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ABSTRACT 

Powder injection moulding (PIM) is a net shape, multi-stage production technique for 

manufacturing complex geometry parts in high production volumes. PIM process involves four 

main production stages: mixing, injection moulding, debinding and sintering. For such multi-stage 

processing technique, the deliberate choice of component materials can significantly reduce the 

defect formations during consequent stages, as well as positively influence the energy efficiency, 

while reducing processing time. 

The aim of the thesis was to study the role of particular binder components and their 

interactions with mould channel walls, for development of a novel, environmentally friendly 

feedstocks. 

For novel binder systems polyethylene glycol was used as plasticiser which allowed using 

water for solvent debinding, instead of highly reactive chemicals (acetone, hexane, heptane). 

Different molecular weight PEGs served for balancing the initial weight loss during thermal 

debinding, ensuring gradual binder extraction. The use of carnauba wax as another binder 

component was motivated by the aim to lower the mixing temperatures, which is crucial for using 

advanced reactive fillers such as titanium. Further, it allowed replacing the synthetic backbone 

polymers by eco-friendly renewable natural components, increasing the environmental 

sustainability of this technology. The debinding characteristics of newly composed feedstocks were 

studied using thermogravimetric analysis. The results have shown that carnauba wax exhibited 

superior debinding properties compared to polyethylene and paraffin wax, with gradual thermal 

extraction up to late debinding stage. 

Further, alongside carnauba wax, another novel binder – acarawax was considered as a 

substitute for polyolefins. In order to study the feedstocks in detail, the adhesion between binder 

system components, as well as binders, powders and the mould materials was investigated. Contact 

angle analysis was performed, and using acid base model, surface energies were evaluated. Binders 

showed similar values with only exception of PEG and to some extent acrawax which exhibited 

much higher surface energies and polar component values. Among mould materials the heat-treated 

steel showed the highest value of surface energy, and noticeably higher polar component too. For 

the ceramic powders Al2O3 and ZrO2 the obtained values were rather similar.  

For studying the interactions and chemical mechanism occurring within binder system, the 

components were substituted with their low molecular analogues. The specific interactions of the 

substitutes were evaluated using combined FTIR and analogue calorimetry. The highest cross 

interaction values suggesting strong interactions were obtained for analogues of PEG and acrawax.  

This study provides an important understanding of the role of particular binder system 

components and their interactions, which will allow to precisely balancing the feedstock 

composition, positively influencing the energy efficiency and processing properties of a PIM cycle. 
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ABSTRACT IN CZECH 

Vstřikování práškových materiálů (PIM) je velkoobjemový, vícestupňový proces pro 

výrobu přesných kovových a keramických dílů komplexních tvarů. Proces PIM se skládá ze čtyř 

etap: míchání, vstřikování, odstraňování pojiva a slinování. U vícestupňové technologie je 

rozdílnými požadavky vyplývajícími z jednotlivých výrobních fází komplikován výběr vhodných 

materiálů. 

Cílem této práce je sestavit novou, ekologicky přijatelnější recepturu polymerního pojiva a 

přispět k porozumění úlohy jednotlivých pojivových složek v PIM směsi, jejich vzájemných 

interakcí, i interakcí s prášky a materiály používanými pro konstrukci vstřikovacích forem. 

Pro nové systémy pojiva byl použit jako plastifikátor polyetylénglykol (PEG), který je 

odstranitelný rozpouštěním ve vodě (narozdíl od běžně využívaných parafínických vosků 

chemicky odstranitelných v acetonu, hexanu či heptanu). Různé molekulové hmotnosti PEG byly 

testovány i z hlediska bilancování hmotnostních úbytků během tepelného odstraňování pojiva. 

Použití karnaubského vosku jako další pojivové složky bylo motivováno snahou snížit 

teplotu míchání PIM směsí, což má zásadní význam pro použití pokročilých reaktivních prášků 

jako jsou titanové slitiny. Dále je takto umožněno nahrazení tzv. páteřní (backbone) pojivové 

složky (termoplastické nebo termosetické) ekologicky přijatelnějšími substancemi, což zvýší 

ekologickou šetrnost této technologie.  

Charakteristiky odstraňování pojiva nových systémů byly studovány pomocí 

termogravimetrické analýzy. Výsledky potvrdily, že karnaubský vosk vykazuje pozvolnější 

odstraňování ve srovnání s nízkohustotním polyetylénem či parafínickým voskem.  

Adheze mezi jednotlivými komponenty pojiva, prášky (Al2O3 a ZrO2) a materiály 

používanými na výrobu vstřikovacích forem byla zkoumána prostřednictvím měření kontaktního 

úhlu. V této fázi výzkumu byla testována možnost využití další nové pojivové složky –acrawaxu 

(N, N’-Etylén Bis-stearamid). Byla provedena analýza povrchových energií s tím, že nejnižší byly 

vypočítány pro nitridované a TiN kalené povrchy, zatímco zušlechtěný povrch vykázal nejvyšší 

hodnoty povrchové energie i výrazně vyšší hodnoty jejího polárního komponentu. Pro keramické 

prášky byly hodnoty povrchové energie přibližně stejné. Pojiva se v hodnotách povrchových 

energií též příliš nelišila, jedinou výjimkou byl PEG, který vykázal výrazně vyšší hodnoty 

povrchové energie i hodnoty jejího polárního komponentu. 

Pro studium interakcí mezi jednotlivými pojivovými komponenty (PEG, karnaubský vosk a 

acrawax) bylo použito nízkomolekulárních analogů. Specifické interakce analogů byly 

vyhodnoceny pomocí FTIR a kalorimetrie. Interakce analogů PEG a acrawaxu byly přibližně 

dvakrát silnější, než je tomu u dvojice analogů PEG-karnaubský vosk.  

Tato studie představuje důležitý příspěvek k porozumění úlohy jednotlivých komponentů 

PIM pojiv, které umožní přesně vyvážit složení systému, a následně tak pozitivně ovlivnit 

zpracovatelské vlastnosti PIM procesu. 
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1. THEORETICAL BACKGROUND  

1.1. Binder role in particular PIM steps 

Powder injection moulding (PIM) is a challenging technique derived from plastic injection 

moulding, delivering complex and high precision parts by a multi-stage powder forming process 

[1]. It gains a superior attention, since it plays a crucial role for production of medical, dental, 

aerospace, and automotive in high production volumes with low time consumption and processing 

cost. Parts produced by PIM can be composed of carbon steels, low alloy steels, stainless steels, 

low expansion alloys, tool steels, soft magnetic alloys, super alloys, and ceramics.  

  This technique is also known for reduction of production waste and cost, since parts are 

manufactured close to their theoretical net weight. The combination of various operations makes 

PIM cost efficient and is often recognized as a technology having minimal negative ecological 

impact, compared to other manufacturing techniques (casting or machining). PIM is of a crucial 

importance for modern manufacturing industry, since without it many applications would be more 

expensive or, in some cases would simply be impossible to be manufactured by other means of 

fabrications [2]. 

During PIM process a powder (at 55 – 70 vol.%) is mixed with binder system to create a 

homogeneous feedstock, which is pelletized and moulded into the desired shape (Figure 1) [3]. 

After parts are moulded, the binder system is extracted using solvent and/or thermal debinding. 

Debound parts are sintered at elevated temperatures (up to 1650 °C in case of ceramics) to 

adhere powder particles at molecular level to near the theoretical density [4,5]. Figure 2 shows the 

appearance of PIM feedstock and a turbocharger rotor made using PIM technology. 

Having different role at each processing stage, the binder system often has contradictory or 

inconsistent requirements to its composition, since it must ensure agglomeration-free sufficient 

wetting and uniform distribution of powder particles within feedstock during mixing, and provide 

the feedstock with moderate viscosity during injection moulding at low temperatures [3]. Fail to 

reach those properties will result in separation, segregation, and agglomeration [6]. Then, during 

early debinding it must have steady thermal degradation properties and high fluidity to create a 

pore network within the part to ensure defect free extraction of a backbone binder at late debinding 

stage. Lack of successful extraction of the binder may result in cracks, voids, distortions, non-

uniform shrinkage and warping in the final products [7-9]. At the same time, backbone binder 

component must remain in a small amount up to early sintering stage, to retain the shape of the part 

before powder particles are bonded. Such a multi-step processing approach necessarily requires 

high accuracy, especially on early phases, since fault during composing the feedstock cannot be 

eliminated during consequential stages [10]. 
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Figure 1. Powder injection moulding process [3]. 

Due to complexity of their role, PIM binder systems consist of various polymers, waxes 

and processing aids [11]. In PIM, polyolefins such as polyethylene (PE) and polypropylene (PP) 

are widely used as binder system backbones [4], while paraffin wax (PW) often serves as a 

plasticiser together with small amount of processing aid, typically stearic acid (SA) [12].  

    

Figure 2. Pelletized PIM feedstock (left) and turbocharger rotor made using PIM technology (right) 

[13]. 
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1.1.1. Mixing 

In PIM the mixing stage is of a crucial importance, since the inconsistencies in the feedstock 

cannot be eliminated during any of the consequent processing stages. Various mixing techniques 

and equipment are used in PIM. The Z-blade mixers and twin extruders are commonly used. The 

mixing of the powder and the binder should result in a homogeneous product, and ensure sufficient 

powder particle coating with the binder, avoiding uneven distribution and particle agglomeration 

[3]. Mixing must be processed above melting temperatures of the binder components for ensuring 

uniform coating of all powder particles. Uniformity of the feedstock is required in order to control 

the moulding stage and the shrinkage behaviour. The inconsistent mixing may result in voids, 

cracks and distortions in moulded parts which lead to warping and non-uniform shrinkage of the 

sintered parts [14].  

Specific binder system components such as SA can highly influence the mixing stage. Li et 

al. [15] investigated effect of different SA content in feedstock based on 17-4PH stainless steel and 

paraffin wax-based binder. It was found that a tailored content of SA can decrease the viscosity of 

the feedstock and improve the dispersability of the powder and increase the critical solid loading 

due to the enhancement of interactions between the powder and the binder. The FTIR 

measurements showed that chemical adsorption occurs between SA and powder surface after 

mixing, reinforcing the interacting force between the powder and the binder. The experiments [16] 

showed that about 5 wt.% of SA is the optimal amount for improving the wettability of the binder 

and enhancing the processing properties of the feedstock. Other researchers confirm the positive 

effect of using 5 wt.% of SA such as improved wettability and better rheological stability [17]. 

Fan et al. [18] studied the effect of SA on feedstock mixing and particle size distribution. 

The results showed that addition of 1 % SA leads to easier mixing and better feedstock fluidity, 

and is able to noticeably improve the compatibility of the powder and the binder. Figure 3 shows 

the schematic diagrams of torque evolution during feedstock mixing for a) feedstock without SA 

and b) feedstock with SA. It was found that at lower temperatures (<125 °C), the feedstock 

containing SA has improved rheological performance over the feedstock without SA, whereas at 

higher temperatures (>125 °C) the situation is vice versa. This work also claims that addition of 

SA can reduce the temperature required for injection moulding and such feedstocks are more 

suitable for feedstocks based on ultrafine powders. 
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Figure 3. Schematic diagrams of torque evolution during feedstock mixing: a) feedstock without 

SA; b) feedstock containing SA [18]. 

1.1.2. Injection moulding 

The injection moulding parameters highly depend on the binder composition. The moulding 

process can be characterized by the moulding pressure: high pressure injection moulding (HPIM) 

and low pressure injection moulding (LPIM) [19]. HPIM is suitable for the feedstocks containing 

thermoplastic backbones in their binder systems, and usually it is carried out at the temperatures 

120 to 220 °C. LPIM is used for the feedstocks based on paraffin wax or water soluble binders at 

the temperatures below 100 °C.  

Hausnerova et al. [20] studied feedstock based on aluminum oxide and multicomponent 

water-soluble polymer binder by examining the pressure-volume-temperature (PVT) characteristic. 

In high-pressure moulding process the feedstock is in pressurized melt form, which can be 

characterized with flow behaviour and compressibility. The hydroscopic fine alumina powder and 

binder, sensitive to destabilization in water, often result in high viscosity, which can be reduced 

with dispersants and lubricating agents. In this study only 1 wt.% of oleic acid lowered the 

viscosity, enhanced the processing properties and ensured the mouldability of the feedstock. 
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Ahn et al. [21] have investigated feedstocks composed of powder with different 

combinations of binder systems and a binder system with different combinations of powder 

systems, with an objective to optimize functions such as binder system composition, feedstock 

composition, part geometry and injection moulding process. The influence of the powder/binder 

combinations on the rheological behaviour and thermal stability of powder were evaluated. The 

characterization of the feedstocks and the simulation analyse revealed that the injection moulding 

pressure-related parameters such as wall shear stress, injection pressure, and clamping force were 

dependent rather on the binder system, than on the powder characteristics, in the range of particle 

attributes studied. For the temperature-related parameters such as melt front temperature difference 

and cooling time, binder selection was also found to be more critical than powder selection. 

 

1.1.3. Debinding 

Prior taking the moulded parts to sintering temperatures, the binder must be removed from 

the components without disrupting their shape. When binder is heated, it softens often resulting in 

inability to withstand the stresses arising from gravity, temperature gradients or internal vapour 

pockets [22]. Lack to meet the required debinding properties may result in defects such as 

blistering, cracks, slumping and deformations, as well as moulded components would have poor 

mechanical properties and show dimensional distortions.  

Also, it should be noticed that a size of moulded compound depends exponentially on time 

needed for removing the binder system [23]. Two general debinding routs are identified based on 

a thermally activated process or solvent extraction [3]. Other types such as catalytic debinding or 

vacuum debinding are also used and investigated, but even in such cases the removal is thermally 

activated (Table 1). 

Table 1. Overview of debinding methods [3]. 

Debinding 

Solvent 

Immersion 

High pressure 

Thermally assisted 

Thermal 

Diffusion 

Permeation 

Wicking 
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1.1.3.1. Solvent debinding 

Use of complex binder systems with various types of components often results in a need of 

multistep processing. Solvent debinding methods evolved as an alternative for removing the binder, 

reducing the risks of defect formation found in thermal debound parts [24]. During solvent 

debinding process each fraction of the binder system can be removed using various solvents [25]. 

Often used solvents include organic compounds such as acetone, hexane, heptane, octane or 

trichloroethane as well as water [26-28]. The use of heated solvent may considerably increase the 

extraction rate. At the point where a soluble fraction of the binder has been removed, a network of 

interconnected pores is created within the moulded part [29]. The following thermal cycle 

employed to remove the remaining binder can be as short as 3 to 4 h [30].  

Solvent debinding can be expressed in four consequential steps [31]: (1) solvent molecules 

penetrate into the binder, transforming into swollen gels; (2) gel disintegrates, becoming in a state 

of a solution; (3) solution diffuses from the centre towards the surface; (4) solution is diluted from 

the surface into a solvent bath.  

Binder removal using solvent debinding can cause a raw of issues connected with binder 

swelling and softening. The extent of the polymer crystallinity and cross-linking partly determine 

the solvent polymer interactions [30]. The evolution of the effect of swelling on dimensional 

changes was investigated for wax-polymer binder system solvent debound in heptane [31]. 

Measuring the dimensional changes using laser dilatometry at various solvent temperatures, it was 

found that shrinkage also occurs at the end of the debinding run. The stress concentrations from 

shrinkage may result in cracking or distortions. Meanwhile it is suggested that using higher solvent 

temperatures may minimize the chance of cracking [32].  

Majority of organic solvents used for solvent debinding is flammable, carcinogenic and 

ecologically unfriendly. To eliminate their use, water soluble PEG can be introduced to binder 

systems [33]. In such systems the debinding starts with water diffusing into PEG, turning it into a 

gel (Figure 4). In case that the attraction between PEG and water molecules is larger than the 

interactions between polymers, second stage of binder dissolution can occur. At this stage gel 

disintegrates into a solution, where the absorbed water content can be defined as equilibrium water 

content (EWC) [34]. It is noticed that the dissolution of PEG starts when the water concentration 

in PEG gel is larger than the EWC of PEG. 

𝐸𝑊𝐶 =
weight of swollen gel − weight of dry gel 

weight of swollen gel
 

At the intermediate stage the PEG molecules swell gradually to form gel from the surface 

towards the centre of the part, when the PEG molecules came into contact with water and the swell 

forces the part to expand continuously [33]. As it can be seen, the interconnected pore channels are 

formed, which can serve as escape paths for decomposed gas during subsequent thermal debinding 

for insoluble binders components. 
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Figure 4. Schemas of binder distributions at the (a) as-moulded, (b) initial, (c) intermediate and (d) 

final stages of solvent debinding based on water extraction [33]. 
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1.1.3.2. Thermal debinding 

Due to its simplicity, thermal debinding is a core process widely used for a binder removal 

[3]. During this stage the moulded component is heated at a slow rate, allowing gradual evaporation 

of the major binder fraction (at first a low molecular weight), creating a network of pores within 

the part. For binder systems with a single binder component, the binder decomposes at the binder-

gas interface and the evolving gas diffuses or penetrates from the centre towards the surface of the 

compound through the inter-particle voids. The rate of vapour removal from the compact will 

depend on the frequency of collisions between molecules or molecular impact with the pore walls. 

The thermal debinding cycle includes three main stages. First stage involves thermal 

expansion of powder and binder, where the binder melts. The thermal expansion difference 

between powder and binder may result in a pressure build up. Depending on the amount of pressure 

and the thickness of the part, it can lead to a slumping. Multicomponent binder systems are 

composed in order to accommodate this effect, since different components have different thermal 

characteristics, meaning that while one component of binder system is melting, the other one retains 

the part shape. At the second stage, the increased temperature results in evaporation of a low 

molecular weight component at the surface. Using capillary forces liquid binder travels from the 

centre of the part towards the surface where it evaporates. This process results in formation of a 

pore network, which allows faster evaporation within the part and escape of vapours. In case the 

binder is extracted too quickly, cracking and blistering will occur. During the final, third stage, 

thermal decomposition of binder takes place at higher temperatures. The created network of pores 

allows faster removal of remaining binder without a risk of cracking or blistering. 

Three different transport mechanisms are defined for thermal debinding: diffusion, 

permeation and wicking. For compounds with small pore sizes, the debinding rate is diffusion-

controlled. Compounds with larger pore sizes tend to a permeation controlled debinding, while the 

pore size is defined by the particle size and particle size distribution. For short debinding times, 

high pressure gradients and high debinding temperatures will deliver larger gaseous phase volumes 

and higher diffusion rates. Using components with large particle sizes may highly enhance the 

binder extraction rate. Wicking controlled debinding is based on the flow of the softened binder 

due to capillary action promoted by a substrate. As for gaseous transport by diffusion or 

permeation, larger particle sizes in the compact promote faster debinding, since the binder is 

removed in the liquid state, varying the debinding time linearly. Since the viscosity decreases with 

increasing temperatures, higher debinding temperatures may noticeably shorten the required 

debinding time. It was also found that the heating rates can be accelerated by increase of the boiling 

point of the binder system components [35]. 

An example of a stepwise thermal debinding designed for carbonyl iron feedstock with 

binder system including LDPE, AW, SA and diethyl phthalate (DEP) can be seen on Figure 5 [36]. 

In order to analyse the thermal debinding behaviour of the feedstock, TGA must be carried out [36-

38]. Figure 6 shows the TGA curves of stainless 316L steel based feedstock with binder system 

consisting of PP/PW/SA [39]. From the plot two decomposition steps can be distinguished; at first, 

due to their low molecular weight, PW and SA decomposed in the range from 180 to 350 °C, 
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following with the second step in range from 350 °C to 460 °C, which corresponds to 

decomposition of higher molecular weight PP. 

 
Figure 5. Thermal debinding schedule designed for LDPE/AW/SA/DEP binder system [36]. 

 
Figure 6. Remaining binder content curves vs. temperature at different heating rates for 316L 

stainless steel in argon atmosphere [39]. 
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1.1.4. Sintering 

Sintering is a thermal treatment for bonding the particles into a coherent, predominantly 

solid structure via mass transport events which often occur on the atomic scale [3]. Figure 7 shows 

the sintering stages starting with the loose powder and subsequent sintering in each of the three 

stages. The initial open pore structure and high porosity are consumed by interparticle neck growth, 

grain growth, and pores shrinkage, with eventual formation of closed spherical pores in the final 

stage [40]. 

 

Figure 7. The stages of the particle sintering [40]. 

It is typical for particles to sinter bonds together when they are heated to relatively high 

temperatures. Sintering can be carried out in vacuum or under various gas atmospheres, depending 

on the type of the material. The common iron powders are sintered at the temperatures around 1200 

°C, while higher temperatures (up to 1650 °C) can be employed for titanium and tungsten based 

feedstocks under vacuum, argon, hydrogen or nitrogen atmospheres. Besides the powder shape and 

size, an important role in early sintering stage plays the binder backbone, which must hold the 

particles in their place until they can be still bonded at higher temperatures. 
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1.2. Properties and application requirements for binders 

1.2.1. Binder system 

As already stated, the binder system is of a crucial interest in PIM, since it provides the 

processing properties to the feedstock and determines whether composition can be applied. Typical 

binder system includes a backbone, plasticizer and processing aid. Table 2 shows examples of 

polymers, waxes and processing aids employed in composing the binder system.  

Table 2. Properties of commonly used PIM binder system components [41]. 

Name Abbreviation 

Density 

ISO 1133 

[g/cm³]  

Melting 

Temperature 

[°C] 

Molecular 

Weight 

[g/mol] 

Role 

Polyethylene PE 0.918 108 250000 Backbone 

Polypropylene PP 0.946 170 440000 Backbone 

Polystyrene PS 1.05 240 400000 Backbone 

Ethylene-vinyl 

acetate 
EVA 0.934 96 60000 Backbone 

Poly(methyl 

methacrylate) 
PMMA 1.18 160 30000 Backbone 

Paraffin wax PW 0.9 58 400 Plasticizer 

Stearic acid SA 0.85 70 284 
Processing 

aid 

The role of each component is defined according to its physical properties. The proper 

choice of a binder system components and their content is highly important in order to grant the 

feedstock sufficient wetting and lubrication, low viscosity and steady degradation properties [42].  

