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Abstract

Material extrusion additive manufacturing (MEAM) is a common family of additive manufacturing processes
based on the selective extrusion of a molten material-in layers to build solid geometry. One of the emerging
processes within this group is powder material extrusion (PME); in theory, it is based on the very common
material extrusion (per ISO/ASTM 52900) process but uses modified hardware and design approaches to extrude
feedstock consisting of metal or ceramic powder suspended within a thermoplastic matrix. The percentage of
powder can vary from around 50% up to over 90%, making PME a feasible alternative to powder injection
molding (PIM), some powder bed fusion (PBF) additive processes, and some powder metallurgy (PM) processes
due to its very low cost, simple processing equipment, lack of industrial hazards, and lack of residual stresses.
The produced parts are green, similar to what is obtained when using PIM, some PBF, and PM, and require
debinding and sintering in order to be useful in practice. Much remains in development about how to properly use
and design PME parts, including filament making, process steps, binder selection, debinding method, sintering
approach, and characterization of the final parts. In order to contribute to more widespread adoption of the
PME process for metals and ceramics, a comprehensive review of the literature on debinding processes relevant
to PME was completed and is reported in this article. This review presents the state-of-the-art, discussed some
useful and relevant approaches for the future from other manufacturing processes, and shines light on the needed
work in this area for the advancement of PME as an end-user manufacturing process. This work, combined
with knowledge of the sintering process, will provide a guide for future research and implementation of PME.

Keywords: Powder material extrusion (PME), metal additive manufacturing, ceramic additive manufacturing,
debinding and sintering, feedstock, powder-based manufacturing

Nomenclature
AM  Additive manufacturing
Brown Part after debinding and before sintering

Green Raw part before debinding
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PIM  Powder injection molding
PM Powder metallurgy

PME Powder material extrusion (used with metal, ceramic, and mixed powder)

1. Introduction

Powder material extrusion (PME) (Figure 1) is one of the processes within the material extrusion (as defined
by ISO/ASTM 52900) additive manufacturing (MEAM) family. It is similar in principle to the standard MEAM
process (often known as fused filament fabrication (FFF) or fused deposition modeling (FDM) in practice), but
uses modified hardware such as wear-resistant handling parts, larger-diameter steel extrusion dies, and pre-
heating devices for the filament to allow it to use very abrasive and brittle (Figure 2a) input filament. The raw
material for PME consists of a thermoplastic matrix with powdered metal, ceramic, or mixed metal/ceramic
material embedded [1-11]. This powder-based extrusion process is known by several names-in the literature, so
for consistency and simplicity, it will be referred to as powder material extrusion (PME) throughout this article.
Other variations exist which use a plunger or screw to extrude the material [1, 12], but these are rarely used.
In order to bind the scope of this article and allow more depth of analysis, only filament-based processing were
considered to be part of the core review. Texts discussing other AM-based processes and traditional powder
processes were included as references to demonstrate the presented concepts.
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Figure 1: PME workflow from basic ingredients to final part evaluation [13]. Figure reproduced under the terms of a CC-BY
license.

While metal-or ceramic-infused feedstocks have long been available for traditional MEAM, the amount of
powder embedded in the filament is usually very low (typically 5-10%) and its benefit is primarily cosmetic [14—
16]. The filaments used for PME is generally at least 50% powder and can be over 90% (for example, the
filaments and pellets available from The Virtual Foundry [17], BASF [18], and other sources [6, 19, 20]). Using
this feedstock, PME can produce parts that rival those produced using powder injection molding (PIM), powder-
bed fused additive processes such as selective laser sintering (SLS), and some powder metallurgy processes
(PM). When used for an appropriate application, processing of green parts using PME can provide a significant
reduction in cost, risk, and processing complexity, since the equipment used is relatively simple and low-cost,
does not require specialized tooling, and the final parts lack significant residual stresses [1, 4-6, 8, 21-28]. Thus
far in the literature, the vast majority of studies using PME have used stainless steel or titanium alloys as the
powder; a sampling of the other major materials that have been successfully processed as green parts using PME
are presented in Table 1; note that this is an illustrative but not exhaustive list. Figures 2b-d show examples
of PME feedstock filament with copper, stainless steel, and bronze powder.
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Table 1: Example successful green part printing studies using PME.

Powdered Material Example Successful Studies
Stainless steel (all alloys) [1, 7-10, 17, 28-38]
Titanium alloys [3-5, 17, 39, 40]
Aluminum alloys [17, 41, 42]

Copper alloys [17, 43-45]

Nickel alloys (17, 46]

Other iron-based alloys [13]

Ceramics [6, 47-54]

()

0.5mm

€3]

D20 x20k  30um D19 x20k  30um

Figure 2: (a) Example of broken PME filament from gentle bending, (b) example copper PME filament (90.1% powder) with
PLA binder, (c) example 316L stainless steel PME filament (85.2% powder) with PLA binder, (d) example bronze PME filament
(88.9% powder) with PLA binder, (e-f) stainless steel powder used for successful PME printing [3], and (g) example printed green
PME parts [3]. Figures (a)-(d) original to this article. Figures (e)-(g) from [3] and reproduced under CC-BY license terms. The
materials shown in panels (a)-(d) manufactured by The Virtual Foundry [17].

While the PME process is conceptually simple, a number of important considerations need to be made before
using the processto create end-user (i.e., ready for debinding and sintering) green parts. The most important of
these is the quality of the input material; unlike PIM and PM, the thermoplastic matrix and powder mixing must
be done well'in advance of the processing and the filament printed without further mixing or kneading (such as
would be done by an injection screw in PIM). Therefore, the quality of the feedstock filament (for both PME and
PIM) has a major impact on the quality of final part. Some of the areas where problems can occur include in the
ratio of matrix/binder material and powder, the homogeneity of the mixture, the quality of the raw materials,
and the size and consistency of the powder particles. The feedstock also needs to be handled and stored correctly
before use, as even high-quality material can be damaged and degrade due to bending, stretching, and material
creep at elevated temperatures and high humidity; this is especially an issue for materials where the binder has
a low glass transition temperature, as some can begin to creep and structurally degrade at temperatures as low
as 60°C [16, 33, 55-57]. PME filament (the same as for PIM feedstock) is also generally quite brittle, given the
high percentage of powder, necessitating even more care to avoid breakage and cracks in the feedstock. Final
parts made from damaged or degraded filament may have poor layer binding, sinks and cavities, poor surface
finish, and internal voids even after debinding and sintering [7, 16, 21, 22, 24, 33, 58, 59]. Due to the nature
of extrusion-based AM, internal defects in the part may not be detected until long after the printing and even
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after the part has been put in service.

Table 2: Example powder size and shape [60]

Powdered Material Powder Particle Shape Average Particle Size (um)
Yttria stabilized zirconia (YSZ) Irregular 0.6

Stainless steel (316L) Spherical 8.6

Stainless steel (17-4PH) Spherical 12.3

Titanium alloy (Ti6Al4V) Spherical 14.97

When using PME, it is assumed that the MEAM-related parameters (print temperature and speed, layer
adhesion, and other considerations) are properly tuned for the material at hand and so the green parts should
be good quality if the process is successful. From here, the successful debinding and sintering of the green parts
depend on the relative shrinkage of the elements containing the powder, as well as the uniformity of the powder
distribution throughout each element [31, 32, 61]. In addition to printing considerations, the quality of the
powder is also a concern, as the powder particles are not necessarily uniform in shape and large particles can
cause nozzle clogging. Particles with sharp edges can also cause stress concentrations within the green parts,
potentially initializing a crack. Some of the work done by C. Kukla and collaborators [3, 21, 22, 29, 30, 58, 60-62]
looked at the impact of powder size for PME; some results from successful prints are shown in Figure 2g and
Table 2. The standard available extrusion nozzles for PME range from 0.4 mm to 1.0 mm in diameter, so the
standard particle sizes shown in Table 2 should not interfere with printing.

