller powder sizes and a tail extending towards larger sizes. 
Regarding the peakedness of the distributions, used powder demonstrated a slightly higher 
kurtosis of 0.96 compared to 0.90 for the virgin powder, indicating distributions with 
relatively heavier tails but not significantly different in peakedness. 

 
Figure 2. (A) SEM micrographs showing powder morphology and (B) particle size distribution of the used and 
virgin 316L SS powders. 

 
The flowability results are summarized in Table 1, revealing notable differences in 

rheological characteristics of used and virgin powders. The virgin powder exhibited a 
significantly higher avalanche energy (33.4±18.7 mJ/kg) compared to the used powder 
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(19.9±10.9 mJ/kg), suggesting a more reactive nature (associated with the released 
avalanche angle) under comparable conditions [9]. Also, the virgin powder demonstrated a 
steeper avalanche angle (47.4±2.1°) and longer avalanche time (3.3±1.6 s), implying 
differences in flow characteristics, possibly due to higher particle cohesion of virgin powder 
compared to the used ones. The break energy was higher in the virgin powder (83.5±6.2 
mJ/kg), indicating a greater resistance to flow initiation [6]. Furthermore, the virgin powder 
showed almost double the thickness (6.93 mm) and significantly higher cohesion (244.0 Pa), 
factors that are likely to influence its packing density and flow behavior. In terms of yield 
strength, the virgin powder again surpassed the used powder, recording 180.3 Pa compared 
to 129.8 Pa, suggesting a higher structural integrity under stress. Finally, C, O, and N content 
of the virgin and used powders were summarized in Table 1, suggesting a slight deviation in 
powder surface in which concentration of all three elements increased. The effect of initial C, 
O, and N content on sintering and densification of 316L SS was discussed in earlier studies in 
[7,35,57]. 
Table 1. Powder rheology characteristics and chemistry (C, O, N) of the used and virgin 316L SS powders utilized 
as the feedstock of the binder jetting process. 

Powder rheology characteristics 
Powder type 

Used powder Virgin powder 
Avalanche energy (mJ/kg) 19.9±10.9 33.4±18.7 
Avalanche angle (degrees) 43.4±3.0 47.4±2.1 

Avalanche time (s) 2.2±1.3 3.3±1.6 
Break energy (mJ/kg) 69.9±7.0 83.5±6.2 

Thiskcness cohesion (Pa) 117.9 244.0 
Yield strength (Pa) 129.8 180.3 

Thickness (mm) 3.82 6.93 
Dynamic density (g/cm3) 3.69 3.68 

Surface fractal 4.99 6.95 
Carbon [wt.%] 0.0291 0.0250 
Oxygen [wt.%] 0.1407 0.1290 

Nitrogen [wt.%] 0.1210 0.1130 

 
For avalanche energy (Figure 3(A)), the virgin powder showed a higher 50th percentile 

value (33.0 mJ/kg) than the used powder (20.3 mJ/kg), indicating greater energy 
accumulation before avalanche events. In terms of break energy (Figure 3(C)), the virgin 
powder consistently exhibited higher values across all percentiles (10th %=74.6 mJ/kg, 50th 
%=84.6 mJ/kg, 90th %=93.5 mJ/kg) compared to the used powder (10th %=62.9 mJ/kg, 50th 
%=69.6 mJ/kg, 90th %=84.4 mJ/kg), suggesting increased resistance to flow initiation. The 
surface fractal dimension analysis (Figure 3(D)) indicated that the virgin powder possessed 
a more complex and irregular surface (50th %=6.8) in contrast to the used powder (50th 
%=4.9), impacting its flow dynamics and packing behavior. Finally, the avalanche angle 
(Figure 3(B)) was steeper in the virgin powder (50th %=47.9°) compared to the used powder 
(50th %=43.5°), possibly indicating enhanced particle cohesion and distinct flow 
characteristics. The avalanche spectrum in Figure 3(F), representing the relationship 
between time and total avalanche energy, is illustrated for both powder types. The used 
powder showed shorter durations leading up to its peak avalanche energy, which occurred 
at ~1.99 s. This is indicative of a quicker transition to peak energy release during the 
avalanching process. The peak energy was quite high at 5787 mJ/kg, suggesting a rapid 
energy release over a short time frame, which may influence the compactibility and 
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uniformity of the powder when spread during printing. In contrast, the virgin powder 
exhibited a longer duration before reaching its peak energy, suggesting a more gradual 
energy buildup. The peak occurred at ~2.99 s, with a slightly lower maximum energy of 5698 
mJ/kg. The extended duration before reaching this peak suggests that the virgin powder may 
have more consistent flow behavior, potentially contributing to a more uniform and 
controlled layering process in binder jetting. The comparison between the two powders 
showed that the used powder, with its shorter avalanche duration and higher peak energy, 
may be subjected to a more abrupt packing process [58]. This could lead to challenges in 
achieving uniform layer density. The virgin powder, with its longer duration and controlled 
peak, may enable more reliable layer formation, which is beneficial for the structural 
integrity and dimensional accuracy of the printed parts. 

