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ABSTRACT 

In the last decades Powder Injection Molding (PIM) became an effective 

technology for a mass production of precise and shape-complex metal and 

ceramic items. The main issue of PIM process is phase separation occurring 

during injection molding step. The phase separation causes defects which are 

detected mostly after final sintering, and thus leading to significant economic 

and ecological losses.  

The aim of the thesis is optimization of PIM process and detection of 

powder/binder separation during/after injection molding step, when the process 

is still reversible - materials can be regranulated and used again. Direct testing of 

molded samples, without any additional treatments or knowing an exact 

composition of used binders, is provided for a broad cast of PIM feedstocks 

including commercially available ones. The proposed testing method combines 

scanning electron microscopy with energy dispersive X-ray to detect changes in 

powder or binder concentrations due to a phase separation, which are then 

analyzed with a mathematical approach to provide the single variability 

parameter to quantify the tendency of the particular feedstocks towards phase 

separation.    

Further, rheological properties of PIM feedstocks were investigated with the 

special regard to wall slip effect, which serves as a parameter indicating phase 

separation during shear deformation. The results reveal the importance of the 

surface roughness and geometry of the processing tools for the wall slip 

development; therefore, these parameters should be considered for reliable 

testing to optimize the molding step of PIM.  

Finally, the influence of processing parameters such as injection molding 

temperature and debinding route on the sintered surface structure of PIM parts 

revealing signs of phase separation was investigated by contactless scanning. 

The obtained qualitative data were then treated with suitable statistical 

approaches to quantify the quality of the resulting PIM parts. 

This thesis provides the contribution to predict and reduce the phase 

separation of PIM feedstocks, thus positively influencing the effectivity of the 

PIM process. 
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ABSTRAKT  

Technologie vstŚikov§n² pr§ġkovĨch materi§lŢ (tzv. PIM) patŚ² v posledn²ch 

letech mezi rychle se rozv²jej²c² postupy pro velkoobjemovou vĨrobu pŚesnĨch a 

tvarovŊ komplexn²ch produktŢ z kovu a keramiky. Defekty fin§ln²ch vĨrobkŢ 

jsou zpravidla zpŢsobeny f§zovou separac² materi§lu (polymern² pojivo a 

kovovĨ/keramickĨ pr§ġek) bŊhem f§ze vstŚikov§n². Tyto vady jsou detekov§ny 

aģ v posledn² f§zi vĨroby (sintrace), kde je proces nevratnĨ, coģ pŢsob² znaļn® 

ekonomick® a ekologick® ztr§ty.  

Dizertaļn² pr§ce se zabĨv§ optimalizac² procesu vstŚikov§n² pr§ġkovĨch 

materi§lŢ a detekc² f§zov® separace kovov®ho/keramick®ho pr§ġku a 

polymern²ho pojiva bŊhem vstŚikov§n², kdy je proces jeġtŊ vratnĨ. V r§mci 

dizertaļn² pr§ce byla vyvinuta nov§ testovac² metoda za pouģit² elektronov® 

mikroskopie v kombinaci s prvkovou analĨzou EDX. VĨhoda t®to metody 

spoļ²v§ v pŚ²m®m testov§n² vstŚikovanĨch tŊl²sek bez nutnosti dalġ²ch ¼prav, a 

je moģn® ji pouģ²t i pro komerļnŊ dostupn® materi§ly bez znalosti sloģen² 

pouģit®ho polymern²ho syst®mu. Tato nov§ metoda byla otestov§na na 

komerļnŊ dostupnĨch materi§lech a tak® na materi§lech pŚipravenĨch na UTB 

ve Zl²nŊ. EDX data byla analyticky zpracov§na s c²lem poskytnout kvantifikaci 

n§chylnosti jednotlivĨch PIM materi§lŢ k f§zov® separaci prostŚednictv²m 

jednoduch®ho parametru, tzv. koeficientu separace.  