1. Binder and 2. Filament 3. PME Green 4. Green Part S Sinterin
Powder Selection Manufacturing Part Printing Debinding ’ g

Figure 3: Major research areas for PME. This review focuses on (4) Green Part Debinding. Figure original to this article.

PME is a relatively new process that is very promising for manufacturing useful metal additive manufactured
parts. It is complementary with existing processes such as metal injection molding (PIM) and powder metallurgy
(PM). For it to be more widely used and implemented, research in five major areas is needed. Figure 3 shows
the five topics, beginning with binder and powder selection and ending with the final sintering (and any needed
post-processing) of the part. As shown in the literature discussed in this section, a significant amount of work
has been done in all of the areas, particularly in the first three. While more work is needed, enough has been
done to help guide useful application and design for the process. Relatively little has been done for debinding
and sintering. Since the sintering process is likely to be the same or very similar as that used for PIM and
PM, the focus of current research efforts should be the debinding. In order to establish the state-of-the-art
and explore the available debinding methods which may be relevant to PME, the current article explores these
methods and analyzes them for fitness and applicability to PME. It should be noted that not all of the explored
literature is directly on PME, but all present methods that may be applied to it under various circumstances.
A set of examples specifically for PME us presented for each of the major debinding methods.

This review is presented in sections, beginning with a description of the review approach and methodology
(Section 2). This section includes details about the literature search and acceptance/exclusion criteria for
included papers.-Section 3 discusses the production and selection of feedstock for PME, which provides technical
context for Section 4 on debinding processes. This is followed by a discussion on defects and process errors
related to debinding in Section 5. Finally, recommendations for implementation and future work are given in
Section 6 and Section 7.

2. Review Approach and Major Research Questions

This section provides a brief summary of the approach and selection method for the review presented in
this article. To begin the review, a set of approximately 50 relevant keywords were compiled by the authors,
which were then used to search for literature in Google Scholar, Scopus, ResearchGate, and the major AM,
manufacturing, and powder processing journals and international conference proceedings. A general Google
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search was completed as well to make sure no major relevant literature was missed. The reference lists of
each found paper were examined as well, which led to the addition of several papers missed during the initial
literature review. A set of unique papers was found, each of which were deemed relevant based on title and
abstract. The full texts of these were then collected, reviewed, and scanned for general relevance and credibility.
After careful screening and deep review, the final set of papers was decided on by the authors. Papers related to
PME directly were prioritized, but papers related to general AM, traditional MEAM, metal injection molding,
and powder metallurgy were also included if they fit within the scope of this article. Excluded from the final
set of papers were papers not in English, conference papers with a published journal version (where the journal
version was included in the final set), non-peer reviewed technical reports and lecture notes (with the exception
of those from The Virtual Foundry and BASF, which are widely referenced in this field), and papers published
in clearly predatory journals or unknown conferences. All the figures collected for the final version of the review
were used under the terms of a CC-BY license or reproduced with written permission from the copyright holder
(specifically Elsevier B.V. and John Wiley and Sons, Inc. for this article) per relevant copyright laws and
publishing norms. The major research questions explored in this review were:

1. What debinding methods have been used directly for PME in the reviewed literature?
2. What debinding methods have been used for other powder-based manufacturing processes (PIM, PM,
other AM processes) which are relevant or applicable for future uses with PME?

3. What are the basic mechanics of the reviewed debinding methods, including information about advantages
and disadvantages and best practices?

4. Can the debinding methods reviewed be directly compared witheach other, relative to their real or

potential use for PME?

How does the feedstock manufacturing process (both for filament and for pellets) affect the outcome?

What special considerations need to be made during feedstock manufacturing for PME?

What are the major needed future research directions for debinding of PME parts?

Given the collected technical and use-case information from this review and their technical expertise, what

future recommendations can be provided by the authors in this area?

® N oo

3. Overview of Feedstock Production

The binder system used to produce feedstock ready for PME and other processes typically consists of one or
more thermoplastic polymer components mixed together [3, 8, 21, 58, 63, 64]. The selection of binder components
and the production technique are important, as this can have a large influence on the final sintered parts, even if
completely removed during debinding [22]. In general, the binder components fall into three categories [20, 65]:

1. Main binder (50 — 90%): The main ingredient of the binder system is the polymer that is present in the
maximum amount and is first removed in the debinding stage. Generally, a material with low molecular
weight is selected so the lower viscosity will prevent interference with the powder and heavier components.

2. Backbone (Up to 50%): The second component is the backbone (which does not react during the
debinding process) that is utilized to hold together the brown part after debinding. The backbone is
thermally degraded before or during sintering.

3. Additives (Up to 10%): Additives such as dispersant agents, compatibilizers, plasticizers, waxes, and
stabilizers help the powder particles to disperse into the binder uniformly, preventing separation and
agglomeration of the components.

The backbone is typically a thermoplastic polymer; the selected backbone polymer enormously influences
not only the green processing of the feedstock in PME (and other processes) but also strongly influences the
final mechanical properties and dimensional accuracy of the sintered part [8, 9, 20, 65]. Examples of common
thermoplastics suitable for use as binders are shown in Table 3. Other specific ingredients of the binder systems
are tackifiers, waxes, and plasticizers. For example, to promote the adhesion with the former layer and create
flexibility in the filament in PME, and tackifier like hydrocarbon resin has been used [66]. On the other
hand, waxes such as partial crystalline polyolefine, paraffin, monotan, and carnauba have been utilized to
decrease viscosity and improve the stiffness of feedstock [8, 54, 67—69]. These materials not only promote
flowability (important in both PME and powder molding processes) but also should be easily eliminated in
the processing. These polymers also supply particle lubrication, improve tool life, promote particle packaging,
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Table 3: Common thermoplastic materials that are suitable for use as binders with the abbreviations used in this review and
discussion. The types of binders stated here were taken from the various papers reviewed for this article and cited in the reference
list.

Thermoplastic Abbreviation
Acrylonitrile butadiene styrene ABS
Dioctyl phthalate DOP
Dibutyl phthalate DBP
Polyolefin PO
Polyethylenes (high/low density) HDPE/LDPE
Polyethylene wax PEW
Polypropylene PP
Polymethyl methacrylate PMMA
Ethylene vinyl acetate EVA
Polyoxymethylene or polyacetal POM
Polyethylene glycol PEG
Ethylene acrylic acid EAA
Stearic acid SA
Nylon PA
Polylactic acid PLA
Thermoplastic elastomer (thermoplastic rubber) TPE
Paraffin wax PW
Styrene ethylene/butylene-ethylene copolymer SEBS

improve flow, and often boost the strength of the powder formed in the green part [70]. Careful manufacturing
of the feedstock helps to maximize the homogeneous. distribution of powder and binder during processing
(printing or molding, depending on the process used).  This encourages isotropic shrinkage during debinding and
sintering, which improves the quality of the final parts [20, 39, 65, 71]. Separation of the feedstock components
during processing can result in part distortion, uneven or excessive porosity, and cracks in the final sintered
parts [72]. Various techniques during feedstock preparation can help with this problem; some examples include
twin screw mixers [51], Z-blade mixers [47, 51, 65, 73], and twin-roll mixing mills [52]. For materials that tend
to agglomerate, a co-rotating screw mixer, followed by mechanical screening, can be very effective due to high
shear [53, 54].