 
Figure 3. Cumulative distribution function (CDF) of (A) avalanche energy, (B) avalanche angle, (C) break energy, 
(D) surface fractal dimension, (E) avalanche spectrum (time vs total avalanche energy), and (F) exemplary 
snapshot illustrating powder behavior in rotating drum. Reported values in Table 1 was the analysis performed 
by the software. 

 

3.2. Surface topology of binder jetted parts 
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Figure 4 illustrates the surface topography and roughness measurements of the green 
parts. Visual examination of the green part (see Figure 4(A)) using virgin powder revealed a 
series of uniform valleys, spaced at an interval of ~200 μm, resulting from the impact of 
binder jet droplets on the powder bed [35]. These orderly formations became more evident 
under higher magnification, as seen in the heat map micrographs (Figure 4(B)). Conversely, 
the green part manufactured with used powder displayed a less distinct topographical 
pattern when observed at low magnification, with scattered large-sized particles causing 
surface irregularity. High-magnification heat map micrographs in Figure 4(B) supported this 
finding, showing dispersed circular hot spots and barely visible print lines. 

 
Figure 4. (A) Optical micrographs, (B) surface topography, and (C) optical profilometry plots showing 
roughness profile of the binder jetted green parts manufactured using virgin and used powders. 
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The calculations resulted in a mean 𝑅𝑎 value of ~2.6 μm and an 𝑅𝑞 value of ~3.8 μm for 

the virgin powder, indicating a relatively smooth surface characteristic. Conversely, the used 
powder exhibited markedly higher roughness values, with a mean 𝑅𝑎 of ~7.1 μm and an 𝑅𝑞 

of 10.3 μm, reflective of a surface with more pronounced microscale variations. The used 
powder's heat map reveals a heterogenous color distribution, signifying a more varied 
surface topography as opposed to the uniformity observed in the virgin powder's heat map. 
The surface topology of binder jetted green parts with virgin and used powders revealed a 
correlation between roughness parameters and relative density. The smoother surface of 
virgin powder parts aligns with a higher relative density of ~55%, reflecting a more 
homogenous layering and reduced porosity with an initial level of ~0.45. This would suggest 
a denser packing of particles, which is conducive to better mechanical bonding and structural 
consistency, essential for the integrity and dimensional accuracy of the final part. In contrast, 
the green parts produced with used powder, which exhibited a rougher surface with higher 
𝑅𝑎 and 𝑅𝑞 values, correspond to a lower relative density of ~48% and an increased pore level 

of ~0.52. This suggests that the surface irregularities and larger particle aggregates in used 
powder may disrupt layer adhesion and uniform particle distribution. The quantitative 
surface roughness analysis implied that the lower packing density of the used powder 
resulted in higher interaction depth and powder displacement on the surface of each layer, 
in agreement with in-situ observation by Parab et al. [18].  
 

3.3. Microstructure analysis 
The microstructural integrity of binder jetted samples, visible through optical 

micrographs and quantitatively analyzed via distribution of pore sizes and relative densities, 
is influenced by the feedstock type and the sintering temperatures applied, as depicted in 
Figure 5. At 1220 °C for 8 h, both used and virgin powder sintered samples demonstrated 
noticeable porosity. This was characterized by a high density of pores distributed throughout 
the matrix, with those in the used powder being more numerous and slightly larger, 
suggesting a wider span of pore sizes. Corresponding to these distributions, the relative 
densities of the samples are measured to be ~84.9% for used powder and ~89.0% for virgin 
powder, showing the higher pore associated with the former. With an increase in the 
sintering temperature to 1340 °C for 8 h, the optical micrographs revealed a decrease in pore 
number, yet maintaining a higher pore density in the used powder samples. This resulted in 
a significant enhancement in final part density, with relative densities reaching 87.3% for 
used powder and a notably higher 96.9% for virgin powder. Such densities align with the 
observed sharper peaks for virgin powder in the probability density functions, pointing to a 
homogeneity in smaller pore sizes, while the extended distribution tail for the used powder 
indicates the inclusion of larger pores. 

At the higher sintering temperature of 1370 °C for 8 h, the micrographs showed a 
continued densification process. The used powder samples maintained a higher pore density 
compared to the near-full density of virgin powder samples, which was reflected in their 
relative densities of 94. 7% and 99.2%, respectively. In the sintered specimen printed with 
virgin powder, a small amount of δ-ferrite phase can be seen within the microstructure. The 
micrographs correlate with the pore size distributions, where the used powder 
predominantly displayed retention of smaller pores, and the virgin powder exhibited a 
notably uniform distribution of pore sizes, primarily at the lower end of the spectrum. The 
trend continues at the peak temperature of 1400 °C for 8 h, as evidenced by the micrographs 
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that show an almost fully dense structure for both used and virgin powder binder jetted 
samples, with minimal and infrequent pores and  δ-ferrite phase [35,59,60]. This was further 
confirmed by relative densities which were measured at ~99.9% for powders. Despite this 
high density, the used powder samples showed to some extent irregular distribution of pore 
sizes, suggesting a mix of different pore sizes. In contrast, virgin powder maintains a 
consistent distribution of predominantly smaller pores. 