 

1.2.1.1. Backbones 

The role of backbones in feedstock is to remain in brown (debound) parts until late 

debinding and early sintering stage to hold the powder particles together before they can be sintered 

at higher temperatures. Thermoplastic polymers such as PP, PE, LDPE and HDPE are of a common 

use in PIM [43-45]. It has been shown [46] that higher molecular weight HDPE provides better 

dimensional stability and enhances the quality of green parts. In contrast, usage of LDPE results in 

favourable flow behaviour of feedstock giving advantages for the injection moulding stage. 

Meanwhile, due to their high molecular weight (over 250000 g/mol) polyolefins having relatively 

high viscosity and poor adhesion to polar powders, always require use of additional processing 

aids.  
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Poly(methyl methacrylate) is a polymer of high-average molecular weight which is often 

used together with PEG, providing stiffness and strength to the mouldings [47-50]. Furthermore, 

Singh et al. [51] showed that increasing the content of PMMA in a binder system containing PC 

and PMMA lowers the degradation temperatures linearly (Figure 8).  

 

Figure 8. TGA curve of PC/PMMA blends: (a) pure PC, (b) PC/10PMMA,(c) PC/30PMMA, (d) 

PC/50PMMA blend, and (e) pure PMMA [51]. 

 

1.2.1.2. Plasticizers 

In binder systems, paraffin wax (PW) often stands next to thermoplastic binders as a 

plasticizer. In such a feedstock it usually represents a major component of binder system (up to 65 

wt.%) [52]. Processing of feedstocks containing PW can be highly time consuming, requiring two 

stage debinding, solvent extraction in hexane followed by thermal treatment under vacuum or argon 

atmosphere to possibly minimize the carbon and oxygen contents within moulded parts [53].  

PEG is a water soluble plasticizer used in PIM. It is employed extensively in PIM process 

to eliminate the use of organic solvents, such as acetone and heptane, which are flammable and 

raise many ecological concerns. The solubility of PEG is highly affected by temperature. Use of 

low molecular weight PEGs (PEG 1000, PEG 1500) in binders, besides improving wetting and 

viscoelastic characteristics, highly advances the early debinding stage [54]. Rapidly melting at low 

temperatures (37 – 43 °C), it ensures sufficient pore formation during solvent debinding for 
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subsequent defect-less removal of remaining binder components [55]. The use of higher molecular 

weight PEG (PEG 8000) prevents binder separation and strengthens the mouldings [56]. 

 

1.2.1.3. Processing aids 

Small amount (< 5 wt.%) of processing aid – Stearic acid (SA) can be often seen in 

feedstock compositions. Due to its particular structure, SA significantly reduces the friction force 

among the powder particles, allowing them to be distributed much more easily [57]. SA also 

enhances the adhesion between binder and powder particles by lowering the surface energy [58]. 

This results in improved mixing process and tailors the powder loading [59]. 

Another surfactant – oleic acid (OA) can be also seen used in binder systems [20,60] as 

processing aid. The comparative study of SA, OA and 12-hydroxystearic acid (HSA) effect on the 

flow behaviour of alumina feedstock, done by Tseng [61], showed that systems including SA 

exhibited superior pseudoplastic flow behaviour and lower viscosity over the systems with OA and 

HSA. Also, it was found that the yield stress and viscosity decrease proportionally with the increase 

in SA fraction. Meanwhile, another research done by Li et al. [15] discovered that excessive SA 

concentration (above 5 wt.%) can lead to multilayer coverage of the particles surface, and it has 

rather limited effect on further lowering the viscosity. 

 

1.3. Interactions between feedstock components and feedstock components with 

mould channel walls 

In PIM, the feedstock plays crucial role, determining the success or failure of the complex 

processing chain. The investigation of the interactions between feedstock components and mould 

materials is essential for injection moulding step.  

1.3.1. Interactions between powder and binder system components 

In PIM the interactions of powder and binder system components should be studied, based 

on a concern of powder/binder separation [62-64]. This phenomenon occurs during injection 

moulding stage due to non-uniform shear rates near the mould channel wall interface, leading to 

particle rotation and aggregation in the central plateau of the channel flow [65]. To avoid this, study 

of the cause of feedstock slip at the channel wall must be performed, while this parameter depends 

on both, feedstock components, as well as on the material of the channel and its surface treatment. 

In order to evaluate the parameter, the interfacial adhesion between two must be studied. The 

adhesion can be evaluated from the surface tensions of tested materials and their contact angles. 

Yang et al. [66] studied the surface tensions together with the contact angles of PP, HDPE, 

PS and PMMA melts. The contact angle between PS, PMMA and mould materials were measured 

using sessile drop technique. The tangent of the included angle between the drop contour line and 

the solid surface line was calculated from the contact angle, as showed in Figure 9, where ϒSL 

interfacial tension between solid and liquid, ϒLG interfacial tension between liquid and gas or 
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vapour, ϒSG interfacial tension between solid and gas or vapour, θ contact angle. The experimental 

results were used to build a mathematical model representing the relationship between surface 

tension and temperature of polymer melts. The increase of inter-force between melt–solid 

molecules was found to be higher than that between melt–melt molecules, suggesting that the 

internal molecules of melt will squeeze into a melt interface layer. The relation curves between the 

surface tension and time of four melts are achieved at a specific temperature. This study showed, 

that the surface tensions increase gradually, and reach static values with the increasing time, and 

the melt interface layer tends to extend leading to the smaller contact angle, and thus better 

wettability.  

 

Figure 9. Contact angle at the liquid–gas–solid interface, where θ is degree of contact angle, ϒSL, 

ϒLG, ϒSG are solid/liquid, liquid/gas, solid/gas interfacial tensions respectively [mN/m] [67]. 

 

Michalski et al. [68] investigated various methods for calculation of surface free energy of 

PVC/EVA polymer blends. The contact angles of standard liquids on the polymers have been 

measured at 20 °C inside a thermostatized ambient chamber by the sessile drop method. The testing 

liquids included water, glycerol, formamide, ethylene glycol, diiodomethane and a-

bromonaphtalene. Van Oss treatment (Lifshitz and electron donor–electron acceptor components 

of surface free energy) and the Owens–Wendt treatment (dispersive and nondispersive components 

of surface free energy) calculation methods were used. According to the obtained results, the 

surface free energy were found to be greatly dependent on the calculation method and on the 

number of standard liquids used for contact angle measurements. All the calculation methods were 

in good agreement for the surface free energy of PVC, while by increasing the EVA content in the 

blends, a contradiction between the methods was found. Author suggests that there is not a definite 

solution for the calculation of solid surface free energy and development of existing models are 

required for achieving consistency in calculations of such important physicochemical quantities. 

Ucar et al. [69] studied surface properties of ethylene vinyl acetate (EVA), polyvinyl 

acetate (PVAc) and high density polyethylene (HDPE) blends using contact angle analysis and X-

ray photoelectron spectroscopy. Tested EVA samples varied in content of vinyl acetate (VA) in the 

range 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 liquids. The 
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obtained data showed that increase of polar hydrophilic VA in blend content resulted in a decrease 

of the water equilibrium contact angles. 

 

1.3.2. Interactions between feedstock components and mould channel walls 

Number of researchers have studied the liquid/solid interface interactions, via rheological 

approaches [70,71]. Silberzan et al. [72] reported on spreading behaviour of high molecular weight 

and low molecular weight polymers on high energy surfaces using optical microscopy and 

ellipsometry. The results showed that on the same kind of surfaces low molecular weight polymers 

exhibited more rapid spreading rate than the polymers with high molecular weight.  

Schonhor et al. [73] studied the kinetics of wetting of high‐energy (aluminum, mica) and 

low‐energy (Teflon) surfaces by polyethylene and ethylene‐vinyl acetate copolymer melts using 

contact angle measurements. However, the study concludes that the mechanism of wetting of 

liquids remained unknown, as well as no empirical rate law of wetting process could be evaluated. 

In PIM, one of the main concern for studying liquid/solid interface interactions is the wall 

slip phenomenon [74,75]. Wall slip occurs when feedstock does not adhere to the mould channel 

walls, while instead moves in a narrow stream in a solid phase, and can be the main cause of jetting 

and raw of defects in the moulded parts, including weld lines and uneven shrinkage. 

Krauss et al. [76] investigated the rheological behaviour of alumina feedstock with different 

loading levels (55-59 vol.%) by means of capillary rheometry. The multicomponent binder system 

used was based on PEG, polyvinylbutyral and SA. The measurements were performed at the 

temperatures 175, 180 and 185 °C. The results showed that feedstock with the lowest loading level 

(55 vol.%) exhibited the lowest viscosity, and has least chances of wall slip and jetting. 

Often simulations and modelling are used for broader understanding of wall slip 

phenomenon. Pearson et al. [77] suggested that the ratio of molecule size to the wall surface 

roughness scale is of a key importance. For the cases where molecular size is smaller than the wall 

roughness scale, no effective slip can occur, while for the large macromolecules, slip is more likely 

to occur.  

Jabbarzadeh et al. [78] studied the effect of wall roughness on the wall slip using a 

molecular dynamics simulation. Obtained results indicated that the wall slip increases with the size 

of molecules and the wall roughness period, while it decreases with increasing wall roughness 

amplitude, which was in agreement with the Pearson’s theory. 

Nevertheless, the analysis of interactions between feedstock components and mould 

channel walls are very scarce, and in order to precede in the research, the microstructure fluid-solid 

interface must be studied [79]. 

 

1.3.3. Interactions between binder system components 

Complexity of demands on binder systems has always been a challenge for composing 

advanced feedstocks, since the required processing properties are usually achieved by using a 
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binder system consisting out of 3 to 5 different polymers, waxes and processing aids. This diversity 

of components makes it extremely difficult to study the complete and individual reaction pathways 

and chemical mechanisms occurring within such a system [80]. There are number of approaches 

for studying the binder systems. Rheological analysis using capillary rheometry is one of the most 

common measure of determining whether binder system is applicable, while dismissing is an 

investigation of interactions of particular binder components [81].  

The degree of interactions between the polymers can influence the energy efficiency in 

applications by thermal storage of energy as sensible or latent heat in compounds, which go through 

phase changes near the required operating temperatures [82]. For investigation of specific 

interactions of nonpolar polymers such as PW and PE’s (HDPE, LDPE and LLDPE), differential 

scanning calorimetry (DSC) and atomic force microscopy (AFM) has been used [83].  

Melting point depression analysis via the Flory–Huggins approximation for thermodynamic 

mixing of two components was used to obtain the interaction parameters between PW and PE’s. It 

has been found [83] that HDPE, LDPE and LLDPE are partially miscible with PW, with HDPE/PW 

having the weakest miscibility. Due to the influence of miscibility on the thermal behaviour of PW, 

it is suggested to use HDPE in PE/PW form-stable phase change materials in order to maintain the 

energy saving behaviour of PW.  

Singh et al. [51] studied the specific interactions in partially miscible polycarbonate (PC) 

and poly (methyl methacrylate) (PMMA) blend. Different weight ratios of PC/PMMA blends were 

prepared by solution casting method using tetrahydrofuran as a solvent. Blends have been 

characterized using thermogravimetric analysis (TGA), DSC, FTIR and powder X-ray diffraction 

techniques. Obtained results suggested the presence of specific interactions between the PC and 

PMMA phases in the blends.  

Sudhakar et al. [84] reported on miscibility of chitosan and PEG blend using a buffer 

solution. By collecting the FTIR spectra for polyblend films and polymers it was observed that by 

increasing the amount of PEG the O–H stretch peak tends to lower peak wavenumbers, serving as 

an evidence of blend components miscibility. Doulabi et al. [85] studied the miscibility of PEG 

and chitosan by using acetate buffer solution for different blend compositions. The viscosity, 

density, and refractive index were measured in order to quantify the interaction parameters. 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. 

Meanwhile, study of polymer interactions is a challenging and highly time consuming task 

requiring advanced knowledge, which also leads to proposal of numerical models to predict the 

feedstock properties [86-89]. Polymer–polymer miscibility guide developed by the group of 

Coleman and Painter [90] is one of the early predictive approaches, while mathematical models 

predicting the feedstock properties can never replace full, case specific research. There is a 

noticeable lack of efforts in studying the interactions between the binder system components, while 

the understanding of the interactions between binders system component can be the key for 

development of a novel binder system with advanced processing properties, making the feedstock 

highly robust and significantly shortening the overall processing time. 
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The substitution of polymers by their low molecular analogues can be used where the 

specific interactions between polymers cannot be studied by other means. This technique allows to 

eliminate the majority of self-interactions during cross-interaction measurements, which is not 

possible for polymer – polymer interactions evaluation [91]. 

 

1.3.3.1. Substitution of binder system components 

Only few studies have considered the substitution of polymers with their low molecular 

analogues for investigation of specific interactions between theoretically immiscible polymers 

[91,92].   

French et al. [93] employed the exothermic mixes of chemical analogue of poly(vinyl 

phenol) with analogues of polyacetal and poly(ethylene oxide) suggesting miscibility for the blends 

of poly(vinyl phenol) with polyacetal and with poly(ethylene oxide). It was found that the 

interaction parameter corresponding to the poly(vinyl phenol) and the poly(ethylene oxide) 

analogue mixtures is in agreement with the interaction parameter reported for the polymer 

mixtures, which was based on the melting point depression of poly(ethylene oxide) in blends with 

poly(vinyl phenol). Strong hydrogen bonding between phenol and ether groups in these analogue 

mixtures were observed using FTIR. It was predicted that a rather wide range of styrene-vinyl 

phenol copolymers would exhibit miscibility with polyacetal via application of the binary 

interaction model. 

Svoboda et al. [91] investigated the miscibility window in the blends of poly(-

caprolactone) and poly(styrene-co-acrylonitrile). Components were substituted by their low 

molecular weight analogues and corresponding to monomers of each polymer, since respective 

homopolymer pairs are not miscible. FTIR and calorimetric measurements were carried out for 

studying the interactions within the miscibility window in detail. Combination of FTIR 

measurements together with other techniques is often used for studying the specific interactions, 

where the shift of peaks is assumed as an evidence of a partial miscibility [94-96]. Analogue 

calorimetry is widely used as a tool for rationalizing and extending the results of polymer-polymer 

miscibility [97-99] and number of researchers reported on successful use of both (FTIR and 

calorimetry) for quantifying and evaluating the specific interactions [100-102]. 

In interaction studies, FTIR measurements are used as a tool for observing the peak shift 

for blend functional group. In order to calculate the self-interaction energy values low molecular 

analogues, ethylbenzene (EB) and propionitrile (PN) were diluted at 1 % concentration in buffer 

solution (hexane, decalin), and the peak shift is measured, Figure 10. For liquid–liquid interactions, 

the peak shift of O–H stretch bounding to lower wavenumber can serve as an evidence of present 

interactions. Svoboda et al. [91] gives a simple binary interaction model as one possible explanation 

for the miscibility window behaviour, based on consideration of an intramolecular interaction 

within the copolymer, in addition to intermolecular ones.  

Bourara et al. [103] reported on FTIR peak shift in the hydroxyl region of blends of Poly(4-

vinylphenol) (PVPh)/Poly(vinyl methyl ketone) (PVMK) blends in different ratios, Figure 11. It 
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can be seen that the absorbance of initially observed hydroxyl-hydroxyl associated stretching peak 

at 3361 cm−1 of pure PVPh decreases gradually and shifts slightly to a higher frequency with the 

increase of the PVMK content in the blend. This can be explained by formation of the hydrogen 

bonding that may occur between hydroxyl groups of PVPh and carbonyl groups of PVMK. Landry 

et al. [92] investigated the miscibility between polystyrene polymers containing potential hydrogen 

bond donor groups and other polymers that are good hydrogen bond acceptors. The 

thermodynamics of mixing of low molecular analogues of chosen organic polymers of interest 

were studied using calorimetric analysis. In blends which included both, substitute liquids and 

polymers, the strengths of the interactions with the acids were found to be different for esters and 

amides. Authors suggest that for forming miscible blends with strong, self-associating hydrogen 

bond donors, the preference must be set towards stronger bases, since the stronger interaction 

between the acid and the base helps to break up the self-associations. In this study [92] differential 

scanning calorimetry, together with infrared spectroscopy and optical transparency was used in 

order to investigate the miscibility of composed blends. The evaluation of interactions for the 

substitute liquids is thus considered useful for predicting the miscibility occurring between the 

corresponding polymers. 

 

 

Figure 10.  FTIR peaks of the carbonyl group C=O stretch of PP (1% solution) in hexane (H), 

ethylbenzene (EB), and propionitrile (PN) [91]. 
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Figure 11. FTIR spectra of Poly(4-vinylphenol)/Poly(vinyl methyl ketone) blends in the 3050–

3580 cm−1 region [103]. 
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2. AIM AND METHODOLOGY OF THE WORK 

Aim of this doctoral thesis is to study the role of particular binder components and their 

interactions in Powder Injection Moulding. The research will be focused on possibility of 

substituting common backbone polymers with novel compounds which can enhance overall 

processing properties, while remaining environmentally friendly.  

Organic waxes will be considered, as well as low molecular weight binder components. 

The polar waxes should provide improved adhesion to the powder, which is crucial especially for 

superfine fillers. Simultaneously, they can be manufactured at lower temperatures, which is 

advantageous for energy consumption throughout the PIM process and for reactive powders as 

titanium alloys.          

Polyethylene glycols with various molecular weights should provide advantage of early 

formation of pore network in moulded parts and enhance the debinding properties. In order to 

investigate the processing properties, feedstocks with different binder components ratio and 

varying in powder loading will be composed. The solvent debinding will be carried out using 

temperature controlled water bath in order to study extraction rate of the soluble binder 

components. Thermogravimetric analysis will serve as a major tool for understanding the thermal 

debinding characteristics of newly formed feedstocks. Obtained data should spread light on 

connections between feedstock powder loading, binder composition and binder extraction rate. 

Literature search has shown that there is a lack of studies on interactions of binder systems 

components. Due to difficulty of studying the complete and individual reaction pathways and 

chemical mechanisms occurring within polymer blends, components will be substituted with their 

low molecular weight analogues. The interactions of substitutes will be investigated by means of 

FTIR and calorimetry. Dilution of low molecular analogues in non-interacting solution will be used 

for calculating the self-interaction energies. The amount of peak shift within functional group will 

indicate the presence of interactions. Obtained data from both FTIR and analogue calorimetry will 

allow a quantitative evaluation of specific interactions. This technique allows eliminating of the 

majority of self-interactions during cross-interaction measurements, which is not possible for 

polymer – polymer interaction evaluation. 

Furthermore, another widely accepted concern of PIM process is the separation of powder 

and binder components during injection moulding stage. One of the factors is the adhesion of binder 

system to the mould channel walls resulting in significantly higher shear rates, initiating phase 

separation. In order to study the interaction between feedstock components and mould channel 

walls, contact angle analysis will be applied.  

The results should contribute to understanding the role of particular binder components 

allowing to precisely balance the binder system composition for novel PIM feedstocks with 

advanced processing properties, while minimizing the negative ecological impact of technological 

cycle due to usage of eco-friendly components.  
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3. DISCUSSION OF THE RESULTS 

Literature search showed [104-106] that waxes such as carnauba wax (CW) and acrawax 

(AW) have a perspective of taking over the role of backbone in binder systems, which can highly 

advance feedstocks with reactive fillers widely used in biomedical applications, and requiring low 

temperature processing [107]. 

 First, low density polyethylene (LDPE) served as a main backbone component for 

comparison, since it has low molecular weight (compared to other binders from polyolefin group) 

and is broadly utilized in many binder systems [4,45,83]. 

Table 3 shows the compositions and powder loadings of 22 newly composed feedstocks. 

Use of polyethylene glycol was motivated based on some reports [108-111] on successful 

application in binder systems, and its compatibility with wide range of binder components, as well 

as referring to its environmentally friendly nature, which allows to eliminate the need of using 

number of chemicals during solvent debinding. 

The study of the effect of different molecular weight of polyethylene glycols (PEG) on the 

feedstock showed that high amount of low molecular PEG 1000 enhances the initial debinding 

stage, since having low molecular weight and low melting temperature it was first to be extracted 

by evaporation from the surface of the specimen. Further, this process creates network of pores that 

serve as escape paths for components with higher molecular weight, which propagate towards the 

specimen surface ensuring quicker debinding with low risk of defect formations.  

To investigate the role of PEG molecular weight, comparative study has been done for two 

contrasting feedstocks based on LDPE. Feedstocks (F10) with equal fraction of LDPE and PW (30 

wt.%), large amount of highest molecular weight PEG used – PEG6000 (39 wt.%) and 1 wt.% SA 

was compared with feedstock (F14) with similar amount of PW (30 wt.%), lower amount of LDPE 

(20 wt.%) and PEG6000 (22 wt.%), with additional 10 wt.% PEG1000 and 15 wt.% PEG4000, as 

well as 3 wt.% SA. The results revealed that lower molecular weight PEG’s in feedstock (F14) 

exhibited more gradual early stage debinding, compared to feedstock (F10) with single PEG6000 

(Figure 12 and Figure 13). 

Feedstock with 10 wt.% of PEG1000 and 20 wt.% of PEG4000 (F14) developed a gradual 

slope of initial weight loss, which is at temperatures above 200 °C linked to evaporation of volatile 

degradation products of higher molecular weight components (PW, LDPE).  