Extruder Conveyor belt Haul-off unit Diameter measurement
Particle (white/spherical)
! distribution in
_L'} + ‘ fl _ binder (gray)
/ o—— 7..*-_,“%;_! -@
Spooling
device

Figure 4: (a) PME filament production process diagram [29] and (b) example green printed part with excellent powder distribu-
tion [74]. Panel (a) reproduced under terms of a CC-BY license and panel (b) © Elsevier B.V., reproduced with permission.

(a)

Some specific considerations are required when manufacturing filament for PME beyond what would be
required for molded parts or pellets. The main concerns are the heaviness, the relatively small filament diameter,
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and the increased brittleness due to the high powder content. The process starts off similarly to the regular
process for manufacturing MEAM filament, with the ingredients (powder plus binder components) being mixed
by a screw and driven to the die through several heating zones [6, 29, 40]; this mixing and processing is the
norm whether or not the ingredients are pre-mixed or not. Due to the properties of the binder and powder
mix, it is important to monitor the pressure via a rheometer [21, 61]. Normal MEAM filament can often be
spooled directly from the extruder die, but PME filament requires the use of a conveyor belt (similar to metal
extrusion) [6, 29, 32] before being carefully spooled in a way that does not damage the brittle filament (Figure 2a
and Figure 4a). In general, a pre-warmer [7, 17, 41, 43] is required to unspool the filament without breaking it.
Due to its properties and printing behavior, the filament must be subject to strict dimensional standards, both
in terms of diameter and ovality [27, 61, 62], where the ovality is defined as the difference between the diameter
in the horizontal direction and the diameter measured in the vertical direction. The correct diameter is an
essential parameter for selecting correct and effective flow rates during PME printing; inconsistency in diameter
can cause gaps in the print (which will be magnified during sintering) or over-flow which can waste material and
cause clogs and failed prints [22, 40, 47]. To avoid filament buckling and compression during printing, the force
transmitted from the wheels of the extruder drive to the filament must be adequately transmitted to the center
of the extrusion nozzle in the direction of melt flow, with the minimum loss. Rane et al. [74] noticed that with
increased powder content, the distribution of powder throughout the filament is more uniform and the surface
of filament transformed to be smooth, resulting in improved isotropy. Figure 4b shows an example of a printed
element with an excellent powder distribution.

4. Debinding Methods

4.1. Debinding Objectives

The primary objective of the debinding process is to remove the primary binding polymer components from
a part which is built using a powder or particles held together with a polymer binder. This removes as much
of the binder as possible, so effective particle welding can occur during sintering without interference from
impurities, particularly carbon residue [7, 48, 70, 75]. Since the backbone remains after debinding, the parts
do not disintegrate back into raw powder during the process.” Debinding is used in combination with a wide
variety of different manufacturing processes, such as PIM; PM, and PME to prepare these parts for sintering
and final use. A green part that has been manufactured-and then debinded, but not yet sintered, is known as
a brown part [7, 76]. The process used for debinding is specific to each combination of materials in the green
part, but will generally fall into one of four categories: Thermal debinding (using heat to remove the primary
binder) [70], solvent debinding (using a'solvent (usually organic solvents like heptane or hexane) to remove the
primary binder) [77], water debinding (removing the binder by dissolving and washing with water - a special
case of solvent debinding) [78], and catalytic debinding (removing the binder using a catalytic acid vapor) [79].
The choice of debinding method may be made after manufacturing of the parts or could be a consideration
during the feedstock manufacturing, where a specific debinding method can drive the composition of the binder.
As discussed later in this paper, all four debinding methods could be effectively applied to PME-manufactured
parts. The review found that three of them have already been applied widely and successfully.

4.2. Thermal Debinding

The most common and straight-forward method to remove the binder from parts is to melt or thermally
degrade it, especially when the binder is a thermoplastic polymer. During this process (Figure 5a), the part is
heated slowly and“in a pattern (for example, as shown in Figure 5b) appropriate for the material and binder
being used [70, 73, 80, 81]. A programmable furnace, such as the example shown in Figure 5c, is generally used
so that the needed thermal cycle can be accomplished with minimal supervision and interruption. To prevent
oxidation and other problems during debinding, the part must be isolated from the air; this may be done using
a shielding gas or burying the part in a refractory such as aluminum oxide (Al2O3), activated charcoal, or talc
powder [17, 70, 80-85], which is sometimes known as “wicking”. Care must be taken to avoid trapped gasses
or areas of binder that were not completely degraded during the debinding, as these can cause severe defects in
the part during sintering. This is especially an issue when debinding thick parts, so great care must be taken
to ensure full penetration of the heat into the part to remove the binder [7, 86, 87].

During the thermal process, the polymer binder is softened and then removed, so the (now brown) part
becomes more brittle and more subject to cracking and other defects [70, 82, 86, 87]. Thermal debinding is at
least partially dependent on thermal degradation, even in cases where part of the main binder can be melted



Pores

Figure 5: (a) Process diagram for thermal debinding, showing the various system components affected [80]. Panel (b) shows a
typical debinding thermal cycle [80]. An example of a typical debinding furnace is shown in Panel (c). Panels (a)-(b) (© John
Wiley and Sons, Inc., reproduced with permission. Panel (c) original to this article.

Table 4: Examples from the reviewed literature that used thermal debinding on parts made using PME. PTB = Proprietary

(=23
5

B w
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Temperature(C)
=3
s

Binders

Time(h)

thermoplastic binder (unspecified composition). SS indicates stainless steel alloys. See Table 3 for binder types.

Case Powders(s) Binder Powder % Debinding Process
Abe et al. [9] 17-4PH SS POM, PP, 60 Thermal debinding at 600°C in a nitrogen
PwW gas atmosphere for 2 hours.

Agarwala et al. [47, 88, 89]  SigNy PTB 55 Thermal debinding completed in two
stages, the first in an a nitrogen atmosphere
at 450°C and the second at 200°C in a bed
of activated charcoal.

Cerejo et al. [8] 316L SS POM, 60 Thermal debinding at 600°C (heat rate

TPE, 1°C/s) in a hydrogen atmosphere.
LDPE

Conzelmann et al. [90] AlxO2 EVA, SA 50 Thermal debinding in two steps, the first
one at 230°C for 8 hours and the second
at 1000°C for 2 hours. The samples were
buried in a PbZrO3/ZrO2 powder bed.

Kurose et al. [91] 316L SS POM, PW 60 Thermal debinding at 600°C in a nitrogen
atmosphere for 2 hours.

Mousapour et al. [92] 316L SS and high- PLA 83 Thermal debinding in an argon atmosphere

carbon steel at a heating rate of 1°C/min to 400° with
a 1 hour hold. Samples hung from a wire in
the furnace.

Renukaradhya [93] 316L SS PTB 83 Thermal debinding at 450°C in a hydrogen
atmosphere.

Riecker et al. [94] 316L SS PA, PLA 50 Thermal debinding at various tempera-
tures.

Sadaf et al. [95] 316L SS LDPE 65 Thermal debinding at 500°C in a hydrogen
atmosphere

Santos et al. [96] Copper PO, TPE 61 Thermal debinding at 500°C in an argon-
hydrogen atmosphere.

Terry [97] Copper PLA 90 Thermal debinding at 500°C for 4 hours in
an open furnace with sintering ballast to
prevent oxidation.

Wang et al. [98] 316L SS PE, SA 80 Thermal debinding at 200°C for 2 hours

and 425°C for 1 hour.