 
Figure 5. (A) Optical micrographs and (B) probability density function (PDF) plots depicting the pore 
characteristics of samples fabricated by binder jetting with used and virgin feedstocks, sintered at temperatures 
ranging from 1220 °C to 1400 °C, showing the interplay between sintering parameters and the resultant pore 
structure. Arrows show areas in which delt-ferrite appear at the grain boundaries. 

 

The EBSD micrographs in Figure 6 illustrate the evolution of pore elimination and grain 
growth after sintering of the binder jetted 316L SS across various sintering temperatures 
with dwell time of 8 h. At 1220 °C, the used powder samples showed a refined microstructure 
with small, uniformly distributed grains indicative of minimal grain growth and densification. 
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The virgin powder samples, while still refined, showed slightly larger grains, associated with 
higher green density and lower pore fraction in the green part. The necking process occurred 
more rapidly in the binder jetted parts using the virgin powder, initiating grain coarsening at 
temperatures as low as 1220 °C. Pore counts were higher with more varied pore sizes in the 
samples printed from the used powder, with notable amounts available at grain boundaries, 
compared to the more homogenous distribution and reduced pore fraction in the 
manufactured parts from the virgin powder. Progressing to 1340 °C, both sample types 
demonstrated grain growth, yet the used powder samples retained higher pore fraction with 
irregular shapes, contrasting with the virgin samples’ trend towards densification and more 
regular pore morphology. At 1370 °C, the grain growth in manufactured samples from the 
used powder were diverse, indicating a non-uniform grain structure. Pore continued to 
diminish, becoming more regular in shape, and primarily located at grain boundaries, 
suggesting improved densification yet not achieving the density of fabricated samples with 
virgin powder. Conversely, the virgin powder samples presented a more uniform grain 
structure with minimal pore. Phase analysis revealed the dominance of the austenitic phase 
in both powder conditions with no signs of δ-ferrite phase at the grain boundaries. At the 
peak temperature of 1400 °C, both used and virgin powder samples achieved near-full 
density (relative bulk density of 99.9%). The phase map showed the presence of δ-ferrite at 
grain boundaries in both powder conditions, with a quantified area fraction of <2%. 

 
Figure 6. EBSD data sets of the binder jetted 316L SS manufactured with (A) used and (B) virgin feedstock, 
sintered at 1220 °C-1400 °C for 8 h. Each group of micrographs displays (left) band contrast, (middle) inverse 
pole figure Y (IPFY), and (right) phase map on Z-direction sections. 

 

Figure 7(A) represents the results of the grain size distribution analysis obtained from 
EBSD data for the parts binder jetted with virgin and used powders. At 1220 °C, used powders 
showed a mean grain size of 19.1 μm, closely aligning with the virgin powders which had a 
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mean of 20.2 μm. The similarity in these values suggested a consistent grain size in the used 
powders, as highlighted by a narrower standard deviation of 8.8 μm, compared to 10.9 μm 
for the virgin samples. Both distributions were right-skewed, with the used powders having 
slightly more pronounced peaks, indicated by skewness values of 1.32 for used and 1.26 for 
virgin powders, and kurtosis values of 2.25 and 2.03, respectively. The right-skewness 
suggested a larger number of smaller grains, while the kurtosis values indicated the presence 
of heavier tails in the distribution. Moving to 1340 °C, a more pronounced difference in grain 
size distribution was observed. The used powders exhibited mean grain sizes of 38.0 μm, 
while the virgin powders had a mean grain size of 47.4 μm. Specifically, the distribution for 
the virgin powder hinted at bimodality, suggesting the presence of two distinct populations 
of grain sizes, which could indicate varying stages of densification or grain growth. The wider 
standard deviation in the virgin powders (26.4 μm) compared to the used powders (21.7 μm) 
represented a broader range of grain sizes. The skewness values of 0.90 for used and 0.62 for 
virgin powders, coupled with kurtosis values of 0.73 and -0.62, reinforce the right-skewed 
nature of the distribution, with virgin powders showing a less peaked, flatter distribution. 

