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Porous ceramics have a wide range of applications such as adsorbents, thermal and acoustic insulation, 
lightweight structures, and catalyst supports. The properties of porous ceramics such as gas and liquid 
permeability, strength and insulation depend on the pore network, its uniformity, and the shape of the 
pores. These in turn can be controlled and influenced by processing and material parameters, leading 
to a wide range of porous ceramic materials covering a broad spectrum of structural and physical prop-
erties. However, this control of porosity is not always fully understood, and challenges remain in the 
formation of controlled porosity. 
 
There are numerous methods for manufacturing porous ceramics, the most common of them include 
partial sintering, where the structure is sintered at lower temperatures and/or for shorter times than 
typical sintering conditions. In addition to this method, sintering is an essential process step in almost 
all other porous ceramics manufacturing methods. Therefore, it is often critical to know how the sintering 
parameters affect the structural properties and thus the porosity. To facilitate this research, various 
sintering models have been developed that attempt to predict how the material will behave when sin-
tered.  
 
The purpose of this study was to determine the effects of sintering temperature on the pore morphology, 
porosity volume, and mechanical behaviour of zinc oxide. Porous zinc oxide samples were prepared by 
sintering at several different temperatures. The sintering temperature was found to affect the pore mor-
phology, the amount of porosity and the mechanical behaviour of the samples. The sintering of the 
samples was characterized by scanning electron microscopy, mass spectrometry, dilatometry, X-ray 
diffraction, thermogravimetry, and differential scanning calorimetry. Gas adsorption, mercury porosime-
try and the Archimedes method were used to study porosity.  The studies showed the formation and 
growth of sinter necks between adjacent grains. As the sintering temperature increased, the sintering 
necks gradually became more distinct, the structure densified and the grain size increased. At the same 
time, the size of the pores increased, and the specific surface area decreased. The porosity decreased 
from 42.9 % to 30.9 % and the hardness increased more than doubled as the sintering temperature 
increased from 600 °C to 1200 °C. 
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Huokoisella keramiikalla on monenlaisia sovelluskohteita, kuten adsorpentit, lämpö- ja äänieristeet, ke-
vytrakenteet ja katalysaattorien tukirakenteet. Huokoisen keramiikan ominaisuudet, kuten läpäisevyys, 
lujuus ja eristävyys, riippuvat huokosverkostosta, sen yhtenäisyydestä ja huokosten muodosta. Näitä 
ominaisuuksia puolestaan voidaan hallita prosessointiparametreilla ja materiaalivalinnoilla. Tämä on 
johtanut laajaan valikoimaan huokoisia keraamimateriaaleja, jotka kattavat laajan kirjon rakenteellisia ja 
fysikaalisia ominaisuuksia. Huokoisuuden hallinta ei kuitenkaan ole itsestään selvää, ja hallitun huokoi-
suuden muodostamisessa on edelleen haasteensa. 
 
Huokoisten keraamisten materiaalien valmistukseen on olemassa lukuisia menetelmiä, joista yleisimpiin 
kuuluu osittainen sintraus, jossa rakenne sintrataan alhaisemmissa lämpötiloissa ja/tai lyhyemmän ajan 
kuin tavanomaisessa sintrauksessa. Tämän menetelmän lisäksi sintraus on olennainen prosessivaihe 
lähes kaikissa muissakin huokoisen keramiikan valmistusmenetelmissä. Siksi on usein kriittistä tietää, 
kuinka materiaali käyttäytyy sintratessa. Tätä tutkimusta helpottamaan on kehitetty erilaisia sintrausmal-
leja, jotka pyrkivät ennustamaan kuinka materiaali sintratessa käyttäytyy. 
 