In contrast, feedstock without low molecular PEG in its composition (F10), exhibited sharp 

slope, which can be referred as an initial sharp weight loss (Figure 12). For both feedstocks F10 

and F14 (Figures 12 and 13) full extraction of the binder system was observed at 456 and 448 °C, 

respectively. For the feedstocks with PW as a backbone and high amount of PEG6000 (F17, F18), 

TGA curve exhibited sharp initial drop starting at 174 and 172 °C, and reaching 10.03 and 12.68 

wt.% weight loss already at 208 and 209 °C, respectively. This tendency can result in cracks and 

distortions in the debound parts, and thus should be avoided [7-9].  
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Table 3. Novel feedstock compositions (data derived from Paper I).  

Code 
LDPE PW PEG1000 PEG4000 PEG6000 SA ɸm 

wt.% wt.% wt.% wt.% wt.% wt.% wt.% 

F1 20 20 10 39 10 1 84.7 

F2 10 30 10 39 10 1 85.2 

F3 20 20 10 39 10 1 85.2 

F4 40 - 20 39 - 1 85.2 

F5 40 - 10 25 20 5 85.2 

F6a 

40 10 - 20 29 1 

85.2 

F6b 85.5 

F6c 85.9 

F6d 86.5 

F7a 

40 10 - 10 39 1 

85.2 

F7b 85.5 

F7c 85.8 

F8a 

50 - - 10 39 1 

85.2 

F8b 85.5 

F8c 85.8 

 F9 20 30 - 20 29 1 85.5 

F10 30 30 - - 39 1 85.2 

F11 35 30 - 15 19 1 85.2 

F12 30 40 - 12 13 5 85.6 

F13 31 33 - 15 16 5 85.2 

F14 20 30 10 15 22 3 85.5 

F15 25 36 10 10 16 3 85.2 

F16 20 10 20 20 27 3 85.2 

Code 
CW PW PEG1000 PEG4000 PEG6000 SA ɸm 

wt.% wt.% wt.% wt.% wt.% wt.% wt.% 

F17 - 45 - - 50 5 84.7 

F18 - 40 - 15 40 5 84.2 

F19 25 30 - 20 20 5 84.5 

F20 35 20 10 10 20 5 84.2 

F21 40 10 10 12 25 3 84.2 

F22 40 10 10 14 25 1 85.2 
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Figure 12. TGA weight loss and corresponding derivative curve for F10 (30 LDPE/30 PW/39 

PEG6000/1 SA wt.%) (Paper I). 

The feedstocks composed using 25 to 40 wt.% of CW (F19-F22) together with combination 

of different molecular weight PEG and SA, developed a slight decrease at the first degradation 

stage with a gradual transition to the second stage and kept this tendency until late debinding. In 

this respect, the second stage represents the extraction of CW, where the exhibited moderate decline 

is connected with the narrow setting range of CW. Furthermore, CW is composed of a mixture of 

linear chain esters, alcohols, acids and hydrocarbons and exhibits small linear expansion in 

temperature range 22–52 °C compared to other waxes [112,113]. This is an example of possibility 

to exclude unwanted rapid drop by proper choice of component’s mass distribution. The collected 

data of total mass loss has shown that full binder extraction was achieved for all examined 

feedstocks.  

Meanwhile, solvent debinding was performed for selected feedstocks in order to ensure 

faster thermal debinding with lower chances of defect formation [54,108]. As expected, a 

significant weight drop was observed for the samples with high vol.% of low molecular PEG 

binders and vice versa, feedstocks with low wt.% of PEG showed smaller weight loss, Table 4. 

The thermal debinding of the solvent debound feedstocks allowed to analyse and compare results 

with previously collected data for solely thermal debinding. As it can be noticed from Table 4, the 
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low temperature peaks diminished, as well as the mass loss proportions have changed, which can 

be explained by the selectivity of the water debinding which removes water-soluble components. 

Further, the peaks seem to be slightly shifted towards lower temperatures indicating easier mass 

removal from the fired body in this temperature region. This suggests that the water debinding 

created pore network within the specimen body by removal of the soluble part of the binder system. 

 

 

Figure 13. TGA weight loss and corresponding derivative curve for F14 (20 LDPE/30 PW/10 

PEG1000/15 PEG4000/22 PEG6000/3 SA wt.%) (Paper I). 

Furthermore, feedstocks with high vol.% of LDPE and PW showed a hydrophobic 

behaviour, while the correlation of extraction efficiency with PW rather than with LDPE tends 

towards the role of PW as the key blocking agent in the analysed compositions, which can be 

explained by better miscibility of the low molecular compounds with other component of the binder 

system.  

The thermal debinding involves three main processes: evaporation, thermal degradation 

and oxidative degradation. High molecular weight components (polyolefins) are subjected to 

thermal degradation by random polymer chain scission, while the low molecular weight 

compounds or fragments of polymers are mainly evaporated by propagation towards the specimen 

surface.  
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Table 4. Weight loss peaks in wt.% during thermal debinding for initial solvent extracted 

feedstocks (data derived from Paper I). 

Feedstock 
Peak 1 Peak 2 Peak 3 

[°C] [wt.%] [°C] [wt.%] [°C] [wt.%] 

F2 210 0.93 225 5.75 487 4.86 

F6a 200 2.43 364 11.4 475 1.91 

F7a 170 2.48 - - 477 13.52 

F9 170 1.33 250 6.1 480 3.56 

F10 220 0.16 229 5.77 490 4.44 

F14 199 0.89 220 6.57 494 4.64 

F16 175 1.17 252 10.1 449 4.19 

F22 208 1.8 230 6.37 467 5.35 

 

For PEG, the polymer degradation process is based on a diminution of chain length and 

reduction in molecular weight, resulting from the bond scission in the backbone of the 

macromolecules similar to linear polymers. 

The peak degradation temperatures and corresponding mass losses are showed in Table 5. 

As it can be seen the debinding proceeded in 3 to 4 steps. The earliest mass loss for LDPE based 

feedstocks F4 and F16, was observed at 171 °C by 0.33 and 0.23 wt.% respectively, while for the 

CW/PW based composition F18 it took place at 172 °C by only 0.12 wt.%. Full binder extraction 

was observed for all samples, earliest at 442 °C for PW based feedstocks F17, F18 and latest at 473 

°C for LDPE based feedstocks F5 and F6a. 

Further, by depicting a plot of mass losses vs temperature (Figure 14), one may observe, 

that feedstocks based on CW/PW exhibited stable, gradual mass loss throughout all temperature 

range, compared to the feedstock based solely on LDPE or PW. 

From observed results one may conclude, that high content of PEG in feedstock, 

significantly lowers the initial thermal degradation temperatures, serving as a bridge between early 

and late debinding stages. 

Overall, novel feedstocks based on Al2O3 high compressible superground powder and 

polyolefin backbone substitutes - paraffin wax and carnauba wax showed that novel components 

ensure gradual extraction throughout all range of processing temperatures Figure 14, as well as 

remain within green part until the late debinding stage.  
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Table 5. Thermal degradation peaks in percentage of weight loss (data derived from Paper I). 

Feedstock 
Peak 1 Peak 2 Peak 3 Peak 4 

[°C] [wt.%] [°C] [wt.%] [°C] [wt.%] [°C] [wt.%] 

F1 185 0.36 223 11.61 - - 455 4.98 

F2 180 0.19 215 11.92 - - 447 4.8 

F3 175 0.51 215 10.09 - - 465 5.77 

F4 171 0.33 223 10.15 348 4.33 469 2.11 

F5 175 0.21 238 9.35 349 4.53 473 2.2 

F6a 176 0.15 251 8.82 352 4.97 473 2.18 

F6b 184 0.15 234 7.77 338 4.9 472 2.21 

F6c 192 0.17 243 8.47 348 4.17 470 1.82 

F6d 192 0.14 230 7.8 338 4.42 457 1.95 

F7a 189 0.11 242 8.11 356 3.92 462 1.94 

F7b 197 0.31 240 8.62 341 4.14 471 2.14 

F7c 194 0.19 238 8.21 335 4.34 453 2.1 

F8a 181 0.15 232 7.67 348 6.38 454 2.67 

F8b 185 0.19 237 7.34 349 5.1 446 2.23 

F8c 188 0.18 234 6.9 344 5.3 450 2.34 

F9 180 0.23 204 7.51 352 4.48 459 1.29 

F10 189 0.22 205 7.63 350 4.6 456 1.54 

F11 205 0.32 - - 354 13.9 462 1.95 

F12 201 0.29 245 7.62 348 4.62 460 1.85 

F13 207 0.35 251 8.29 349 4.88 455 1.96 

F14 176 0.36 219 9.52 - - 448 5.16 

F15 203 0.38 248 9.25 348 4.04 455 1.74 

F16 171 0.23 200 9.88 - - 458 5 

F17 174 0.18 208 10.03 - - 442 4.64 

F18 172 0.12 209 12.68 - - 442 4.51 

F19 190 0.16 231 9.07 - - 460 6.42 

F20 194 0.17 245 8.89 341 4.56 458 2.16 

F21 189 0.16 - - 346 13.71 460 2.08 

F22 195 0.23 247 8.74 345 4.45 459 1.91 
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Figure 14. Thermal degradation peaks of tested feedstocks (data derived from Paper I). 

To extend the knowledge required for composing novel feedstocks further, the interactions 

between feedstock components and mould materials were studied. 

Tested materials included LDPE, PW, CW, AW, SA, as well as Al2O3 and ZrO2 powders. 

Four most often used treatments of steel were considered for channel walls of an injection mold: 

hardened, hardened TiN, nitridized and heat-treated.  

The surface energy was determined by measurements of contact angles of three test liquids 

set (deionized water, ethylene glycol and diiodomethane) using the SEE (Surface Energy 

Evaluation) system for both feedstocks and mould materials.  

The obtained values of contact angles are showed in Table 6. As expected the measured 

contact angles are lowest with diiodomethane and highest with water, with exception of both 

ceramic powders with the lowest contact angles for ethyleneglycol. The low contact angles 

measured for PEG 6000 with all testing liquids could be explained by the hydrophilicity of its 

surface. It is well known that as the contact angle decreases, the tendency of the binder to spread 

over the powder particle increases, hence resulting in a better wettability [114].  

Contact angles for CW and SA exhibited very similar values in water, and crosswise for 

the remaining testing liquids. Lower intrinsic viscosities and higher polarities make the low 

molecular weight surface active agents more effective in reducing the feedstock viscosity, 

compared to the ones with high molecular weight. SA offers excellent adhering to the powder 

surface, fully coating the particles and preventing powder aggregation. Meanwhile, the interlinking 
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strength between binder components is weak, due to the short chain lengths of the low molecular 

weight surface active agent as SA, which can result in necking during plastic forming [115]. 

In order to enhance the interlinking strength between binder components a polymer having 

suitable functional groups in each repeating unit can be effective, improving as well the adhesion 

to the powder surface. From the materials tested, PEG showing the lowest contact angles, is the 

most suitable one for this role. Further, PEG has strong interactions with AW, while AW itself 

exhibited values of contact angles similar to PW, where no adhesion is expected. 

Table 6. Contact angles of tested mould–die materials, powers and binders (Paper IV).  

Name Ethylene glycol [°] Diiodomethane [°] Water [°] 

Mould die material 

Hardened  60.9 50.2 72.7 

Hardened TiN  57.5 51.7 77.3 

Nitridized 71.3 59.8 96.6 

Heat-treated 79.9 57.0 78.1 

Ceramic powder 

Al2O3 23.0 40.6 60.5 

ZrO2 35.6 39.1 67.7 

Binder 

LDPE 56.0 44.5 85.8 

PW 76.3 52.8 114.1 

PEG6000 23.7 22.2 24.0 

CW 51.9 64.1 94.6 

AW 90.7 57.8 108.8 

SA 64.9 52.4 94.9 

 

The free surface energy for acid-base model were calculated for unpolar Lifshitz-van der 

Waals component γ(LW), electron-donor (γ-), electron-acceptor (γ+), polar component γ(AB), as well 

as  γ(total) representing the sum of unpolar and polar components are showed in Table 7.  
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Hydrogen bonding is the primarily agent which enhances the adhesion of binder 

components onto the powder surface via Lewis acid-base reactions [116]. The adsorption of the 

binder components onto the powder surface is competitive such that patterns similar to the 

Langmuir adsorption and desorption isotherms usually take place [117].  

 

Table 7. Calculated free surface energies components (J/m2) for tested mould-die materials, binder 

components and ceramic powders (Paper IV).  

Material γ(total) a γ(LW) b γ(AB) c γ(+) d γ(−) e 

Mold die material      

Hardened 40.7 34.1 6.5 0.5 21.6 

Hardened TiN  33.7 33.3 0.4 0 12.3 

Nitridized 28.9 28.7 0.3 0 1.8 

Heat-treated 53.4 30.3 23.1 4.2 31.9 

Ceramic powder      

Al2O3 47.2 39.3 7.9 1 15.7 

ZrO2 44.4 40.1 4.4 0.4 12 

Binder      

LDPE 38.2 37.3 0.9 0.1 3.4 

PW 33.1 32.7 0.4 0 1.4 

PEG 6000 64.7 47.1 17.6 1.1 72 

CW 33.8 33.2 0.6 0.1 1 

AW 33.6 29.8 3.7 2.1 1.7 

SA 33.5 32.9 0.6 0.1 1 

 
a  Sum of unpolar and polar components. b Lifshitz-van der Waals component. c Polar component. d Electron-

donor. e Electron-acceptor. 

 

The results showed lowest total surface energy for nitridized and hardened TiN surfaces, 

which have similar dispersion and polar components. In contrast, the heat-treated surface showed 

the highest value of surface energy of 55.4 J/m2 and noticeably higher polar component 23 J/m2, 

compared to nitridized and hardened TiN surfaces (0.4 J/m2). Meanwhile, the dispersion part of 

surface energy was similar to other tested surface modifications. Figure 15 shows the differences 
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in γ(total) for tested mould-die materials. It can be seen that heat-treated sample exhibits an 

exceptional behaviour. 

The surface properties are another major factor which influences the adhesion analysis 

influence, since the liquid penetrating the porous surface may result in an artificially lower contact 

angles. Due to this, the tested surfaces have been analysed using contactless scanner in order to 

exclude the effect of surface structure affecting the calculated adhesion values. Calculated 

roughness profiles Rz (m) of the tested powders and mould-die materials are showed in Table 8. 

 

 

Figure 15. The differences of γ(total)  between polymer binders and mould-die materials. 

For the ceramic powders, the obtained surface characteristics were rather similar, with 44 

and 47 J/m2 of γ(total) for ZrO2 and Al2O3, respectively, with alumina having also slightly higher 

polar component of surface energy. 

Calculated γ(total) differences for respective powders and binder components are showed in 

Figure 16. The values are about 3 J/m2 higher for (PW, LDPE, AW, CW, SA) and lower for PEG 

for Al2O3 powder compared to ZrO2 sample. 

Surface characteristics of binders showed values of γ(total)  similar to other tested materials 

ranging from 34 to 38 J/m2. Further, the polar components exhibited similar values (below 1 J/m2), 

except for acrawax, where the polar component γ(ab) was higher of 3.7 J/m2. 
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Table 8. Roughness profiles Rz (m) of the tested powders and mould-die materials (Paper IV). 

 

From all tested binders, only PEG 6000 showed highly different values of surface energy 

(64.7 J/m2) with polar component of 17.6 J/m2, which can be explained by its chemical 

composition. A polar surfaces show only γ LW with very low or full absence of polar component 

and as a rule their total surface energy is lower compared those with both polar and unpolar 

components of γ (metals). 

 

 

Figure 16. The differences of γ(total)  between polymer binders and ceramic powders. 

The complexity of chemical mechanisms occurring within the binder system requires 

further deep investigation [80]. Furthermore, in the cases where the specific interactions between 

polymers cannot be studied by other means, the substitution of polymers by their low molecular 

Material  Mean Std dev Min Max 

Ceramic powder      

Al2O3  2.90 0.451 1.89 4.15 

ZrO2  2.68 0.387 1.90 4.00 

Mold die material      

Heat-treated  3.24 0.371 2.44 4.68 

Hardened  4.00 1.060 2.09 8.02 

Hardened TiN  3.22 0.445 2.23 4.50 

Nitridized  3.72 0.675 2.68 5.97 
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analogues can be applied. Such technique allows to eliminate majority of self-interactions during 

cross-interaction measurements, which is not possible for polymer – polymer interactions analysis.  

Scheme 1 shows an example of substitution of binder system components with their low 

molecular analogues. This technique provided advantage of neglecting self-interactions of 

polymers, which is one of the major concerns in studies of miscibility of polymer-polymer blends. 

Much smaller self-interactions of low molecular substitutes allowed precise calculation of present 

interactions. As showed in Table 9, polyethylene glycol (PEG) was substituted by 2-ethoxyethanol 

(2ET) and diethylene glycol monoethyl ether (DGME), carnauba wax (CW) by amyl butyrate (AM) 

and butyl valerate (BV), and acrawax (AW) by methylacetamide (NMA) low molecular analogues. 

 

 

Scheme 1. Substitution of polyethylene glycol (PEG) and carnauba wax (CW) with low molecular 

analogues (data derived from Paper II). 

 

The quantitative analysis of interactions was based on assumption that change of Van der 

Waals intermolecular interactions accompanying mixing is negligible (e.g. mixing of hexane and 

heptane) and all contributions to the heat of mixing are due to specific acid-base interactions, as 

well as that all organic liquids (except for saturated hydrocarbons) make the specific self-

association based on electron donor (basic) and electron acceptor (acid) sites of one molecule [118]. 

Further, it was assumed that molecules are self-associated in 𝑋 − 𝑋 pairs consisting of two 

molecules by the acid-base interaction and all 𝑋 − 𝑋 interactions are broken in the case of high 

dilution, where all dissociated 𝑋 molecules form new 𝑋 − 𝑌 interactions and molecules 𝑍 

(saturated hydrocarbons) do not have any acid-base self-associations and do not form acid-base 

interactions with another molecule (𝑋 or 𝑌). 
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Table 9. Self-interaction and association energies of low molecular analogues [J/mol] (derived 

from Paper II and Paper III). 

Binder  PEG CW AW 

 Low-

molecular 

analogue 

2ET DGME AM BV NMA 

PEG 
2ET 11861 - 5008 6471 9659 

DGME - 16236 3793 3011 7139 

CW 
AM 5560 4162 5264 - 5899 

BV 6784 3294 - 4132 6353 

AW NMA 10624 7846 5382 5810 2308 

Dilution at different concentrations gave an important understanding of the progress of peak 

shift and allowed to define the optimal rate at which the peak shift is complete. Figure 17 reveals 

that shift of carbonyl C–O stretching peak for 2ET diluted in hexane at initial 40 % allows to 

observe development of a peak shoulder, which progressively grows at 20 and 12 %, reaching 

magnitude equal to original 1119 cm-1 peak at 6 % concentration and 1131 cm-1. 

 

Figure 17. Shift of FTIR peaks for C–O bonding of 40, 20, 12, 6 and 1 % of 2-ethoxyethanol (2ET) 

in hexane (Paper II and Paper III).  
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This observation suggests that at 6 % concentration half of 2ET molecules are already 

isolated by the hexane. For the dilution at 1 % concentration the magnitude of 1131 cm-1 peak 

suggests that the majority of the 2ET molecules are surrounded by the hexane (molecules are 

separated), even though the small peak at 1119 cm-1 is a hint of a presence of small amount of self-

interaction pairs which can be neglected. Moreover, due to the asymmetry of the C–O bonding in 

2ET (Figure 18), second peak shift was also observed at 1065 cm-1, with minor shoulder for 12 and 

6 %, and prominent peak at 1056 cm-1 for 1 % dilution. The asymmetry of C–O bonding for 2ET 

can be explained by intramolecular vibrations created due to the presence of additional –OH in 

chemical structure of 2ET [119]. 

 

Figure 18. FTIR peaks for C–O bonding of diethyl ether and 2-ethoxyethanol (2ET) (Paper II and 

Paper III). 

For both CW and PEG analogues the response of C–O peak to dilution of self-interaction 

was highly prominent, however being present in both, it excluded the possibility of determining 

from which liquid it originates for liquid to liquid dilutions. –OH group in PEG analogues and C=O 

group in CW analogues were only functional bounding not repeated in each other allowing further 

analysis. 

The investigation of the interactions between CW and AW substitutes (AM-NMA and BV-

NMA) using the shift of N–H amino group, suggests that the interactions are negative. The major 

peak of methylacetamide (NMA) at 3300 cm-1 tended to higher wavenumbers for CW analogues 

amyl butyrate (AM) and butyl valerate (BV), while the peak for hexane and decalin shift to smaller 
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wavenumbers Figure 19. In contrast the minor peak at 3103 cm-1 shifted to lower wavenumbers for 

all tested liquids, which is an indicator of favourable interactions [84,119]. 

 

Figure 19. Shift of FTIR peaks for N–H stretch bonding of 1% methylacetamide (NMA) in hexane, 

decalin, AM and BV (Paper III). 

Peak shift correction was applied, to quantitatively analyse the shift. The peak shift in buffer 

liquids - hexane and decalin together with the low molecular analogues surface tension γ, represents 

a baseline for the corrected peak shift calculation (schematically showed in Figure 20). 

Smallest peak shift 5.2 cm-1, after peak shift correction was observed for C–O stretch bonding of 1 

% diethylene glycol monoethyl ether (DGME) dilution in NMA, which can be explained by the 

length of the chemical structure of DGME, as well as the resulting high value of self-interactions 

energies (Table 10). This can be also seen in the case of peak shift correction for C=O stretch 

bonding of 1 % AM diluted in NMA, where the shift was 5.5 cm-1, which can be also interpreted 

as not all of self-interactions were broken for forming new pairs with diluted liquid.  