At 1370 °C and 1400 °C, the analysis mirrored these trends. The used powders at 1370 
°C showed a mean grain size of 55.5 μm, close to the virgin powders with a mean of 57.0 μm. 
At 1400 °C, the used powders exhibited a mean grain size of 57.0 μm, while virgin powders 
had a mean grain size of 61.6 μm. The standard deviations at these temperatures indicated a 
more significant spread in the virgin powders. Skewness and kurtosis values consistently 
showed a right-skewed distribution, with the used powders exhibiting less pronounced 
peaks compared to the virgin powders. The percentile values (10th, 50th, 90th) across all 
temperatures revealed a consistently higher proportion of larger grains in the virgin 
powders, especially evident in the 90th percentile values. This observation is crucial as it 
indicated a higher likelihood of larger grains in virgin powders, which might influence the 
material properties and the performance of binder jetted 316L SS parts. 

Grain size evolution data is being used in determining sintering stress and viscosity in 
analytical modeling. To analyze this, the study utilized data from our previous study [57] 
where isothermal sintering was conducted at 1220, 1340, 1370, and 1400 °C, with eight 
different dwell times ranging from 0 to 8 h. The mean grain size obtained from EBSD data 
revealed the trends. The initial grain size was set as the mean powder size, following the 
recommendation by Jiang and Ning [32]. At 1220 °C, grain growth is minimal, indicative of 
slower kinetic processes due to the lower thermal energy. As the temperature increases to 
1340 °C and 1370 °C, there is a notable increase in grain size, suggesting enhanced atomic 
diffusion and boundary migration, a clear shift to final stage of sintering. The most 
pronounced grain growth is observed at 1400 °C. These increments in grain size at higher 
temperatures are consistent with anticipated sintering behavior, where increased 
temperatures accelerate diffusion processes, leading to more significant grain growth. This 
pattern highlighted the material's thermal response, transitioning from restrained to active 
sintering with the increase in temperature [32–34,57].  

In addition, the EBSD data sets revealed trends in grain boundary twinning (high angle 
grain boundaries, >5°) across different sintering temperatures for both binder jetted parts 
with used and virgin 316L SS powders. This phenomenon, indicative of certain modes of 
grain boundary movement and deformation. At 1220 °C, the percentage of twin boundaries 
in used powder was recorded at ~37%, while the virgin powder exhibited a slightly higher 
twinning fraction at ~44%. This difference suggests that the microstructural evolution in the 
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virgin powders might be more conducive to twinning, possibly due to their initial 
microstructural state or differences in the grain boundary configurations affected by the 
initial green density. At 1340 °C, the used powders showed a modest increase in twinning to 
~41%, whereas the virgin powders demonstrated a slight increase to ~45%. The closer 
twinning percentages at this temperature indicated a convergence in the microstructural 
characteristics of the used and virgin powders, potentially due to the temperature-induced 
homogenization of the grain boundary structures. At 1370 °C, the trend in twinning showed 
a slight divergence again, with the used powders displaying ~41% and the virgin powders 
showing a minor decrease to ~44%. This divergence could reflect the differences in the 
thermally activated mechanisms governing grain boundary movement and twinning in the 
two powder types. Reaching the peak sintering temperature of 1400 °C, both used and virgin 
powders exhibited a decrease in twinning, recording ~36% and ~39%, respectively. This 
trend at the highest temperature suggests that intensified grain growth may restrict new 
twin formation and alter existing grain boundaries.  
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Figure 7. Analysis of grain size in binder jetted samples: (A) PDF and CDF graphs, (B) evolution of grain size, 
and (C) proportion of grain boundaries with twinning; using both used and virgin powders and sintered at 
temperatures from 1220 °C to 1400 °C for 8 h. 

3.4. Analytical modeling 
An essential step involves post-processing the experimental raw data to model the 

sintering behavior. The relative green density of the binder-jetted specimens was 57±0.5% 
for the virgin powder and 48.0±1.0% for the used powder. Both values were lower than the 
powder tap density of 62.0% for the virgin powder and 59.7% for the used powder. The plots 
of strain, also known as shrinkage, against time for each sintering condition are shown in 
Figure 8, indicating the evolution of strain in the X, Y, and Z directions during the sintering of 
binder jetted 316L SS parts. Also, the measured values by caliper were compared with the 
processed images and results were summarized in Table 2. Since two samples were sintered 
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for each condition, two values of X (named X1 and X2) are generated from in-situ imaging of 
XZ and XY planes, respectively.  

 

Different stages of the sintering process can be observed from the plots in Figure 8: (1) 
Initial expansion where the part undergoes expansion is seen during the temperature 
increase up to 922 °C, particularly in the early section of the plot, (2) Onset of shrinkage where 
the strain values start to decrease and enter negative values, indicating the material is 
shrinking. It is seen when temperature increases from 922 °C and reaches the applied 
isothermal sintering temperature, the rate of shrinkage is maximum. (3) Reduced rate of 
strain changes during the isothermal sintering condition, which tends to slow down. (4) A 
slight changes in dimensions during cooling phase suggesting shrinkage proceeds upon 
cooling from the applied isothermal sintering temperature to the room temperature. 

