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Abstract

Rheological behaviour of highly filled polymer feedstocks critically governs their processability in material
extrusion (MEX) additive manufacturing and powder injection molding (PIM). These converging
technologies require robust flow control to achieve defect-free, dimensionally accurate parts. Despite
extensive rheology-related literature, clear and transferable links between measured properties and process
optimization remain scarce. This review summarizes rheological strategies for improving processing of
highly filled compounds, with emphasis on maximum packing, wall slip, yield stress, powder-binder
segregation and pressure-dependent flow. It also highlights conceptually inconsistent practices, including the
widespread use of simple shear-thinning models for structurally complex feedstocks or activation energy
evaluated at a constant shear rate. By focusing on a limited set of physically meaningful rheological
parameters and their relation to typical processing failures, the review outlines a framework for material

selection and formulation optimization in converging MEX and PIM technologies.
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1 Introduction

The development of materials for advanced processing technologies, such as material extrusion (MEX) additive
manufacturing and powder injection molding (PIM), requires a detailed understanding of their rheological properties.
These technologies enable the production of complex geometries with high filler content, however, successful

processing is limited by severe flow phenomena which still need to be clarified.

Over the past decade, several developments have begun to narrow a traditional boundary between MEX and PIM.
Both technologies rely on highly filled powder-binder feedstocks, in principle use similar material systems and
debinding as well as sintering cycles, even though their forming steps (printing/injection molding) differ. MEX, in
which material is extruded through a nozzle and deposited layer by layer, includes filament-based systems, pellet-based
screw-extrusion systems, and slurry-based processes. Filaments must combine sufficient melt flow in the nozzle with
solid-state flexibility and toughness for handling, pellet-based screw systems are closest to PIM in terms of high-shear
melt deformations, while low-shear stability and yield behaviour is most important for slurries. Recent reviews and case
studies on metal and ceramic MEX emphasize that highly loaded filaments and pellets designed as PIM feedstocks can

be used to print prototypes, complex internal channels, e.t.c. [1-5].



MEX and PIM compounds represent a specific class of materials containing significant amounts of inorganic particles
— metal and ceramic powders — dispersed in a polymer matrix (binder). Their rheological behavior is influenced by
factors such as particle size and shape, surface interactions, filler volume fraction, and the viscoelasticity of the polymer
binder. These parameters play a crucial role in optimizing processing conditions and determining the final mechanical
and functional properties of the manufactured parts. Flow performance of the compounds is also critical to ensure
homogeneous printing/mold filling and minimizing defects such as powder/binder segregation, porosity, or
deformations during binder removal. The flow behavior of the material during processing is typically nonlinear and
requires precise modeling, which will be even more stringent with rising demand for implementing recycled polymers

as binders.

The viscosity of a binder should be less than 0.1 Pa.s to provide highly-filled feedstocks with a viscosity below 103
Pa.s [6], but even higher-viscosity feedstocks can be proceeded well at the shear rates relevant for PIM and MEX. The
rheological requirements of powder-binder feedstocks depend strongly on the shaping route and must therefore be
compared only at a specified deformation mode and shear rate or angular frequency. PIM/MIM feedstocks generally
require low apparent viscosity under injection-relevant shear conditions (typically in 10* Pa.s) to ensure complete mold
filling, whereas filament-based MEX can tolerate higher feedstock viscosities (proceeded typically between 10%-10°
s~1) if the filament also provides sufficient feeding stability, strength, and flexibility (Virdhian et al., 2021, Sadaf et al.,
2022). Pellet-based MEX avoids the mechanical constraints of filament feeding and can process low-viscosity MIM-
like feedstocks when extrusion pressure and strand stability remain controlled (Omrane et al., 2024, Strano et al., 2019).
Therefore, feedstock rheological properties should not be compared without specifying whether they refer to oscillatory
complex viscosity (rotational theometer), melt flow rate, melt flow index or “standard” steady shear viscosity obtained
with a capillary rheometer at process-relevant nozzle/injection shear conditions (Table 1). The only exception are
slurry-based feedstocks, where a steady shear viscosity should be evaluated with a cone and plate rotational rheometer,

operating in the low shear rate region 102 -10% s~1).

Table 1
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Process-relevant nozzle/injection shear conditions and key flow parameters.

Process Shear rates Typical viscosity/Key flow parameters
PIM ~10%s7! 103-10° Pa.s; wall-slip, temperature/pressure
Fillament-based MEX ~102-10%s7! 102-10* Pa.s; elasticity, temperature
Pellet-based MEX ~102-10%s7! 103-10° Pa.s; wall-slip, temperature/pressure
Slurry-based MEX ~100-10% 57! exceeds 10° Pa.s; yield stress, viscoelasticity

A simple Google Scholar search combining additive manufacturing and rheology or powder injection molding and
rheology returns well over 17,000 items published in the last decade, yet the field still lacks clear, generally accepted
evidence that rheological characterization systematically leads to robust process optimization. Despite this impressive
volume of work, most studies remain highly case-specific: they report detailed flow curves and model fits for a
particular powder-binder formulation and part geometry, but rarely translate these data into broadly applicable
processing rules or validated design criteria across different systems. In many cases, constitutive models originally
developed for far simpler materials are applied to highly filled, separation-prone feedstocks, without addressing key
phenomena such as wall slip, pressure sensitivity, yield stress, or segregation in the critical regions of MEX and PIM
processes. As a result, rheology is often treated as a mandatory characterization step rather than as a genuinely
predictive tool that links measurable material parameters to defect formation, processing windows, and industrial

robustness.

This review article is designed to complement previous fundamental works by focusing on the distinct and often under-
represented rheological phenomena observed in highly filled MEX/PIM compounds. While former reviews have
provided extensive coverage of general rheological characterization methods and results [7], this work aims to
specifically address complex behaviors that are increasingly recognized as crucial for practical processing and product
quality, Fig. 1. These include binder interactions, wall slip, yield stress, segregation effects, instability phenomena, and

the influence of pressure.
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Role of theology in feedstock design and process development for MEX and PIM.

2 Binder components governing flow performance of feedstocks and their
mutual interactions

Successful processing of PIM/MEX compounds requires careful consideration of the rheological properties of the
binders. While significant research has focused on the impact of tailored binder formulations on the rheology of highly
loaded feedstocks and the selection of suitable additives, the roles of specific binder components and their mutual
interactions remain incompletely understood. Over several decades of development, the principal components of MEX
and PIM binders have become relatively standardized, primarily relying on waxes, polyolefins, and polyethylene
glycol, Tables 2 and 3. In additive manufacturing, binder compositions are increasingly focused also on liquid organic
binders, polylactic acid, and reactive binders as in the early stages of PIM binder developments [8]. Recent works [9-
11] examining binder-powder interactions for binder jetting, or reviewing binder development for low-pressure PIM,
tend to focus on rheological, thermal (calorimetry and thermogravimetry), or process property relationships rather than
directly quantifying the interactions at the molecular level. Most published studies rely on established combinations of
well-characterized polymers and evaluate “good” or “poor” performance through viscosity windows, torque response,
non-Newtonian (power-law index) or moldability index [12]. Only few go beyond this descriptive level and attempt to
separate the effects of individual binder components or to provide transferable design rules. Such an exception is the
work by Coté er al. [13], which stands out for its comprehensive experimental and numerical analysis of binder
constituents and solid loading effects in titanium-based low-pressure powder injection molding. The study formulates
and assesses 35 different feedstocks using spherical titanium powder and four binder components: paraffin wax (PW),
stearic acid (SA), ethylene-vinyl acetate (EVA), and carnauba wax (CW). By mapping viscosity thresholds, the authors
establish the exact proportions needed to optimize moldability, demolding, and segregation prevention. They showed
that adding only 0.25 vol% SA reduced the zero-shear viscosity (at 100 s~1) by a factor of four, whereas further SA
addition (up to 5 vol%) had almost no effect. Increasing EVA content above about 2 vol% caused a pronounced, almost
linear rise in viscosity, while time-dependent tests at a constant shear rate demonstrated that raising EVA from 1 to 2-
3 vol% was sufficient to suppress segregation at high solid loading. In contrast, adding up to 10 vol% CW changed the
reference viscosity by less than about 25 %, but significantly increased thermal sensitivity. Combining flow data with
injection molding revealed an optimum binder composition (1% SA, 1% EVA, 3% CW; balance PW) and
demonstrated that intricately shaped parts can be molded with up to 64 vol% solid loading. Their numerical simulations
were validated experimentally, providing one of the few examples where binder—composition-rheology relationships

are translated into predictive process guidelines rather than remaining case-specific. In the following, the main