Average peak shift values were observed for the C=O stretch bonding of 1 % AM diluted 

in 2-ethoxyethanol (2ET) and C–O stretch bonding of 1 % 2ET diluted in NMA with shift of 7.2 

and 9.8 cm-1, respectively.  
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Figure 20. Calculation of a corrected peak shift from the baseline for C=O bonding butyl valerate 

(1 %) in hexane, decalin, 2-ethoxyethanol and diethylene glycol monoethyl ether (Paper II). 

Meanwhile, the results showed that the largest peak shift 14.2 cm-1 and 13.0 cm-1 were 

obtained for N–H stretch bounding peak of amino group in range 3280 to 3320 cm-1 of 1 % NMA 

diluted in BV, and O–H stretch bounding in range of 3400 to 3450 cm-1 for 1 % 2ET diluted in BV, 

respectively (Table 10). This may suggest that the chemical structure plays crucial role regardless 

the concentration, while high dilution rate gives the possibility to observe and quantify the peak 

shift for the functional bounding. 

The obtained results from FTIR suggested presence of specific interactions between tested 

liquid pairs, by displaying shift of peaks towards lower wavenumbers, which was in agreement 

with the reports [94-96]. 

The study of thermodynamics for interactions of two components by calorimetric analysis 

allowed determining the temperature drop  (Figure 21). The analysis of the liquid pairs showed 

an exothermic reaction for the dilution of AW-PEG substitutes, while the dilution of CW-PEG and 

CW-AW substitutes exhibited endothermic reaction. The increase in temperature during mixing is 

associated with strong, newly formed interactions between blended liquids. 
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Table 10. Peak position v, surface tension γ and corrected peak shift vXY for corresponding 

liquids (Paper II and Paper III). 

Name 
Peak position 

v [cm-1] 

Surface tension 

γ [mN/m] 

Corrected peak shift

vXY [cm-1]

C=O, 1 % Amyl butyrate 

Hexane 1741.8 18.40 0 

Decalin 1741.2 29.40 0 

2-ethoxyethanol (2ET) 1733.3 28.20 7.8 

Diethylene glycol 

monoethyl ether (DGME) 
1735.7 31.70 5.5 

–OH, 1 % 2-ethoxyethanol 

Hexane 3425.2 18.40 0 

Decalin 3421.3 29.40 0 

Amyl butyrate (AM) 3432.7 25.55 11.4 

Butyl valerate (BV) 3434.3 26.36 13.0 

C–O, 1 % 2-etoxy ethanol 

Hexane 1122 18.40 - 

Decalin 1124 29.40 - 

Methylacetamide (NMA) 1115 28.20 9.1 

C–O, 1 % Diethylene glycol monoethyl ether 

Hexane 1122 18.40 - 

Decalin 1124 29.40 - 

Methylacetamide (NMA) 1119 31.70 5.2 

N–H, 1 % Methylacetamide 

Hexane 3295 18.40 - 

Decalin 3293 29.40 - 

Amyl butyrate (AM) 3306 25.55 12.1 

Butyl valerate (BV) 3308 26.36 14.2 
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Figure 21. Temperature change for the 0.05 ml drop of NMA diluted in 5 ml 2ET and AM (Paper 

III). 

For the dilution in hexane, as a buffer solvent, the largest temperature drop of 0.81 and 0.80 

°C was observed for 2ET and DGME, respectively, while in contrast BV and NMA both showed 

the smallest negative temperature change of 0.15 °C (Table 11). To define the component fraction 

of the blend after dilution, the heat of mixing vs. molar fraction and fraction of diluted liquid into 

solvent were also calculated. As it can be seen from Figure 22, the association of heat of mixing 

and molar fraction of the dilution are tending to linearity, the less is the bonding of curve, the more 

linear is . 

The comparison of self-interaction energies together with the molecular weight for the PEG 

analogues revealed, that for the liquids without –OH bounding, the self-interactions energies are 

smaller, compared to the ones with –OH, suggesting that presence of –OH surges the self-

interactions value of low molecular substitutes (Figure 23) [120]. Moreover, the study revealed that 

chemicals with –OH may have an optimum value at which the interaction energies are highest and 

start to decline at some point, however it requires further analysis. 

As it can be seen from Figure 23, the self-interaction values are lowest for the diethyl ether 

which also has the smallest molecular weight. Self-interactions values are the highest for DGME, 

which can be explained by the fact that it has the highest number of oxygen molecules along its 

chain, meaning that more self-interactions are likely to occur between two molecules. 

The shift of peaks towards lower wavenumbers in FTIR measurements, as well as observed 

temperature surge for certain blends with help of analogue calorimetry can independently serve as 
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a proof of the presence of specific interactions [94-96,100-102], while combing both data together 

allowed to define the relationship of two independent experiments. 

 

Table 11. Temperature drop , heat of mixing HM/(nX+nZ) and molar fraction nX/(nX+nZ) 

(Paper II and Paper III). 

Name Temperature 

drop [°C] 

HM/(nX+nZ) 

[J/mol] 

nX/(nX+nZ) 

[10-3 mol] 

Amyl butyrate (AM) 0.19 28.35 6.708 

Butyl valerate (BV) 0.15 29.38 6.754 

Methylacetamide (NMA) 0.15 29.14 16.835 

2-ethoxyethanol (2ET) 0.81 157.82 12.633 

Diethyl ether (DE) 0.28 54.58 11.672 

Diethylene glycol monoethyl ether (DGME) 0.80 156.41 9.146 

Diethylene glycol dimethyl ether (DGDE) 0.44 86.05 8.639 

Triethylene glycol monoethyl ether (TGME) 0.32 62.69 7.045 

 

 

Figure 22. Heat of mixing vs molar fraction of liquid X diluted into solvent Z (Paper III). 
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Figure 23. Self-interaction energies EXX vs molecular weight MW for PEG substitutes (Paper II). 

Data from both experiments were used to plot respective association energies (obtained by 

calorimetry) vs shifts of peaks (measured using FTIR) Figure 24.  

 
Figure 24. Association energies EXY vs. shift of peaks for low-molecular analogues of acrawax, 

carnauba wax and polyethylene glycol. (Paper III). 
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A linear dependence was found for the tested pairs, which is in agreement with the Drago’s 

[121] linear relationship between enthalpy of adduct formation and shift in the frequency of 

vibration (H = 𝑘Δ𝜈𝑋𝑌), confirming the validity of data and calculations from two independent 

analysis. 
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4. CONCLUSION 

 

The aim of the doctoral thesis – to study the role of particular binder components in PIM 

processing and their interactions – was achieved.  

The novel binder system was developed by introducing eco-friendly components, which 

allowed to compose feedstocks with advanced processing properties. The natural waxes were used 

as a substitute to commonly utilized backbone – low density polyethylene. Furthermore, use of 

different molecular weights of PEG enhanced the early thermal degradation stage as well as created 

a network of pores within the sample body, allowing faster and defect free extraction of residual 

backbone component. Carnauba wax ensured gradual and step by step debinding up to final stages. 

Use of low molecular weight analogues of polymers made possible the study of interactions 

of binder system components (PEG, acrawax, carnauba wax), giving an advantage of eliminating 

the majority of self-interactions for cross-interaction measurements, which was not available for 

polymer - polymer interaction evaluation. For FTIR analysis an optimum dilution level was defined 

at 1 % concentration. The peak shift in a buffer solution served for constructing a baseline and 

defining the corrected peak shift. The calorimetric measurements allowed to quantitatively analyse 

the self and cross-interactions. Further, a linear connection of two independent experiments was 

found, where higher the shift from FTIR, the higher the association energies, which is in agreement 

with Drago’s linear equation. 

For PEG substitute liquids, the presence of –OH bounding in chemical structure resulted in 

higher values of self-interaction energies, reaching its maximum for diethylene glycol monoethyl 

ether. The highest cross interaction values was calculated between 2-etoxy ethanol and 

methylacetamide, suggesting strong interactions between corresponding both polar PEG and 

acrawax binders.  

The interactions present between binder components can positively influence the energy 

efficiency of applications, at the same time noticeably enhancing the mixing and moulding 

characteristics. 

In addition, the nature of adhesion of binder components to powders as well as channel 

walls of moulding tools has been investigated. Considering the wettability of the channel walls of 

the mold revealed about ten times higher surface energy of heat-treated steel than nitridized, 

hardened, and hardened TiN materials. Among the binder components studied it has been found 

that the role of the surfactant (stearic acid) might be substituted with carnauba wax. Acrawax and 

especially polyethylene glycol have shown the highest values of polar component of surface energy 

determining their key role in PIM feedstocks. 
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CONTRIBUTION TO THE SCIENCE 

This PhD study focused on possibility of substituting polyolefin backbones in PIM binder 

systems by environmentally friendly waxes, as well as on the study of the role of polyethylene 

glycols (PEG) molecular weight on debinding properties. Further, this research covered an 

important and scarcely studied topic of interactions of binder system components among each other 

as well as with powders and mould materials. 22 new feedstocks were composed using three 

different molecular weight PEGs to study the debinding properties as well as carnauba wax was 

exploited as a substitute to low molecular weight polyethylene. Due to the complexity of the PIM 

feedstocks, the interactions among the binder system components were studied together with the 

interactions of the binders, powders and mould materials. This expands the understanding of the 

mechanisms occurring within such systems and allows to precisely balancing the compositions of 

novel feedstocks. 

The following topics can be considered as the most important contributions of the PhD 

work to the science and practice: 

1) Role of low molecular weight polyethylene glycols (PEG1000, PEG4000) in early 

debinding stage. The advancement of gradual binder extraction and avoiding sharp initial weigh 

loss. 

 

2) The use of combination of various PEGs (PEG1000, PEG4000 and PEG6000) in feedstock 

serving as a bridge between early debinding stage and backbone extraction. Creating a gradual, 

step by step debinding profile, excluding sharp weight drops. 

 

3)  Study of adhesion among feedstock components and mould materials. Defining that 

carnauba wax having similar values as stearic acid can take over the role of a processing aid. 

 

4)  Study of interactions between both polar polymers by substituting them with their low 

molecular analogues. Determination of interactions for analogues showing twice stronger 

bounding for acrawax/PEG substitutes than for carnauba wax/PEG, suggesting strong 

interactions between former corresponding polymers. 

In summary, this work gave an understanding of the role of each binder system component 

during the debinding stage as well as entered the field of studying the binder systems in detail, 

which was not done before. Hopefully,   it shall serve as an endorsement for further investigations.  
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Table 7. Calculated free surface energies components (J/m2) for tested mould-die materials, binder 

components and ceramic powders (Paper IV).  
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Table 8. Roughness profiles Rz (m) of the tested powders and mould-die materials (Paper IV). 

Table 9. Self-interaction and association energies of low molecular analogues [J/mol] (derived 

from Paper II and Paper III). 

Table 10. Peak position v, surface tension γ and corrected peak shift vXY for corresponding liquids 

(Paper II and Paper III). 

Table 11. Temperature drop , heat of mixing HM/(nX+nZ) and molar fraction nX/(nX+nZ) (Paper 

II and Paper III). 
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Abstract: This paper reports the substitution of polyolefin backbone binder components 

with low melting temperature carnauba wax for powder injection moulding applications. 

The effect of various binder compositions of Al2O3 feedstock on thermal degradation 

parameters is investigated by thermogravimetric analysis. Within the experimental 

framework 29 original feedstock compositions were prepared and the superiority of 

carnauba wax over the polyethylene binder backbone was demonstrated in compositions 

containing polyethylene glycol as the initial opening agent and governing the proper 

mechanism of the degradation process. Moreover, the replacement of synthetic polymer by 

the natural wax contributes to an increase of environmental sustainability of modern 

industrial technologies. 

Keywords: binder; polyolefin; carnauba wax; debinding; thermogravimetric analysis; 
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1. Introduction 

Powder Injection Moulding (PIM) has attracted great attention in the production of net-shape, high 

precision parts for the medical, aerospace and automotive industry in high production volumes due to 

its low processing cost and time effectiveness. PIM offers clear advantages over other net-shaping 

techniques, including pressing and casting, for high volume, complex geometry parts of tight 

dimensional tolerances [1]. 

During the process, metallic or ceramic powder is mixed with polymeric substances to create a 

homogeneous feedstock which is moulded into the desired shape after pelletizing. To extract the binder 

the moulded compacts are treated by chemical (solvent) and thermal routes in the step called debinding. 

Then, during the final stage the porous products are sintered to a density near the theoretical one. 

Such a multi-step processing necessarily evolves often contradictory or inconsistent requirements 

on the composition of binder system, which must ensure agglomeration-free and uniform distribution 

of powder particles within feedstock during mixing, and provide the feedstock with moderate viscosity 

during injection moulding. Then, during debinding it must have steady thermal degradation properties 

and high yield stress to retain the shape of the product during binder burnout up to early sintering [2].  

Furthermore, as the PIM technology expands to reactive powders, an additional requirement on 

binder appears – the need to mix and mould the feedstock at low temperatures in order to diminish the 

oxidation reactions at elevated temperatures. Additional benefits are energy and material (with 

protective inert atmospheres such as argon) savings through mixing and moulding steps of the process. 

Lack of any of these requirements may result in cracks, voids, distortions, non-uniform shrinkage 

and warping in the final products [3,4]. Clearly, in order to provide feedstocks tailored to the process 

demands, multi-component binder systems must be used. A typical binder system includes a 

thermoplastic polymer (polyolefin) as a backbone, waxes and processing aids [5,6]. 

In this paper, low density polyethylene (PE) will be substituted with a carnauba wax (CW) and 

polyethylene glycols (PEG) of different molecular weights. Thermal and combined solvent-thermal 

debinding of aluminum oxide feedstocks based on PE and CW will be analysed by themogravimetry.  

In a previous paper [7] it has been shown that due to the relatively high hygroscopicity of fine 

alumina powder it imposes rather sophisticated requirements on binder system. A lot of effort has been 

done [8–10] to investigate the thermal degradation properties of thermoplastic feedstocks based on 

aluminum oxide occurring as evaporation, thermal degradation and oxidative degradation (in the case 

of oxygen presence in the atmosphere). Trunec and Cihlar [8] have shown for 60 vol.% feedstock 

containing ethylene-vinyl acetate copolymer, paraffin wax and stearic acid (SA) in nitrogen (flow rate 

3.3 cm3·s−1, heating rate 10 °C·min−1) that high binder loss rates may not allow uniform binder 

redistribution, resulting in inhomogeneous saturation of the body with binder with porous surface 

layers and excess binder in the body center, leading to the formation of cracks.  

Krauss et al. [9] demonstrated that the solvent (water) extraction of PEG from 55 vol.% alumina 

feedstock containing polyvinyl butyral as a backbone, PEG and SA is diffusion-controlled, since the 

weight loss of PEG is square root time dependent. They also developed a mathematical model based 

on a core-shrinkage mechanism with diffusion in the porous region, and confirmed its good agreement 

with the experimental data.  
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Voorhees et al. [10] investigated thermal degradation products of PEG in an alumina feedstock and 

proposed the concept of the major pyrolysis reactions. The thermogravimetric curves showed that 

alumina has no effect on PEG/alumina feedstock thermal degradation products. 

Finally, it should be mentioned that providing conclusions of general relevance is a rather 

complicated task, since in the majority of cases the debinding mechanism(s) of one component is 

dependent on the other components of a binder system, and systematic study of the effect of particular 

binder components and their concentration in the bulk binder is still missing. The complexity of the 

compositions used requires detailed studies on each component. Here we report on the role of PEG 

with different molar mass, polyethylene and paraffin and substitution of these two components by CW 

from natural sources. 

2. Results and Discussion 

2.1. Design of Binder Composition 

The binder components employed in the study were selected with respect to the requirements 

described in the Introduction. The first group of binder compositions (Table 1) contained low density 

polyethylene (PE). Huang and Hsu [11] studied the effect of high and low density polyethylenes and 

their blend (50:50) on the properties of 316 L stainless steel feedstocks containing also paraffin wax 

(PW) and stearic acid (SA) and found out that low density PE results in more favorable flow behavior, 

however high density PE provides better dimensional stability of the molded part, and thus the 

combination of both PEs was recommended to gain the maximum benefits.  

Table 1. Polyolefin-based feedstocks. 

Name 
PE PW PEG1000 PEG4000 PEG6000 SA ɸm 

wt.% wt.% wt.% wt.% wt.% wt.% wt.% 
F1 20 20 10 39 10 1 84.7 
F2 10 30 10 39 10 1 85.2 
F3 20 20 10 39 10 1 85.2 
F4 40 - 20 39 - 1 85.2 
F5 40 - 10 25 20 5 85.2 
F6a 

40 10 - 20 29 1 

85.2 
F6b 85.5 
F6c 85.9 
F6d 86.5 
F7a 

40 10 - 10 39 1 
85.2 

F7b 85.5 
F7c 85.8 
F8a 

50 - - 10 39 1 
85.2 

F8b 85.5 
F8c 85.8 
 F9 20 30 - 20 29 1 85.5 
F10 30 30 - - 39 1 85.2 
F11 35 30 - 15 19 1 85.2 
F12 30 40 - 12 13 5 85.6 
F13 31 33 - 15 16 5 85.2 
F14 20 30 10 15 22 3 85.5 
F15 25 36 10 10 16 3 85.2 
F16 20 10 20 20 27 3 85.2 
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Hsu et al. [12] compared PW, carnauba (CW), polyethylene wax (PEW) and acrawax (AW) in 56 vol.% 

304 L stainless steel feedstocks containing 22 vol.% of low density polyethylene (PE) and 

demonstrated that usage of PW-PE based binders resulted in the highest tensile strength of the sintered 

parts, however polar waxes (CW and AW) improved the process-ability of the feedstock due to 

enhanced interactions with powder. Furthermore, AW containing strong polar amide groups and short 

hydrocarbon chain ends provides the highest carbon content in brown (debinded) parts, and also is less 

compatible with PE than CW. In order to prevent possible separation and aggregation of PE molecules 

from the binder during mixing as well as due to the better mechanical properties of CW based 

feedstocks than AW ones, the former (CW) has been employed as a backbone of the second feedstocks 

group in this study (Table 2). 

Table 2. Non-polyolefin based feedstocks. 

Name 
CW 

wt.% 
PW 

wt.% 
PEG1000

wt.% 
PEG4000

wt.% 
PEG6000

wt.% 
SA 

wt.% 
ɸm 

wt.% 
F17 - 45 - - 50 5 84.7 
F18 - 40 - 15 40 5 84.2 
F19 25 30 - 20 20 5 84.5 
F20 35 20 10 10 20 5 84.2 
F21 40 10 10 12 25 3 84.2 
F22 40 10 10 14 25 1 85.2 

Waxes and polyethylene glycol are common components of both feedstocks investigated. With low 

melting temperatures, waxes can be removed at the early stage of debinding consequently creating a 

network of pores which will promote the thermal degradation of higher molecular weight polymers. 

Waxes also increase the wetting characteristics of the powder, ensuring uniform coating of the particles. 

In this study, the effect of molecular weight of polyethylene glycols is also considered. Yang and 

Hon [13] and Yang et al. [14] studied the influence of low molecular weight polyethylene glycol 

(PEG) on rheological and debinding characteristics of aluminum oxide feedstock containing PEG, PE 

wax and SA. Higher content of low-molecular PEG improved the flow-ability of the bulk feedstock. 

As a processing aid, stearic acid (SA) lubricating and wetting powder particles [15] is used. As it has been 

reported [16], it plays a critical role in creating homogenous mixture as well as insuring higher rate of 

binder extraction throughout the network of pores created in body during early stage of thermal debinding. 

2.2. Thermal Analysis of Feedstocks 

The TGA results are presented through the peak degradation temperatures and corresponding mass 

losses depicted in Table 3. The thermal degradation of highly filled systems proceeds evidently in 

several steps, however, they are relatively poorly resolved due to the influence of transport processes 

and the data analysis was elaborated with the aid of numerical derivation. The peak degradation 

temperature on the negative derivative TGA curve corresponds to the inflexion point in the respective 

thermal degradation step signalizing thus the highest mass loss rate temperature. In several cases of 

even less resolved peaks, higher derivatives were calculated and the position of the significant points 

was refined. If needed, the onset temperatures were obtained from common analytical procedure 
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employing the intersection of the horizontal line at the transition between the distinguishable steps and 

the tangent in the inflection point [6]. During the debinding stage three main processes are involved: 

evaporation, thermal degradation and oxidative degradation [17,18]. The low molecular weight 

compounds or fragments of polymers are mainly evaporated by propagation towards the specimen 

surface, while high molecular weight components are subjected to thermal degradation [19].  

Table 3. Feedstock thermal degradation peaks in percentage of weight loss. 

Feedstock 
Peak 1 Peak 2 Peak 3 Peak 4 

[°C] [wt.%] [°C] [wt.%] [°C] [wt.%] [°C] [wt.%] 

F1 185 0.36 223 11.61 - - 455 4.98 
F2 180 0.19 215 11.92 - - 447 4.8 
F3 175 0.51 215 10.09 - - 465 5.77 
F4 171 0.33 223 10.15 348 4.33 469 2.11 
F5 175 0.21 238 9.35 349 4.53 473 2.2 
F6a 176 0.15 251 8.82 352 4.97 473 2.18 
F6b 184 0.15 234 7.77 338 4.9 472 2.21 
F6c 192 0.17 243 8.47 348 4.17 470 1.82 
F6d 192 0.14 230 7.8 338 4.42 457 1.95 
F7a 189 0.11 242 8.11 356 3.92 462 1.94 
F7b 197 0.31 240 8.62 341 4.14 471 2.14 
F7c 194 0.19 238 8.21 335 4.34 453 2.1 
F8a 181 0.15 232 7.67 348 6.38 454 2.67 
F8b 185 0.19 237 7.34 349 5.1 446 2.23 
F8c 188 0.18 234 6.9 344 5.3 450 2.34 
F9 180 0.23 204 7.51 352 4.48 459 1.29 

F10 189 0.22 205 7.63 350 4.6 456 1.54 
F11 205 0.32 - - 354 13.9 462 1.95 
F12 201 0.29 245 7.62 348 4.62 460 1.85 
F13 207 0.35 251 8.29 349 4.88 455 1.96 
F14 176 0.36 219 9.52 - - 448 5.16 
F15 203 0.38 248 9.25 348 4.04 455 1.74 
F16 171 0.23 200 9.88 - - 458 5 
F17 174 0.18 208 10.03 - - 442 4.64 
F18 172 0.12 209 12.68 - - 442 4.51 
F19 190 0.16 231 9.07 - - 460 6.42 
F20 194 0.17 245 8.89 341 4.56 458 2.16 
F21 189 0.16 - - 346 13.71 460 2.08 
F22 195 0.23 247 8.74 345 4.45 459 1.91 

For polyolefins, the thermal degradation occurs by random polymer chain scission [20]. The 

debinding in an air atmosphere involves oxidative degradation, which acts from the surface towards 

the center of the specimens, while being limited by the diffusion of oxygen into the binder components 

and their extraction towards the surface [21].  