Materi§ly pouģ²van® v PIM technologii byly tak® testov§ny z reologick®ho 

hlediska, a to se zamŊŚen²m na skluz na stŊnŊ, kterĨ pŚi toku kan§lem mŊn² 

hodnoty gradientŢ smykovĨch rychlost², a t²m ovlivŔuje m²ru f§zov® separace. 

Pro testov§n² bylo zvoleno nŊkolik typŢ kapil§r s rozd²lnou geometri² a 

povrchovou drsnost². VĨsledky ukazuj² na citlivost reologickĨch dat vysoce 

plnŊnĨch materi§lŢ vzhledem ke zvolenĨm charakteristik§m tokov®ho kan§lu.  

Kvantifikace vlivu procesn²ch parametrŢ na kvalitu povrchu fin§ln²ch 

sintrovanĨch produktŢ byla provedena pomoc² bezkontaktn² profilometrie. 

Optimalizace vstŚikovac² teploty a zpŢsobu odstranŊn² polymern²ho pojiva za 

¼ļelem dosaģen² lepġ² fin§ln² povrchov® struktury sintrovan®ho vĨrobku se jev² 

jako perspektivn² n§stroj pro potlaļen² projevŢ f§zov® separace.  

Tato disertaļn² pr§ce pŚedstavuje pŚ²nos k porozumŊn² a potlaļen² jevu f§zov® 

separace vysoce plnŊnĨch materi§lŢ, a t²m pŚisp²v§ ke zvĨġen² efektivity procesu 

vstŚikov§n² pr§ġkovĨch materi§lŢ. 
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INTRODUCTION  

Metal and ceramic products bring many advantages in comparison to 

polymeric materials. They have usually high strength, stiffness, higher 

temperature resistance, and also better electric and magnetic properties in case 

of metals. On the other hand, they exhibit inferior processability in comparison 

to plastics [1-3]. 

Powder injection molding technology (PIM) combines advantages of 

metals/ceramics with processability of polymers [4]. Polymeric binders are used 

for shaping of metal/ceramic powders by injection molding, holding them until 

bonding in a sintering furnace close to a theoretical density. PIM includes four 

basic steps consisting of mixing, injection molding, debinding and sintering. All 

these steps contribute to precise final product without defects. Nowadays, the 

main problem of the process is a detection of defects resulting from so called 

phase separation in final products after sintering, when process is irreversible. 

Thus, current research is focused on methods capable to determine and reduce 

issues and defects prior sintering [1,5-7]. 
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THEORETICAL BACKGROUND  

1. Compounds for powder injection molding 

Highly filled polymers used in PIM technology contain typical binder volume 

of 35 ï 60 vol. % to form a homogeneous feedstock. Four parameters determine 

performance of feedstocks ï binder composition, powder characteristics, 

powder/binder ratio, and mixing method [1,8].  

The ratio between powder and binder determines quality of whole process. 

Three possibilities are described in Figure 1. Binder deficit causes formation of 

voids in a material and defects during sintering; also processability is limited by 

high viscosity of a compound. On the other hand, an excess of binder leads to a 

binder separation from a powder during injection molding. The critical solid 

loading corresponds to the particles in the close contact. The powder/binder ratio 

slightly less than critical solid loading is an optimal state for processing 

(Figure 1c) [1,5].  

 

Figure 1 ï Feedstocks according to various powder/binder ratio [5]   

The role of binder system is to provide suitable flow properties to a feedstock 

during injection molding step, and holding powder particles into the required 

shape prior sintering. The binder system usually consists three main parts. First 

one is main component (low molecular polymer ï paraffin, PEG, etc.) which 

ensures flow properties of a bulk feedstock; polar waxes improve also an 

adhesion between powder and binder system [1,6]. The backbone polymer that 

provides strength to the initial of sintering is the next ingredient (e.g. PE, PP, 
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PS, PMMA). Binder systems also contain a small amount (less than 5 vol. %) of 

additives (dispersants, stabilizers, plasticizers and intermolecular lubricants) to 

enhance suitable rheological  behavior [1,9].  