Table 2

polarity, molecular weight, and interactions, to provide more generally applicable rheological guidance.

compositional aspects in binders for PIM/MEX are reviewed and grouped to three main clusters aiming at binder
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Overview of binders developed for MEX and PIM.
Material
Processing Method Ref.
Binder Filler
CW, PW, PP, LDPE, SA .
316 L (60-66 vol%) micro-PIM [14]
(selected 16PP/22PW/2SA vol.%)
yttria-stabilized zirconia powder .
20HDPE/45EVA/25BW/10SA (wt.%) micro-PIM [15]
(50 vol%)
SOHDPE/46PW/4SA (vol.%) alumina (58 vol% PIM [16]
L PIM (molding simulated,
PW, PP, PE, SA niobium powder (57 vol%) . . [17]
no sintering)
57PW/25PP/15PE/3SA (wt.%) 57zirconia/43mullite vol.% (87 wt%) PIM [18]
carbonyl iron and carbonyl nickel up to
60PW/15HDPE/10PP/10PS/5SA (wt.%) 60 % PIM [19]
0
50PW/50HDPE 17-4PH (66 vol%) PIM [20]
PW, PE, SA and OA tungsten carbide (42-44 vol%) micro-PIM [21]
79PW/29PE/1SA (vol.%) SiC (50-56 vol%) PIM - no sintering [22]
90stainless steel 304 L/10WC (52.5- o
85PEG/15PMMA (wt.%) PIM -no sintering [23]
55 vol%)
83-90PEG/10-15PMMA/0-2SA (wt.%) 94WC/6Co wt.% (54-60 vol%) PIM [24]
75-90PEG/10-25PMMA/0-2SA (wt.%) 316 L (63-68 vol%) PIM [25]
83PEG/15PMMA/2SA (wt.%) Inconel 718 (59 vol%) PIM [26]
70-80PEG/20-30PMMA (wt.%) — 316 L (65 vol%) PIM [27]
PEG, PVB, SA alumina (55 vol%) PIM - no sintering [28]
59PEG/12PW/28 AW/1SA (wt.%) 316 L (60 vol%) PIM [29]
PEG, PE, PW, CW, SA alumina (84.2——=86.5 wt%) PIM - no sintering [30]
ABS iron and copper (up to 50 wt%) MEX -no sintering [31]
74PW/23LDPE/3SA (wt.%) copper (65 vol%) MEX (piston type) [32]
PW, LDPE, SA alumina (10-60 vol%) MEX [33]
19-20ABS/7-9PS or PW (wt.%) iron (70-75 wt%) PIM/MEX — no sintering [34]
57-63ABS/15-19surfactant (vol.%) copper (22-24 vol%) PIM/MEX — no sintering [35]
60-70nylon/ 6-7.9 plasticizer (wt.%) iron (30-40 vol%) MEX - no sintering [36]
20wax/19polymer/35tackifier/26 elastomer . . .
SizNy (up to 55 vol%) MEX - no sintering [37,38]
(Wt.%)
44PP/13 9elastomer/18.7 plasticizer/7.8 mullite, fused silica, titanium dioxide
. MEX [39-41]
tackifier/15.6 wax (vol.%) (55 vol%)
. lead zirconate titanate and
polyolefins, hydrocarbon resin, SA MEX [42,43]
hydroxyapatite up to 55 vol%
. 316 L, TigAl4V, NdFeB, SrFe ;0o
TPE, polyolefin, dispersants . ) MEX [44-50]
zirconia
PA, PLA, stearates 316 L (up to 55 vol%) MEX [51]
60-70 polyamide 12 (wt.%) zirconia/(BTCP) MEX -no sintering [52]



27.5SEBS/27.5PW/10SA/HDPE (vol.%) zirconia (47 vol%)

MEX

stainless steel (79 vol%) and zirconia

PEG
(84.2 vol%)

MEX (screw type)

[53]

[54]

Table 3
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Examples of MEX/PIM patent claims.

surfactants, mold release agents, polyacetal, plasticizers (0.5-2/0.05-1/15-50/1-

ceramic powders such as alumina,

10 wt%), other materials (LDPE, aPP, EVA, waxes and their mixtures); total 15— zirconium, silicon dioxide, silicon [55]
50 wt% nitride, silicon carbide (50-85 wt%)
. . sinterable inorganic non-metallic
polyoxymethylene mix (35-60 vol%), dispersants (0-5 vol%) [56]
powder (40-65 vol%)
agar (1.5-10 % wt.%), additives (sugar, gel strengthening agents, acids, bases,
biocides, sodium silicate, borate, antioxidants, lubricants, dispersants, copper (50-97 wt%) [57]
plasticizers, compatibilizers, surfactants), and water (5-11 wt%)
three-component binders: PEG or polypropylene glycol or PVA, PS or dioctyl ceramics, metals, and cermets (58]
phthalate, and a strengthening component (PE) powder/binder ratio: 7/3 or higher
38-67 wt% partially hydrolyzed PVA, 8-32 wt% PP or PE, and 25-35 wt% at least 70 wt% of a powdered metal or [59]
processing aids (3-19 wt% water, and 9-19 wt% plasticizer (glycerin) ceramic
hydroxybenzoic acid-behenylester, 4 hydroxybenzoic acid-ethyhexylester, PA6, X
ceramic or metal powder (80-95 wt%) [60]
PA12, SA
HDPE, isopropyl tri(dioctyl)pyrophosphato titanate, tri(dioctyl)phosphato
. propyl tri yDpyrophosp ( yDphosp metal or ceramic powder (30-99 wt%) [61]
zirconate, surfactants
50-96 polyoxymethylene/2-35polyolefin/2-40 others (polyether, polyurethane, . .
potyoxy Y POy (poly poty inorganic powder (40-70 vol%) [62]

epoxide, polyamide

2.1 Polarity and powder-binder adhesion

Polarity of binder to powder is the first attempt to suitable rheological performance and successful PIM/MEX
processing. Most often used binder components as polyolefins and paraffin wax are essentially non-polar, thus their
adhesion to highly polar powders requires further compositional wettability treatment. Zaky et al. [63] investigated the
influence of paraffin wax (PW) characteristics on the rheological behavior of 17-4PH stainless steel feedstocks. They
evaluated various types of PW in combination with a poly(ethylene-co-vinyl acetate) (EVA) copolymer and compared
their performance in compression and injection molding. The selected wax with the highest molecular weight,
crystallinity and branching index revealed viscosity of 56 vol% feedstock well below 103 Pa.s at 10* s=!. Block
copolymers as EVA have been identified as effective steric stabilizers improving feedstock homogeneity and stability
upon shearing much earlier [64] — one block of the polymer is soluble in the binder, while the insoluble block adsorbs
onto the powder surface, thus serving as an anchor between the powder particles and the binder. The importance of
block copolymer type (EVA, EBA — ethylene-butyl acrylate, or EAA — ethylene-acrylic acid) was found to decrease
with powder loadings from about 67 % for the pure binders to only 10 % for feedstocks above 30 vol% [64], however,
EVA is still most preferred copolymer in PIM applications. Considering MEX, Marnot et al. [65] also discusses the use
of block copolymers in the recent review, where EVA copolymer has been highlighted for its effectiveness in
improving the dispersion of metal powders in polymer matrices, thereby enhancing the printability of highly loaded
feedstocks. .

Similarly, several studies on wax and surfactant selection have highlighted that seemingly small changes in binder
formulation can dramatically alter flow behaviour and segregation tendency. Karatas ef al. [66] investigated the
influence of various waxes (carnauba wax, beeswax, and paraffin wax) combined with a polyethylene-based binder on
the rheological behavior of 50 vol% steatite feedstocks and showed that the substitution of 55 wt% paraffin wax and
10 wt% stearic acid with 50 wt% carnauba wax resulted in 50 % decay of feedstock viscosity at 100 s~!. However, it is
important to note that the carnauba wax-based feedstock was prepared without stearic acid, thus it remains unclear

whether the superior performance can be attributed to the presence of paraffin wax or stearic acid additive.