19 away. During thermal degradation, the most important considerations are the heating rate, the temperatures

20 at each milestone (e.g., Figure 5b), and the amount of time each temperature is maintained [70, 73, 80, 81, 85].

20 One of the most widely used method for tracking the progress of thermal degradation is the thermogravimetrical
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analysis (TGA) technique. The TGA method is described in Appendix A for interested readers. In decom-
position reactions, the mass of the reactants decreases and is often substituted by an increase in the mass of
solid output products. Therefore, TGA is based on the real-time total mass of the system as it changes during
thermal cycling (controlled heating or cooling). This mass can be obtained either as a function of temperature
change or as a function of time in a controlled environment [20, 39, 99-101]. Examples of successful thermal
debinding of parts made with PME from the reviewed literature are shown in Table 4. The reviewed papers
show that a range of ceramic and metal parts, with many different binders (Table 3) can be successfully prepared
for sintering using thermal debinding with only standard equipment.

4.8. Organic Solvent Debinding

In contrast to the relatively simple and straight-forward thermal debinding process, solvent debinding (Fig-
ure 6a) can be quite complex and require great attention to detail. While thermal debinding can be used
to prepare the part for sintering directly, solvent debinding usually requires the part to be debinded in two
steps, the first one to dissolve most of the binder and the second to thermally degrade the remaining polymers.
This heating step usually takes much less time than direct thermal debinding. Solvent debinding is more or
less effective than thermal debinding depending on the composition of the binder; some more complex binder
compositions may require the use of solvent debinding, as thermal debinding would not be able to properly
prepare the part for sintering. The solvent extraction rate is a dissolution and diffusion process. Therefore,
it is dependent on the temperature, time, and characteristics of the particles such as the shape, size, and dis-
tribution of the powder. Feedstocks designed for solvent debinding have at least two kinds of binders. The
initial binder, called the solvent binder, is eliminated from the inside of the part by the solvent, creating a
network of pores and inclusions that connect to each other [31, 102, 103]. Some of the solvents used in the
literature have been ethanol [104], cyclohexane [105], heptane [106], water-at different immersion times and
temperatures [60, 104, 106-108] (see next section on water debinding). The binder ingredient extracted by the
solvent must be attached to the compact surface. For‘adequate interconnectivity, the binder should have at
least 30% soluble ingredients. The amount of debinding relies upon molecular mobility, which is faster with
elevated temperatures and smaller solvent molecules [106, 109].
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Figure 6: (a) Schematic of the solvent debinding process [106], (b) an example of binder removal rate as a function of solvent
temperature [106], and (¢) example process steps for solvent debinding of PME parts in combination with a thermal process [22].
All panels reproduced under the terms of a CC-BY license.

Solvent debinding is generally faster than thermal debinding [106, 110], but is much slower than catalytic
debinding; however, the cost and environmental risk are much lower than seen with catalytic debinding [75, 108].
During solvent debinding, the temperature and immersion time of the parts inside the solvent are critical and
must be optimized to obtain the maximum density during sintering. In general, a higher immersion temperature
leads to a faster degradation of the binder [106, 111] (Figure 6b). However, care must be taken as it has been
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observed that immersion temperatures above 61°C decreases the green part density and leads to the swelling for
some materials; the high immersion temperature encourages the formation of larger pores between the powders
and the binder system in order to the decomposition of the polymer in the green part. Polymers pass through
empty space and soluble molecules enter into the debinded part [112]. The solvent liquid needs to be renewed
continuously to prevent part saturation [7]. Figure 6¢ shows the process steps for solvent debinding applied to
PME [22].

After the soluble binder component is removed from the part, sometimes it must be heated to remove the
backbone polymer while maintaining the geometry for sintering [36]. This thermal phase can be done in the
sintering furnace and is usually done at a temperature between 200°C and 600°C for 2-4 hours, which are high
enough to degrade the polymer without damaging the powdered metal or ceramic component [39, 103, 106, 110,
113]. Tt is vital that both binder components be removed as much as possible, as remaining binder can cause
swelling, cracking, and other problems during sintering [106, 112]. Parts with a low volume-to-surface area ratio
tend to work best for solvent debinding, due to the easier removal of the maximum amount of binder relative to
the time and energy required for debinding [110]. Mass loss of the binder (Mj,ss) is determined. [106, 114] as:

(M; — My)
M;
where M; is the mass of green part and My is the mass of brown part after debinding: By increasing the

degradation temperature, the percentage of the main body loss of the green compacts can be increased [106].
The solvent debinding rate can be described as:

H2
t=—1In (—VB >e(Q/KT) (2)

Mioss = x 100 (1)

g 1-¢
where t is the debinding time, H is the section thickness, T' is the temperature, Vg is the fraction of binder

to be removed, § is the binder solubility factor, ¢ is the factional solid loading, @ is the activation energy for
binder solution into the solvent, and K is the Boltzmann Constant.
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Figure 7: (a) Example binder loss curves for different material feedstocks, with examples of debinded material samples [60] and (b)
examples of hybrid metal-ceramic composite materials manufactured using PME and solvent debinded [6]. All panels reproduced
under the terms-of a CC-BY license.

A good example of the complete solvent debinding process applied for a single specific material with different
binder systems was presented by Cano et al. [27]. In this work, PME was done using zirconia powder. The
main binder system composed of a acrylic acid-grafted high-density polyethylene SCONA TPPE 2400 (AA-
HDPE, BYK-Chemie GmbH, Germany). The zirconia powder had a large surface area and a tendency to
agglomerate, so stearic acid was used as a second component (SA, Merck Schuchardt OHG, Germany) to promote
particle dispersion in the binder and prevent re-agglomeration. An amorphous polyolefin (APO) and a styrene
ethylene/butylene-ethylene copolymer (SEBS) were tested as single soluble components. The incorporation of
paraffin wax (PW) or extender oil (EO) as a second soluble component was also assessed. The binder system
containing SEBS and PW had the best ultimate tensile strength and secant modulus, a low viscosity. The
incorporation of zirconia powder boosted the viscosity, strength, and stiffness of the combination, while sharply
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reducing the flexibility (i.e., increasing the brittleness). While the formulations exclusively including SEBS had
the most favorable mechanical properties, the incorporation of PW as a low-viscosity and soluble ingredient
was essential to diminish the viscosity and the number of defects that are apparent after solvent debinding.
The filament made of SEBS/PW could be processed by PME and the printed parts had no visible defects after
debinding and pre-sintering. In the debinding step, specimens were immersed in pre-heated cyclohexane at 60°C
for 6 hours, with 12 ml of solvent per gram of binder. After 6 hours in the solvent, the specimens were dried in
the vacuum drying oven Binder VD 23 (Binder GmbH, Germany) at 80°C for at least 2 hours.

Table 5: Powders used for Kukla et al. [60] study in solvent debinding.