Second component of a PIM feedstock is powder. Typical powders used in 

PIM technology are based on iron (alloy steels, high speed steels, stainless 

steels, etc.), reactive titanium powders or ceramics (Al2O3, ZrO2) [1,10]. The 

typical size of particles is usually between 0.1 to 45 ɛm with round shape, but 

there are many variations in particle size and shape [11]. The size and shape of 

particles affect not only flow properties of the feedstock, but whole PIM process 

- dimensional control in debinding (interparticle friction), sintering (particle 

microstructure, packing density), debinding rate (size, shape, packing density). 

Requirements on an ideal powder representing a balance among all these factors 

are summarized bellow [1,6,9]: 

¶ particle size smaller than 20 ɛm  

¶ tap density over 50 % of theoretical 

¶ round shape  

¶ no agglomeration and clean surface 

¶ low explosion and toxicity hazard  

2. Phase separation 

Nowadays, the main issue of the PIM technology is the powder/binder 

separation during injection molding step. The phase separation causes up to 

25 % imperfections such as surface defects, porosity or cracks on the final 

products due to non-optimized molding/flow properties [12]. These defects are 

usually non visible after injection molding, neither during debinding. 

Furthermore, these defects cannot be removed from the final products. Thus, for 

an efficient production it is very important to analyze and prevent phase 

separation during injection molding step, because after molding the process is 

still reversible.  

2.1. Mechanism of phase separation 

The role of local shear rate gradients in a phase separation of highly filled 

PIM feedstocks (assuming no slip conditions) was proposed by Thornagel [13]. 

There is a significant shear rate gradient near the wall, and a plateau of a lower 

shear rate in the middle of the channel (Figure 2). The shear rate gradients cause 
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rotation of the particles near the wall. Naturally, the rotating particles try to 

move to the area in the middle of the channel, where the values of the shear rate 

are lower. The result is the area near the wall showing a high concentration of 

separated binder, and powder particles are concentrated in the middle of the 

channel. This axial solids concentration gradient was also studied by Segre and 

Silberberg decades ago [14]; they observed an equilibrium position of rigid 

spheres located at 0.6R (R ïpipe radius) during laminar flow.   

 

Figure 2 ï Shear rate gradients as a cause of phase separation [13]  

Local shear rate gradients are the cause of phase separation, but the location 

of shear rate peaks does not always lead to the location of phase separation 

because the feedstock flow transports the separation pattern and changes the 

pattern continuously, therefore the phase separation depending also on the 

travelling history (Figure 3).  

Thornagel [13] furthermore provides a flow simulation to predict phase 

separation. The influence of the history of the feedstock travelling through the 

barrel, nozzle, runner system and cavity is considered in his model.  

 

Figure 3 ï Phase separation as a result of mold cavity pattern [13]   
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2.2. Testing of phase separation 

The phase separation is commonly tested by moldability test, i.e. filling of a 

spiral mold [1]. The moldability is expressed with the length of the filled spiral. 

During flow, a frozen layer is continuously created along a cold wall of a mold, 

therefore channel is gradually closed and flow stops. This effect is called a 

fountain flow, Figure 4 [15]. 

 
Figure 4 ï Fountain flow effect during injection molding [15]  

The pioneer investigation on moldability of particle filled (glass spheres) 

polymers was done by Kubat and Szalanczi [16]. They investigated the 

influence of different size of glass particles and length of spiral testing mold on 

a phase separation. The glass concentration after molding was determined 

gravimetrically on incinerated samples.  

 From their study it can be concluded that phase separation increases with a 

spiral length. The particles with large diameter (50-100 mm) were more prone to 

the phase separation than smaller particles (4-40 mm), because larger particles 

travel faster along a spiral mold (Figure 5).  