The initial expansion stage of the sintering process is characterized by an appreciable 
increase in strain across all axes, signifying material expansion. This phase is prominently 
observed in the early sections of the plots, where the average maximum expansions reach 
1.4% in the X1 direction, 1.2% in the X2 direction, 0.7% in the Y direction, and 0.7% in the Z 
direction. These expansions occurred at an average associated temperature of ~922 °C, 
indicative of the material's thermal response during the initial heating phase. The observed 
expansion was also reported by Rios et al. [28] using the dilatometry experiment on binder 
jetted 316L SS.  With the onset of shrinkage, the second stage started as material expansion 
ended. At the end point of this stage, for instanse at 1220 °C, the shrinkage in the used powder 
averaged at 5.1±0.4%, while the virgin material showed an average shrinkage of 5.6±0.7%. 
As the sintering temperature increased to a higher isothermal sintering temperatures 
including 1340 °C, 1370 °C, and 1400 °C, the average shrinkage values were 9.5±0.7%, 
10.7±0.7%, and 14.0±0.5% for the used powder, and 8.3±1.0%, 10.2±1.4%, and 12.0±1.0% 
for the virgin powder, respectively. This data revealed a trend of increasing average 
shrinkage with temperature, with the used powder showing a notably higher average 
shrinkage at 1400 °C. Concurrent with the observed shrinkage, the second stage also 
displayed an increasing trend in average strain rate with rising sintering temperatures, 
moving from ~4.85×10-4 min-1 at 1220 °C to ~8.90×10-4 min-1 at 1400 °C.  

The third stage, occurring during the isothermal sintering phase, was distinguished by 
a lower strain rate compared to the second stage, with shrinkage changes shifting towards a 
more plateau-like condition, especially at elevated sintering temperatures (e.g., ≥ 1370 °C). 
Notably, in the initial 30 min of the isothermal phase at 1370 °C and 1400 °C, a transitional 
stage was observed with an excessive strain rate as the temperature reached its maximum, 
revolving towards plateau behavior, particularly in the Z axis, where maximum shrinkage 
was detected. Such a high strain rate was also recorded in a study by Jiang and Ning in [32] 
as the sintering happened at temperature of ~1380 °C, and also similar gradual reduction in 
strain was observed in stage 3 as progressing in holding period. The anisotropy in shrinkage 
was more pronounced in the virgin powder, with the Y axis generally lagging behind the X 
and Z axes in terms of maximum shrinkage.  

In the final stage, the strain rate slightly increased compared to the end point of the 
third stage, with a decrease in anisotropy in shrinkage, particularly between the X and Z axes. 
For 1220 °C (used powder), the shrinkage (seen at the end of the in-situ imaging) was 
relatively uniform across all axes, 15.6%, 15.4%, and 15.5% in X, Y, and Z directions, 
respectively. In contrast, for the 1220 °C virgin powder, the shrinkage values were 14.4%, 
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13.7%, and 15.0% in the X, Y, and Z directions. The used powder showed slightly higher 
shrinkage with less variability compared to the virgin powder. At higher temperatures, the 
shrinkage trends varied more distinctly. For the 1340 °C used powder, the shrinkage was 
18.2%, 16.7%, and 19.9% in the X, Y, and Z directions, respectively, while the virgin powder 
showed 13.8%, 12.5%, and 15.4% in the respective directions. At 1370 °C, the used powder 
exhibited shrinkages of 18.9%, 18.7%, and 20.9%, compared to 16.3%, 15.5%, and 18.1% for 
the virgin powder, in the X, Y, and Z directions, respectively. The most significant differences 
were observed at 1400 °C, where the used powder experienced shrinkages of 21.5%, 21.2%, 
and 23.2%, in contrast to 18.9%, 18.1%, and 20.3% in the virgin powder, X, Y, and Z 
directions, respectively. Overall, at these three temperatures, the used powder consistently 
exhibited higher shrinkage across all axes than the virgin powder, with the most significant 
difference observed in the Z direction, which implies anisotropy in densification of binder 
jetted materials. All these values were based on the image processing and strain in three 
dimensions. Results were summarized in Table 2 and compared with actual measurement on 
samples using caliper. A higher strain or shrinkage in measurements using caliper compared 
to image processing was associated with the fact that image processing was conducted upon 
cooling up to ~650 °C. Below this temperature, imaging was stopped due to decreased 
brightness, and it was not possible to capture images. Thus, the sample continued shrinking 
for an additional ~1% to room temperature. 