Tämän tutkimuksen tarkoituksena oli määrittää sintrauslämpötilan vaikutukset sinkkioksidin huokosmor-
fologiaan, huokoisuuteen ja mekaaniseen käyttäytymiseen. Huokoisia sinkkioksidinäytteitä valmistettiin 
sintraamalla usealla eri lämpötilalla. Sintrauslämpötilan voitiin havaita vaikuttavan näytteiden huokos-
morfologiaan, huokoisuuden määrän sekä mekaaniseen käyttäytymiseen. Näytteiden sintrautumista ka-
rakterisoitiin käyttämällä pyyhkäisyelektronimikroskopiaa, massaspektrometriaa, dilatometriaa, rönt-
gendiffraktometriaa, termogravimetriaa ja differentiaalipyyhkäisykalorimetriaa. Huokoisuuden tutkimi-
seen käytettiin kaasun adsorptiota, elohopeaporosimetriaa sekä Arkhimedeen menetelmää.  Tutkimuk-
set osoittivat sintrauskaulojen syntymistä ja kasvua vierekkäisten partikkelien välissä. Kun sintrausläm-
pötila nousi, sintrauskaulat muuttuivat vähitellen selvemmiksi, rakenne tiivistyi sekä partikkelikoko kas-
voi. Huokoisten koko samalla kasvoi ja ominaispinta-ala pieneni. Huokoisuus väheni 42,9 prosentista 
30,9 prosenttiin ja kovuus kasvoi yli kaksinkertaiseksi, kun sintrauslämpötila nousi 600 °C:sta 1200 
°C:een.  

 
 
Avainsanat: sinkkioksidi, huokoiset keraamit, osittain sintraus 
 
Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck –ohjelmalla. 



PREFACE 

The thesis was carried out at Tampere VTT Technical Research Centre of Finland as part of my Master's 

degree in Materials Engineering at the Tampere University. 

 

Work was supervised by Prof. Erkki Levänen and Senior Scientist Pertti Lintunen. Whom I would like to 

thank for their guidance in this work. I would also like to thank my colleagues and university staff for 

their help with this work's experimental measurements and analysis. 

 

My warmest thanks to family and friends for their support during my studies. Especially to Emilia for her 

understanding and support. To Milla for all the advice and gold you brought to my work and my studies 

throughout university. 

  

 
 
Tampere, 12 February 2023 
 
Fanni Hakanen 



CONTENTS 

INTRODUCTION ...................................................................................................... 1 

1. POROUS CERAMICS ........................................................................................... 3 

1.1 Processing techniques ......................................................................... 4 

1.1.1 Paste extrusion ............................................................................. 5 
1.1.2 Partial sintering ............................................................................. 6 
1.1.3 Pore formers ................................................................................. 8 
1.1.4 Replica technique.......................................................................... 8 
1.1.5 3D Printing .................................................................................... 9 

1.2 Porosity and Surface area characterization ........................................ 10 

1.2.1 Gas adsorption ............................................................................ 10 
1.2.2 Mercury porosimetry ................................................................... 11 
1.2.3 Archimedes method .................................................................... 12 
1.2.4 Focused ion beam-scanning electron microscopy ....................... 14 

1.3 Porous zinc oxide ............................................................................... 15 

2. ZNO POWDER PRODUCTION ........................................................................... 20 

2.1 Pyrometallurgical Processes .............................................................. 20 

2.2 Hydrometallurgical synthesis .............................................................. 22 

3. SINTERING THEORY ......................................................................................... 24 

3.1 Driving force ....................................................................................... 26 

3.2 Mechanisms of sintering ..................................................................... 27 

3.3 Sintering of ZnO ................................................................................. 28 

3.4 Sintering models ................................................................................ 30 

4. EXPERIMENTAL PROCEDURES ....................................................................... 32 

4.1 Materials and Samples preparation .................................................... 32 

4.2 Sintering process ............................................................................... 33 

4.3 Microstructure Characterization .......................................................... 33 

4.4 Thermal analysis ................................................................................ 34 

4.5 X-ray diffraction .................................................................................. 34 

4.6 Density and Porosity characterization ................................................ 35 

4.7 Hardness measurements ................................................................... 35 

5. RESULTS AND DISCUSSION ............................................................................ 36 

5.1 Raw material characterisation and thermal behaviour ........................ 36 

5.2 Microstructure evolution ..................................................................... 40 

5.3 Shrinkage and density ........................................................................ 44 

5.4 Apparent porosity and surface area .................................................... 48 



5.5 Vickers Hardness ............................................................................... 53 

5.6 Green density effect on sintering ........................................................ 54 

6. CONCLUSION .................................................................................................... 58 

7. FUTURE PERSPECTIVES ................................................................................. 60 

REFERENCES ....................................................................................................... 61 

 