 

Figure 5 ï Influence of spiral length on glass spheres concentration [16]  

Left ï small spheres, Right ï large spheres; length of spiral rises from A to C 
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Another approach was proposed by Jenni et al. [17], which compared spiral, 

square spiral and zig-zag molds (Figure 6) for testing of moldability and 

associated phase separation. 

  

Figure 6 ï Design of testing molds proposed by Jenni [17]  

Jenni et al. [17] compared the balance model, representing a flow of solid, 

spherical particles in a Newtonian fluid, with the experimental data.  

More sophisticated mold design to test phase separation (Figure 7) was 

developed at the Polymer Center, TBU Zlin in cooperation with Fraunhofer 

IFAM, Bremen (Utility Design 001704974-0001). The testing mold contains all 

critical elements, such as inner and outer corners, radical thickness changes, 

weld lines, thin gates, films and flashes.  

The testing mold is composed of four square elements connected by gates 

1 mm long and 0.5 mm wide. Size of the inner wall of the first three elements is 

10 mm. The length of the outer sides of square elements is gradually decreasing 

from 3.0 mm to 2.5 mm and 2 mm. The fourth 0.3 mm high element serves as an 

outlet of third element. Each square element contains 16 notches for easy 

position determination. 

 

Figure 7 ï New design of testing mold; top and bottom side [15]  
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Highly separated areas (Figure 8) were found near the gate of each element by 

initial testing, but more precise testing and quantification of separation was 

needed, thus the topic of the thesis presented was proposed. 

 

Figure 8 ï SEM of powder/binder separation 

2.2.1. Quantification of phase separation 

Differential scanning calorimeter (DSC) was used by Jenni et al. [17,18] for 

local powder content monitoring from the differences in glass transition 

temperatures. The experiments run under various moldability conditions ï flow 

length, nozzle and mold temperature or injection speed. Experiments obtained 

by DSC, radiography and tomography showed lower powder content in the 

corners of the mold cavity (Figure 9). This was confirmed by a balance model 

(solid particles in Newtonian fluid), however the instabilities of the feedstock 

such as wall slip or fountain flow were not predicted by this model [17,18]. 

 

Figure 9 ï Distribution of powder in square spiral mold [17]  

a ï balanced model, b ï DSC, c ï tomography  
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Currently, the research of phase separation phenomenon is carried out mainly 

using X-ray tomography [19-21]. Yang et al. [19] presented a new method of 

detailed quantification analysis of the different powderïbinder separation 

characteristics of the SiC molded samples with different initial solid loadings. In 

their study the linear fitting equation between gray value of X-ray and actual 

density of sample was used (the output from an X-ray scanner is a gray-scale 

image where the variations in gray darkness correspond to variations in density) 

[22]. According to this assumption, the actual density at a specific area of 

molded sample can be calculated, when we know density of pure binder system 

and powder particles. Furthermore, the powder content in the feedstock is 

calculated from this actual density [19]. In their studies [20,21] the method is 

tested on L-shape mold (Figure 10) with different processing parameters. As in 

the previous researches [13,18,19], binder rich areas were formed near gates and 

mold walls.   

 

Figure 10 ï Design of testing mold proposed by Yang et al. [20]  

However, the analyses are complicated by several factors, the separation is 

accompanied by a non-homogeneity of a material caused by flow instabilities or 

a movement of particles from a solid wall to a center of a channel during flow. 

Currently, the mechanism of phase separation occurrence has still not been fully 

understood [23].   

2.3. Flow behavior of highly filled compounds 

As mentioned before, the important parameter preventing the phase separation 

is homogeneity of feedstock, which affects whole PIM process. The 

inhomogeneity of the feedstock can be detected by pressure instabilities 

obtained from a capillary rheometer (Figure 11) [24]. 
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Figure 11 ï Capillary rheometer ï pressure output of mixed feedstocks [24]  

The other problems are resulting from processing conditions during injection 

molding. This step usually needs an expensive, time consuming, trial and error 

testing to design desired process conditions [17]. In addition, as thermoplastics, 

highly filled materials also exhibit moldability defects such as jetting, air traps, 

dead zones, flash or welding lines. Figure 12 shows entire injection molding 

process with possible defects caused by poorly set-up process conditions of 

injection speed and pressure [1].  