Relevant to these observations is the study of sintering anisotropy through dilatometry 
analysis, which highlighted that the sintering shrinkage and strain rate are greater in the 
building direction (Z-axis) of the 3D printed parts compared to other directions [32,61]. This 
behavior signifies the trends observed in the current study, especially in the pronounced 
shrinkage along the Z-axis, resulting from higher porosity in interlayer space in the powder 
bed systems associated with the interactions between powder and binder leading to the 
displacement of powder up to a certain depth in each discrete layer [18] as well as 
gravitational force induced at Z-axis [32]. Researchers were reported similar anisotropy in 
sharinkage for different materials such as nickel alloys [29,36], 316L SS [35,62], 17-4 PH SS 
[31] and copper [63].  In any cases of these materials, microstructure analysis of the densified 
samples sintered at low temperature showed large areas of pores between the printed layers, 
which were related to the in-process layer defect generation leading to higher shrinkage in 
Z-direction. To minimize this issue, higher powder packing density and pre-wetting the 
surface could minimize powder agglomeration, ejection and interaction depth [19]. 
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Figure 8. Results of the strain evolution from the in-situ imaging of sintering process of the binder jetted 316L 
SS using virgin and used powder. Sintering was conducted at (A) 1220 °C, (B) 1340 °C, (C) 1370 °C, (D) 1400 °C. 
An exemplary labeled regions in “A and used powder” denote (1) initial expansion, (2) Onset of shrinkage, (3) 
Reduced rate of strain change, and (4) Changes during cooling phase. 
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Table 2. Strain and relative density results from measurements after sintering experiments. 

Sintering 
condition 

Powder 
𝜀𝑥_[%] 𝜀𝑦_[%] 𝜀𝑧_[%] 

Sintered 
density [%] Caliper 

Image 
processing 

Caliper 
Image 

processing 
Caliper 

Image 
processing 

1220 ℃-8 h 
Used -15.7 -15.6 -15.8 -15.4 -16.8 -15.5 84.9 

Virgin -14.1 -14.4 -14.4 -13.7 -15.5 -15.0 89.0 

1340 ℃-8 h 
Used -18.4 -18.2 -17.9 -16.7 -19.6 -19.9 87.3 

Virgin -15.0 -13.8 -14.3 -12.5 -16.8 -15.4 96.9 

1370 ℃-8 h 
Used -19.9 -18.9 -19.5 -18.7 -22.4 -20.9 94.7 

Virgin -16.8 -16.3 -16.5 -15.5 -19.8 -18.1 98.5 

1400 ℃-8 h 
Used -22.5 -21.5 -22.1 -21.2 -24.3 -23.2 99.9 

Virgin -19.1 -18.9 -18.8 -18.1 -21.8 -20.3 99.9 

 
Figure 9(A-D) illustrates the evolution of pore fraction upon densification at different 

temperatures. The initial pore fraction, essential for analytical modeling under the mass 
conservation law, was assessed based on the pore level of the brown parts (which was after 
binder burnout step). The final porosity was determined from the solid volume fraction in 
optical micrographs shown in Figure 5(A). Four distinct stages of evolution of pore fraction 
were identified during densification, with minor variations between the two orientations 
(X1YZ and X2YZ) for both powder types. 

In stage Ι, the pore fraction of the green part remained unchanged up to the binder 
burnout ot debinding stage. After this period, the brown part began to gradually expand, 
reaching its maximum value at ~922 °C. This maximum pore fraction was ~53% for parts 
made with used powder and ~47% for those with virgin powder, an increase from the pore 
fraction measured in the brown part (~52% and 45%, respectively). This would be 
associated with binder removal, leaving voids behind in the preform structure. Stage II was 
associated with significant reduction in porosity, occurring as the temperature rose from 
~922 °C to the initial peak of the maximum sintering temperature. This remarkable reduction 
in pores in this stage was also reported by [32]. Stage III was marked by a slower rate of pore 
reduction compared to Stage II. At 1220 °C and 1340 °C, the rate of pore fraction reduction 
gradually decreased during the hold time, although the overall trend was steeper compared 
to 1370 °C and 1400 °C. However, at 1370 °C and 1400 °C, the highest rate of pore reduction 
occurred within the first hour of sintering at the maximum temperature, before significantly 
leveling off until the end of the dwell period. It was propounded that the enhanced 
densification rate could be associated with the formation of δ-ferrite with BCC crystal 
structure which has higher diffusion coefficient compared to asutenite with FCC phase. This 
same behavior has been many times observed previously in [28,42,64–67]. Stage III is mostly 
governed by grain growth as presence of pores was reduced and grain coarsening rate 
increased [28,68]. In Stage IV, following the hold period at the maximum sintering 
temperature, the trend of pore reduction persisted downwards, leading to the lowest level of 
porosity after cooling. No significant difference in the rate of pore reduction was observed at 
1220 °C and 1340 °C; however, at 1370 °C and 1400 °C, the rate of decrease was more 
pronounced compared to Stage III, which was related to the reduction of diffusion pathways 
caused by grain coarsening thus made the sintering shrinkage rate slow down greatly 
[32,65]. The lowest porosity levels achieved after sintering were ~22% and ~15% at 1220 
°C, ~17% and ~11% at 1340 °C, ~10% and ~7% 1370 °C, and ~3% and ~1% at 1400 °C for 
parts manufactured using used and virgin feedstock, respectively.  
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To monitor the evolution of the porosity difference between parts made with used and 
virgin powder over time, Figure 9(E) was plotted. From the binder burn-out stage to the 
initial peak of maximum temperature, an increasing trend in the porosity difference between 
the used and virgin parts was observed, reaching its maximum around the initial peak of 
maximum temperature. This maximum difference in pore fraction was ~9% across all 
sintering temperatures. At 1220 °C, a moderate slowdown in this discrepancy was noted as 
sintering advanced during the dwell period; however, at 1340 °C and beyond, a rapid 
reduction in this difference occurred, reaching its minimum and stabilized thereafter. As the 
sintering temperature increased, the discrepancy decreased. 