 

 



LIST OF FIGURES 

Figure 1. Porous ceramics classification and these primary applications and fabrication methods 
[4, p. 116]. ..................................................................................................................... 3 

Figure 2. a) Open-cell structure b) Closed-cell structure [5, p. 2]. ......................................................... 4 
Figure 3. Processing techniques of porous ceramics [4, p. 117]. .......................................................... 5 
Figure 4. Extrusion molded porous ceramics [10, p. 361]. .................................................................... 6 
Figure 5. Sintering of agglomerated powder  [13, p. 272]. .................................................................... 7 
Figure 6. Archimedes method’s principle [27, p. 5]. ............................................................................ 13 
Figure 7. FIB-SEM 3D reconstruction of ZnO samples two-step sintered for different times a) 2h 

b) 5h c) 20 and d) 50h [30, p. 2505]. ........................................................................... 14 
Figure 8. Schematic illustration of preparation ordered mesoporous ZnO using carbon template 

[37, p. 593]. ................................................................................................................. 16 
Figure 9. 3D printed ZnO ceramics: as-printed (a) (b), and as-sintered (c) (d) [39, p. 12902]. ............ 16 
Figure 10. Different ZnO nanotructures morphologies [34, p. 4]. ........................................................ 17 
Figure 11. SEM images of agglomerates cross-section sintered for 1h at (a) 300°C (b) 400°C (c) 

500°C and (d) 550°C  [44, p. 2129]. ............................................................................ 18 
Figure 12. SEM image of ZnO particles produced by French process [45, p. 4]. ................................ 21 
Figure 13. SEM images of spray pyrolysis produced ZnO material [47, p. 617]. ................................. 22 
Figure 14. Variables that affect the sinterability and the microstructure [52, p. 8]. .............................. 24 
Figure 15. Sintering mechanisms [57]. ............................................................................................... 27 
Figure 16. Schematic illustration of dilatometry sample cutting lines. ................................................. 33 
Figure 17. SEM image of ZnO Grillo raw powder. .............................................................................. 36 
Figure 18. XRD pattern of ZnO raw powder. ...................................................................................... 37 
Figure 19. XRD patterns of at 1200°C sintered ZnO sample and ZnO raw powder. ........................... 38 
Figure 20. The MS data of ZnO powder. ............................................................................................ 39 
Figure 21. The TGA and DSC data of ZnO powder in nitrogen and argon atmosphere (argon = 

[1.1] and nitrogen = [13.1]). ......................................................................................... 40 
Figure 22. SEM images of ZnO partially sintered for 2 h at: (a) raw powder without sintering, (b) 

600 °C, (c) 800 °C, (d) 900 °C, (e) 1000 °C and (f) 1200 °C. ........................................ 41 
Figure 23. Grains, grain boundaries and pores development at sintering temperatures 1000°C 

compared to 1200°C ................................................................................................... 42 
Figure 24. Average grain size of ZnO 2h sintered in different temperatures. (□ means uncertain 

measuring point) ......................................................................................................... 42 
Figure 25. On the left a sample sintered at 800°C and on the right a sample sintered at 1200°C. ...... 43 
Figure 26. Shrinkage of the 477MPa pressed ZnO sample with heating rate 2°C/h. .......................... 45 
Figure 27. Relative density determined using dilatometry results and the Archimedes method. ......... 46 
Figure 28. Relative density and grain size of ZnO samples after sintering at various 