Muranov et al. [67] compared the rheological behavior of 61.9 vol% 42CrMo4 steel powder feedstocks formulated
with a two-component paraffin wax—polypropylene binder system against those prepared with a polyoxymethylene
(POM) binder. Their study highlighted that wax-polyolefin binders exhibited significantly lower viscosity, which is
advantageous for molding thin-walled products; however, they also showed higher sensitivity to shear rate gradients
(power-law exponent 7 of 0.26-0.36 compared 0.47 for the POM feedstock) leading to issues such as jetting and
component segregation during molding. In practical terms, a suitable feedstock for PIM/MEX should combine viscosity

in the target processing window with a moderate power-law index.

It should be also stressed that low polarity of some waxes often results in segregation of powder and binder even during
low-pressure powder injection molding as addressed by Fareh ez al. [68]. They investigated the impacts of testing time,
shear rate, polymer degradation, powder deagglomeration, and temperature on the rheological properties of wax-based
feedstocks. Importantly, they showed that for low-viscosity systems (40PW and 35PW + SSA), the long tests caused a
flow change from pseudoplastic behaviour to a dilatant regime (with viscosity increase of nearly 40 %). Their findings
concluded that viscosity profiles must be obtained over short rheological test durations to minimize the risk of
segregation. The cause of segregation, however, is not always easily detectable in multicomponent binders as
demonstrated for carbide feedstocks containing only two components — paraffin wax (PW) binder and polyethylene
glycol-based (PEG) binder [69]. In the PW-based system, capillary flow was blocked at shear rates around 1000 s~
due to segregated PW, whereas the PEG-based feedstock exhibited only a distinctive jump (in an order of magnitude)
in viscosity at this critical shear rate. There the segregation manifested as a blockage of a capillary was clearly a
consequence of poor adhesion and insufficient wetting of nonpolar paraffin wax toward the carbide powder, while the
PEG-based feedstock retained flow because of the better PEG binder affinity to carbide powders.

Abdullah et al. [70] investigated the influence of palm stearin wax content in a low-density polyethylene (PE-LD)
binder on the rheological behavior of Inconel 718 feedstocks. They found that increasing the wax content up to 70 wt%
resulted in a significant reduction in viscosity and flow activation energy, thereby enhancing the moldability of the
feedstock. Park et al. [71] utilized three different binder formulations, each comprising a backbone polymer
(polypropylene or polyethylene), main body (paraffin wax, carnauba wax, microcrystalline wax) combined with stearic
acid as an additive. The findings revealed that feedstock with the highest portion of waxes (60 wt%) and powder
loading of 45 vol% exhibited optimal flowability (viscosity reduced by a factor 2-3 in the shear rate range from 107 to
103 s71), emphasizing the significance of selecting an appropriate binder composition to achieve desirable rheological

properties.

Importantly, Forstner et al. [72] emphasised that binder optimization for MEX cannot target low viscosity, but must
balance it with sufficient ductility. On 60 vol% metal powder (1.2343 tool steel) feedstocks with binders composed of
PE, PP and hybrid PE/PA waxes combined with PE-LD, they showed that PE- and PP-based feedstocks were
successfully printed using MEX at rather high temperatures (200°C and 240°C), whereas the third feedstock containing
PE/PA wax was too brittle for an effective processing, leading to filament breakage before extrusion; regardless of a
substantial (more than 90 %) decay in viscosity (melt volume rate increased from about 5 cm?/10 min for the wax-free
reference to 130 ¢cm?/10 min) they reduced the elongation at break to around 0.3 % and raised the minimum bending

radius well above the 60 mm threshold required for spooling.

Urtekin et al. [73] applied Taguchi orthogonal arrays to minimize the number of experiments while capturing main
effects and interactions for stainless steel powder filled with three different binder systems (PW/CW/SA, PW/PE/SA,
and PEG/PP/SA). ANOVA analysis was used to quantify the contribution of temperature and powder loading to
viscosity, and to build empirical equations relating these responses to the control factors. The results show that both

temperature and solid loading strongly affect flow, but their relative influence depends on the binder system.

Overall, the work of Hsu ez al. [74] from 1994 still offers the most valuable insight into the effects of different wax
compositions on the injection molding of carbonyl iron powder with PE-LD. The researchers compared paratfin wax,
polyethylene wax, carnauba wax, and acrawax, finding that polar waxes like carnauba and acrawax exhibited stronger
interactions with iron powder, leading to higher viscosity and better pseudoplasticity. The study highlights the

importance of wax selection in achieving desired rheological properties and final part quality.

Sufficient wettability of mon-polar waxes and polyolefin binders is usually attained with processing additives
(surfactants). Tseng [75] explored the effect of three different surfactants — stearic acid (SA), oleic acid (OA) and 12-
hydroxystearic acid (HSA) on rheological properties of the 60 vol% alumina compounds and resulted in the viscosity
order ga <7Noa <Musa (1500, 3000 and 5000 Pa.s, respectively) showing the strong dependency of the agglomerates
formation with the HSA suspension exhibiting the highest initial yield stress (t,psa > Tyoa > Tysa) and a
temperature-induced drop by more than 300 kPa between 120 and 150 °C, showing that surfactant choice strongly
governs agglomerate strength and network breakdown confirmed with the yield elimination and turning the flow to a
pseudoplastic manner after repeated shearing. Recently, researchers examined the effects of different binder systems on
the rheological and magnetic properties of Nd-Fe-B feedstocks intended for PIM. The study evaluated binder
formulations with varying ratios of linear low-density polyethylene (PE-LLD), paraffin wax (PW), and SA. It was
observed that a binder system containing 35 vol% PE-LLD, 60 vol% PW, and 5 vol% SA provided optimal flow



behavior — viscosity decreased from about 750 Pa.s to 300 Pa.s at a shear rate of 100 s~!, and from 330 Pa.s to
130 Pa.s at 1000 s~! compared with a more PE-LLD backbone-rich and less-additive binder (52.5 vol% PE-LLD,
41.25 vol% PW, and 6.25 vol% SA), while maintaining stable pressure traces with only ~ 0.4% fluctuation, indicating
good homogeneity. and minimized contamination. This composition led to improved density and magnetic properties in

the sintered parts, highlighting the critical role of surfactants in achieving desirable feedstock characteristics [76].
2.2 Molecular weight of binder components

Generally, lower molecular weight binder components fulfill the primary role of a binder to facilitate easy mold filling
or extrusion via reduction of zero-shear viscosity as well as non-Newtonian index (viscosity is more sensitive to shear
rate). However, both research and practice show the opposite requirement — increasing molecular weight is often
desirable to balance still suitable viscosity with shape retention and flow stability against segregation upon high

shearing and temperatures.

Water-soluble polyethylene glycol (PEG) is most often utilized binder component, whose molecular weight is varied
and tailored to particular powder features and feedstock composition. Eickhoff et al. [77] investigated the effects of
PEG with molecular weights ranging from 2000 to 20 000 g/mol on the compounding behavior of 60 vol% Ti6Al4V
feedstocks for additive manufacturing. They combined PEG with either PVB (poly(vinyl butyral)) or PMMA
(poly(methyl methacrylate)) and observed that higher molecular weight PEGs can enhance the viscosity of the
feedstock, which was crucial for achieving optimal flow behavior during the printing process. At a shear rate of 10
s~!, the apparent viscosity of PEG/PVB increased (from less than 10? Pa.s for PEG 2000 up to 200 Pa.s for PEG
20 000). For PEG/PMMA feedstocks the viscosities were about one decade higher than for PEG/PVB at the same
solid loading (due to much higher PMMA molecular weight of ~ 159 000 g/mol), and the variation of PEG molecular
weight between 2000 and 8000 g/mol had only a minor effect on viscosity level of PEG/PVB, although all

compositions still showed shear-thinning suitable for filament extrusion.

Elbadawi [78] examined how varying molecular weights of PEG influence polycaprolactone (PCL) MEX filaments
loaded with ciprofloxacin. The study revealed that lower molecular weight PEG (e.g., PEG 200 g/mol) significantly
reduced complex viscosity; in the range from 1072 to 10% s~! PCL viscosity dropped down about one order of
magnitude for PCL/PEG 200 (from 10* Pa.s to 10° Pa.s), enhancing flow but potentially compromising structural
integrity. In contrast, higher molecular weight PEG (e.g., PEG 8000 g/mol) increased PCL viscosity (PCL/PEG 8000
was about 1.5-2.5times higher), but improved shear-thinning behavior, solidification rates, and adhesion strength,

making it more suitable for printing applications.