Powdered Material Particle Shape Particle Size (um) Powder Content (%) Abbreviation

316L Stainless Steel Spherical 6.05 55 SS
Ti6Al4V Spherical 14.97 55 Ti
NdFeB Irregular 28.29 55 Nd
SrFe12019 Irregular 1.35 55 SF
Zirconia Irregular 0.6 50 Zr

Direct comparison of the performance of several base (powdered) materials against each other during solvent
debinding was done by Kukla et al. [60]. In this study, five different materials (316L stainless steel (SS),
Ti6Al4V (Ti), NdFeB (Nd), SrFe12019 (SF), and zirconia (Zr)) were explored (Figure 7a). Table 5 shows some
specifications for these powders. The binder composition was kept constant and composed of a thermoplastic
elastomer, polyolefin, and dispersible/compatible materials. Two types of equipment were used to produce the
feedstock; for small amounts, an internal mixer (Brabender Plasticorder PL2000) was utilized, while for larger
quantities a twin-screw extruder (Leistriz ZSE 18 HP-48D) was employed. After compounding, the feedstocks
were granulated in a grinder with a squared sieve with 2 mm orifices. Cyclohexane was used for the solvent
at 60°C to remove the polymer binder. To control the temperature, a rotating oil bath with heater controllers
was utilized. The solvent extraction of the main binder ingredient was clearly influenced by the used powder.
Figure 7a shows the amount of soluble binder loss as a function of time. The stainless steel had the most rapid
debinding through all materials examined. Nd is debinded faster than Ti, but mass loss of two materials is very
similar over time. The two fast ceramic powders considerably decreased the rate of binder separation, likely
driven by powder size (Table 5). Smaller irregular particles have a larger surface area that the polymer can
adhere to and create smaller pores between the particles, decelerating the release of solvent into the compacts.
The debinded samples shown in Figure 7a suggest that the filler material used in the feedstock can cause
damage during debinding with the settings and binder used in this study. Ceramic-filled feedstocks result in
the crack; however metal-filled feedstocks can be debinded without damage. Thus ceramic feedstocks require
careful adjustments in binder formulation and processing conditions.

Table 6: Examples from the reviewed literature that used solvent debinding on parts made using PME. The three detailed cases
discussed in this section are not included in this table. PTB = Proprietary thermoplastic binder (unspecified composition). SS
indicates stainless steel alloys. See Table 3 for binder types.

Case Powders(s) Binder Powder % Debinding Process
Burkhart et al. [36] 316L SS PTB 55 Solvent debinding using cyclohexane at
60°C.
Fan et al. [115] Al203 EVA, 40-75 Solvent debinding was done in heptane
PP, PW, for 3 hours at 80°C followed by thermal
SA degradation at an unspecified tempera-
ture and environment.
Gonzalez-Gutierrez et al. [29] 316L and 17-4PH SS PTB 55 Solvent debinding using cyclohexane at

various temperatures, followed by ther-
mal degradation at 550°C in an argon-
hydrogen atmosphere.

Continued on next page
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Table 6 — continued from previous page

Case Powders(s) Binder Powder % Debinding Process

Gonzalez-Gutierrez et al. [34] 17-4PH SS PTB 55 Solvent debinding wusing cyclohexane
with varied temperatures, followed by
thermal degradation at 650°C in a ni-
trogen/hydrogen atmosphere.

Gonzalez-Gutierrez et al. [35] 316L SS, 17-4PH SS, PTB 55-60 Solvent debinding using cyclohexane at
Ti6Al4V, YSZ, Nd- 60°C.
FeB

Gonzalez-Gutierrez et al. [30] 17-4PH SS PO, TPE 55 Solvent debinding using cyclohexane at

70°C, followed by thermal degradation
600°C in hydrogen atmosphere.

Gonzalez-Gutierrez et al. [45] Copper TPE, PP 55 Solvent debinding using cyclohexane at
60°C for 24 hours, followed by thermal
degradation in a hydrogen atmosphere at
450°C for 2 hours.

Kan et al. [37] 316L SS PP, PW, 50 Solvent debinding using cyclohexane at
SA, with varied temperature and debinding
SEBS time, followed by thermal degradation

at varied temperature and processing
time. Hydrogen and hydrogen-argon at-
mosphere used for thermal processing.

Naranjo et al. [13] M2 high speed steel PO, TPE 60 Solvent debinding using cycloalkane at
65°C, followed by thermal degradation
in a’'nitrogen atmosphere at 450°C for 1

hour.
Notzel et al. [48] Al203 PW, 10-60 Solvent debinding in n-hexane, followed
LDPE by thermal degradation at 500°.
Singh et al. [20] Ti6Al4V PTB 59 Solvent debinding using n-heptane at

64°C for 4 hours, followed by thermal
degradation in a vacuum chamber at var-
ious temperatures and processing times.

Suwanpreecha et al. [116, 117]  17-4PH SS PTB 63 Solvent debinding using a mix of un-
specified commercial debinding fluid and
trans-1,2-dichloroethylene in a bath for
12 hours, followed by thermal degrada-
tion at 450°C for 100 minutes in an
argon-hydrogen atmosphere.

Thompson et al. [7] 316L.SS PO, TPE 55 Solvent debinding using cyclohexane at
65°C for various debinding times, fol-
lowed by thermal degradation in a vac-
uum chamber at 750°C for 1.5 hours.

Thompson et al. [11] Pure titanium PO, TPE 55 Solvent debinding using cyclohexane, fol-
lowed by thermal degradation in a vac-
uum chamber or argon atmosphere at
various temperatures.

Wagner et al. [38] 316L SS LDPE, 50 Solvent debinding using cyclohexane at
TPE, SA 60°C, followed by thermal degradation
at varied temperature in a hydrogen at-
mosphere.
Zhang et al. [39] Ti6Al4V PO 55 Solvent debinding using acetone at 60°C

for 24 hours, followed by thermal degra-
dation at different temperatures and
heating rates.

289

290 Solvent debinding of parts containing both metal and ceramic powder (requiring careful balancing of the
21 parameters, as demonstrated by Kukla et al. [60]) was explored by Abel et al. [6]. The parts (shown in Figure 7b,
22 were manufactured using PME out of 17-4 stainless steel and zirconia. The binder used was a mixture of
23 thermoplastic polyolefin and stearic acid, but since the filament used was proprietary, not much information
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was given in the study. The solvent material was cyclohexane at a temperature of 60°C, with a treatment time
of 8 hours. Due to the conditions of the materials and the amount of binder left, it was necessary to use a
thermal degradation process (in an argon atmosphere to prevent oxidation) after the solvent debinding in order
to fully prepare the parts for sintering. Using a maximum temperature of 440°C and different heating rates
between 5°C/h and 150°C/h, and all different samples showed no significant deformation or bloating. While
the study report was lacking some technical details, the results show that it was successful in combining metal
and ceramic parts using PME.

These three cases demonstrate the complex decision-making process and preparation required to use organic
solvent debinding. However, in spite of the difficulty in using it, this approach was the one most commonly used
in the literature. Table 6 shows a large variety of other cases where organic solvent debinding (with or without a
thermal degradation step) was used successfully for PME parts. Both metals and ceramics are well-represented
in these studies. It was noted that the cases where organic solvent debinding was successful, the ratio of powder
to binder was lower than those observed for thermal or catalytic debinding. This is consistent with the previous
knowledge from PIM and other powder processes that the solvent works best when the spaces between the
powder particles is larger and therefore more accessible to the solvent.