 
Figure 9. Evolution of porosity in binder jetted 316L SS manufactured with the used and virgin powder over 
sintering temperatures of (A) 1220 °C, (B) 1340 °C, (C) 1370 °C, and (D) 1400 °C for 8 h, and (E) the comparative 
evolution of porosity differences between parts made with used and virgin powder. 
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Solving for anisotropic viscosity (𝜂𝑥, 𝜂𝑦, and 𝜂𝑧) reveals the viscous behavior of the cubic 

sample, providing the inputs for the numerical modeling such as finite element simulation 
[32]. As depicted in Figure 10, the viscosities across the X, Y, and Z directions, corresponding 
to sintering temperatures ranging from 1220 °C to 1400 °C, reveal significant insights for 
binder jetted 316L SS using both used and virgin feedstock. Regression analysis (with 
R2>95%) indicates a consistent decrease in viscosity with increasing sintering temperatures 
across all conditions, representing a reduction in the material's resistance to flow under 
applied sintering stress as the sintering temperature is elevated. At lower sintering 
temperatures, the disparity in viscosity for components fabricated with used versus virgin 
powder becomes more pronounced. This trend aligns with the observed variations in 
viscosity among different directions, where discrepancies between 𝜂𝑥, 𝜂𝑦, and 𝜂𝑧 intensify as 

the sintering temperature decreases. Notably, at elevated sintering temperatures (1370 °C 
and 1400 °C), where densification approaches it final stage and pore closure is predominant, 
the viscosity differences in parts produced by used and virgin powders minimized, indicating 
a convergence towards uniform material behavior. It is noteworthy that lower 𝜂 values 
would typically lead to larger shape distortions [28]. 

Above 1370 °C, the slop of the fitted curves changed in Figure 10, indicative of phase 
transformation, thus, lower viscosity at the maximum applied sintering temperature of 1400 
°C. Formation temperature and fraction of δ-ferrite as well as the presence of a liquid phase 
significantly influence material diffusivity, both of which are affected by the carbon and 
oxygen contents, influenced by binder saturation, binder burnout steps, and the residual C/O 
residue on the powder particle surfaces prior to densification at maximum applied 
temperatures [35,57,65,69]. The EBSD phase maps in Figure 6 showed no evidence of δ-
ferrite up to the applied sintering temperature of 1370 °C, while at the maximum applied 
temperature of 1400 °C, a small fraction of δ-ferrite was observed at the grain boundaries. 
Typically, the formation of δ-ferrite at the grains leads to the creation of new grain 
boundaries, thereby enhancing the densification process. Additionally, a small fraction of the 
liquid phase facilitates pore filling and the achievement of full density. Rios et al. [70] noted 
that the formation of δ-ferrite reduced viscosity, enhancing materials diffusion and 
densification, thus leading to changes in material viscosity at a higher rate. 

This behavioral trend is indicative of the complex interplay between sintering 
temperature and the feedstock's condition and resultant green density of the binder jetted 
samples on the viscous flow properties. The observed reduction in viscosity with increasing 
sintering temperature can also be attributed to enhanced particle coalescence and pore 
reduction, facilitating smoother flow under stress. Conversely, the increased viscosity 
discrepancies at lower temperatures for used versus virgin powder highlight the impact of 
feedstock condition on sintering dynamics. Parts manufactured using used powder exhibited 
altered particle size distribution and powder flowability, attributable to their recycling 
history. Furthermore, the distinct viscosity values across different axes (𝜂𝑥, 𝜂𝑦, and 𝜂𝑧) at 

lower temperatures emphasise the anisotropic nature of material flow during the sintering 
process of binder jetted specimens. This anisotropy, more pronounced at lower sintering 
temperatures, suggested directional dependencies in particle rearrangement and 
densification behavior, which are critical considerations for optimizing sintering protocols 
and predicting final part properties. As shown in previous investigations [18,29,71], the 
rearrangement of particles during binder-powder interaction alters the packing density of 
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the powder bed and creates voids in the area where the binder is deposited. This effect is 
particularly noticeable in the build direction, leading to increased shrinkage in the Z 
direction. Additionally, observations of the topology in Figure 4 indicated sequential height 
changes in the X direction, attributed to the ballistic effect during binder deposition. 
Therefore, the viscosity in three dimensions is in the order of 𝜂𝑦 >  𝜂𝑥  >  𝜂𝑧. The 

relationship between lower viscosity values and the potential for increased shape 
distortions, as highlighted in the literature [32–34,69], emphasizes the importance of 
understanding and controlling viscosity during sintering to mitigate manufacturing defects 
and achieve desired geometrical accuracies. These insights underscore the crucial role of 
sintering temperature and feedstock in dictating the viscous flow behavior of binder jetted 
316L SS, with significant implications for the optimization of manufacturing processes and 
the quality of the final parts. 