temperatures for 2h. .................................................................................................... 47 
Figure 29. ZnO samples pore size measured by BET. ....................................................................... 49 
Figure 30. Cumulative pore volume distribution measured by BET. ................................................... 49 
Figure 31. Normalized pore volume versus pore size by mercury porosimetry. .................................. 50 
Figure 32. ZnO samples pore size measured by mercury porosimetry. .............................................. 50 
Figure 33. Effect of sintering temperature on ZnO hardness. ............................................................. 54 
Figure 34. Green density effect on relative density in sintering. .......................................................... 55 
Figure 35. Green density effect on shrinkage ([3.3] = 477MPa, [2.3] = 318MPa and [1.3] = 

239MPa). .................................................................................................................... 56 
Figure 36. ZnO samples surface area, grain size, relative density and pore size change as a 

function of sintering temperature. ................................................................................ 58 
 

https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264774
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264774
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264779
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264780
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264780
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264782
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264784
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264784
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264785
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264788
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264789
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264790
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264791
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264795
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264795
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264797
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264797
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264798
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264799
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264801
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264801
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264802
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264803
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264804
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264805
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264808
https://vttgroup-my.sharepoint.com/personal/fanni_hakanen_vtt_fi/Documents/Desktop/diplomityö_3.docx#_Toc127264808


LIST OF SYMBOLS AND ABBREVIATIONS 

 
a Radius of a particle 

BET Brunauer-Emmet-Teller 

c Constant 

d Diagonal 

D Pore diameter 

DLP Digital light precession 

DSC Differential scanning calorimetry 

3D Three-dimensional  

3DP Binder-based three-dimensional printing 

Es Decrease in the free energy 

EAFD   Electric arc furnace dust 

F Load 

FDM Fused deposition modeling 

FIB-SEM Focused ion beam cutting/scanning electron imaging 

Hv Vicker′s hardness number 

ICDD International Centre for Diffraction Data  

m Mass 

MSC Master sintering curve 

p Pressure 

Po Share of open porosity 

SEM Scanning electron microscope 

SLA Stereolithography 

SLM Selective laser melting 

SLS Selective laser sintering 

STA Simultaneous thermal analyzer 

TGA Thermogravimetric analysis 

UV Ultraviolet 

V Volume 

Vm Molar volume 

VTT Technical Research Centre of Finland 

XRD X-ray diffraction 



ZnO Zinc Oxide 

γsv  Specific surface energy of the particles 

γ Surface tension 

θ Contact angle 

ρw  Density of water 

 

 

 
 



1 
 

INTRODUCTION 

Porous ceramics offer several useful properties, such as heat and corrosion resistance, unique elec-

tronic properties, low density, controlled fluid and gas permeability, and large surface area. Due to wide 

vary of properties these have been used in several industrial applications such as adsorbents, catalysts, 

and insulation and light structural parts.  Although it can be said that the development of porous ceramics 

started already in the 1960s, these applications have seen unprecedented growth especially since the 

early 1990s, which led to a huge increase in research efforts and papers in the field. A lot of work has 

also led to better control of porosity structures. [1, pp. 1131–1142] Porosity control is a key factor re-

garding many of these applications, such as adsorbents where the goal is a large surface area but also 

considering, for example, gas and fluid permeability [2]. Porosity can be controlled by several factors 

such as manufacturing methods, their parameters and raw materials. Despite a lot of research work, 

the porosity of all materials cannot be fully predicted due to several variables along the manufacturing 

route. 

 

The aim of this thesis is to study formation and control of porosity for zinc oxide (ZnO), which is widely 

used material in several applications in industry due to its favorable properties for example in sulfur 

adsorbents. The motivation behind the work is a project Desulf which is co-funded by the European 

Union, and lead partner is VTT Technical Research Centre of Finland. The aim of the project is to refine 

the electric arc furnace dust (EAFD), which is a by-product of steel production, with valuable potential. 