These findings correspond to earlier works devoted to PIM. The findings on titanium [79], Inconel 718 [26], or alumina
[80] PIM feedstocks indicate that feedstocks with higher molecular weight PEG exhibit increased viscosity and yield
stress resulting in reduced flowability. On the other hand, lower molecular weight PEGs (1000 and 1500 g/mol)
enhance fluidity but lead to shear thickening (non-Newtonian index from 1 to 1.5 in temperature range 70 — 110 °C)
attributed to binder-powder separation at elevated temperatures [80]. The viscosity of 55 vol% alumina feedstocks with
PEG1000 and PEG1500 was less than 20 Pa.s at a shear rate of 200 s~!, whereas increasing PEG molecular weight to
20000 g/mol raised the viscosity to 80-100 Pa.s, but in shear thinning manner with non-Newtonian index ranging from
0.7 to 0.5 in the temperature range 80—-130 °C.

Regardless of a strong effect of molecular weight on viscosity and flow stability, other binder components than PEG
have been hardly investigated. One of very rare exceptions is work by Gonzalez-Gutierrez et al. [81] studying a
possibility of lowering viscosity of POM, a backbone binder used in commercial PIM and MEX feedstocks by BASF,
which provides excellent mechanical strength to the manufactured parts, but has high viscosity, which complicates
processing. On a set POMs with molecular weights ranging from 10 000 g/mol to about 130 000 g/mol, it was
observed that POM viscosity increases with molecular weight at a faster rate than impact toughness — reduction of
molecular weight to 24 000 g/mol decreased POM complex viscosity by three orders of magnitude (from 103 Pa.s to

1 Pa.s), while maintaining comparable mechanical performance.
2.3 Molecular-level interactions among binder components

The interactions among binder components are, in the vast majority of cases, deduced from their rheological
performance. More direct evaluation is a challenging task due to the significantly strong self-interactions of polymers.
Chen and Wolcott [82] employed differential scanning calorimetry and atomic force microscopy to evaluate the
morphology and crystallization of nonpolar paraffin (PW) and polyethylenes (PE-HD, PE-LD, and PE-LLD). The
obtained data served as an evidence of a partial miscibility of PW in polyethylenes with PE-LLD/PW being favorable
over the PW/PE-HD. Sudhakar and Selvakumar [83] reported on the miscibility of chitosan and PEG blend using a
buffer solution. From collected FTIR spectra for polyblend films and polymers, it was observed that with increasing the
amount of PEG, the O-H stretch peak tends to lower peak wavenumbers, serving as the evidence of the component’s
miscibility. Doulabi et al. [84] quantified the interaction parameters of PEG and chitosan by using viscosity, density,

and refractive index evaluations. The results showed that the components at 80 % or higher chitosan concentration



were miscible by means of intermolecular hydrogen-bonding interaction between hydroxyl groups of polyethylene

glycol fumarate with amino and hydroxyl groups of chitosan.

Ucar et al. [85] studied surface properties of EVA, PE-HD and polyvinyl acetate PVA blends using contact angle
analysis and X-ray photoelectron spectroscopy. Tested EVA samples varied in the content of vinyl acetate in the range
from 12 to 33 wt%. Thin layers of each blend were prepared from their xylene solutions at high temperatures by a dip
coating technique. Static and dynamic contact angle measurements were carried out using grade water, methylene
iodide, ethylene glycol and formamide. The obtained data showed that the increase of the polar hydrophilic vinyl

acetate in the blend resulted in the decrease of the water equilibrium contact angles, thus enhancing wettability.

The surface energies of low-density polyethylene (PE-LD), polyethylene glycol (PEG), paraffin wax (PW), carnauba
wax (CW), acrawax (AW) and stearic acid (SA) components of Al,O; and ZrO, feedstocks were determined from the
measurements of contact angles of three testing liquids (deionized water, ethylene glycol and diiodomethane) [86]. Low
contact angles measured for PEG in all testing liquids could be explained by the hydrophilicity of its surface. Contact
angles for CW and SA exhibited very similar values in water, and crosswise for the remaining testing liquids. In this
view, it seems that CW could overtake the role of a plasticizer in binders. Interestingly, AW exhibited the values of

contact angle comparable with those obtained for PW, where no adhesion is expected.

Recent studies of MEX also address binder-powder and binder-binder interactions, but generally focus on process
parameters and macroscopic outcomes such as print fidelity, residual binder analysis, and defect formation. There are
reports of calorimetric and FTIR measurements in these fields, especially for studying binder decomposition and

powder compatibility [87], but true molecular-level, quantification remains extremely rare.

One option to quantify interactions is to employ low molecular weight analogues of binder polymers, which simplify
the system and allow precise FTIR and calorimetric analysis of feedstocks [88,89]. In the model systems,
self-interactions of long polymer chains are largely eliminated, so that the interactions between individual binder
components become visible. The results show that the binder components such as PEG, CW or AW, which may have
very similar effect on feedstocks viscosity values, can exhibit markedly different interaction energies and miscibility,
which then manifest as differences in flow causes (thinning/thickening) and segregation tendency. Through calorimetric
measurements of the analogues, the studies quantify the energies of mutual associations in various combinations, while
FTIR analysis tracks characteristic spectral shifts as evidence of molecular interactions such as hydrogen bonding. For
CW/PEG system, the findings demonstrate partial miscibility and beneficial interactions, while AW/PEG analogues
exhibit approximately twice as strong interactions (hydrogen bonding between CO and NH groups) leading to more
favorable processing characteristics for MEX/PIM applications. By providing quantitative guidelines and highlighting
the compatibility of particular binder combinations, these studies advance the rational design of binder systems for

improved rheological behavior and process stability.
Chapter summary:

« Binder composition remains the most powerful, yet least systematically explored, approach to defect-
free manufacturing of MEX/PIM parts. Most binder studies establish “good” viscosity windows for
specific powder-binder systems, but only few derive generally transferable and applicable rules.
Quantitative interaction studies are rare, even though they offer a route to data-driven binder design

beyond trial and error.

Although lower molecular weight binder components fulfill the primary role of a binder to facilitate easy
mold filling or extrusion, they may lead to shear thickening attributed to binder-powder separation.
Thus, the increasing molecular weight is often desirable to balance still suitable viscosity with shape

retention and flow stability.

Low polarity of polyolefins and some waxes result in a powder-binder segregation due to poor adhesion
and insufficient wetting of highly polar powders. Except of surfactants (stearic acid), block copolymers
are particularly effective in improving dispersion of powders in binders, thereby enhancing their
printability and moldability — even additions as low as for surfactants (1-3 wt%) suppress powder-

binder segregation.

Suitable feedstock for PIM/MEX should combine viscosity in the target processing window with a

moderate (~0.5) power-law index. For MEX it must also balance it with sufficient ductility.

Practice-relevant advice: For new formulations, start from a proven backbone (polyolefin + wax) with a
modest amount of polar component or surfactant, to balance three competing requirements: moderate

viscosity for filling, low tendency to powder/binder segregation, and debinding without a part distortion.

3 Rheological approaches essential for determination of powder loading



A capillary rheometry remains the most widely used tool to determine the relative viscosity of MEX and PIM
feedstocks necessary to calculate the maximum packing fraction for a given composition. However, torque rheometry
and simple mixing-torque measurements often provide a more direct and practically relevant route to identify the

processable powder loading, especially during early formulation screening.

As powder concentration approaches the maximum packing fraction, binder is entirely squeezed into the gaps between
particles, quickly growing relative viscosity signaling the upper processable limit. The optimal powder loading in the
feedstock is then defined as the concentration of powder, where the compound maintains still favorable flow
characteristics, along with homogeneity and stability throughout a shear rate window between 10% and 10° s~!. Dihoru
et al. [90] showed that this optimum is often 6-14% below the maximum packing, based on torque measurements and
neural-network analysis of feedstocks with bimodal powder mixtures. The upper loading limit is dependent on powder
features and how packing is arranged. An ideal PIM powder, according to German and Bose [8], incorporates a rather
broad size distribution with spherical or nearly spherical particles, enhancing packing efficiency. Combining multiple
particle size fractions in powder-binder feedstocks for MEX and PIM enables higher solid loading [20,91-96].