For PE-based feedstocks, the earliest mass loss was exhibited at 171 °C for F4 (40 PE/20 

PEG1000/39 PEG4000/1 SA wt.%.) and F16 (20 PE/10 PW/20 PEG1000/20 PEG4000/27 PEG 6000/3 
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SA wt.%.) compositions by 0.33 and 0.23 wt.% respectively, while the earliest weight drop for 

CW/PW based compositions took place at 172 °C for feedstock F18 by only 0.12 wt.%. 

CW is composed of a mixture of linear chain esters, alcohols, acids and hydrocarbons. It exhibits 

the smallest linear expansion in temperature range 22–52 °C compared to other waxes [22].  

For polyethylene glycol (PEG), the polymer degradation process leads to a reduction in molecular 

weight and to diminution of chain length, resulting from the bond scission in the backbone of the 

macromolecules as in the case of linear polymers [23]. The TGA data (Table 3) shows that higher 

overall content of PEG significantly lowers the starting temperature of thermal degradation.  

The role of different molecular weight PEG on gradual thermal debinding can be seen from  

Figures 1 and 2 comparing two contrasting TG curves for PE based feedstock F10 (30 PE/30 PW/39 

PEG6000/1 SA wt.%) and F14 (20 PE/30 PW/10 PEG1000/15 PEG4000/22 PEG6000/3 SA wt.%). 

For feedstock F10 the first mass loss starts at around 189 °C with a sharp drop which is linked to start 

of the evaporation or degradation of PW and PEG with the lowest molecular mass. Meanwhile, the 

higher amount of low molecular PEG1000 in feedstock F14 developed a slight slope by the start point 

at 176 °C. The second stage for both (F10 and F14) feedstocks starting at 205 and 219 °C, 

respectively, depicts the evaporation of volatile PE degradation products. The weight loss of 13.79 and 

15.08 wt.% indicates of a full extraction of the binder system at 456 and 448 °C, respectively. 

Figure 1. TGA weight loss and corresponding derivative curve for F10 (30 PE/30 PW/39 

PEG6000/1 SA wt.%). 

 

Typical feedstocks developed by using binder systems with PW and CW as a backbone binders are 

F17 (45 PW/50 PEG6000/5 SA wt.%) and F22 (10 PW/40 CW/10 PEG1000/14 PEG2000/25 

PEG6000/1 SA wt.%), respectively. The feedstock F17 with higher amount of PW and high molecular 

PEG6000 shows a sharp significant drop of 10.21% at 174 °C. This tendency may lead to cracks and 
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distortions in the sample, and thus must be avoided in further development of binder compositions for 

the application. The combination of different molecular weight PEG in feedstock F22 developed a 

slight decrease before the first degradation stage. The first reasonable weight drop starts at 195 °C 

corresponding to the degradation of PEG blend and passes to a gradual decrease as of the second stage. 

Figure 2. TGA weight loss and corresponding derivative curve for F14 (20 PE/30 PW/10 

PEG1000/15 PEG4000/22 PEG6000/3 SA wt.%). 

 

In this respect, the second stage represents the extraction of CW, where the exhibited moderate 

decline is connected with narrow setting range of CW. It shows that the noticeable unwanted rapid 

drop at the first stage for feedstock F17 can be superceded by proper choice of component’s  

mass distribution. 

The presence of the third peak in –dTGA curves situated in the temperature range 330–360 °C 

clearly correlates with the presence of reasonable amounts of the high molar mass polymer component 

in the binder. No peak was observed for compositions having less than 25 wt.% of PE and less than  

30 wt.% of CW in the binder. The first step of the thermal decomposition of the binder’s polymer 

component is manifested in this narrow temperature region regardless of the chemical nature of the 

polymer used which testifies to the importance of the transport phenomena in the fired body.  

The highest activation energy is needed for decomposition and volatilisation of residual binder mass 

inside the fired body at the end of the thermal debinding process which is manifested by a 

decomposition step above 400 °C corresponding to the second decomposition step known for PE and 

CW. The scatter range of the peak maxima from 440–475 °C is narrow and most likely not influenced 

by the aluminium oxide filler level regardless of the use of PE or CW, like in the previous step. 

According to the total mass loss, full binder extraction was achieved for all examined materials. 
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2.3. Thermal Analysis of Water Debinded Feedstocks 

The study of TGA results for previously water debinded feedstocks is summarized in Table 4.  

Table 4. Water debinded feedstock thermal degradation peaks in percentage of weight loss. 

Feedstock 
Peak 1 Peak 2 Peak 3 

[°C] [wt.%] [°C] [wt.%] [°C] [wt.%] 

F2 210 0.93 225 5.75 487 4.86 
F6a 200 2.43 364 11.4 475 1.91 
F7a 170 2.48 - - 477 13.52 
F9 170 1.33 250 6.1 480 3.56 

F10 220 0.16 229 5.77 490 4.44 
F14 199 0.89 220 6.57 494 4.64 
F16 175 1.17 252 10.1 449 4.19 
F22 208 1.8 230 6.37 467 5.35 

The water debinding stage imparts the water-soluble binder components and can be used for two 

purposes, i.e., as the technological debinding step opening pores serving as channels for volatiles 

generated during firing. and as the analytical tool for clarification of the role of the aforesaid 

extractables in the feedstock. A remarkable weight drop was obviously observed for the samples with 

high vol.% of low molecular PEG binders. The samples with high content of PEG and low content of 

PW showed the highest water debinding results, and vice versa for the samples with high vol.% of PW. 

PW and PE have the same hydrophobic behaviour but the correlation of debinding efficiency with PW 

rather than with PE points towards the role of PW as the key blocking agent in the investigated 

composition framework which may be due a better miscibility of the low molecular compounds with 

other component of the material system. The same tendency was observed for binders containing the 

CW although the CW can be considered as less hydrophobic than PE.  

At first sight, the thermal decomposition of the feedstocks was influenced by the water debinding 

simply by removal of the low molecular PEG component and only three decomposition steps are 

manifested in the TGA curves. Indeed, the diminishing or disappearance of the low temperature peaks 

from –dTGA curves as well as depreciation of the observed mass loss steps correlates with the 

efficiency of the water debinding procedure discussed in the above paragraph. The changes in the mass 

loss proportions can be explained by the selectivity of the water debinding which removes water-

soluble components. Moreover, the peaks seem to be slightly shifted towards lower temperatures 

indicating thus easier mass removal from the fired body in this temperature region. It can be assumed 

that the water debinding opened pores into the specimen body by removal of the extractable part of the 

binder [22]. 

Thorough analysis of the data in Table 4 in comparison with Table 3 showed that the thermal 

degradation process appearing in the range between 300 and 400 °C virtually vanishes. As shown in 

the section above, this decomposition step may be ascribed to the insoluble polymer component of the 

binder, hence it was not expected that it can be affected by water debinding. One of the effects of the 

water bath treatment can be not only easier removal of low molecular fractions, but also a faster and 
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better densification of the fired body which can increase the barrier against high molecular binder 

components decomposition and shift the respective mass loss step to higher temperature. 

The high temperature decomposition step between 400 and 500 °C was shifted slightly to higher 

temperatures (467–485 °C). Such a shift corresponds to an increase of activation energy of the 

respective process which supports the explanation given in the previous paragraph. The high 

temperature final step corresponds to the decomposition of residuals entrapped strongly inside the fired 

body thus requiring a higher activation energy to be removed from the specimen. The mass loss 

connected with this decomposition step remained unchanged in samples which contained higher 

amounts of low or moderate molar mass PEG and lower amount of high molecular PEG. The 

proportion between PE and PW plays important role too. Water debinded specimen F7a which has the 

highest content of high molecular weight components, i.e., both PE and PEG, showed an enormous 

increase of mass degraded in this step. A similar correlation was found for the proportion of CW and 

high molecular PEG. It can be summarized that a balanced proportion of PEG components results into 

the low high temperature mass loss. According to that the use of PEG with broad molecular mass 

distribution can be suggested for future experiments. However, it must be pointed out that the aforesaid 

rule of thumb only works for compounds with balanced proportions between PE and PW or 

compositions with higher amounts of CW and small additions of PW. The latter conclusion supports 

the effort to replace synthetic materials by renewable natural stocks. As in the simple thermal 

debinding, full binder extraction was achieved for all examined water debinded materials. 

3. Experimental  

3.1. Materials 

High compressible superground aluminum oxide powder (MARTOXID MR70, Albemarle Corp, 

Barton Rouge, LA, USA) with tap density 2.2–2.4 g/cm³, sintered density 3.74–3.95 g/cm³ and specific 

surface 6–10 m²/g was used. The the particle size distribution (Figure 3) was measured on a Laser 

Diffraction Particle Sizing Instrument (Mastersizer 3000, Malvern Instruments Ltd, Malvern, UK). 

Figure 3. Al2O3 powder particle size distribution curve (Mastersizer 3000). 
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The properties of polymers serving as a binder components - low density polyethylene (PE), 

paraffin wax (PW), carnauba wax 2442 (CW), polyethylene glycols differing in their molecular 

weights (PEG1000, PEG4000, PEG6000) and stearic acid (SA) – are summarized in Table 5. Peak 

melting temperature was obtained from differential scanning calorimetry (Mettler Toledo DSC1, 

Greifensee, Switzerland) with heating-cooling rate of 10 °C/min on aluminium pan in nitrogen 

atmosphere with (60 mL/min) flow. Apparent shear viscosity was determinated with a rotational 

rheometer Bohlin Gemini CVOR 150 CE/WIN (Malvern Instruments) using a cone-plate geometry 

(cone angle 2.5°, plate diameter 40 mm) in an air atmosphere. Measurements were carried out at  

140 °C and shear rate of 80 rad/s. Other properties were taken from the material data sheets provided 

by suppliers. 

Table 5. Characteristic properties of the binder components. 

Name PE PW CW PEG1000 PEG4000 PEG6000 SA 

Density [g/cm³] 
ISO 1133 

0.918 0.9 0.97 1.09 1.41 1.21 0.85 

Melting Temperature 
[°C] 

108 58 84 32 62 62 70 

Molecular Weight 
[g/mol] 

250,000 400 1000 1000 4000 6000 284 

Viscosity [kPa.s] 20 2 12 10 72 147 3 

3.2. Preparation of Feedstocks 

A Brabender plasticorder with a mixing chamber of 50 cm³ volume was used for mixing the 

components. Mixing temperature varied between 100 and 160 °C depending on the composition of 

mixed feedstock, with the mixing time of 30 min at a speed 20 rpm. In sum 29 feedstock compositions 

were prepared, with powder loadings (ɸm) varying between 84.2 and 86.5 wt.%. 

3.3. Methods 

The thermal degradation properties were studied using a thermogravimetric analyzer TA TGA 

Q500 (TA Instruments, New Castle, DE, USA) with a platinum pan in an air atmosphere with a 

constant heating rate of 10 °C/min in temperature range between 30 and 700 °C. Purge gas flow on the 

balance and sample were 40 mL/min and 60 mL/min, respectively. Feedstock specimens of irregular 

form were tested. The mass varied between 45 to 58 mg which assured minimization of the specimen 

weight on the thermogravimetric analysis. In the case of the combined debinding route testing the 

debinding of water soluble components of binder system components was performed at 60 °C for one hour 

prior to the thermal debinding. 

4. Conclusions 

From the results it may be concluded that low molecular PEG enhances the early thermal 

degradation and opens a network of pores in the sample which allows defect free debinding of residual 

backbone binder. A well balanced ratio between different PEG fractions is required for best 
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performance of the debinding procedure, both for single thermal or two step debinding involving a 

water bath prior the thermal step. It suggests future use of polydispersive PEG.  

The CW as a backbone ensures gradual and stage followed debinding process, while retaining the 

shape of the component up to late debinding – early sintering stage due to its very narrow setting 

range. In next, the application of CW allows one to decrease the amount of PW in the composition. 

The thermal debinding process at temperatures above 300 °C is not influenced by the choice of PE 

or CW but depends exclusively on transport phenomena in the highly filled system. It can be 

advantageously influenced by the water debinding step application. Besides it may successfully replace 

the polyethylene as a backbone binder and lower the consumption of PW, so carnauba wax would be 

the most appropriate choice since it serves as a renewable natural resource which is an outstanding 

property from an environmental perspective. 
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Abstract

This paper is devoted to understanding of the molecular interactions between components of Ceramic Injection Moulding (CIM) binders –

carnauba wax (CW) and polyethylene glycol (PEG). Due to the complexity of interactions mechanisms the binders were substituted by their basic
low-molecular analogues, which were then investigated using the combination of FTIR and calorimetry. Calorimetric analysis derived the self-
interaction energies and association energies for the respective pairs. FTIR spectra were collected in the range of 400 to 4000 cm�1 for the
analogue blends, where the shift of C¼O and O–H stretch bounding peaks were assumed as the evidence of the presence of the partial
interactions between the components. Combining obtained data a linear relation of these two independent analyses was found. The results proved
reliable quantification of interactions between CW and PEG low molecular substitutes implying the partial miscibility of the respective polar
polymers.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Ceramic injection moulding; Binder; Polyethylene glycol; Carnauba wax; Low molecular weight analogue
1. Introduction

In Ceramic Injection Moulding (CIM) the binder system
serves important role by granting ceramic powder with suitable
viscoelastic properties [1]. For the meeting of the processing
requirements (especially debinding) and simultaneous exploi-
tation of the attractive features of each component, the typical
binder system is usually composed of 3 to 5 polymers, making
the systems complex, where understanding of complete and
individual reaction pathways or chemical mechanisms still
remains a challenge [2,3].

In majority cases, polymers serving as components of binder
systems include polyolefins, waxes (mainly paraffin) and poly-
ethylene glycols. In the papers devoted to the development of the
binders system [e.g. [4,5]], the interactions of a binder with a
10.1016/j.ceramint.2014.11.082
14 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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powder and among specific binder components are often deduced
from their rheological performance during mixing and injection
moulding.
Though a combination of polyethylene (PE) and paraffin

wax (PW) is widely used in CIM industry, it creates many
issues, including insufficient initial pore formation resulting in
weak internal transport mechanisms within the specimens and
highly affecting debinding rates. Binder system solely composed
of PE/PW may also limit the control of viscoelastic properties. A
role of plasticizer in such systems is often granted to polyethylene
glycol (PEG), which also serves as an endorsement for enabling
initial gradual debinding process [3,6]. Furthermore, a binder
system based on paraffin wax requires usage of various chemicals
(heptane, hexane, or kerosene) for a solvent debinding step [7,8],
which not only raises the cost of the overall process, but also –

in a large scale – have a negative ecological impact. On the
opposite, PEG can be easily debound in water.
The substitution of PE or PW with acrylic polymers such as

poly(methyl methacrylate) (PMMA) has also been reported
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Table 1
Chemical structure of polymers, their low molecular weight analogues and
solvents.

Name Chemical formulas

Carnauba wax (CW) H3C(CH2)30COO(CH2)33CH3

Analogues
Amyl butyrate (AM) C9H18O2

Butyl valerate (BV) CH3(CH2)3CO2(CH2)3CH3

Polyethylene glycol (PEG) C2nH4nþ2Onþ1

Analogues
2-ethoxyethanol (2ET) C2H5OCH2CH2OH
Diethyl ether (DE) (CH3CH2)2O
Diethylene glycol monoethyl ether (DGME) C2H5OCH2CH2OCH2CH2OH
Diethylene glycol dimethyl ether (DGDE) (CH3OCH2CH2)2O
Triethylene glycol monoethyl ether (TGME) CH3CH2(OCH2CH2)3OH
Solvents
Hexane C6H14

Decalin C10H18
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[9], however they still require a range of additional compo-
nents to make the feedstock applicable. In addition, in CIM the
feedstock processing temperature, being one of the key factors,
highly influences the success of the overall process [10], and
thus elevates the need of novel backbone binders such
as carnauba wax (CW). As we have shown in the previous
work [2,3], in contrast to PE, the CW (having lower melting
temperature) significantly advances processing characteristics
of CIM feedstocks.

There have been tries devoted to simplification of the process
and reducing the conventional steps by implementing sophisti-
cated techniques and by merging of two consequent stages [11],
but the development of an advanced binder system may eliminate
such needs by making the feedstock more robust, and signifi-
cantly shortening the processing time. In addition to processing
advantages, feedstocks based on CW/PEG are environmentally
benign.

An understanding of molecular interactions between the
particular components of CIM binders is complicated due to
the complexity of interactions mechanisms. Chen et al. [12]
investigated the miscibility of both nonpolar PW and poly-
ethylenes (HDPE, LDPE and LLDPE) using differential scan-
ning calorimetry (DSC) and atomic force microscopy. By
evaluating the morphology, crystallisation and crystallinity,
combined together with equilibrium melting temperature and
melting point depression, the interaction parameters for
polymer-diluent systems were defined. This data served as an
evidence of a partial miscibility of paraffin in polyethylenes with
LLDPE/PW being favourable over the PW/HDPE.

Sudhakar et al. [13] reported on miscibility of chitosan and
PEG blend using a buffer solution. From collected Fourier
transform infrared spectroscopy (FTIR) spectra for polyblend
films and polymers it was observed that by increasing the
amount of PEG the O–H stretch peak tends to lower peak
wavenumbers, serving as an evidence of blend components
miscibility.

Hsu et al. [4] studied the effect of PW and CW on carbonyl
iron based feedstock, where LDPE served as a backbone.
The rheological measurements using capillary viscometer and a
statistical analysis based on the McLean-Anderson design method
showed that polar CW has stronger interactions or adsorptions
with iron powder than nonpolar PW, exhibiting higher viscosity,
greater pseudoplasticity and lower flow activation energy than
PW/LDPE. The carbon contents in sintered specimens were also
in favour of CW/LDPE composition.

Studying the interactions of both polar polymers (such as in
the case of CW/PEG) might be a challenging task. For polymer
blends, the interactions measured will mainly present their self-
interactions, even there are polymer (X) to polymer (Y) interac-
tions they are significantly weaker than the self-interactions. Due to
this fact, the polymers need to be substituted with low molecular
weight analogues, which bring an advantage of eliminating the
majority of self-interactions and their replacing by newly formed
XY interactions. The component X can be fully surrounded by
component Y, therefore, the interactions can be measured precisely.
Such an approach representing advanced understanding of compat-
ibility of blend components has been reported scarcely [14,15].
Using low molecular weight analogues also gives the oppor-
tunity to measure the interactions by calorimetry, which cannot be
applied to polymer blends. Consequently, combining two tech-
niques – FTIR and calorimetry – provides the possibility to
evaluate the interactions quantitatively. Only few studies reported
on achieving results by using analogue calorimetry as a tool for
extending and scaling the results of interactions present [16–18],
while FTIR combined with other techniques is commonly used as
for investigating miscibility where the shift of peaks is assumed
as an evidence of a partial miscibility [19–21]. Meanwhile, to our
best knowledge there has been no investigation of the miscibility
between CW and PEG.

2. Experimental

2.1. Materials

Several low molecular weight analogues of PEG and CW were
used in this study (Table 1). As buffer solutions (solvents) hexane
and decahydronaphthalene (decalin) were chosen. The properties of
used analogues and solvents, including molar mass Mw, density ρ,
and the specific heat capacity cp are shown in Table 2.

2.2. FTIR analysis

The FTIR measurements were carried out in order to study
the peak shift for both X–X and X–Y interactions. FTIR reflection
spectroscope (Nicolet 6700, Fisher Scientific, USA) equipped
with KBr glasses holder accessory was used. A drop of each
mixture was measured between two KBr glasses in a transmission
mode. The spectra in the range 400–4000 cm�1 with 32 scans
were averaged and recorded at a resolution of 1 cm�1. The
procedure was repeated three times and the data was averaged.

2.3. Calorimetry

Calorimetric measurements were performed in order to study
the thermodynamics of interactions of two components. The data



Fig. 1. FTIR peaks for C–O bonding of diethyl ether (DE) and
2-ethoxyethanol (2ET).

Table 2
Properties of low molecular liquid substitutes and solvents.

Name Molar mass,Mw

[g/mL]
Density, ρ
[g/cm³]

Heat capacity, cp
[J/Kg K]

Amyl butyrate 158.24 0.863 1927
Butyl valerate 158.24 0.868 1927
2-ethoxyethanol 90.12 0.930 2414
Diethyl ether 74.12 0.706 2320
Diethylene glycol
monoethyl ether

134.17 0.999 2193

Diethylene glycol
dimethyl ether

134.17 0.943 2083

Tri(ethylene glycol)
monoethyl ether

178.23 1.020 2210

Hexane 86.18 0.659 2293
Decahydronaphthalene 138.25 0.896 1677
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acquisition of temperature change during mixing was obtained by
the help of a thermocouple (type copper-constantan) that was
connected to National Instruments data acquisition equipment (NI
USB-9211 A, Data Acquisition for Thermocouples). LabVIEW
Signal Express 2.5 software was used for temperature data
acquisition. The ratio between solvent/liquid was defined at
1%, e.g. 0.05 ml drop was blended in 5 ml solvent each time.
Sampling period was set at 0.5 s. Thermocouple was dipped into
the liquid which was placed on a hot plate in the insulated flask
with a magnetic stir, set at 250 rpm. The temperature change
during each liquid drop was acquired and the time-temperature
curve was evaluated.