EAFD contains ZnO and other metal oxides that have the ability to react with H2S and produce stable 

sulfides like ZnS. Due to this feature, researchers have been working on the development of EAFD, an 

adsorbent for H2S removal. [3] Since EAFD contains a significant amount of ZnO in its composition, this 

research aims to develop the controllability of ZnO porosity properties, which can possibly help EAFD 

porosity control as well in the future.  

 

Porosity control plays a key role in adsorbents, as the active surface area of the particles can be in-

creased with this. The use of small particles would result in a large specific surface area and high pres-

sure drop through the packed bed of particles, but this can also cause problems such as slow mass 

transport speed and channel clogging. A balance must be found between these two active surface area 
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and pore sizes. In addition to pore size, many other void space properties can affect mass transport, 

such as average porosity, pore connectivity, and correlations and heterogeneities in the spatial distribu-

tion of pore size. Therefore, accurate formation of the pore structure is important. [4, p. 173] 

 

First part of this thesis is literature survey, how porosity can be created in ceramics with different man-

ufacturing methods and what are the influencing factors on the porosity achieved in these. In addition, 

porosity characterization methods are discussed to select the optimal ones to support the research work 

of porosity. Finally, the porosity formation of ZnO itself is reviewed by point of view partial sintering 

method based on a treatment of general sintering theory. The aim is to form a comprehensive picture 

from the literature on the material and its sintering. 

 

Second part is the experimental part where comprehensively characterize the material and study its 

thermal behavior is done after which porous structures are produced for ZnO using partial sintering 

method. Porous samples properties are characterized, and conclusions are made about the connection 

of the parameters to the achieved porosity and sintering behavior.   
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1.  POROUS CERAMICS 

Typically, in the manufacture of ceramics, the aim is to have as solid a structure as possible. However, 

introducing porosity into a structure can also bring many useful properties such as lighter structures, 

thermal insulation and damping properties, and high permeability to liquids and gases. These different 

features can be utilized in many different applications. [1],[2] Porous ceramics can be classified as ma-

terials which have heterogeneous media with unique microstructures [1 p. 2]. These are typically divided 

into three main categories based on pore size: macro-porous (d> 50nm), meso-porous (2nm <d <50nm), 

and micro-porous (d <2nm) [2],[4]. In the Figure 1 is illustrated the classification and also typical appli-

cation for each group with primary fabrication method [4].  

 

 

Figure 1. Porous ceramics classification and these primary applications and fabrication methods 
[4, p. 116]. 
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Another general classification is based on the basic pore structure is division to open-celled and closed-

celled (Figure 2), and these properties play a significant role in defining the functionality of the material. 

Open cell structures are used in applications where liquid or gas flow is required due to their good 

permeability. Closed cells, on the other hand, provide properties such as thermal and sound insulation. 

It is therefore important to choose the right ceramic matrix for a specific application with pore size and 

the configuration of open or closed pores because it determines the final properties. [2] 

 

 

Figure 2. a) Open-cell structure b) Closed-cell structure [5, p. 2].  

 

1.1 Processing techniques  

 

Different processing techniques have been used to customize different porous structures for ceramic 

materials (Figure 3). The most tradition ones are partial sintering, paste extrusion, replica technique and 

pore formers. To achieve desired porosity morphology, need the processing techniques chose based 

on that.  For example, if the target is to form two dimensional honeycombs these are typically made by 

extrusion or three-dimensional porous structures are archived by partial sintering. [6, pp. 104–105] In 

addition to traditional methods, three-dimensional printing (3D printing) is in recent years one of the 

rapidly developing areas of processing porous ceramics [7].  
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Figure 3. Processing techniques of porous ceramics [4, p. 117]. 

 

To get a deeper understanding of porosity formation and how to control this, it is necessary to know the 

manufacturing methods and their procedures. Next are briefly discussed some of the used processing 

techniques for porous ceramics. 