In practice, some PIM researchers combine torque rheometry with capillary rheology. Torque curves recorded during
stepwise powder addition typically exhibit three regimes: a low-sensitivity region at low loadings, a gradual increase in
torque as particle-particle interactions become relevant, and a sharp rise beyond a so-called switch point (SP) or critical
solids loading (CSL) [14,97], Fig. 2. The CSL indicates the onset of poor wetting and insufficient binder coverage,

whereas the SP can be used as a practical measure of the upper recommended loading for stable flow.
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Evaluation of critical solid loading (CSL) and switch point (SP) from torque dependence on Al,O3 powder loading in feedstocks
differing in binder composition (with permission from [97]).

For MEX feedstocks, similar strategies are being adopted: optimal powder loading is determined from mixing torque or
extrusion-pressure curves, and then related to the filament’s extrudability and printability. Several MEX studies report
that attempting to push the powder content too close to the theoretical maximum packing leads to brittle filaments,
excessive die pressure or severe surface defects, even when the apparent viscosity at moderate shear rates remains
within an acceptable range. This again underlines that critical solids loading is a structural limit rather than a purely

rheological one, and that torque-based methods remain valuable screening tools for both MEX and PIM.

According to German and Bose [8], more than one hundred empirical and theoretical expressions have been proposed
to derive the maximum packing fraction. Abu-Lebdeh et al. [98] explored how well empirical particle packing models
can predict the maximum packing density of boron powders for additive manufacturing. The researchers performed
controlled experiments with two sets of boron powders having different particle sizes and then mixed them in various
ratios to determine their packing densities. They applied both the Furnas ternary model and a modified Toufar binary

model to these systems. Their results showed that both models closely matched the experimental data.

Nevertheless, there is no single “universal” viscosity model available for highly filled feedstocks. For any given
powder-binder system, several models can usually be fitted to the experimental flow curves with comparable quality,
especially when particle shape and polydispersity are included as fitting parameters. However, different models fitted to
the same data often predict noticeably different values of the maximum packing fraction: Honek er al. [99]
systematically compared more than fifteen relative viscosity models for hard-metal carbide feedstocks and found that
the resulting maximum packing can differ by several volume percent, even when all models reproduce the measured
viscosity within the experimental scatter. From a processing viewpoint, such differences are far from negligible, as they
may translate into a shift from a robust processing window to a feedstock that exhibits edge cracking, jetting or

powder-binder separation.



More physically based approaches, such as hard-sphere (HSM) or virtual-packing models, offer an attractive
alternative. In these models, the input parameters are only powder size distribution and loading to reconstruct a virtual
3D particle structure, from which structural descriptors as nearest-neighbor distance distributions, binder-channel width
distributions and histograms of groups of close particles (GCP) can be derived and quantitatively correlated with
viscosity data [100,101]. For a set of extruded carbide compounds, HSM model showed that at a fixed solid loading
and binder composition, variations in the particle size distribution considerably affects viscosity values and its overall
cause — fine (Dsy 1.36 um), more agglomeration-prone powders with higher GCP lead to high viscosities (10 Pa.s at
10% s~') and apparent yield behaviour at powder loadings above 30 vol% [100], while coarser powders (Ds, from
5.28 um to 15.38 pm) provide significantly lower viscosity (10° Pa.s at 10> s~!) even at 50 vol% loading. These
models confirm that the influence of powder morphology integrated as an input parameter (particle size distribution in
HSM) can be quantified as their output (GCP in HSM) and directly connected to feedstock rheological performance.
The advantage is that the model parameters reflect easily measurable powder characteristics rather than introduce
empirical fitting constants with no physical meaning. Nevertheless, such models are still rarely used in MEX/PIM

development, and their predictions are only occasionally validated against real processing defects.
Chapter summary:

» There is no universally valid viscosity-powder loading model for highly filled systems used in
MEX/PIM; different relative viscosity relations can fit the same data yet predict significantly different

maximum/critical packing values, so their application should be used with an extreme caution.

Torque-based methods offer an experimentally simple way to identify the critical powder loading. An
optimum processability is associated with a steep but stable increase of torque with increasing powder
loading regardless its particular value. An early unstable torque development upon adding powder,
which does not stabilize with time, should be considered as a sign of any or very narrow processing
window. The combination of torque and capillary flow measurements provide reliable base to define

processing windows.

Feedstock structure based (physical) models which explicitly reconstruct powder packing (hard-sphere
and virtual-packing approaches) can link powder characteristics (size distribution, shape, solids loading)

to viscosity without overfitting, but they are still rarely used as standard design tools in MEX and PIM.

4 Constitutive models, processing parameters, and their limitations in
MEX/PIM

Direct and systematic investigation of the link between rheological characteristics and processability of feedstocks is
rare in the literature. Most studies still focus on fitting constitutive relations to viscosity data, rather than demonstrating
how these parameters improve the prediction of defects or processing windows. The most commonly used rheological
model for describing PIM- and MEX-based feedstocks is a power-law (Ostwald—de Waele) model, which captures
their steady non-Newtonian region only. The Carreau and/or Cross models intercepting also the zero-shear plateau and
transition regions are integrated into the simulation tools. Detailed description of the relevant models (Fig. 3) can be
found in [102].

@ Images may appear blurred during proofing as they have been optimized for fast web viewing. A high quality version

will be used in the final publication. Click on the image to view the original version.



R=5 R=5=1
8 = Williams
1-=A+8{ 5 Williamson I s
C+y —
R=5=2/3 Cross
c=0 C=AB
A=0 B=0
o | '
A
Hermes &
§=0 §-1 A=0 Fredrickson
| Sisko | Herschel
& Bulkley
R=0 B=0 R=1 R=S
S=0 S=0 C=A/B
Bingham |
A=0
r
1

Newton |

Overview of relevant basic rheological models for MEX and PIM feedstocks (with the permission from [102]).

However, as shown e.g. by Kukla ez al. [103], any of the fundamental models is not able to capture typical rheological
phenomena of highly filled systems such as yield stress and wall slip (Fig. 4). In other words, they reproduce the
measured shear-viscosity curves but ignore key features that strongly affect flow in thin sections, near walls and in

regions prone to segregation.
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Typical flow curve of highly filled compounds exhibiting yield stress and dilatancy (red-dotted) compared to typical flow curve of
polymer melts (with the permission from [103]).

Empirical models for predicting viscosity as a function of polymer binder formulations were proposed by Gonzalez-
Gutierrez et al. [104]. Also, Khakbiz et al. [105] conducted experiments with capillary rheometry to reveal how
parameters as solid fraction, shear rate, and temperature affect feedstock stability for injection molding, proposing an
“instability index” but not extending the study to actual molding trials. Suri e al. [106] instead used a torque rheometer
to examine flow stability, assessing its evolution over time and noting that improved homogeneity in mixing positively
affected rheological behavior, yet, once again, no direct quantitative correlation to process performance was made.
Zauner et al. [107] highlighted that variability in viscosity is related to the dimensional consistency of powder-injected
molded products. Meanwhile, Pettas ez al. [108] showed that during MEX, greater shear rates and longer relaxation
times lead to increased dimensional instability of extruded filaments; here, process stability can be described via
pressure or viscosity stability, or via consistency of filament diameter as it exits the die, which is also influenced by die
swell and gravity. Thus, although it is well accepted that lower viscosity typically enhances processability, robust
experimental studies mapping this relationship for highly loaded, extrusion or injection-molded compounds remain
uncommon. Taken together, these studies confirm that viscosity is important for process stability, but they rarely provide
transferable criteria such as critical viscosity windows or instability thresholds applicable across different materials and

geometries.