3. Results and discussion

In order to carry out the quantitative analysis of interactions
the following assumptions were employed [22]:
(1)
 A change of van der Waals intermolecular interactions
accompanying mixing is negligible (e.g. mixing of hexane
and heptane);
(2)
 All contributions to heat of mixing are due to specific acid-
base interactions;
(3)
 All organic liquids (except for saturated hydrocarbons)
make the specific self-association based on electron donor
(basic) and electron acceptor (acid) sites of one molecule.
Namely, molecules are self-associated in X–X pairs con-
sisting of two molecules by the acid-base interaction;
(4)
 All X–X interactions are broken in the case of high dilution;

(5)
 All dissociated X molecules form new X–Y interactions;

(6)
 Molecules Z (saturated hydrocarbons) do not have any

acid-base self-associations, neither and they do not form
acid-base interactions with another molecule (X or Y).
4. Fourier transform infrared spectroscopy

The contrast between symmetric and asymmetric C–O
bonding of FTIR peaks for diethyl ether (DE) and 2-
ethoxyethanol (2ET) are shown in Fig. 1. This occurs due to
intramolecular vibrations created by presence of additional –
OH in chemical structure of 2ET (see Table 1) [23]. Regardless
of two C–O couples present in DE, only one major peak at
1123 cm�1 is observed. This can be explained by the fact that
for 2ET, one C–O couple is influenced by a close presence of –
OH group, resulting in an asymmetric peak at 1120 and
1066 cm�1, respectively. Fig. 2 shows the influence of gradual
dilution and shift of carbonyl C–O stretching peak for 2ET
diluted in hexane at different concentrations. As it can be seen,
initially at 40% only the shoulder is be observed. Minor
shoulder becomes more prominent at 20 and 12% concentra-
tions, while at 6% concentration the peaks at 1119 and 1131 cm�1

are having the same magnitude. It can be assumed that half of 2ET
molecules are still associated in X–X pair, while half of the
molecules are already isolated by the hexane. At 1% concentration
the curve suggests that the majority of the 2ET molecules are
separated (or surrounded by the hexane molecules), even though
the small peak at 1119 cm�1 is a hint of a presence of negligible
amount of X–X pairs. It is also important to observe the second
peak at 1065 cm�1, where at 12 and 6% a minor shoulder appears,
and finally at 1% clearly another peak arises at 1056 cm�1. What
is important to notice in this case is the fact that dilution caused the
shift of the peak towards lower wavenumber.
This analysis allowed defining the percentage of optimal

dilution for observing the peak shift. At concentration of 1%
the major peak shift is observed and it is assumed that this
occurs when molecules of liquid break the self-interactions and
each molecule of liquid is fully surrounded by molecules of
hexane (or decalin). It can be noticed that the response of C–O
peak to dilution of self-interaction is highly dominant. Mean-
while, it is not possible to use this strong C–O peak in future
study of X–Y interactions, since C–O group is present in both –

carnauba wax (and in its analogues) and also in PEG (and in its
analogues), which eliminates the possibility to determine from
which particular liquid the peak originates. The choice of a
strong peak that can be visible even at 1% dilution in other
chemical is required, and thus –OH group in PEG analogues
and C¼O group in CW analogues were further considered.
The results have shown that O–H stretch bonding peak shift

from hydroxyl functional group is larger in hexane for PEG low



Fig. 2. Shift of FTIR peaks for C–O bonding of 40, 20, 12, 6 and 1% of 2-
ethoxyethanol (2ET) in hexane.

Fig. 3. FTIR peaks of the carbonyl group C¼O stretch of butyl valerate (1%
solution) in hexane, decalin, 2-ethoxyethanol (2ET) and diethylene glycol
monoethyl ether (DGME).

Fig. 4. Calculation of a corrected peak shift from the baseline for C¼O
bonding butyl valerate (1% solution) in hexane, decalin, 2-ethoxyethanol (2ET)
and diethylene glycol monoethyl ether (DGME).

Table 3
Peak position v, surface tension γ and shift of peaks for corresponding liquids
ΔvXY.

Name Peak position
v [cm�1]

Surface
tension γ [mN/
m]

Corrected peak
shift ΔvXY [cm�1]

C¼O, 1% Amyl butyrate
Hexane 1741.8 18.40 0
Decalin 1741.2 29.40 0
2-ethoxyethanol 1733.3 28.20 7.8
Diethylene glycol
monoethyl ether

1735.7 31.70 5.5

–OH, 1% 2-ethoxyethanol
Hexane 3425.2 18.40 0
Decalin 3421.3 29.40 0
Amyl butyrate 3432.7 25.55 11.4
Butyl valerate 3434.3 26.36 13.0
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molecular analogues, vice versa to CW low molecular analogues,
where a shift is higher in decalin. The shift of the peaks gave a
qualitative evidence of the presence of specific interactions,
however for a quantitative analysis of the magnitude of respective
interactions, calorimetric measurements still needs to be applied.
As it is shown in Fig. 2, the peak of the original liquid shifts
when it is diluted at low concentration. The magnitude of a peak
shift (ΔvXY) varies according to a solvent or liquid it is diluted in.
Fig. 3 shows the peak shifts of the carbonyl group C¼O stretch
for 1% butyl valerate (BV) solution in hexane, decalin, 2ET and
diethylene glycol monoethyl ether (DGME). The values of shifted
peaks in hexane or decalin together with surface tension γ of the
liquids are combined to plot a baseline (Fig. 4), in order to
calculate ΔvXY. The obtained parameters are shown in Table 3. It
was observed, that diluting the liquid in hexane or decalin results
in the peak shift to a higher wavenumber, while the difference
between shifts is related to the surface tension value. In contrast
diluting BV in 2ET and DGME the peaks shift to a lower peak
wavenumber, due to newly formed XY interactions [23]. Peak
shifting to lower peak wavenumber is often observed in blends
where high level of interactions takes place [13].
The peak shift for BV (at 1% concentration) in hexane and

decalin represents a baseline for the corrected peak shift calcula-
tions. The peak position in hexane and decalin are slightly different
due to different surface tensions. The correction to surface tensions
has to be accounted for in the peak shift evolution (schematically
shown in Fig. 4).
For DGME the self-interactions are higher, since it has higher

number of oxygen molecules along the chain, therefore more self-
interactions are likely to happen between two molecules. As it is
shown in Fig. 5, for liquids without –OH, the self-interactions
values are smaller, which confirms that presence of –OH is
increasing the value. Also it was observed that chemicals with –

OH may have an optimum value at which the interaction energies
are highest and start to decline at some point, meanwhile it requires
more detailed study.



Fig. 5. Self-interaction energies EXX vs. molecular weight for PEG substitutes
Mw.

Fig. 7. (a) Heat of mixing HM/(nXþnZ), vs. molar fraction of liquid X diluted
into solvent Z nX/(nXþnZ); (b) Heat of mixing HM/(nXþnY) vs. molar fraction
of liquid X diluted into liquid Y nX/(nXþnY).

Fig. 6. Simplified schema of breaking self-interactions (X–X and Y–Y)
followed by formation of new X–Y interactions when liquid X is mixed with
liquid Y.
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4.1. Calorimetric analysis – neat liquid X (low molecular
weight liquid)

The total self-interaction energy EXX (J mol�1) is expressed
as

EXX ¼ 1
2NAvoεXX ð1Þ

where NAvo is Avogadro's number (6.022� 1023 (particles/
mol)) and ƐXX is the contact energy of two molecules (or one
pair) (J). EXX can be experimentally obtained, when liquid X is
diluted into a non-self-interacting liquid Z, such as hexane.
This mixing can be described with a semichemical equation

NX X�Xð ÞþNZ Zð Þ-ΔHMNX ' X�Xð ÞþNX '' Xð ÞþNZ Zð Þ ð2Þ
where (X–X) means liquid X self-associated in X–X pairs, while
(X) means liquid X in which molecules are isolated (or
dissociated). NX and NX ' are numbers of X molecules (that
are associated in X–X pairs) before and after mixing, respec-
tively. NX '' means the number of X molecules which are
isolated after mixing NX ¼ NX 'þNX ''ð Þ. ΔHM means the heat
of mixing. The number of X–X pairs before and after mixing
NPXX and NPXX ', respectively, can be easily obtained ðNPXX

¼ 1=2NX ; NPXX '¼ 1=2NX 'Þ. Dividing Eq. (2) by NAvo we get

nX X�Xð ÞþnZ Zð Þ-ΔHMnX ' X�Xð ÞþnX '' Xð ÞþnZ Zð Þ ð3Þ
where nX means the number of moles of liquid X. Under
condition that nX{nZ ; nX '-0 and nX ''¼ nX . For nX¼1, ΔHM

becomes EXX. Eq. (3) becomes simpler

1 X�Xð ÞþnZ Zð Þ-EXX1 Xð ÞþnZ Zð Þ ð4Þ
Experimental data for the dilution of liquid into hexane can

be seen in Fig. 7a. In order to describe the shape of the curve it
is convenient to set the names of axes

x¼ nX
nXþnZ

y¼ ΔHM

nXþnZ
ð5Þ

The shape of the curve can be described as a polynomial by
(y¼k1xþk2x

2 þ…). For x-0 higher terms are much smaller
than the first term (k2x

2{k1x), and the equation becomes linear
(y¼k1x). The meaning of the initial slope can be expressed as

k1 ¼
Δy
Δx

¼ ΔHM=nXþnZ
nX=nXþnZ

¼ ΔHM

nX
ð6Þ

Then the slope is equal to EXX which is the self-interacting
energy of 1 mol of liquid X (J mol�1). The contact energy of
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two molecules (one pair) of εXX can be obtained from Eq. (1).
Measured temperature drop ΔΤ, heat of mixing ΔHM/(nXþnZ),
molar fraction nX/(nXþnZ) and self-interaction energies EXX

are depicted in Table 4.
Table 5
Association energies EXY of the respective pairs X–Y.

Pairs 2ET-
AM

2ET-
BV

AM-
2ET

AM-
DGME

Interaction energy of X�Y pair EXY

[J/mol]
5560 6780 5008 3793
4.2. Calorimetric analysis – liquid X mixed with liquid Y

Both X and Y have some degree of acid-base self-interaction,
EXX and EYY. The semichemical equation in this case is

NX X�Xð ÞþNY Y�Yð Þ-ΔHMNXY X�Yð ÞþNX ' X�Xð ÞþNY ' Y�Yð Þ ð7Þ
where NXX is the number of X and Y molecules that are
associated in X–Y pairs. The total number of molecules is equal
before and after mixing ðNXþNY ¼NXYþNX 'þNY 'Þ. The
number of X–Y pairs is given by (NPXY¼1/2NXY) and the
total number of pairs before and after mixing is given
byðNPXXþNPYY ¼NPXYþNPXX 'þNPYY ''Þ. By dividing Eq.
(7) by NAvo, we get

nX X�Xð ÞþnY Y�Yð Þ-ΔHMnXY X�Yð Þþn
0
X X�Xð Þþn

0
Y Y�Yð Þ

ð8Þ
If nX{nY , than nX '-0. Setting nX ¼1 mol, then

1 X�Xð ÞþnY Y�Yð Þ-ΔHM2 X�Yð Þþ nY�1ð Þ Y�Yð Þ ð9Þ
ΔHM becomes ΔEXY and the only changing quantities are

1 X�Xð Þþ1 Y�Yð Þ -ΔEXY2 X�Yð Þ ð10Þ
Description by self-interacting (EXX) and by association (EXY)
energies gives

EXXþEYYþΔEXY ¼ 2EXY ð11Þ
Self-interaction energies (EXX) were obtained by diluting

liquid X into hexane. The value ΔEXY can be obtained from
slope analysis similar to the case of diluting of liquid X into
hexane, but in this case liquid X is diluted into liquid Y.
Continuing mathematical analysis, the respective interaction
Table 4
Temperature drop ΔΤ, heat of mixing ΔHM/(nXþnZ), molar fraction nX/
(nXþnZ) and self-interaction energies EXX .

Name Temperature
drop ΔΤ[1C]

ΔHM/
(nXþnZ)
[J/mol]

nX/
(nXþnZ)
[10�3 mol]

Self-interaction
energy EXX [J/
mol]

Amyl butyrate 0.19 28.35 6.708 5264
Butyl valerate 0.15 29.38 6.754 4132
2-ethoxyethanol 0.81 157.82 12.633 11861
Diethyl ether 0.28 54.58 11.672 4442
Diethylene
glycol
monoethyl ether

0.80 156.41 9.146 16236

Diethylene
glycol dimethyl
ether

0.44 86.05 8.639 9464

Triethylene
glycol
monoethyl ether

0.32 62.69 7.045 8449
energy of 1 mol of X–Y pairs can be expressed as

EXY ¼ 1=2 EXXþEYY�ΔEXYð Þ ð12Þ
and the respective contact energy of one pair is

εXY ¼
2EXY

NAvo
ð13Þ

A simplified schema (Fig. 6) explains the calculations of EXY

based on the measurements of ΔEXY according to Eq. (12). Four
liquids were chosen for further analysis (Table 5). Calculations
of EXY for respective pairs showed that XY interaction values are
asymmetric. The value for liquid X diluted in liquid Y showed
slightly different value than liquid Y diluted in liquid X, which
can be a result of a difference in heat capacity values cp of those
liquids.
An example of evaluation of heat of mixing and molar

fraction for the dilution of liquid into solvent and dilution of
liquid into liquid is shown in Figs. 7a and b, respectively. The
curve represents the linearity of the temperature drop ΔΤ; the
less is the bonding of curve, the more linear is ΔΤ.
4.3. Combined FTIR and calorimetry

Both FTIR and calorimetry lead to information about
specific interactions. For example the shift of the carbonyl
(C¼O) stretch to lower frequencies is generally accepted as a
result of specific interactions such as hydrogen bonding. For
the quantitative analysis of the shift of the peaks it is necessary
to use the following approach. The vibrating frequency of a
Fig. 8. Association energies EXY vs. shift of peaks for amyl butyrate (AM) and
2-ethoxyethanol (2ET).
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certain group (such as C¼O) is given by

ν¼ νvþΔνdþΔνXY ð14Þ
where νv means the frequency in the vapour phase, Δνd is the
frequency shift caused by dispersion force interactions between a
certain group and its local environment (non-acid-base interacting
liquid such as hexane), and ΔνXY means a frequency shift due to
acid-base interactions.

When the tested liquid was diluted in non-interacting liquids
(as cyclohexane, heptane, octane, etc.), a linear relationship of
Δνd with the dispersion force contribution to the surface tension
γd was found (ΔνXY¼0). In our case the tested liquids were
diluted in two non-interacting liquids (hexane and decalin) with
an appreciably different surface tension in order to obtain the
linear relationship (ν¼νvþXγd). For the acid-base interacting
liquids the exact values of ΔνXY were calculated by the deviation
from the linear relationship satisfied in non-interacting liquids
[24]. On the basis of quantum mechanics, Drago [21] explained
the linear relationship between enthalpy of adduct formation and
shift in the frequency of vibration:

H ¼ k Δνab ð15Þ
This simple relation offers a possibility of the confirmation of
data obtained by two independent experiments. The EXY associa-
tion energies obtained by calorimetry and shifts of peaks Δν XY

measured using FTIR are shown in Fig. 8. For both groups of
liquids a linear dependence was found that confirms the validity of
data and calculations from two independent experiments.

5. Conclusion

Detailed analysis of specific interactions between binder com-
ponents often used in Ceramic Injection Moulding - carnauba wax
(CW) and polyethylene glycol (PEG) - was performed using their
low molecular weight analogues. The calorimetric measurements
allowed to quantitatively analyse the X–X and X–Y interactions. For
PEG substitute liquids the presence of –OH in chemical structure
resulted in higher self-interaction energies, reaching its maximum
for diethylene glycol monoethyl ether. An optimum dilution level
was defined at 1% concentration. The FTIR results of peak shift in
solvent were used to construct a baseline and calculate the
correction of peak shift. A linear connexion of two independent
experiments was found. Higher the shift from FTIR, the higher the
association energies, which is in accordance with Drago's linear
equation. Observed endothermic reaction from calorimetric analysis
combined with the shift of the spectral peaks in FTIR suggests a
presence of specific interactions between substitutes, predicting a
partial miscibility of respective polymers.

In contrast to the studies of miscibility of polymer/polymer
blends where self-interactions are significantly higher than polymer
X to polymer Y interactions, this paper showed the analysis of low
molecular substitutes where the majority of self-interactions were
eliminated, and thus the values of X–Y interactions were precisely
calculated.

CW/PEG binders attract attention not only by its eco-friendly
nature, but also due to the fact that interactions present between
two polymers can positively influence the energy efficiency of
applications, at the same time noticeably enhancing the debind-
ing and sintering characteristics.
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The study of interactions between binder system components is critical for improving the processing properties
of powder injection moulding (PIM) feedstocks. In this paper the interactions between acrawax (AW) and poly-
ethylene glycol (PEG)were analysed and comparedwith those obtained for carnaubawax (CW). Due to the com-
plexity of interaction mechanisms, the polymers were substituted with their basic low molecular weight
analogues and analysed by FTIR and calorimetry. Self-interaction energies and association energies were deter-
mined using calorimetric analysis. Shifts of FTIR absorption peaks (C–O stretch and N–H stretch) served as evi-
dence of the presence of interactions between the components. The calorimetric study of AW/PEG analogues
showed a temperature increase during mixing, indicating the presence of strong interactions. The combined
data from FTIR and calorimetry allowed a quantitative evaluation, which indicated about two times stronger in-
teractions between AW (with C_O and N–H groups) and PEG (with C–O and –OH groups), as compared to CW
(with C_O and C–O groups) and PEG analogues.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, powder injectionmoulding (PIM) has established it-
self as a cost-effective production technique derived from plastic injec-
tion moulding, allowing large scale production of complex parts. The
binder system in PIM plays an important role, bestowing on the feed-
stock the required processing properties and ensuring defect-free pro-
cessing throughout each production stage [1].

Suitable processing properties of a powder feedstock are usually
achieved by using a binder system consisting of up to 5 different poly-
mers and waxes, which complicates the investigation of the complete
and individual reaction pathways and the chemical mechanisms occur-
ring within such a system. The majority of binder systems is based on
polyolefin backbones such as polyethylene (PE) or polypropylene
(PP), and includes also polyethylene glycols (PEGs) with variousmolec-
ular weights and waxes such as paraffin wax (PW).

Despite the substantial effort made in studying PE and PP binders
[e.g. 2], their usage often leads to processing issues such as insufficient
initial pore formation and weak internal transport mechanisms within
the green parts, resulting in lower debinding rates. PEG's main role is
as plasticiser [3]; besides improving the viscoelastic properties its use
tion Engineering, Faculty of
aryka 5555, 760 01 Zlin, Czech

.

is endorsed by water solubility allowing an environmentally safe
debinding process [4] (in contrast to PW, which dissolves in heptane,
hexane, or kerosene [5]).

At present, the binder's properties are assessed by rheological mea-
surements and thermogravimetry [6–11]. There is a noticeable lack of
research effort in the area of specific interactions among the particular
binder system components. In order to improve the feedstock proper-
ties, mathematical models for predicting the feedstock properties or
substituting conventional processing stages by implementing sophisti-
cated techniques requiring the merging of two consequent stages are
employed. However, even the latter approach can be justified if an
outsourced and intensive study of the adhesion of binder to powder,
and the interactions between binder components are performed prior
to it.

Various techniques were exploited for studying the interactions in
polymer blends. Chen and Wolcott [12] reported on a study of interac-
tion parameters for polymer-diluent systems of PW and PE (HDPE,
LDPE and LLDPE). The morphology, crystallization and crystallinity to-
getherwith equilibriummelting temperature andmeltingpoint depres-
sion were analysed using differential scanning calorimetry and atomic
force microscopy. The results showed evidence of partial miscibility of
blends, with LLDPE having an advantage over HDPE and LDPE.

Doulabi et al. [13] studied the miscibility of PEG and chitosan by
using an acetate buffer solution for different blend compositions. Vis-
cosity, density, and refractive index were measured in order to quantify
the interaction parameters. The results showed that the components at

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2015.07.046&domain=pdf
http://dx.doi.org/10.1016/j.powtec.2015.07.046
mailto:hausnerova@ft.utb.cz
http://dx.doi.org/10.1016/j.powtec.2015.07.046
http://www.sciencedirect.com/science/journal/00325910
www.elsevier.com/locate/powtec


Table 1
Lowmolecular analogues of corresponding polymers.

Name Abbreviation Chemical structure

Acrawax AW

Analogue
Methylacetamide NMA

Carnauba wax CW

Analogues
Amyl butyrate AM

Butyl valerate BV

Polyethylene glycol PEG

Analogues
2-Ethoxyethanol 2ET C2H5OCH2CH2OH
Diethylene glycol
monoethyl ether

DGME C2H5OCH2CH2OCH2CH2OH

Table 2
Physical properties of low molecular liquid substitutes.