 

1.1.1 Paste extrusion 

 

The extrusion process is a very efficient process to produce various materials, and it can also be used 

to produce porous ceramics. The method produces cells with well-defined unidirectional channels that 

can have many different cross-sectional shapes (see the Figure 4) for various specific applications such 

as filters, sensors, and adsorbents. In the other words the controlling of the pore geometry happens by 

designing the mold. Process steps involve mixing of raw materials, extruding, drying, and sintering. In 

manufacturing, it is very important to control the rheological properties of the pastes used for extrusion. 

Generally, the minimum amount is aimed for water for molding, as shrinkage caused by drying can thus 

be minimized. The extruded sample has improved mechanical properties when produced under high 

shear and compressive stresses. Also pastes containing excessive amounts of water have poor shape 
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retention after extrusion. For this reason, extrusion pastes should be prepared with an optimized low 

water content. However, the lower water content results in lower fluidity of the pastes and it is necessary 

to use a dispersant and lubricant to maintain high fluidity. [8], [9, pp. 295–296] 

 

 

Figure 4. Extrusion molded porous ceramics [10, p. 361]. 

 

Extrusion molded parts have uniform pore size, shape and distribution and the production can have high 

volume, but on the other hand production of small pores is not easy. In addition to the nozzle shape, 

porosity can be introduced into the structure by using combustible fibers as pore formers. For example, 

carbon fibers and nylon fibers have been used as pore formers in alumina to produce cylindrical pores 

oriented in the extrusion direction. The weakness of the method is still to product complex channels and 

there is high need of plasticity. [9, pp. 295–296], [11] 

 

1.1.2 Partial sintering 

 

Typically sintering is procedure to pursue dense structure for the component. However, in addition to 

dense structures, sintering can also be used to produce porous structures by means of so-called partial 

sintering method which is the most common and frequently used methods to produce porous ceramics. 

This process is simply like traditional sintering of dense structures; the particles are bound by surface 
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diffusion or evaporative condensation processes, which are enhanced by heat treatments, but the partial 

sintering uses lower temperatures and shorter processing time. Achieved structure is interconnected 

porosity which can be controlled by powders particle size, used additives, green body density and sin-

tering parameters. Generally, the desired pore size is achieved when the raw powder is geometrically 

two to five times larger than the desired pore size. Sintering conditions are also important factors be-

cause porosity decreases with increased forming pressure, sintering temperature, and time. [6, p. 105], 

[12, p. 1133]  

 

In this method it is still quite difficult fully control properties of porosity such as shape, size, and distribu-

tion. But on the other hand, the advantage of the method has been seen as a narrow size distribution of 

the pores, interconnected open porosity and easy control of the dimensions of the resulting piece. The 

mechanical properties are determined by the growth rate of the neck between the grains, as well as the 

porosity and the size of the pores. For example, the formation of necks between contacting particles by 

surface diffusion without compaction can increase the elastic modulus to 10% of the fully dense value. 

The achieved porosity with the method is usually less than 50% and pore size is typically macropores. 

Applications such as air filters and water purification membranes are manufactured using the method. 

[12, p. 1133] 

 

Figure 5. Sintering of agglomerated powder  [13, p. 272]. 

In the partial sintering discussed so far, it has been assumed that the starting material is in primary 

particle form, but also agglomerates are used instead of fine powder. Agglomerates consist of clusters 
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of primary particles that are attached to each other by surface forces. Containing agglomerates are 

typically porous and the pores are interconnected. Agglomerates can be divided into two types: soft 

where particles held together by weak van der Waals forces and hard where particles are chemically 

bonded. [14, p. 98] When starting to sinter the agglomerates into a piece, large pores are formed be-

tween the agglomerates, while inside the agglomerates there are small ones, as illustrated in the Figure 

5. Interagglomerate pores sinter significantly slower than small pores within agglomerates. [13] Whit the 

right sintering parameters, large pores can be formed between the agglomerates when only small chan-

nels remain inside the agglomerates. This structure is hierarchically porous and can consists for exam-

ple three stages: (i) voids between agglomerates (≥ 10 μm); (ii) pores within the agglomerates (∼ 

100−1000 nm); and (iii) pores within the particles (< 100 nm). [5] 

 