 

Figure 12 ï Diagram of injection molding defects [1]  

PIM compounds introduce also many obstacles and limitations because of 

a multi-component character of polymer binder and complex powder 

characteristics, mainly irregular shape and broad particle size distribution 

(Figure 13) [1,6,25].  
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Figure 13 ï SEM of 316L stainless steel powder [26]  

First problem during shearing of highly filled systems is agglomeration of 

solid particles in non-Newtonian fluid. This phenomenon has been already 

studied in seventies by Michele et al. [27]. They found that - upon shearing - 

glass solid particles can create chains or agglomerate groups in non-Newtonian 

fluids (Figure 14). 

 
Figure 14 ï Glass particles in non-Newtonian fluid 

a ï before shearing, b ïone dimension shearing, c ïcircular shearing [27]  

This effect has a significant relevance for rheological testing. Measurement of 

flow curves can derive different viscosity data if an experiment is started from 

low shear rates towards higher or vice versa, because agglomerated structure 

created at higher shear rates will not be destroyed at lower shear speeds.  

Complexity of rheological behavior and thermal properties of the PIM 

feedstocks which affect injection molding step was tested by Ahn et al. [28]. 

They concluded that non-Newtonian index is more sensitive to a binder 

selection than to a powder. Both, powder and binder composition has the same 

effect on thermal conductivity and heat capacitance of the feedstocks. The 

injection pressure and clamping force can be minimalized better by binder 

systems, but controlling of the maximum shear rate is affected by both powder 

and binder systems. 
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Unstable flow behavior of highly filled polymers was also studied 

by Isayev et al. [29] and Hausnerova et al. [4]. Their studies demonstrate change 

of shear thinning behavior into a dilatant flow (Figure 15). The viscosity is 

decreasing due to the orientation of particles with the flow at the low shear rates, 

but at higher shear rates the particles cannot form layers and slide over each 

other, thus viscosity is increasing [4,29]. These findings bring many obstacles 

for rheological modeling. Herschel ï Bulkley or Casson models cannot describe 

flow curves in a whole range of shear rates, and more complicated eight 

parameter model has to be applied [4,30]. 

 

Figure 15 ï Flow curves of 60 % alumina feedstock [4]  

Shivashankar et al. [31] studied the relation between a phase separation and a 

rheological behavior of filled compounds. They assumed that a suspension 

system consists three volume parts (Figure 16) ï solid volume fraction (f), 

interstitial space liquid binder (fL1) and liquid spherical shells of particles (fL2). 

The total volume of system is given as:  

 ‰ ‰ ‰ ρ (1) 

 

Figure 16 ï Volume fractions of highly filled system [31]  
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The volume of liquid spherical shells (fL2) is decreasing to zero when the 

critical solid loading (fm) is reached: 

 ‰ ρ ‰ ‰ ρ
‰

‰
 (2) 

According to Krieger-Dougherty relationship [1], a volume of liquid spherical 

shells can be also expressed using relative viscosity  –: 

  – ρ
‰

‰
 (3) 

From these empirical equations it is obvious that a higher amount of solid 

particles causes decreasing of liquid shells of solid particles (fL2), and increasing 

of a relative viscosity due to an enhanced inter-particle friction. Shivashankar et 

al. [31]  in his study observed the pronounced phase separation for the systems 

with high relative viscosity (Figure 17). Thus, he concluded that the tendency to 

a phase separation is related not only to the viscosity, but also to the inter-

particle particle spacing parameter ‏ that is given by solid volume fraction (f) 

and particle diameter DP:   

‏ 
ς

σ
Ὀ
ρ ‰

‰
 (4) 

 
Figure 17 ïRelation between relative viscosity and phase separation of PIM 

compounds [31]  












































