Name Molar mass
Mw [g/mol]

Density
ρ [g/cm3]

Heat capacity
cp [J/kg K]

AW 593.02 0.97 2910
Analogue

NMA 73.09 0.957 3748

CW 1000 0.97 3373
Analogues

AM 158.24 0.863 1927
BV 158.24 0.868 1927

PEG 1000–20,000 1.09–1.41 2200–2460
Analogues

2ET 90.12 0.930 2414
DGME 134.17 0.999 2193
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80% or higher chitosan concentration were miscible bymeans of the in-
termolecular hydrogen-bonding interaction between hydroxyl groups
of polyethylene glycol fumarate with amino and hydroxyl groups of
chitosan.

In our previous research, polar waxes were exploited as binder sys-
temcomponents applicable to the PIMprocess [14] to substitute nonpo-
lar PE and PW with the aim of eliminating the necessity to use
processing aid, e.g., stearic acid (SA), in order to achieve the adhesion
of the binder to thepowder required towithstandhigh shear forces dur-
ing injection moulding. Similarly to the most recent work by Liu et al.
[15], who substituted paraffin wax with bee wax for the production of
micro-injection moulding gears from zirconia, better feedstock stability
has been achieved. However,with suchnovel binders, anunderstanding
of coremechanisms of interactions between the individual system com-
ponents would allow a precisely-balanced composition, bringing the
feedstock properties to their higher limits (e.g., substantially lowering
the processing temperatures in the case of substitution of PE by carnau-
ba wax (CW) or acrawax(AW)) [14].

While quantification of the interactions of two polymers is a difficult
task, in the case where both polymers are polar it becomes even more
challenging. This is because the interactions between polymer (X) and
polymer (Y) are significantly weaker than the self-interactions X–X
and Y–Y in each polymer. To bypass this issue, polymers might be
substituted with lowmolecular weight analogues to have an advantage
of eliminating themajority of self-interactions, and replacing themwith
newly formed X–Y interactions. This rarely used [16,17] approach al-
lows the substitute liquid for the X polymer to be fully surrounded by
the substitute liquid for the Y polymer, resulting in precise measure-
ments of the present interactions. Furthermore, the calorimetric analy-
sis combined together with Fourier transform infrared spectroscopy
(FTIR) measurements can provide a quantitative evaluation of specific
interactions.

Some researchers have reported on the successful use of FTIR or cal-
orimetry techniques for quantifying and evaluating interactions
[18–20]. To our best knowledge, no research has yet been performed
on the miscibility of PEG and polar waxes.

In our previous paper [21], we tested this approach to verify the
presence of interactions between CW and PEG low molecular substi-
tutes. Motivated by the work of Hsu et al. [22] who compared CW and
AW in 56 vol.% 304L stainless steel feedstocks containing 22 vol.% of
low density polyethylene (LDPE), and from the separation and aggrega-
tion of LDPEmolecules from the binder duringmixing, it was speculated
that AW, containing strong polar amide groups and short hydrocarbon
chain ends, was less compatiblewith LDPE than CW. The aim to quantify
the interaction potential of both waxes increased.

Thus, in this work, the interactions between AW and PEG are exam-
ined and compared to those employed in our novel powder feedstock
[14] based on CW/PEG in order to investigate whether the approach of
lowmolecular weight analogues treated with combined FTIR/calorime-
try is able to intercept the slight differences in behaviour viewed by
other techniques currently used (rheometry and thermogravimetry).

2. Experimental

2.1. Materials

Table 1 shows the low molecular weight analogues of AW, CW and
PEG used in this study. The molar mass Mw, density ρ, and the specific
heat capacity cp of analogues are shown in Table 2. As buffer solutions
(solvents), hexane and decahydronaphthalene (decalin) were used.
The chemicals were obtained from Sigma-Aldrich.

2.2. Methodology

The quantitative analysis of interactions is based on the assumption
that the change of Van der Waals intermolecular interactions
accompanying mixing is negligible (e.g., the mixing of hexane and
heptane) and all contributions to the heat of mixing are due to specific
acid–base interactions, as well as that all organic liquids (except for sat-
urated hydrocarbons) make the specific self-association based on elec-
tron donor (basic) and electron acceptor (acid) sites of one molecule,
all X–X interactions are broken in the case of high dilution, all dissociat-
ed X molecules form new X–Y interactions, and finally, molecules Z
(saturated hydrocarbons) do not have any acid–base self-associations,
nor do they form acid–base interactions with another molecule (X or Y)
[23].

2.2.1. FTIR analysis
The X–X self-interactions and X–Y interactions between two liquids

were studied using FTIR analysis. An FTIR reflection spectroscope
(Nicolet 6700, Fisher Scientific, USA) equipped with a KBr glass holder
accessory was used. A drop of each mixture was placed between two
KBr glasses and measured in a transmission mode. The spectra with
32 scanswere collected in the range of 400–4000 cm−1 at the resolution
of 1 cm−1. The procedure was repeated three times, and the results
were averaged.

2.2.2. Calorimetry
A thermocouple (type copper–constantan) was connected to

National Instruments data acquisition equipment (NI USB-9211A, Data
Acquisition for Thermocouples) and used for measuring the tempera-
ture change during the mixing. LabVIEW Signal Express 2.5 software
was used for collecting the temperature with a precision of 0.0001 °C.
A 0.5 s sampling period was applied. The thermocouple was dipped in
the blend, which was placed on a hot plate in the insulated flask with



Fig. 1. Shift of FTIR peaks for N–H stretch bonding of 1% methylacetamide (NMA) in
hexane, decalin, butyl valerate (BV) and amyl butyrate (AM).
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amagnetic stir rotating at 250 rpm. To achieve a 1% concentration of the
blend, 0.05 ml of liquid X was diluted in 5 ml of liquid Y. The tempera-
ture change during mixing was measured, and the time–temperature
curve was evaluated.

3. Results and discussion

Lowmolecularweight liquidswere diluted at various concentrations
in order to define the optimal dilution ratio. The results demonstrated
that a 1% dilution was optimal for both X–X and X–Y combinations.
The shift of the N–H stretch peak was considered for AM-NMA and
BV-NMA substitute liquid blends. Previously collected data [21]
for CW and PEG substitute peak shifts of –OH and C_O stretch
peaks were used for comparison. The obtained data showed that the
NMA peak shift for the N–H amino group in the range of 3050 to
3440 cm−1 was higher in decalin (see Table 3), similar to CW lowmo-
lecular analogues,while being significantly smaller in hexane, vice versa
to the peak shift of PEG analogues. It is also noticeable that the peak shift
wasmore significant for the secondminor peak (Fig. 1). Bothmajor and
minor N–H peaks of NMA in hexane and decalin tended to a lower
wavenumber, which is often referred to as proof of the presence of in-
teractions [24]. However, when blended with AM and BV, the major
peak tended to a higher wavenumber, which can be explained as repul-
sive interactions between components. The C–O stretch absorption
peak at 1125 cm−1 for NMA expressed a similar trend to shift to
lower wavenumbers for both 2ET and DGME, indicating that new X–Y
interactions were formed [25]. The following data suggests that the in-
teraction between the corresponding polymers AW/PEG is most likely
to occur via the C–O group. Liquid surface tension γ together with a
shift peak in buffer liquids – hexane and decalin – was used to build a
baseline for calculating the magnitude of the corrected peak shift ΔvXY.
An example of a calculation of the peak shift correction is shown in
Fig. 2. The difference of the peak shift in hexane and decalin can be
caused by a difference in their chemical structure.

For the calorimetric analysis of a neat liquid X, the self-interaction
energies were evaluated using the following equations. The total self-
interaction energy EXX (J mol−1) is expressed as

EXX ¼ 1
2
NAvoεXX ð1Þ

whereNAvo is Avogadro's number (6.022× 1023 (particles/mol)) and εXX
is the contact energy of two molecules (or one pair) (J). EXX can be ex-
perimentally obtained, when liquid X is diluted into a non-self-
interacting liquid Z, such as hexane. This mixing can be described as

NX X−Xð Þ þ NZ Zð Þ→A
::
HM N0

X X−Xð Þ þ N″
X Xð Þ þ NZ Zð Þ ð2Þ
Table 3
Surface tension γ, peak position v and corrected peak shift ΔvXY of low molecular liquid
substitutes and solvents.

Name Surface tension
γ [mN/m]

Peak position
v [cm−1]

Corrected peak shift
ΔvXY [cm−1]

C–O, 1% 2-ethoxyethanol
Hexane 18.40 1122 –
Decalin 29.40 1124 –
Methylacetamide 28.20 1115 9.1

C–O, 1% Diethylene glycol monoethyl ether
Hexane 18.40 1122 –
Decalin 29.40 1124 –
Methylacetamide 31.70 1119 5.2

N–H, 1% methylacetamide
Hexane 18.40 3295 –
Decalin 29.40 3293 –
Amyl butyrate 25.55 3306 12.1
Butyl valerate 26.36 3308 14.2
where (X–X) means liquid X self-associated in X–X pairs, while (X)
means liquid X in which molecules are isolated (or dissociated). NX

and NX′ are numbers of X molecules (that are associated in X–X pairs)
before and after mixing, respectively, NX′ stands for the number of X
molecules which are isolated after mixing (NX= NX′+ NX

″), ΔHM repre-
sents the heat of mixing. The number of X–X pairs before and after
mixing NPXX and NPXX′, respectively, can be easily obtained (NPXX =
1/2NX; NPXX′ = 1/2NX′). Dividing Eq. (2) by NAvo we get

nX X−Xð Þ þ nZ Zð Þ→A
::
HM n0

X X−Xð Þ þ n″
X Xð Þ þ nZ Zð Þ ð3Þ

where nX means the number of moles of liquid X, under the condition
that nX ≪ nZ, nX′ → 0 and nX

″ = nX. For nX = 1, ΔHM becomes EXX.
Eq. (3) becomes simpler

1 X−Xð Þ þ nZ Zð Þ→EXX 1 Xð Þ þ nZ Zð Þ: ð4Þ

Experimental data for the dilution of liquid into hexane can be seen
in Fig. 3. Trying to describe the shape of the curve, it is convenient to set
the axes:

x ¼ nX

nX þ nZ
y ¼ ΔHM

nX þ nZ
ð5Þ
Fig. 2. Calculation of corrected peak shift from the baseline for N–H stretch bonding of 1%
methylacetamide (NMA) in hexane, decalin, butyl valerate (BV) and amyl butyrate (AM).



Fig. 3.Heat of mixing HM/(nX + nZ) vs. molar fraction of liquid X diluted into solvent Z nX/
(nX + nZ).
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The shape of the curve can be described as a polynomial by (y =
k1x + k2x

2 + …). For x → 0, higher terms are much smaller than the
first term (k2x2 ≪ k1x), and the equation becomes linear (y = k1x).
The meaning of the initial slope can be expressed as

k1 ¼ Δy
Δx

¼
ΔHM

nX þ nZ
nX

nX þ nZ

¼ ΔHM

nX
: ð6Þ

Then the slope is equal to EXX that is the self-interacting energy of
1 mol of liquid X (J mol−1). The contact energy of two molecules (one
pair) of εXX can be obtained from Eq. (1).

As can be seen from Fig. 3, the association of the heat of mixing and
the molar fraction of the dilution are tending to linearity. The less the
bending of the curve, the more linear is ΔΤ. Fig. 4 shows the self-
interaction energies of the studied liquids. As can be seen, regardless
of their high molecular weight, the self-interaction energies EXX for
both AM and BV are significantly smaller than those for 2ET and
DGME. This can be explained by the additional –OH in the chemical
structure, but it requires a more detailed study. The NMA having the
lowest molecular weight among all investigated liquids and shortest
chemical chain showed the smallest value of self-interaction energies.
It is also possible that particular self-interactions are rather high, and
they cannot be broken in the non-polar buffer solution.
Fig. 4. Self-interaction energies EXX vs. molecular weight MW for low molecular liquid
substitutes.
Similarly, the calorimetric analysis of liquid X mixed with liquid Y
can be described as follows (both X and Y have some degree of acid–
base self-interactions EXX and EYY). The semichemical equation in this
case is

NX X−Xð Þ þ NY Y−Yð Þ→A
::
HM NXY X−Yð Þ þ N0

X X−Xð Þ þ N0
Y Y−Yð Þ ð7Þ

whereNXY is the number of X and Ymolecules that are associated in X–Y
pairs. The total number of molecules is equal before and after mixing
(NX + NY = NXY + NX′ + NY′). The number of X–Y pairs is given by
(NPXY = 1/2NXY), and the total number of pairs before and after mixing
is given by (NPXX+NPYY= NPXY+NPXX′ +NPYY

″ ). By dividing Eq. (7) by
NAvo, we get

nX X−Xð Þ þ nY Y−Yð Þ→A
::
HM nXY X−Yð Þ þ n0

X X−Xð Þ þ n0
Y Y−Yð Þ: ð8Þ

If nX ≪ nY, then nX′ → 0. Setting nX = 1 mol, then

1 X−Xð Þ þ nY Y−Yð Þ→A
::
HM 2 X−Yð Þ þ nY−1ð Þ Y−Yð Þ ð9Þ

ΔHM becomes ΔEXY, and the only changing quantities are

1 X−Xð Þ þ 1 Y−Yð Þ→A
::
EXY 2 X−Yð Þ: ð10Þ

A description by self-interaction (EXX) and by association (EXY)
energies gives

EXX þ EYY þ ΔEXY ¼ 2EXY ð11Þ

Self-interaction energies (EXX) were obtained by diluting liquid X
into hexane. The value ΔEXY can be obtained from the slope analysis,
similar to the case of diluting of liquid X into hexane, but in this case liq-
uid X is diluted into liquid Y. Continuing the mathematical analysis, the
respective interaction energy of 1 mol of X–Y pairs can be expressed as

EXY ¼ 1=2 EXX þ EYY−ΔEXYð Þ ð12Þ

and the respective contact energy of one pair is

εXY ¼ 2EXY
NAvo

: ð13Þ

The comparison of the temperature change for NMA diluted in 2ET
and AM is shown in Fig. 5. Each temperature change is generated by
placing a 0.05 ml droplet into a 5 ml liquid. A constant increase of tem-
perature during dilution was observed only between NMA-2ET and
NMA-DGME. For the dilution of all other compositions, the temperature
change was negative. An increase in temperature during mixing can be
associated with a strong, newly formed X–Y interaction. The back-
ground is described in the following two equations.

According to Gibbs free energy, if the change of the ΔG is negative,
the reaction can proceed spontaneously. Basically, in the case of mixing
it is given by

ΔGM ¼ ΔHM−TΔSM ð14Þ

whereΔHM andΔSM are the enthalpy and entropy ofmixing, respective-
ly. In binary polymer mixtures, it is convenient to use the Flory and
Huggins expression for the Gibbs free energy of mixing per mole of lat-
tice sites

ΔGM

RT V=Vrð Þ ¼
ϕX

rX
lnϕX þ ϕY

rY
lnϕY þ χϕXϕY ð15Þ

where V is the total volume, Vr is themolar volume of a segment, and rX
and ϕX denote the number of segments per chain and the volume



Fig. 5. Temperature change for the 0.05 ml drop of methylacetamide (NMA) diluted in
5 ml 2-ethoxyethanol (2ET) and amyl butyrate (AM).

Fig. 6. Simplified schematic of breaking self-interactions (X–X and Y–Y) followed by the
formation of new X–Y interactions during dilution of liquid X in liquid Y for lowmolecular
substitutes.
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fraction of component X, respectively. On the right side of Eq. (15),
the first two terms refer to combinatorial entropy, while all
noncombinatorial effects are represented by theχ parameter. The com-
binatorial entropy of mixing is related to the positional disorder in the
system. As the mixture is more disordered than the pure components,
the combinatorial entropy of mixing leads to a negative contribution
toΔGM, i.e., stabilisation of themixture. However, the combinatorial en-
tropy for the polymermixture consisting of highmolecularweight com-
ponents (large rX and rY) is virtually zero, and the negative contribution
to ΔGM is comparatively negligibly small due to the mixtures of small
molecules [26].

The temperature drops in a buffer solution and the self-interaction
energies (EXX) are shown in Table 4. In order to understand the compo-
nent fraction of the blend after dilution, the heat of mixing vs. molar
fraction and the fraction of liquid X diluted into solvent Zwere calculat-
ed. A schematic plot (see Fig. 6) shows the principle of calculation of the
EXY based on the measurements of ΔEXY according to Eq. (12). An eval-
uation of EXY for the respective pairs showed that X–Y interaction values
are asymmetric. The value for liquid X diluted in liquid Ywas slightly dif-
ferent than the value of liquid Y diluted in liquid X. The error was
neglected. This could be caused by a difference in the heat capacity cp
of each liquid.

The respective association energies EXY for each X–Y pair evaluated
using Eq. (13) are shown in Table 5. The highest values are observed
for 2ET-NMA and DGME-NMA blends, 9659 and 7139 [J/mol], respec-
tively, while the smallest interaction energies were observed between
DGME and BV with only 3011 [J/mol].

Together, FTIR and calorimetry provide the necessary information
for the evaluation of the specific interactions. The shift of peaks in FTIR
measurements as well as the observed temperature surge for certain
blends with the sole help of analogue calorimetry can serve as proof of
Table 4
Temperature dropΔΤ, heat ofmixingΔHM/(nX+ nZ), molar fraction nX/(nX+ nZ) and self-
interaction energies EXX.

Name Temperature
change ΔΤ
[°C]

ΔHM/(nX + nZ)
[J/mol]

nX/(nX + nZ)
[10−3]

Self-interaction
energy EXX
[J/mol]

AM 0.19 28.35 6.708 5264
BV 0.15 29.38 6.754 4132
2ET 0.81 157.82 12.633 11,861
DGME 0.80 156.41 9.146 16,236
NMA 0.15 29.14 16.835 2308
the presence of specific interactions, while combing both data together
allows the establishment of the relationship of the two independent
experiments.

The vibrating frequency of a certain group (such as C–O) is given
by

ν ¼ νv þ Δνd þ Δνab ð16Þ

where v v means the frequency in the vapour phase, Δν d is the fre-
quency shift caused by dispersion force interactions between a certain
group and its local environment (non-acid–base interacting liquid
such as hexane), and Δν ab means the frequency shift due to acid–
base interactions.

When the tested liquidwas diluted in non-interacting liquids (such as
cyclohexane, heptane, octane, etc.), a linear relationship of Δν d

with the dispersion force contribution to the surface tension γ d was
found (Δv ab = 0). In our case, the tested liquids were diluted in
two non-interacting liquids (hexane and decalin) with an appreciably
different surface tension in order to obtain the linear relationship
(ν= ν v + aγ d). For the acid–base interacting liquids, the exact values
of Δv ab were calculated by the deviation from the linear relationship
satisfied in non-interacting liquids [27]. On the basis of quantum me-
chanics, Drago [28] explained the linear relationship between enthalpy
of adduct formation and the shift in the frequency of vibration:

ΔH ¼ kΔνab ð17Þ

The obtained data from two independent experiments can be
verified by this relation. The EXY association energies obtained by
Table 5
Association energies EXY of respective pairs X–Y.

Liquid, [1%] 2ET DGME AM BV NMA

2ET – – 5008 6471 9659
DGME – – 3793 3011 7139
AM 5560 4162 – – 5899
BV 6784 3294 – – 6353
NMA 10,624 7846 5382 5810 –



Fig. 7. Association energies EXY vs. shift of peaks for low molecular weight substitutes of
acrawax, carnauba wax and polyethylene glycol.
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calorimetry and shifts of peaks Δν ab measured using FTIR are shown
in Fig. 7. A linear dependence was found for the tested pairs,
confirming the validity of data and calculations from two independent
experiments.

4. Conclusion

Understanding the role of particular binder components is key for
the development of novel binder systems with advanced processing
properties. Interactions of low molecular weight analogues of
polyethyleneglycol (PEG) with acrawax (AW) have been compared
with those of carnaubawax (CW) in order to quantify the difference be-
tween these two polar waxes. FTIR spectra for substitute liquids of AW
and PEG showed a shift of the C–O stretch absorption peak to a lower
wave number in a range between 5.2–9.1 cm−1, solely referring to the
presence of the interactions between the components. Further, the ana-
logue calorimetric analysis showed a temperature drop for all low
molecular compositions (AW/CW, CW/PEG) except for AW/PEG substi-
tutes, which attracted each other more than themselves, expressing an
up to 0.52 °C temperature increase during the mixing. The EXY associa-
tion energies for AW/PEG were on average 2.1 times higher than for
CW/PEG substitutes. This can be explained by the presence of a C_O
group plus anN–H group for eachmolecule of the AWanalogue in com-
parison with one C_O group plus one C–O group per molecule of the
CW analogue. It is conceivable that a strong type of interactions (such
as hydrogen bonding) is formed during AW and PEG mixing. The com-
bination of FTIR and calorimetry data in conjunction with Drago's equa-
tion allowed for the defining of the linear relationship of two
independent experiments. The final results of the analyses for blends
of low-molecular weight analogues suggest that the corresponding
AW/PEG polymer blend with higher interactions is more favourable
than CW/PEG for powder injection moulding.
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Abstract 

Interfacial adhesion between highly filled aluminium and zirconium oxides ceramic compounds 

and CIM (Ceramic Injection Molding) processing tools was investigated from contact angle 

measurement. Polymers considered as binder components were low density polyethylene, paraffin 

wax, polyethylene glycol, carnauba wax, acrawax, and stearic acid. Channel walls of the mold were 

constructed from hardened, TiN hardened, nitridized and heat-treated steels. From the calculated 

surface energies, the superiority of heat-treated steel as well as acrawax and especially polyethylene 

glycol as binders is derived. Carnauba wax shows similar wettability as stearic acid, thus becoming 

promising substitute for the role of processing aid. Concerning tested ceramic powders, Al2O3 

revealed somewhat higher polar component of the surface energy than ZrO2. The differences in 

total surface energies of powders and binders are all about 3 J/m2 lower (PEG) or higher (PW, 

LDPE, AW, CW, SA) for Al2O3 powder than for ZrO2. 