4.4. Water Debinding

Water debinding is a special case of solvent debinding, where an aqueous solution is‘used to remove the
binder instead of an organic one [104, 118]. While its use is restricted to waterssolutable binders, it is preferable
to organic solvent debinding where applicable, as it is clearly safer and more environmentally sustainable, as well
as being more effective for some binder polymers. Common water-soluble binders-include polyethylene glycols,
polyethylene oxides, polyvinyl alcohols, starches, and polyacrylamide {78, 119-122]. The capability of water to
penetrate the outer surface of the components depends on the bonding elements and the chemical interaction
of those parts [66]. Water is effective in removing these polymers, due to the fact that these polymers contain
monomers that include oxygen and nitrogen, which are hydrophobic [119, 123]. Similarly to standard solvent
debinding, the water debinding time is related to powder material, water temperature, water circulation, particle
size, component geometry, and water volume relative to the “green part” mass. All of these variable parameters
interact with each other and require to be optimized-for each specific component. After water debinding, the
parts must placed in a vacuum or forced air furnace (Figure 8a) for several hours to ensure complete drying
and to complete thermal degradation before the weight loss (calculated as shown in the previous section) can
be measured [7, 11, 119, 123-125]. Tt is clear that temperature plays a fundamental function in the flow and
mobility of polymers; this is an important consideration for water debinding, as the the rate of binder removal
is enhanced by boosting the temperature of water bath [124]. However, very rapid removal of the binder has
been noted to cause a reduction in mechanical strength of the brown part and can cause warping and other
distortions. Therefore, it is generally not a‘good idea to use very high water bath temperatures during water
debinding [126]. Due to the larger space between the particles, green parts made with larger or courser powder
are faster and easier to debind using aqueous solvents than corresponding parts with finer powder [127, 128].

Process Process
parameters parameters
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Figure 8: (a) Example process where water debinding is used in combination with thermal debinding [111]. Reproduced under
the terms of a CC-BY license.

During this review, no examples of water debinding were found using parts made using PME. However, this

debinding method is commonly used for PIM parts [111, 119, 129] and therefore is potentially useful for PME
parts using water-soluble binders.
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4.5. Catalytic Debinding

The final major debinding method covered in this review is catalytic debinding, during which the main binder
is removed by being attacked directly by a catalytic acid vapor [79, 130, 131]. The binder mass is removed
primarily by being converted into a vapor by the catalyst and then blown away [65, 129]. The polyacetal
molecule is key for the success of this process [32, 33, 64, 79, 132, 133]; the molecular structure of polyacetal
consists of the continuous repetition of the oxygen-carbon chain, as shown in Figure 9a. The oxygen atoms in
the polymer chain are prone to acid attack and cause the polyoxymethylene macromolecules to convert into
formaldehyde when exposed to a suitable acid catalyst [18, 22, 102]. Figures 9b-c show examples of polyacetal
networks before and after debinding. Formaldehyde has a low molecular weight and is quickly removed from
the interface of binder and vapor [64, 79, 132, 134]. The catalyst most often used for the degradation process
is nitric acid gas with a purity of more than 98.5% [32, 33, 108]. As a result, the polymer binder system in the
catalytic method is eliminated faster than the thermal and solvent methods. The catalytic debinding approach
(Figure 10a) generally produces a well-interconnected porosity after a short time (about two or three hours
depending on the size of the component - Figure 10b) [108].

@ i
‘ N o=

Gy Under CHy

o Heating: @ Residual
Polyacetal iy tae cH, Formaldenyde Polyacetal
o o ] Polyacetal network
i i network
NN i
0 ' o

Figure 9: (a) polyacetal chemical analysis, (b-c) SEM image of stainless steel 316L before (b) and after (c) catalytic debinding.
All panels original to this article.
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Figure 10: (a) placement of catalytic debinding within the PME process [1], (b) example catalytic debinding progress as a function
of time [132]. Panels (a) and (b) reproduced under the terms of a CC-BY license.

It should be noted that in both solvent (including water) and catalyst debinding methods, a fraction of
insoluble polymer that is resistant to solvent or acid remains in order to have sufficient strength and retention
of the part until the start of sintering (usually about 10% of the total weight of the binder). This residual
polymer, depending on its chemical composition, is usually removed between 200°C and 600°C in the pre-
sintering stage [31, 33, 65, 142]. Increasing the cooling rate causes thermal stresses and cracks in the printed
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Table 7: Examples from the reviewed literature that used catalytic debinding on parts made using PME. PTB = Proprietary
thermoplastic binder (unspecified composition). SS indicates stainless steel alloys. See Table 3 for binder types.

Case Powders(s) Binder Powder % Debinding Process

Ait-Mansour et al. [135]  316L SS POM, 80 Catalytic debinding in nitric acid at 110°C, followed by
PP, DOP, thermal degradation at 600°C for 1 hour at a heating
DBP rate of 5°C/minute.

Caminero et al. [136] 316L SS PTB 80 Catalytic debinding in nitric acid at 120°C for 8 hours,

followed by thermal degradation at 600°C for 1 hour
at a heating rate of 5°C/minute.

Damon et al. [33] 316L SS POM, 88 Catalytic debinding, followed by thermal degradation
PP, DOP, in hydrogen atmosphere at 600°C for 1 hour at a heat-
DBP ing rate of 5°C/minute.

Gong et al. [31] 316L SS POM, 88 Catalytic debinding completed by professional debind-
PP, DOP, ing and sintering company. Debinding details not pro-
DBP vided.

Jiang & Ning [137, 138]  316L SS POM, 88 Catalytic debinding in nitric acid at 120°C, followed
PP, DOP, by thermal degradation at with varied temperatures
DBP for 1 hour at a heating rate of 5°C/minute.

Liu et al. [139] 316L SS POM, 88 Catalytic debinding in nitric acid at 120°C, followed by
PP, DOP, thermal degradation at 600°C for 2 hours at a heating
DBP rate of 5°C/minute.

Quarto et al. [140] 316L SS POM, 90 Catalytic debinding in nitric acid at 120°C.
PP, DOP,
DBP

Rosnitschek et al. [141] 316L SS POM, 88 Catalytic debinding in nitric acid with varied process-
PP, DOP, ing temperature, followed by thermal degradation at
DBP 600° for 1 hour at a heating rate of 5°C/minute.

part. If the thickness of the parts is above 4. mm, after the completion of debinding, the oven must be cooled
to 70°C before opening it [18, 132]. The normal debinding velocity at 110°C is between 1 mm per hour and 2
mm per hour, as can be seen in Figure 10b[18, 132], If the number of loaded parts inside the oven is higher,
the debinding time increases. Placing parts in the oven more than the minimum debinding time generally has
no effect on the parts; binder degradation temperature, purity percentage, catalyst feed rate, and carrier gas
feed rate are the parameters affecting the debinding velocity [134]. The distance between the parts should be
large enough for the gases to be exchanged. By placing the parts on a perforated sheet, the debinding time can
be shortened because acid nitric gases can easily reach the bottom surface of the parts.

The debinding rate can be increased with increasing nitric acid flow rate [132, 134] but high nitric acid
injection increases the concentration of oxidizing gases and formaldehyde from degradation, which in many
cases can lead to combustion. The main function of nitrogen gas in this process is as a carrier in the chamber
of the oven before starting the process of degradation in order to exhaust the oxygen, because if there is oxygen
and formaldehyde, the reaction of these two substances together causes an explosion [102]. Nitrogen gas is
also the carrier gas for-extracting gases from the decomposition and sublimation of polyacetal [134, 143]. For
a better catalytic reaction, the ratio of nitric acid to nitrogen gas must be below 4% [102]. Although liquid
nitric acid is highly oxidized, anhydrous acid vapor does not react with most metal powders used, such as iron,
nickel, chromium, molybdenum, silicon, titanium, AlyOs3, ZrOs, and SigNy. Cobalt, copper, and copper alloys
are oxidized in an acidic debinding atmosphere. The acidic catalyst is injected into the oven utilizing a ceramic
piston pump. The ovens used in catalytic debinding have corrosion-resistant internal surfaces against nitric
acid [134]. This system cannot be used for hard metals due to oxidation or conversion to nitrate powder such
as cobalt powder oxidation by nitric acid gas. Oxalic acid [144], as a strong volatile organic acid, causes rapid
decomposition of polyacetal, which does not contain any elements such as halogens, sulphur, or phosphorous,
which may contaminate the sintered parts. It is generally more suitable than 100% nitric acid [134, 143].