Against this background, the validation and advancement of the master-curves approach for modelling rheological
behaviour offer a promising alternative toward more general, formulation-based descriptions of viscosity [109-111].
The approach was introduced by Filip ef al. [109] and builds on a capillary rtheometry data obtained at processing-
relevant shear rates (100-1000 s~1). In practice, the master curve is constructed by measuring shear viscosity for a

varied set of feedstock compositions — in this work comprising 36 combinations of 0-50 vol% Al,05; powder loading



and 0-5 wt% stearic acid concentration. The measured viscosity data are then expressed through a single algebraic
relation: log (n) = B1 (SA%.filling%) + [B2 (filling%)]  [3 — log ()] , where parameter B1 depends on both powder loading and
SA content, and B2 depends only on powder loading. For a new composition within the validated range, viscosity at
any shear rate is obtained simply by inserting the known powder and SA concentrations into explicit analytical

expressions for B1 and B2.

Unlike classical models that require several empirical parameters for each feedstock modification, the master curve
approach allows for accurate and quick prediction of viscosity using only component concentrations and shear rate.
The flow behavior can thus be reliably mapped for a broad range of powder loadings and additive levels, which is key
for practical mold design and feedstock optimization, Fig. 5. The deviation from experimental values is no greater than
typical measurement error (for shear viscosity measurement approx. 5 %), showing this method’s efficiency and utility
for industrial applications; it can be used to quickly and reliably anticipate the effects of formulation changes on

viscosity.
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Approximation of apparent viscosity of dilatant/pseudoplastic (Licomont commercial binder) and pseudoplastic (CW/PW/PEG
binder) Al,O3 feedstocks with master curves (with the permission from [97]).

This approach eliminates the currently used non-Newtonian (power-law) index, by means of which the logarithmic
derivative was approximated. The application of master curves is straightforward and does not involves any adjustable
parameters. It provides smooth continuous passages among various inputs, and cover not only the measured values but
also of all intermediate combinations. As such, this method moves beyond descriptive rheology — it offers a
quantitative, transferable tool for efficiently optimizing processing windows and stability in injection molding

applications.

Rheological characterization of MEX/PIM feedstocks must also consider the influence of processing conditions —
temperature and pressure. Temperature sensitivity is commonly described via the activation energy of shear flow (see
Supplementary Material Table S1 for an overview). While German [6] proposed increasing activation energy with
higher powder loading, arguing that in filled systems the apparent viscosity drops more rapidly with temperature
because the effective volume fraction of solids changes due to different thermal expansion of powder and binder,
Shenoy [112] suggested the opposite trend, since rigid particles do not contribute to free-volume changes, making the

composite less temperature-sensitive than the neat binder.

Recent studies report that activation energy decreases as powder loading increases up to the optimum filling. As an
example, Naranjo ef al. [113] discusses limits for material suitability in terms of shear stress and activation energy
providing activation energy values for several volume fractions of 17-4PH hybrid feedstocks for MIM and MEX.
Activation energy is evaluated at fixed shear rates representative of PIM (1000 s~!) and MEX (100 s™'). The trend
reported is that activation energy decreases with increasing powder content in the processable range, i.e., higher loading

makes viscosity less temperature-sensitive, Fig. 6.
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Activation energy as a function of powder loading for typical MEX and PIM shear rates (with permission from [113]).

Further, recent works [114-116] on Ti-6Al-4 V and zirconia feedstocks evaluate activation energy from Arrhenius fits
at fixed shear rates for several loadings, mainly to define an optimal feedstock window. Their qualitative conclusion is
again that activationenergy drops as solid loading increases up to the optimum, i.e., highly filled but still processable
compounds are less temperature-sensitive than the neat binder. Interestingly, Contreras et al. [117] found — for a
comprehensive set of three bronze and four Inconel 718 powders — that activation energy decreases with powder
content only up to the optimum loading of a given feedstock, and then increases again once this optimum is exceeded.
This behaviour suggests that activation energy can serve as a practical indicator for identifying the optimum powder
loading: a decrease with loading followed by an increase may signal that the system has reached the critical loading
level. Honek et al. [118] reported that activation energies evaluated in the relatively broad temperature range (from 140
to 200 °C) followed Arrhenius relation only in the stable flow regime (without pressure oscillations) for carbide
feedstocks; once flow instabilities appear, the concept of an Arhenius activation energy fails, which again underlines

that activation energy can be interpreted as a flow stability parameter.

At this point, it should be noted that the vast majority of authors evaluate activation energy at a fixed shear rate. Dimitri
et al. [119] correlated activation energy for 17-4PH feedstocks with particle size, moldability index and solids loading
based on activation energy evaluated at fixed shear rate values. Ahmad ef al. [115] evaluated Ti-6Al-4 V. MIM
feedstocks; viscosity was measured in a capillary rheometer at several temperatures and defined shear rates, and
activation energy was extrapolated from Arrhenius plots at those shear conditions. Amin ez al. [114] reported flow
activation energies for several zirconia loadings again using capillary data at a fixed shear rate. The review by Momeni
et al. [11] summarizes multiple micro/nano-feedstock studies where Arrhenius linear trend was derived also at a
constant shear rate. Recent MEX feedstock developments with tool steel and bio-based binders also treat temperature
dependence via Arrhenius fits of viscosity at selected shear rates relevant for extrusion, although many papers focus

more on printable temperature windows than on explicit activation-energy tables.

The detailed observation showed that activation energies reported in the literature suffer from many experimental
issues. First, the Arrhenius plots should fit at least 5 points (five temperatures, at least 40 °C range) instead of three only
as in the majority of cases. Second, the viscosity vs. reciprocal temperature should be plotted at the relevant shear rates
(PIM at 1000 s~! and MEX at 100 s™!) as done by Naranjo ef al. [113], and this value must be stated in the paper.
Furthermore, from a rheological point of view, evaluating activation energy at constant shear rate is not fully consistent
for non-Newtonian systems. At a fixed shear rate, the corresponding shear stress changes with temperature, so the
resulting activation energy of flow implicitly combines thermal effects with stress-induced structural changes in the
compound. A more rigorous approach would be to determine activation energy at constant shear stress, which isolates
the temperature dependence of viscosity at a fixed mechanical state of the material. For non-Newtonian fluids, the
apparent activation energy obtained at constant stress is, in general, not equal to that obtained at constant shear rate;
their ratio is related to the non-Newtonian (power-law) index, and thus reflects the degree of non-Newtonian behaviour.
So far, the evaluations at constant shear stress are rather scarce. Karatas et al. [66] evaluated the effect of temperature on
apparent viscosities of 50 vol% steatite feedstocks with binders containing polyethylene and three waxes (carnauba,
bees wax and paraffin) under various shear stresses to be within the range of 25 to 99 kJ/mol, but each feedstock was

evaluated at different shear stresses, thus the data are hardly comparable.

Furthermore, temperature sensitivity coefficients of feedstocks are also a function of pressure; those of binders are
linearly increasing with pressure, and may increase up to three times in the pressure range from ambient to 50 MPa
[120]. It is well known that pressure significantly affects the viscosity of MEX and PIM feedstocks, but rather
surprisingly, there are only several studies, which investigate pressure-volume-temperature (PVT) behavior of PIM
feedstocks to link pressure to shrinkage and final dimensions, and even less studies reporting pressure-dependent
viscosity. Greene and Heaney [121] used a Tait-type PVT description of a PIM feedstock to correct molding shrinkage
showing that increasing powder content lowers compressibility and reduces pressure sensitivity of specific volume, and
that neglecting the feedstock PVT behavior leads to wrong dimensional predictions. Similar conclusions were drawn in
later PV T-based studies on alumina [122], carbide feedstocks [123], barium titanate [124], aluminum nitride [125],
silicon nitride [126], mullite-zirconia [18], Ni-based superalloy powder [127]. Fu et al. [128] employed PVT data to



analyze the demolding failure of metal parts. Hausnerova et al. [123] demonstrated on various cemented carbide
feedstocks (differing in particle size distribution and mean size) that the cause of the pressure dependence of the
volumetric thermal expansion coefficients is linear, while the compressibility shows an exponential cause and at high
pressures it becomes almost pressure-independent. According to the Hashin and Shtrikman model [129] the stress
transfer between the powder and the polymer binder can be neglected in the melting region, the measured data lies in
between the mixing rule and Schapery's [130] lower boundary reflecting the weak bonding between the filler particles
and the binder (Fig. 7).
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Bulk moduli of various carbide compounds varying in particle size distribution as a function of powder volume fraction. The dash-
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Beyond classical confining-fluid and piston—die dilatometers, several groups have developed more process-relevant or
mechanically simpler routes to obtain PVT data. Wang and co-workers [131] used production injection molding
machines and instrumented molds to reverse determination of PVT behavior directly under realistic filling and packing
conditions, thereby capturing effects of true molding pressures and cooling rates, which are difficult to reproduce in
laboratory dilatometers. Rudolph et al. [132] implemented a squeeze-flow—type concept on a universal testing machine
by placing a material charge between two coaxial pistons and recording force-displacement under controlled
temperature, which allows extraction of specific volume and compressibility without a dedicated PVT apparatus.
Conceptually similar to Rudolph’s squeeze-type setup has been recently used for a squeeze-flow based rheometry of
carbon-fiber sheet molding compounds explicitly including PVT (compressibility) characterization [133]. Muranov et
al. [134] designed an in-house plunger dilatometer for highly filled metal feedstocks and, in combination with DSC,
showed that the melting and crystallization temperatures of polypropylene and wax in the binder shift substantially
upwards when the pressure is increased by about 100 MPa; using the derived PVT and phase-transition data, they
defined a practical processing window that supports processing of highly loaded mixtures with a minimized volumetric

shrinkage and improved dimensional stability.