 

1. Introduction 

Ceramic injection molding (CIM) serves as a highly effective technique for manufacturing 

complex shape parts with high dimension accuracy. This technique also gains superior attention 

for its ability to reduce production waste and cost by allowing manufacturing parts close to their 

theoretical net weight. CIM process includes four major stages: (1) mixing; (2) injection molding; 

(3) debinding; (4) sintering.  

The initial stages such as mixing and molding are considered to be of the critical importance, 

complicated by the necessity of using large number of different materials often with contradicting 

properties in order to fulfil the processing requirements. Currently, the most efficiency limiting 

factor of CIM is the separation of powder and binder components during injection molding stage. 

Thornagel [1] demonstrated that local shear rate gradients are the driving forces initiating phase 

separation. Assuming no slip condition, i.e. good adhesion of the feedstock to the wall of the 

channel, a significant shear rate peak occurs close to the wall, while a plateau at much lower shear 

rate level is observed in the middle of the flow domain. Then, particles flowing in the peak area 

experience a non-uniform shear rate resulting in their rotation, which becomes severe as the shear 

stress gradients increase. Such rotating particles try to leave areas of high shear gradients. As a 
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consequence, high shear rate area is characterized by high binder content, while the plateau region 

of the lower shear rate accommodates a powder rich material. 

 Recently, we have proposed a method to quantify the separation via SEM/EDX combined with 

the analytical tool [2] as well as the rheological model suitable for ceramic feedstocks [3]. Further, 

we have pointed out that wall slip could be considered as a rheological parameter indicating 

powder-binder separation absence/occurrence [4,5]. Nevertheless, the conditions, at which the 

highly filled materials slip at the wall resulting in a plug flow (and thus no separation), are not only 

feedstock characteristics and processing parameters, but the most important is an interfacial 

adhesion between the channel walls and CIM feedstock (binder and powder), depending on the 

surface treatment of the mold channels. 

 Therefore, the aim of the paper is to evaluate the adhesion properties of CIM powders and 

binder components as well as materials most often employed in construction of channel walls of 

CIM processing tools. In the recent paper [6] the possibility to substitute the polyolefin backbone 

in alumina feedstocks with polar waxes has been investigated with the regard to debinding and 

early stage of sintering process. Over 20 feedstocks differing in the aluminum oxide powder 

loading as well as binder composition containing low density polyethylene or carnauba wax, 

paraffin wax, polyethylene glycols varying in their molecular weight, and stearic acid as a 

plasticizer were studied. Adhesion of these components is now considered for four most often used 

materials for construction of channels and mold-die walls. Contact angle measurement is provided 

as it has proved itself a method widely employed as a characterization tool in ceramic processing 

(e.g. [7-9]).  

 

2. Experimental 

2.1. Materials 

Commonly used CIM binder components - Low Density Polyethylene (LDPE, Laqtene 1200 MN 

8, Atochem), Paraffin wax (PW, Paraffinum Solidum, Tamda), Polyethylene glycol  (PEG6000, 

Sinopol, Sino-Japan Chemical), Stearic acid (SA, 95%, Sigma Aldrich), Carnauba Wax (CW, 

2442, Kahl), and Acrawax (AW, ACRAWAX C Atomized, Lonza) were studied. Tested materials 

properties are shown in Table 1. Ceramic powders employed in the study were highly compressive 

super-ground aluminium oxide and zirconium oxide powders.  
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Pure binder components were examined from the flat 1 mm thick samples prepared by a 

unidirectional pressing at temperatures 20 °C above particular binders’ melting points. The contact 

angles of ceramic powders were studied from the sintered samples prepared as follows: feedstocks 

(55 vol.%) were mixed in a twin screw extruder Brabender (KETSE 20/40) at mixing rate of 150 

RPM at temperature of 150 °C, and then molded into a rectangular shapes in an injection molding 

machine (Allrounder 370S, Arburg). The optimized injection molding parameters are summarized 

in Table 2. After molding the polymer binder was removed by combined solvent and thermal 

debinding, and brown parts were sintered to the final densities at maximum sintering temperatures 

of 1500 °C (ZrO2) and 1600 °C (Al2O3) at a heating ramp of 50 °C/h with 2 hours temperature 

holding followed by cooling down spontaneously. 

Four most often used treatments of steel were considered for the discs samples (20 mm in 

diameter, 2 mm thick) of channel walls of an injection mold: hardened, hardened TiN, nitridized 

and heat-treated.  

2.2 Surface properties determination 

Surface properties of the samples prepared from ceramic powders, as well as samples of channel 

wall materials, were examined with contactless 3D Chromatic Length Aberration (CLA) scanner 

(Talysurf 300, Taylor and Hobson, UK) equipped with Talymap ver.5.0.2 software. Tested surfaces 

were subjected to a height measurement over a rectangular area (500 x 500) μm. The data supplied 

is of the form z = f (x,y), where z is the height of the profile, x stands for the position over the 

scanning direction, and y corresponds to the number of traces. First Interface Detection (FID) was 

selected as a measurement mode. The software takes into account the height of the first interference 

(i.e. the upper border of the transparent interference represented by the first peak in the spectrum).  

 

2.3. Contact angle measurements 

The surface energy was determined by measurements of contact angles of three test liquids set 

(deionized water, ethylene glycol and diiodomethane) using the SEE (Surface Energy Evaluation) 

system (Advex Instruments, Czech Republic) with the contact angle measurement error ±2°. A 

drop of the test liquid (V = 3 µL) was placed with a micropipette on the material surface, the sessile 

drop was imaged by a color camera, and the contact angle of the test liquid was measured. For a 
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sessile drop of tested liquid, this is defined as the angle between surface of material under 

investigation and the tangent of the droplet’s oval shape at the edge of the droplet. 

Contact angle measurements were taken over 6 different areas for each sample and readings were 

averaged to obtain one representative value. Using the above data, the total surface energy γ(tot) 

including its components, disperse part γ(LW) and polar part γ(ab), were obtained. Finally, the γdif 

denoting the absolute value of the difference between the surface energy of powder/mold material 

and the binder was calculated. 

3. Theoretical Background 

Surface tension γ is defined as the free energy G required to increase an interface of area A 

𝛾 = (∂𝐺/𝜕𝐴)𝑇,𝑃     (1) 

where the constant temperature and pressure, which are frequently encountered, would made the 

Gibbs free energy the suitable choice for G. It is inherent to refer to γ as a surface tension, if the 

increase of area is reversible, while otherwise as a surface energy [10].  

Generally, work needs to be done to create an interface; it has higher free energy than the bulk. 

The work of cohesion (coh) of solid can be expressed by eq. (2)  

𝑊(𝑐𝑜ℎ) = 2𝛾1𝐴 =  −∆𝐺(𝑐𝑜ℎ)     (2) 

where G is regarded as per unit area.  

Meanwhile, the work of adhesion (adh), needed to separate two different substances 1 and 2, can 

be expressed by eq. (3), which is a known formalism introduced by Dupre [e.g. in 11] 

𝑊12
(adh)

= (𝛾1 + 𝛾2 − 𝛾12)𝐴 =  −∆𝐺(𝑎𝑑ℎ)       (3) 

In eq. (3), γ1 and γ2 represent the lost interfaces, while γ12 stands for the new gained interface. The 

theoretical calculations and predictions of terms involving two (or more) substances such as γ12, 

are the well-known challenges experienced in the field of interfacial interactions. 

Fowkes [12] proposed the assumption that the tension at the interface of the substance 1 against 

the substance 2 is reduced by the presence of an amount equal to the geometric means of the 

tensions of the two individual substances, hence equal to γ1 – (γ1 γ2)
1/2, and similarly the tension at 

the interface of the substance 2 against the substance 1 is reduced by γ2 – (γ1 γ2)
1/2 giving eq. (4)   
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𝛾12  = 𝛾1 + 𝛾2 − (𝛾1𝛾2)1/2 = (√𝛾1
(LW)

−  √𝛾2
(LW)

)2  (4) 

known as Grifalco-Good-Fowkes equation, which works very well for a polar liquids and solid 

surfaces. This can be also referred as a work of adhesion being geometric mean of the works of 

cohesion, i.e. W12 = (W11W22)
1/2. The Dupre equation can be expressed as 

𝑊12
(adh)

= 2(𝛾1𝛾2)1/2               (5) 

Fowkes [13] and van Oss et al. [14] proposed that the total interfacial energy can be linear 

separated into the dispersive (London-van der Waals), dipole-induced dipole (Debye), dipole-

dipole (Debye) and electron donor-acceptor terms. Furthermore, Lifshitz [15] stated that the 

London-van der Waals, Debye and Keesom interactions are of an identical type, with equal 

dependence of magnitude on separation between the two interacting substances, and thus 

𝛾 (total) =  𝛾 (LW) +  𝛾 (ab)  (6) 

where (LW) denotes Lifshitz-van der Waals and (ab) indicates the Lewis acid-base terms, 

respectively; and hence 

𝛾12
(total)

=  𝛾12
(LW)

+  𝛾12
(ab)

.   

    (7) 

The ratio between Lewis acids and Lewis bases constituting the two interacting substances dictate 

the sign of the Lewis acid-base interaction. The Lifshitz-van der Waals interaction is always 

attractive. Whereas van Oss et al. [14] has suggested that it can be expressed by the geometric mean 

𝛾 (ab) =  2(𝛾 (+)𝛾 (−))
1/2

     (8)                  

where superscript (+) indicates electron-accepting (Lewis acid) moieties and superscript (−) the 

electron-donating (Lewis base).  

From eq. 6 and eq. 8 the 𝛾 (total) can be expressed as 

                 𝛾 (total) =  𝛾 (LW) +  2(𝛾 (+)𝛾 (−))
1/2

                                                 (9) 

Combining the Dupre equation with the Young equation [e.g. in 16] we have  



7 

 

(1 + cos θ)𝛾𝐿 = 2(𝛾1
LW𝛾2

LW)
1

2 + 2(𝛾1
(+)

𝛾2
(−)

)

1

2
+  2(𝛾2

(+)
𝛾1

(−)
)

1

2
= 𝑊𝐴     (10) 

where WA stands for thermodynamic work of adhesion (expanded to the non-polar plus the polar 

form) [17].  

 

4. Results and Discussion 

The values of contact angle as the basic parameter for a binder wetting the powder as well as mold-

die were measured using the standard liquids (water, ethylene glycol and diiodomethane) and are 

reported in Table 3.  

As to chemical nature, the used binders can be roughly divided into three groups. The first 

group comprises of paraffin wax and LDPE. Paraffin is a soft solid consisting of a mixture of 

hydrocarbons commonly with twenty to forty carbon atoms in chain and its melting temperature is 

lying between 45–65 °C. LDPE is of similar hydrocarbon nature being composed of long chains 

formed during polymerization of the monomer, ethylene. The melting point in average is 105 to 

115 °C. The second group covers stearic acid, carnauba wax and acrawax. Stearic acid is a saturated 

fatty acid with 18 carbons in molecule and well known lubricating agent with melting point of 

about 70 °C. Esters of stearic acid with high fatty alcohols are present also in carnauba wax, which 

contains mainly of wax esters (85%), accompanied by small amounts of free fatty acids and 

alcohols, hydrocarbons and resins. The wax esters constitute C16 to C20 fatty acids linked to C30 

to C34 long-chain fatty alcohols. Melting point of the wax is of 82–86 °C.   The last mentioned 

acrawax (N, N’-Ethylene Bis-stearamide) belongs to group of amidic waxes with melting point of 

145 °C, and in the present study it has been considered as a possible alternative of carnauba wax 

because of its stronger interactions to other binder components evaluated in the recent work [18]. 

All components belonging to this group are more or less derivatives of fatty acids. The last group 

consists solely of PEG 6000, oligomer of ethylene oxide with molar mass of 6000 g/mol and 

melting point in the range of 55 – 60 °C. This is the only water-soluble, hydrophilic substance used 

as a binder in the study.   

From the Table 3 it is obvious that for given substance, the contact angles are highest with 

water and lowest with diiodomethane. Exceptions here are both ceramic powders with the lowest 

contact angles observed for ethyleneglycol. The low contact angles measured on PEG 6000 surface 
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with all testing liquids whether hydrophilic or hydrophobic indicates exceptional behaviour of this 

surface which can be explained by its hydrophilicity.  

In general, as the contact angle decreases, the tendency of the binder to spread over the powder 

particle increases which is natural consequence of better wettability [19]. According to Chiou et al. 

[20] the role of surface active agent in the feedstock can play low molecular weight substances as 

stearic acid (SA) as well as high molecular weight polar waxes, such as carnauba wax.   

As can be seen from Table 3, SA and carnauba wax reach very similar values of contact angles 

in water, and for the remaining testing liquids they are similar crosswise. The low molecular weight 

surface active agents are usually more effective in reducing the feedstock viscosity than the high 

molecular weight ones due to their lower intrinsic viscosities and higher polarities. In publication 

[20] it is suggested that SA consists of a functional group adhering to the powder surface and an 

oriented molecular chain extending into the binder to prevent aggregation of powder, and stabilize 

particles during high shearing mixing. This effect can be also attributed to the known amphiphilic 

character of this fatty acid functioning as a surface active agent.  

However, interlinking strength  among binder components is weak, due to the relatively 

short chain lengths of the low molecular weight surface active agents (SA), and necking during 

plastic forming occurs easily [20]. Thus, a polymer having suitable functional groups in each 

repeating unit can enhance the interlinking strength among binder components, in addition to 

improving the adhesion force with the powder surface. In our case this applies the best for PEG 

showing the lowest contact angles and the highest total surface energy (including its polar part) 

from the tested materials. This is natural as PEG is the only hydrophilic binder tested and this also 

predestines its role in the feedstock. Polar organic substances are capable of forming hydrogen 

bonds with powders easier, which is due to acid-base interactions. Interestingly, acrawax, which 

low molecular weight analogue has been recently found to have strong interactions to the analogues 

of PEG [18], itself exhibits the values of contact angle  comparable with those obtained for paraffin 

wax (PW), where no adhesion is expected.  

Table 4 shows the calculated free surface energy for acid-base model with unpolar Lifshitz-

van der Waals component γ(LW), electron-donor γ(−), electron-acceptor γ(+), polar component γ(ab) as 

well as  γ(total) representing the sum of unpolar and polar components. Changes of surface free 

energy upon material and its treatment can be seen from data presented in this table.  
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Enhanced adhesion of binder components onto the powder surface is primarily realized by 

hydrogen bonding between the powder surface and the surface active agent through a Lewis acid-

base reactions [21]. The adsorption of the binder components onto the powder surface is 

competitive such that patterns similar to the Langmuir adsorption and desorption isotherms usually 

take place [22]. The lowest total surface energy was obtained for nitridized and hardened TiN 

surfaces. Here also dispersion and polar components are similar. Significantly different behavior 

showed, however, heat-treated surface with the highest value of surface energy of 55.4 J/m2 and 

significantly higher polar component 23 J/m2, compared to those measured for both former 

mentioned surfaces (0.4 J/m2). Dispersion part of surface energy did not notably differ from other 

tested surface modifications. The exceptional behavior of heat-treated sample can be seen also from 

Figure 1, where the differences in γ(total) are considered. 

It should be noted that the surface properties might substantially influence the adhesion 

analysis as liquid penetrating the porous surface may result in an artificially lower contact angle.  

Thus, the tested surfaces have been quantified with the contactless scanner (Table 5) in order to 

distinguish the effect of surface structure from the adhesion characteristic. From the statistical 

analyses of the scanned surfaces – namely homoskedasticity F-test (H0: Ϭ
2

Rz_Heat = Ϭ2
Rz_Hardened_TiN, 

Ha: NON (Ϭ2
Rz_Heat ≠ Ϭ2

Rz_ Hardened_TiN), 1 – α = 0.95) as well as T-test (H0: μRz_Heat = μRz_ Hardened_TiN, 

Ha: NON (μRz_ZrO2 ≠ μRz_ Hardened_TiN), 1 – α = 0.95) arises that the heat-treated and e.g. hardened 

TiN samples surfaces are both homogenous and statistically they have the same surface structure. 

Thus, the effect of a surface profile can be disregarded, and resulting heat-treated surface can be 

considered as the mold material with the strongest adhesion to the feedstock components.  

Regarding ceramic powders, their surface characteristics were fairly similar, γ(total) was 44 and 

47 J/m2 for ZrO2 and Al2O3, respectively, and aluminum oxide showed somewhat higher polar 

component of the surface energy as well. Figure 2 shows differences of calculated for respective 

powders and binder components. The differences γdif are all about 3 J/m2 lower (PEG) or higher 

(PW, LDPE, AW, CW, SA) for Al2O3 powder than for ZrO2 sample. At this point it should be 

noted that both ceramic powders were examined as sintered, while during molding they are in a 

powder form, where particle shape, size and its distribution play a role too. 

By comparison of surface characteristics determined on binders it can be concluded that almost 

all materials show surprisingly similar values of  γ(total)   ranging from 34 to 38 J/m2 . Also the polar 

components measured were similar and low as to absolute values (all below 1 J/m2), only acrawax 
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displayed polar component higher γ(ab) of 3.7 J/m2. Hence, AW in principle should demonstrate 

stronger interactions to powders and other feedstock components. This is consistent with our recent 

findings obtained for  The exception from this rule was PEG 6000 exhibiting the highest surface 

energy (64.7 J/m2) of all tested binders, with polar component of 17.6 J/m2. This is a natural reason 

of the chemical composition of this polymer. Nonpolar surfaces show only γ(LW) with absence of 

(or very small) polar component and their total surface energy is usually lower compared to polar 

surfaces with both polar and unpolar components of γ (metals and powders). 

 

4. Conclusion 

The adhesion among the binder components, ceramic powders and mold materials was investigated 

with regard to ceramic injection molding technology. Considering the wettability of the channel 

walls of the mold revealed about ten times higher surface energy of heat-treated steel than 

nitridized, hardened, and hardened TiN materials. Among the binder components studied it has 

been found that the role of the surfactant (stearic acid) might be substituted with carnauba wax, 

however the surface characteristic is not the only parameter which has to be considered when 

preparing feedstock with optimum properties. Acrawax and especially polyethylene glycol have 

shown the highest values of polar component of surface energy determining their key role in CIM 

feedstocks. 
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Table 1 Properties of tested binder components.  

Binder Abbreviation 

Density 

ISO 1133 

[g/cm³]  

Melting 

Temperature 

[°C] 

Molecular 

Weight 

[g/mol] 

Low Density 

Polyethylene 
LDPE 0.918 108 250000 

Polyethylene glycol 

6000 
PEG6000 1.21 62 6000 

Paraffin wax PW 0.9 58 400 

Carnauba wax CW 0.97 86 1000 

Acrawax AW 0.99 145 560 

Stearic acid SA 0.85 70 284 

 

 

Table 2 Injection molding parameters. 

Parameter 
Value 

Al2O3/ ZrO2 

Zone 1 temperature (°C) 130 

Zone 2 temperature (°C) 135 

Zone 3 temperature (°C) 140 

Zone 4 temperature (°C) 150 

Nozzle temperature (°C) 145 

Mold temperature (°C) 30 

Injection speed (mm/s) 15 

Injection pressure (bar) 1800 

Hold pressure (bar) 1500/500 

Hold pressure time (s) 2/0.5 
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Table 3 Contact angles of tested mold materials, powers and binders.  

Name Ethylene glycol [°] Diiodomethane [°] Water [°] 

Mold material 

Hardened  60.9 50.2 72.7 

Hardened TiN  57.5 51.7 77.3 

Nitridized 71.3 59.8 96.6 

Heat-treated 79.9 57.0 78.1 

Ceramic powder 

Al2O3 23.0 40.6 60.5 

ZrO2 35.6 39.1 67.7 

Binder 

LDPE 56.0 44.5 85.8 

PW 76.3 52.8 114.1 

PEG6000 23.7 22.2 24.0 

CW 51.9 64.1 94.6 

AW 90.7 57.8 108.8 

SA 64.9 52.4 94.9 
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Table 4 Calculated free surface energy components (J/m2) for tested mold materials, binder 

components and ceramic powders.  

Material γ(total) a γ(LW) b γ(ab) c γ(+) d γ(−) e 

Mold material      

Hardened 40.7 34.1 6.5 0.5 21.6 

Hardened TiN  33.7 33.3 0.4 0 12.3 

Nitridized 28.9 28.7 0.3 0 1.8 

Heat-treated 53.4 30.3 23.1 4.2 31.9 

Ceramic powder      

Al2O3 47.2 39.3 7.9 1 15.7 

ZrO2 44.4 40.1 4.4 0.4 12 

Binder      

LDPE 38.2 37.3 0.9 0.1 3.4 

PW 33.1 32.7 0.4 0 1.4 

PEG 6000 64.7 47.1 17.6 1.1 72 

CW 33.8 33.2 0.6 0.1 1 

AW 33.6 29.8 3.7 2.1 1.7 

SA 33.5 32.9 0.6 0.1 1 

 
a  Sum of unpolar and polar components, b Lifshitz-van der Waals component, c Polar component, d Electron-

donor, e Electron-acceptor. 
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Table 5 Roughness profiles Rz (m) of the tested powders and mold materials.  

  

Material  Mean Std dev Min Max 

Ceramic powder      

Al2O3  2.90 0.451 1.89 4.15 

ZrO2  2.68 0.387 1.90 4.00 

Mold die material      

Heat-treated  3.24 0.371 2.44 4.68 

Hardened  4.00 1.060 2.09 8.02 

Hardened TiN  3.22 0.445 2.23 4.50 

Nitridized  3.72 0.675 2.68 5.97 
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Fig. 1 The differences of γ(total)  between polymer binders and mold materials. 

 

 

 

Fig. 2 The differences of γ(total)  between polymer binders and ceramic powders. 
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