Similar to the thermal and organic solvent debinding, catalytic debinding has been used for several studies
related to PME. These are shown in Table 7. Unlike the other two, which worked with a diverse range of different
powders and binders, catalytic debinding has really only been applied to stainless steel parts and some specific
binders. As shown in the table, the debinding process for all the cases were very similar. This suggests that
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Table 8: Trade-off table for debinding methods. It is assumed that all of the methods can successfully debind both metal and

ceramic green parts.

Process

Advantages

Disadvantages

Thermal Debinding

Simple operation with common equip-
ment

No hazardous chemicals needed

Low environmental impact beyond en-
ergy consumption

Wide variety of environments possible

Can be used in combination with other
debinding processes as needed

Minimal training required for use
Only basic PPE required for users

Works well for parts with high powder
content

Slow process

Must have a clean and oxygen-free en-
vironment

Less effective than solvent debinding for
some binders

May introduce stresses into the de-
binded parts due to thermal cycling

Due to thermal stress on the parts,
parts made by combining ceramic and
metal powder are not possible

Organic Solvent Debinding

Relatively fast process

Cleanliness and preparation of the parts
is not as important as in thermal de-
binding

Very flexible process, can process a wide
variety of powders and binders

Can process green parts that are made
from both metal and ceramic powder

No thermal cycling or stress introduc-
tion (in chemical phase)

Very complex process that requires
careful planning

There is a risk of chemical reactions be-
tween the parts/binders and the solvent

Extensive wuser training and PPE
needed

Some of the chemicals used are very
hazardous to the user and environmen-
tally hazardous

Does not work well for high-powder
green parts

Usually requires a thermal degradation
step before sintering due to residual
binder

Parts must be thoroughly and fully
dried before sintering

Water Debinding

Similar to organic solvent debinding,
except does not require hazardous
chemicals or PPE for the user

Similar to the organic solvent debinding
process, except the application range is
much smaller and is limited to parts
with water-soluble binders

In the reviewed literature, water de-
binding has not been used successfully
for PME parts

Catalytic Debinding

By far the fastest debinding process
used for PME

Simpler to use than solvent debinding

Can be used with parts made with a
high powder density

The processing environment is sensitive
to its setup

The gasses used are potentially haz-
ardous and environmentally dangerous

Extensive training and PPE required

Limited to only some materials and
binders due to the oxidation and other
chemical reaction risk of the material
with the acid gas
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the catalytic debinding process has a limited application range, but it was found to be very fast and effective
for the cases where it was used. It also seemed to be very effective for parts with a very high powder content,
unlike the solvent debinding methods; this is likely because the gas has an easier time penetrating into the pores
of the part to reach the binder than what would be seen with a fluid. The fast reaction of the catalyst tends
to remove the binder so fast that the parts can collapse if this is not controlled for; therefore, applications with
high powder density seems to be the best application of catalytic debinding.

4.6. Comparisons Between Different Debinding Processes

One of the major research questions for this review was how the different debinding methods compare with
each other, both for general use and specifically for PME. Table 8 shows the results in the form of a table directly
comparing the advantages and disadvantages of each process. This information was used to create a decision
stoplight chart (Table 9) for the processes, comparing performance in several major areas (processing speed,
process complexity, environmental impact, process flexibility, user safety, and the ability of the process to work
with a variety of different metal, ceramic, and mixed powders. The powder density of the green PME parts
that each process was shown to successfully work with is shown in Table 10. This information was collected
from and summarized here from the previously cited works.

Table 9: Decision stoplight chart for debinding methods. Attributes are processing speed [Speed], process complexity [Complexity],
environmental impact [En. Impact], process flexibility in terms of the binders and materials used [Flexibility], process safety [User
Safety], and the ability of the process to work with metal, ceramic, and mixed parts [CerMet]. .Red indicated poor or negative,
green indicates good or positive, and yellow indicates a moderate or restricted attribute.

Process ‘ Speed ‘ Complexity ‘ En. Impact ‘ Flexibility ‘ User Safety ‘ CerMet

Thermal Debinding Medium Some hazards M, C

Organic Solvent Debinding Medium
Water Debinding Medium

Table 10: Powder density range for each debinding method from the reviewed literature. Water debinding was not included, as
no examples of water debinding for PME parts were found during the review.

Process Less than 40% 40-50% 50-60% 60-70% 70-80% 80-90% 90%+

Organic Solvent Debinding
Catalytic Debinding

5. Defects and Quality Issues in Debinding

According to the reviewed papers from this study (previously referenced), defects in debinded parts can
come from five major sources:

1. Trapped binder that is not removed during the debinding process

2. Poor mixing quality and uniformity in the feedstock

3. Selecting the wrong debinding process for the given base material and binder, resulting in ineffective
debinding or chemical reactions between the binder/powder and the gas or fluid used to debinding

4. Using the wrong process settings or stopping the debinding before the process is complete

5. Thermal shock, especially for parts that have delicate, thin, or overhanging features

In well-made PME feedstock, the binder and powder are mixed uniformly with no air gaps in the structure.
Ideally, during the debinding process, the polymer components are removed and leave only the metal or ceramic
powder in approximately the same position as before debinding. This allows the powder to properly consolidate
during sintering. In thermal and catalytic debinding, gasses from the removed polymer need to be able to
properly escape, while in organic solvent and water debinding require that the fluid be able to get out of the
part structure. Poor connectivity of the pores in the structure can result in parts of the binder remaining
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in the parts after the debinding procedure is complete, resulting in the gas or fluid that is trapped inside
causing bloating or cracking of the parts. Where the feedstock is of poor quality or has been softened due
to age, humidity, or exposure to water, similar defects can appear, both during the debinding process and
during sintering. When the powder is not mixed uniformly in the feedstock, part orientation and the effect of
gravity can have an effect on the quality of the polymer removal. In addition, the uneven heating and mass
of the material can introduce residual stresses into the part before sintering. This is especially an issue with
lower-powder parts (40-80%), as the significant shrinkage of the part during sintering will service to expose
and amplify the defects. In solvent debinding, cracking, and slumping commonly happen when the process
settings or time are not appropriate. Warpage and slumping frequently occur, particularly when the part has
a complicated shape with overhanging sections. To solve this problem, using a stronger backbone binder and a
lower debinding temperature is usually beneficial. A modification of the part shape to give better support for
thin or extended sections is also commonly employed. Poor bonding between binder and powder, low strength
of backbone binder, and large differences in section thicknesses can lead to the creation of cracks as well. In
order to solve these problems, one can change the type and composition of solvent or binder, parts designs with
smaller differences in section thicknesses, and using lower debinding temperature. In thermal debinding defects
are frequently seen when the applied heating rate is too fast. The 100% thermal debinding is a slow process
since decomposed gas components that develop in the core section cannot escape to‘the atmosphere effectively
through any pore channels. Defects are frequently encountered unless extremely slow heating rates are used
with long debinding times. Figure 11 shows some examples of errors and technical problems that can arise
during or immediately after debinding.

Figure 11: Examples of defects from debinding or sintering due to debinding problems. (a) Distortion [92], (b) blistering and
cracking [11], and (c) inconsistent porosity [37]. Panels (a) and (c) reproduced under the terms of a CC-BY license. Panel (b)
© Elsevier B:V., reproduced with permission.