For MEX of highly filled feedstocks, the literature mainly incorporates pressure via pressure-drop and flow models
(often including elongational effects) rather than through explicit pressure-dependent viscosity coefficients, but it clearly
recognizes that realistic prediction of extrusion behavior and printability requires coupling rheology with pressure
evolution in the nozzle and die. Das et al. [135] as well as Brettmann et al. [136] emphasize that nozzle pressure,
entrance pressure drop and pressure build-up along the hot end are crucial for print stability, layer thickness, and die

swell.

Rane et al. [137] developed a pressure-drop model for twin-bore capillary rheometry for highly filled metal and ceramic
feedstocks and showed that extrusion pressure cannot be predicted accurately without including elongational viscosity
in addition to shear viscosity. It links measured pressures in the dies to rheological properties, demonstrating how

process pressure reflects the combined shear and extensional response of the feedstock during material extrusion.

These studies clearly indicate that PVT behaviour and viscosity sensitivity to pressure are crucial for predicting
shrinkage, residual stresses and demolding behaviour in PIM, and that similar systematic PVT data for MEX are
essentially absent (pressure is usually considered only implicitly through extruder and nozzle pressure-drop

measurements).

A direct determination of pressure-dependent viscosity requires a capillary rheometer equipped with an additional
back-pressure unit that increases the hydrostatic pressure acting on the melt [138]. In this setup, a chamber is mounted
at the capillary outlet and contains a needle valve, which is translated horizontally by a screw mechanism to adjust the
backpressure imposed on the material during flow. With the help of such device, the effect of powder concentration as

well as its features in terms of particle size distribution and shape can be evaluated. Pressure effect decreases with a



loading level for low-to-moderate (up to 30 vol%) powder concentrations [120] in accordance with German assumption
[6]. However, at higher solid contents, the compounds appear more pressure-sensitive than the neat polymer binder
itself [139]. This behavior suggests that, at powder loadings relevant for PIM and MEX, the compressibility of the
particle network and its internal structure starts to play a dominant role, whereas at low to moderate powder fractions

the pressure response is controlled mainly by the binder.

Further, the pressure coefficient of viscosity also varies in a systematic way with powder properties (particle size, size
distribution, morphology): finer or more irregular powders tend to produce higher absolute viscosities, but their
viscosity often changes less with pressure; pressure sensitivity can be tuned by adjusting powder characteristics [140].
To date, however, such pressure-dependent viscosity data exist only for a limited number of feedstocks and have not
yet been integrated into standard simulation workflows; recent measurement-technique reviews summarize in-mold
PVT and pressure-specific-volume measurements as emerging, non-standard tools for process-driven characterization
[141].

Chapter summary:

» Classical flow models (power law, Carreau, Cross) developed for fitting pure polymer melts do not
capture yield stress or wall slip, which are typical for highly filled MEX/PIM compounds. As a
consequence, powder-binder segregation, near wall defects and flow instabilities are not intercepted

with rheological testing.

Master curves approach provide a compact and efficient way to describe shear viscosity dependence on

feedstock composition with an accuracy not exceeding an experimental error.

Activation energy can serve as an indicator of both the critical powder loading (turn from activation
energy decreasing into increasing upon adding powders) and the onset of flow instabilities (falling out
from linear Arrhenius trend). However, it must be evaluated correctly within at least a 40 °C range and

preferably at constant shear stress.

Pressure strongly affects viscosity, yet pressure-dependent viscosity has been measured only for a few
PIM systems and is not integrated into flow simulations. Existing data suggest that pressure effects
become increasingly important at powder loadings relevant for MEX/PIM, where compressibility of the

particle network and its internal structure overtake a dominant role of a binder.

5 Rheology as a predictive tool for flow instabilities, segregation, and
defect mitigation

Rheological characterization of highly filled MEX and PIM feedstocks is not only a tool for basic material description
but also a powerful means to identify, understand, and mitigate processing defects such as flow instabilities and
powder/binder segregation. As already stressed, PIM/MEX compounds exhibit complex, strongly non-Newtonian flow
because powder contents are close to the critical packing limit. Under such conditions, even small changes in local
shear rate, pressure, or geometry can trigger instabilities that are still not fully understood and that often manifest as
phase separation between powder and multicomponent binder, leading to defects as porosity and/or cracks on the final
sintered parts, which are unacceptable in highly demanding applications as aerospace, automotive, or medical sectors.
A key question is therefore whether measured rheological parameters can be used to predict or even prevent such

defects.

Powder-binder separation during injection molding results in uneven shrinkage [142], and represents pathways for
reducing energy consumption and product failure. Experimental evidence shows that powder characteristics (size
distribution, shape, surface) and process conditions have a decisive influence on both flow behavior and segregation
tendency. Coarser, spherical powders can be easily moldable but also more prone to flow instabilities, while wide size
distributions promote structural inhomogeneities in the products. Attempts to map flow-induced segregation using DSC
[143], X-ray tomography [144-146] synchrotron microtomography in complex molds [147], and EDX/SEM combined
with analytical tools [148,149] have demonstrated particle redistribution during Poiseuille flow. These techniques
provide valuable qualitative and sometimes quantitative insight into segregation patterns but are experimentally
demanding and often not suited for a routine process optimization. Against these efforts, rheological methods offer a

complementary route to reduce or even eliminate the segregation.

Wall-slip, emerging as a rheological phenomenon that can be directly linked to powder-binder separation, can be
measured on a standard capillary rheometer. Empirical evidences suggest that a controlled slip can mitigate powder-
binder segregation. When a thin, low-viscosity binder layer forms at the wall and allows the bulk suspension to slide,
the shear-rate gradients within the particulate core are reduced; this weakens the driving force for particle migration and
can suppress powder-binder separation. Online slit-die rheometry of commercial and in-house PIM feedstocks showed
that essentially all highly filled systems exhibit wall slip under processing-like conditions, and that the slip velocity
depends on binder type, powder characteristics [150], and the surface properties [151].



The thickness of the polymer layer created near the channel wall during slippage is proportional to the square root of
the wall slip velocity [152,153]. From a few available studies [80,81], the molecular weight of a binder seems to have
an effect on the thickness of this polymer layer; for feedstocks containing lower molecular weight it is higher than for
higher molecular weight feedstocks. The role of the powder chemistry also remains rather unexplored. It has been
shown that stainless steel is more prone to a wall slip than Al,O5 [154], and interestingly, the tendency of AL, O3
feedstock to wall slip is less pronounced than for ZrO, compounds [151], although their surface characteristics (surface
energies) are fairly similar (44 and 47 J/m? for 710, and AL, O3, respectively [86]). However, even if the rheological
conditions and binder composition are kept the same, the effect of powder chemistry cannot be separated from their
features which are the crucial for wall slip. It has been shown that the slip velocity can be substantially reduced by

tailoring a powder particle size distribution towards smaller particles fractions [150].

The factor, which complicates wall slip evaluation is that the obtained slip velocities are highly affected by the
measurement arrangement. It has been demonstrated that the velocity decreases with increasing channel size and
surface roughness, especially if surface irregularities are higher than polymer layers formed at the flow channel walls
[151,155,156]. At present, the heterogenous surfaces can be precisely quantified and statistically analysed with the help

of cluster analysis combined with single-layer neural networks [157,158].