 

 
Figure 10. Calculated viscosity of the binder jetted 316L SS utilizing used and virgin feedstock. 

 
Figure 11 presents the relationship between shear and bulk viscosity in relation to 

porosity for binder jetted parts made from both used and virgin powder, across a range of 
sintering temperatures, from 1220 °C to 1400 °C. This analysis reveals distinct patterns in 
viscosity behavior: as porosity diminishes, both shear and bulk viscosity values exhibit an 
increase. However, the nature of this increase diverges between the two types of viscosity. 
Bulk viscosity demonstrates an exponential rise as pore fraction decreases, highlighting a 
pronounced sensitivity to pore changes. In contrast, shear viscosity follows a linear trajectory 
of increase, suggesting a more uniform adjustment to reductions in porosity. At the lower 
sintering temperature of 1220 °C, a substantial discrepancy is observed in the viscosity 
values of parts produced with used versus virgin feedstock, representing the significant 
impact of feedstock and resultant relative green densities on viscosity behavior. As the 
sintering temperature increased to 1340 °C and 1370 °C, this disparity obviously diminished, 
leading to a convergence in viscosity values between parts made from used and virgin 
powder. This trend suggests that increasing sintering temperatures facilitate microstructure 
homogenization and therefore uniformity in material properties, regardless of the initial 
state of the powder and the relative green densities. By the time the sintering temperature 
reached 1400 °C, differences in viscosity between parts made from used and virgin powder 
virtually vanish, indicating a near-complete alignment in material behavior. This uniformity 
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extends across different axes, signifying that at this elevated temperature, the influence of 
pore fraction and strain rates on viscosity becomes uniformly distributed.  

 

 
Figure 11. Calculated bulk and shear viscosity during the sintering process of the binder jetted 316L SS utilizing 
used and virgin feedstock. Sintering was conducted at (A) 1220 °C, (B) 1340 °C, (C) 1370 °C, (D) 1400 °C. 
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4. Conclusion 
The study comprehensively examined the intermediate and final stages of sintering in 

binder jetted parts fabricated using both virgin and used powders, employing a combination 
of experimental methods and continuum theory of sintering. The following concluding 
remarks were made: 

• Virgin powder showed a particle size distribution (PSD) of 3.3-18.0 μm and an 
avalanche angle of 47.4°, with C, O, and N concentrations of 0.025, 0.129, and 0.113 
wt.%, respectively. In comparison, the used powder exhibited a PSD of 5.2-19.6 μm, 
an avalanche angle of 43.4°, with C, O, and N concentrations of 0.029, 0.141, and 
0.121 wt.%, respectively. 

• Changes in powder characteristics influenced the powder packing density. The 
green part density of binder jetted components made from virgin powder was 55%, 
which decreased to 48% for those made from used powder. Surface topology 
observations indicated a smoother surface finish using virgin powder (Ra = 2.6 μm) 
compared to used powder (Ra = 7.1 μm). 

• Microstructure and pore analysis showed that densification occurred more rapidly 
in parts binder jetted with virgin powder at temperatures ≤1370 °C. However, a 
maximum relative density of 99.9% was achieved in any specimen sintered at 1400 
°C, associated with supersolidus liquid phase sintering. Significant grain growth, up 
to ~60 µm, was particularly noted at higher sintering temperatures of 1400 °C with 
a holding time of 8 h. Electron backscattered diffraction micrographs indicated up 
to 5% higher twin boundaries in sintered parts printed from virgin powder. 

• Using in-situ monitoring, different stages of the sintering process were identified, 
including (1) initial expansion up to 920 °C, (2) onset of shrinkage between 920 °C 
and the isothermal sintering temperature, (3) reduced rate of strain changes during 
isothermal sintering, and (4) slight shrinkage during the cooling to room 
temperature. This information, extracted through image processing of in-process 
monitoring observations, was used as input for analytical modeling of sintering and 
porosity predictions at any holding time. 

• By leveraging in-process imaging and experimental data on grain size, the shear and 
bulk viscosities of the material were determined as ηy > ηx > ηz. The calculated 
viscosities indicated higher shear and bulk viscosities in sintered parts made from 
used powders. At a sintering temperature of 1400 °C, differences in viscosity 
between parts made from used and virgin powder disappeared, indicating 
homogenous, pore-free parts were achieved. 
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