6. Discussion on Research Questions

The first objective of this review was to collect and record the successful applications of existing debinding
methods for PME parts. It was found that thermal, organic solvent, and catalytic debinding have all been used
effectively in several studies each to process parts made with PME. In the cases of thermal and organic solvent
debinding, a wide variety of different metal and ceramic powders with different binder combinations were all
successfully debinded; the materials and binder compositions were limited for the catalytic debinding, but it
was able to process the most common material used thus far in the literature. Sections 4.2-4.5 list the different
applications used for PME-manufactured parts. In general, there were no surprises during the review, as the
debinding methods performed as expected relative to what was already known in the literature and practice
regarding PIM and other traditional powder processes. It was noted that water debinding had not been used
for PME parts in the reviewed literature, but no technical or logistical reasons were identified that precluded
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it from being used; it seems to simply not have been used in the current literature. A number of potential
PME binders and established MEAM polymers are water-soluble. Developing and promoting the use of water
debinding could be used to expand the use of PME for more users, as it is simple and safe to use. Thermal
debinding requires an expensive programmable furnace and organic solvent and catalytic debinding require fume
hoods and chemical processing equipment. The use of water as the solvent could offer a safer and simpler option,
especially in education and home use in the future. When water is used, a basic ultrasonic cleaner could be a
good tool to help ensure good binder removal before sintering or other processing.

Most of the reviewed papers on debinding of PME did not provide enough discussion and details regarding
the basic debinding processes to use them to guide a technical discussion. This is to be expected, as the focus
of these studies was on the development of PME methods and materials. In order to fully and properly describe
the debinding methods, it was necessary to use references related to binder formation, PIM, and debinding
applied to other types of formed powder parts with thermoplastic binders. The main technical discussions in
Sections 4.2-4.5 rely on these references. There is a very clear link between the established methods described in
the referenced papers and the methods used for the actual PME studies; in most cases, the authors of the PME
papers explicitly stated that their debinding methods were based on the traditional methods or cited the older
papers describing the methods. No cases were observed where a PME study used a new or modified debinding
method, so it can be assumed that the classic debinding methods (including water debinding) are fully useful
for PME applications.

Based on the collected literature, the methods used could be easily and fully described and compared with
each other. In Section 5, the advantages and disadvantages of each were directly comparable. In addition the
pros-cons table (shown in Table 8), this information could also be used to generate a stoplight chart (Table 9)
and a comparison of powder percentage value appropriate for each of the debinding methods for PME parts
(Table 10). Clearly, the decision about which debinding method to use would be based on a number of factors
and considerations, as well as the debinding infrastructure available to do the work. In terms of complex
equipment and PPE needed to complete the work, the thermal debinding method is the easiest and has the
smallest number of major disadvantages; however, it is very slow and can cause thermal damage to parts.
Organic solvent debinding is also widely applicable, but requires safety equipment to use and the chemicals
used present safety and environmental risks. In addition, using this process to debind parts with high powder
density is sometimes not feasible due to the need to get the liquid solvent to penetrate the part well and carry
away the binder. Water and catalytic debinding answer some of these issues but are both quite limited in their
application due to the chemical reactions involved.

Manufacturing good-quality feedstock seems to be one of the most effective and easy ways to ensure that
the PME parts can be debinded and sintered successfully. This is discussed in depth in Section 3 and Section 5.
When using PIM and other powder-mold processes, there is a often a chance for any inconsistencies or problems
with the feedstock to be worked out during processing; PME has the opposite effect due to the nature of
extrusion-based AM. Any errors in feedstock size or consistency or powder-binder distribution will only be
amplified by the structured deposition of the material during processing. Therefore, the tolerance on acceptable
feedstock quality is much tighter for PME than what would be needed for most other powder-based processes.

PME Publications Over Time

e NN W W
S »n S wn S W

Number of Papers Published
wm

XS = AN T L ORSO>S
R e B T B B B B B O |
L T T I T I A I
e AN AA A A AAA A AN

I
D
—
a
S
Q

Figure 12: Distribution of publication dates from the reviewed set of references.
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Work in the area of PME is clearly a major research topic of recent interest, but it has been something that
was proposed in the early days of the MEAM process development. Of the 80 papers collected in this review
which explored the PME of green parts and/or the debinding and sintering, 15 of them were published before
2016, the earliest going into print in 1997. Figure 12 shows the distribution of publication dates of the collected
papers, tracking the level of interest in this topic over the years. The great amount of recent interest is likely
due to a renewed interest in extrusion-based AM processes in general in recent years and the slow-down in the
progress of powder-bed metal AM process development. Most of the reviewed papers from this study focused
on process development and refinement. There was little to no discussion of design or practical implementation
of PME for end-user manufacturing. Therefore, it can be concluded that PME, despite being under discussion
of a number of years, is still a developing process and many opportunities remain to be taken.

7. Conclusions and Recommendations for Future Work

This review explored the debinding methods used by and appropriate for use on green parts made using
PME. The project started with eight basic research questions, each of which was answered in turn by the
collected literature and documented in the sections of this article. After examination and discussion on the
collected literature in light of the research questions, eight major conclusions can be drawn.

1. Debinding of PME parts has been shown to be successful for parts based on metal and ceramic powder,
as well as mixed powder.

2. Three of the four classic or standard debinding methods have been successfully applied to PME parts and
the fourth method is feasible to apply.

3. In terms of debinding procedures, little or no changes need to be made to use the standard processes for
PME parts as long as the feedstock is high quality.

4. The quality and construction of the feedstock has a very large effect on the success of the debinding process
and must be taken into consideration.

5. The best choice of debinding process for a particular part depends not only on the powder and binder
composition, but also the ratio of the powder and binder.

6. For PME parts made from a single powdered material, the thermal debinding process is the easiest and
least hazardous to use.

7. PME has a huge amount of future potential, but has not been developed very far yet despite being known
since the earliest days of AM development.

8. A large number of the reviewed studies did not give enough technical detail or setup for them to be able
to be easily reproduced. As such, there is some uncertainty in the results until more work is done to
validate the results. In the meantime, authors should focus on very rigorous presentation of the Materials
and Methods sections in their papers to ensure that the results are reproducible.

Nearly all of the papers reviewed focused on the basic process and the materials science behind PME. Three
areas where almost no work has been done thus far are related to design, testing methods, and standardization.
Future research should focus on these areas, especially in relation to the debinding and sintering processes that
happen after printing.
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Appendix A. Thermogravimetric analysis (TGA)

The heating rate 5 can be calculated as [100, 101]:

dT
= — Al
B~ — (A1)
where dT is the change in temperature and dt is the change in time. The thermal kinetics are described by:
da
27— () f(a)h(P) (A.2)

where T is the temperature, x is the temperature-dependent rate constant, « is the fracture of change or
reaction, and P is the pressure. While pressure can have a significant influence on the kinetic processes, h(P) is
commonly neglected or assumed to be a constant, as it would be in equilibrium. This equilibrium occurs when
all reactive gas reacting with the part is eliminated by releasing the surplus via solid-gas reaction or by flushing
by inert gas. It is assumed that the pressure has no influence on the kinetics; therefore, the speed of the process
depends on the relationship between the temperature and fraction of change/reaction:

do
m ~ k(T)f(a) (A.3)

In this equation, x(T") and f(«) show the dependence on rate and reaction, respectively. The conversion « is
maintained a fraction of overall loss:

m; —my

where m; and my are the initial and final mass or weight of the object being debinded. As such, the values of
« can vary from 0 to 1 as the part is finished. Finally, the Arrhenius Equation describes the rate constant:

K(T) = Ae”B/RT (A.5)

where A is the frequency of the reaction driver, F is the activation energy, R is the universal gas constant, and
T is the temperature found using TGA.
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