Further, a capillary entrance angle in a capillary rheometry is another critical parameter for both reliable slip
quantification and realistic representation of process conditions. Flat 180° dies systematically overestimate slip
velocities and promote powder-binder separation at the die entrance, whereas 90° conical dies provide slip-stress
relations that align with established linear scaling for highly filled feedstocks and better simulate the flow encountered
in real molds [159]. Hasib et al. [160] correlated filament extrudability and quality of printed parts with rheology and
specifically discuss deviations between capillary and rotational data at high shear rates attributed to wall slip in
capillaries, highlighting that unrecognized slip can lead to underestimation of the true viscosity and misinterpretation of
processing windows. To fully eliminate slip from the rheological measurements, multi-scale velocimetry must be
employed as proposed by Haavisto er al. [161] combining Doppler optical coherence tomography with magnetic

resonance imaging or ultrasound velocity profiling to investigate a pipe flow of complex materials.

Mannschatz et al. [162] reported that separation of powder and binder within feedstock is most severe near high
shear-rate gradients and dead zones, consistent with the slip-layer concept. A later numerical study of special flow
situations in PIM explicitly concludes that wall slip reduces powder-binder segregation by lowering shear-rate

gradients and thus the driving force for migration [163].

The influence of the wall slip on the filament extrudability and windability was demonstrated by Hasib et al. [160] for
PLA/Ni-Cu powder feedstocks. LeBlanc et al. [164] and Saidy et al. [165] associated the wall slip with extrudate
distortions and other extrusion defects, resulting in a reduction of an adhesive strength between deposited filaments.
Maciel et al. [166] linked the areas that appear sheared in the angular direction of the extrudate to the slip effects.
Vadodaria et al. [167] reported strongly heterogeneous velocity profiles across the measurement gap for cellulose-based

systems widely used in 3D printing, attributing them to discontinuous shear gradients caused by wall slip.

To sum up, it has been demonstrated that some degree of slip can be beneficial in reducing powder migration and
powder-binder segregation in regions of high shear, but excessive or poorly controlled slip can also produce binder-rich
surface layers and change local stress states, which may compromise bonding and green-body integrity in PIM. The
MEX-related observations underline that, while slip can help to reduce pressure and avoid clogging, it can
simultaneously promote surface defects, interfacial weakness and heterogeneous filament structure if it is not balanced

by sufficient bulk cohesion.

Further, following the work of Haavisto et al. [161], several studies [168-171] have examined the interplay between
yield stress and wall shear stress in the presence of slip, indicating that when the wall shear stress exceeds the material’s
yield stress, phase separation and non-uniform print quality are likely to appear. Delime and Moan [172] attributes the
separation to a breakdown of Brownian motion near the walls, further intensified by shear-rate gradients that promote
particle collisions which were experimentally confirmed by Lam ez al. [173]. This suggests that the wall shear
stress/yield stress ratio can serve as a key control parameter: if wall stresses remain comparable to or below the yield

stress, the material flows without separation.

Kukla ef al. [174] pointed out that the yield stress is a parameter strongly affecting flow behavior of MEX (and PIM)
compounds, and that quantifying yield stress must be done carefully because the obtained values depend on the
analytical technique used. They compared yield stresses measured with a control-stress rheometer (CSS) with
measurements made on a slit-die rheometer in a controlled shear rate mode, and found CSS more sensitive providing
more accurate data. In their review [103], they further emphasize that realistic modelling must include a yield stress to
capture the onset of flow and green-body stability, especially near weld lines and thin sections. Further, Marnot e al.

[65] pointed out that higher static yield stress improves buildability and shape retention in MEX, but at the cost of
higher extrusion pressure; a balance must be found between pumpability/extrudability and the yield stress needed to
avoid slumping or spreading after deposition. Naranjo et al. [113] found for hybrid MIM/MEX feedstocks based on



17-4PH stainless steel powder that yield stress, together with viscosity and activation energy, sets limits on suitable
printing speeds and temperatures to avoid either under-extrusion (too high yield) or filament sagging and interlayer
smearing (too low yield). Poslinski proposed a theoretical expression which directly relates the solid fraction to the
yield stress [175]. It indicates that the magnitude of the yield stress increases with the increasing volume fraction of the
powder, decreasing size of the particles and increasing interparticle surface potential [176,177], which is not surprising
as it is defined as the force per unit area necessary to overcome interactions within interparticle network formed in a

highly filled compound.

Finally, it should be noted that in oscillatory rheology, some authors loosely refer to the crossover between the storage
modulus and the loss modulus in an amplitude sweep as a yield point, although this crossover merely marks the switch
from elastic-dominant to viscous-dominant behavior. As an example, Eickhoff ez al. [178] adopts this nomenclature in a
comprehensive Ti-6A1-4V MEX feedstock study, call a distinct region where the storage modulus clearly dominates the
loss modulus up to a well-defined crossover as a yield point, and found it beneficial for MEX, because in that regime
small deformations during deposition do not remelt or destabilize the previously printed layer, and thus preserve surface
stability. In their Ti-6A1-4V feedstocks, however, no such crossover is observed within the measured range, so the
material remains predominantly viscous, which they identify as unfavorable for maintaining structural integrity during

layer-on-layer deposition.
Chapter summary:

« Rheology can provide parameters (wall slip, yield stress) which are linked to the filament extrudability
and windability defects in MEX, and flow instabilities and powder-binder segregation in PIM.

« Both, wall slip and yield stress are very sensitive to the experimental arrangement. A control-stress
rheometer is recommended for precise evaluation of yield stress, and a capillary rheometer with conical

die is preferred for wall slip determination.

« Flow simulations and modelling must include yield stress and slip velocity to capture an onset of flow

and molded/extruded part stability, especially near weld lines and thin sections.

« Practice-relevant advice based on empirical findings from processing of highly demanding parts: a
temperature-controlled slip and nearly plug flow, often results in defect-free parts due to the reduction of

the particle migration out of high shear regions.

6 Conclusion

Rheology is a routine approach for understanding the flow behaviour of highly filled MEX and PIM feedstocks, yet its
potential as a functional process tool is still far from fully exploited. Existing studies provide a wealth of viscosity
curves, model fits, and case specific observations; however, systematic, generally applicable links between measured

rheological parameters and robust processing windows remain rare.

This review identifies wall slip velocity, yield stress, activation energy of flow, and pressure dependent viscosity as
particularly promising quantities, because each can be directly related to critical failure modes such as powder-binder
segregation, flow instabilities, dimensional tolerances failure, and loss of a green body integrity. At the same time,
several widely used practices deserve reconsideration: evaluating activation energy exclusively at constant shear rate
conflates thermal and structural effects, applying classic shear thinning models (power law, Carreau, Cross) to
feedstocks near the packing limit ignores yield stress and wall slip, and neglecting pressure sensitivity leads to

unrealistic flow simulations.

We therefore propose that the next step for rheology in MEX and PIM is not primarily to refine fits of classical models

to more data, but rather to:

» establish a limited set of physically meaningful, experimentally accessible rheological parameters as

standard reporting quantities across studies;

« integrate these parameters into flow simulations and defect prediction criteria rather than treating them as

isolated material descriptors;

« develop transferable, composition-based tools — such as master curves and quantitative binder

interaction maps — that allow to anticipate processing behaviour before committing to full scale trials.

In our view, this translates into development of feedstocks which exhibit well-defined wall-slip, yield stresses, intercept
their pressure sensitivity and eliminate abrupt viscosity changes with shear rate or time, rather than merely matching a
target low viscosity and power-law index values. If this shift from descriptive viscosity curves toward process relevant
rheological metrics is achieved, rheological characterization will become a practical design tool for engineers working

with the increasingly merged MEX/PIM technologies.
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WALL SLIP CORRECTION

RHEOLOGY AS A PREDICTIVE PROCESS TOOL — NOT JUST A FLOW CURVE

Highlights

e MEX and PIM converge: shared feedstocks, shared material challenges.
* Rheology is reframed as a predictive tool for defect-free MEX and PIM production.
e MEX can leverage PIM’s know-how, but the transfer remains limited.

* Beyond flow curves: unresolved phenomena still block robust process optimization.
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