1.1.3 Pore formers 

 

Adding pore formers to the ceramic raw material is a common method of making porous ceramics. The 

pore former is evaporated or burned off from the structure before or during sintering, resulting a porous 

structure as is illustrated in the Figure 3 b. In this technique pores are not eliminated even at subsequent 

sintering steps. This means the final porosity mimics the pore formers even if the sample is sintered at 

high temperatures. Both, for example, polymer particles and various organic fibers, starches and char-

coal are used as pore formers. The division is usually made in porous materials into synthetic organic 

substances, natural organic substances, metallic and inorganic substances and liquids. The porosity 

can be controlled by the number of pore formers, and the porosity geometry by the shapes of the pore 

formers. The resulting pore structure can therefore be precisely tailored in the method. The technique 

can also be used to produce hierarchical porosity when combining multilayer tape casting and various 

pore formers, or it is also possible to alternate between fully dense and porous layers. In the process is 

important to get a good mixture between ceramic and pore formers so that the porosity is evenly spread 

around the component. Typically, solid harmful substances, such as organic materials, are usually re-

moved by pyrolysis, which often requires long-term heat treatment and produces a lot of vaporized 

sometimes harmful by-products. [6, pp. 105–106], [15], [12, pp. 1135–1136], [16] 

 

1.1.4 Replica technique 
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Analogously opposite to the pore former technique is a replica technique (see the Figure 3 c). In the 

replica technique a macroporous structure is created by infiltrating a ceramic suspension into a cell-like 

model. Either a synthetic cellular structure such as a polymer sponge or a natural cellular structure such 

as wood, coral or sea sponge can be used as a template. The selected template is soaked in ceramic 

slurry or precursor solution to saturate them, and the excess is drained and removed by centrifugation 

or roller pressing. Depending on the cell size, suitable viscosity and fluidity are required for the success 

of the process, so that an even ceramic layer is formed on top of the sponge walls. Additives like binders, 

and plasticizer are typically added to slurry to control viscosity and strength. Ceramic-impregnated mod-

els are dried and then heat-treated to break down organic fungi. After pyrolysis, the ceramic layers are 

sintered at higher temperatures. A wide range porosity can be created from 40-95% and the pore sizes 

vary from a few hundred micrometers to several millimeters. Structure is typically open cell type, which 

allows the liquid to pass through the foams with relatively little pressure loss. [6, pp. 106–107], [12, p. 

1139], [17] However, since the supports shatter during pyrolysis, ceramic reticulated foams often have 

poor mechanical qualities [18].  

 

1.1.5 3D Printing 
 

 

As has been noted traditional porous ceramics manufacturing processes face challenges in controlling 

porosity. Therefore, there has been a lot of interest in 3D printing of porous ceramics. 3D printing is a 

highly adaptable manufacturing technique. This can be particularly useful for applications requiring cus-

tomized features such as surgical instruments, patient-specific prosthetics, scaffolds, and dental porce-

lain. In 3D printing, a digital 3D model is created into solid object layer by layer. [7]  

 

Porous ceramic pieces have been created using a number of 3D printing processes, including stereo-

lithography (SLA), selective laser sintering (SLS), selective laser melting (SLM), fused deposition mod-

eling (FDM), and binder-based 3D printing (3DP). Each technique differs in its process steps and the 

resolution of the technique. For example, in SLA, a 3D component is constructed slice by slice from 

bottom to top in a liquid polymer that hardens when exposed to ultraviolet (UV) laser light. For compar-

ison SLS and SLM are based on sintering and melting techniques using a laser. In SLM process laser 

melts powder particles together, while SLS compacts the particles together without melting. [7] 
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The porosity of the printed porous ceramic can be very high even over 90% and processes can construct 

typically microporous structure [19]. These techniques are likely to become increasingly common in the 

future, due for example to the precise control of porous morphology. 

 

1.2 Porosity and Surface area characterization   

 

To determine porosity there are several different charactering methods which are each based on differ-

ent phenomena. Methods give information of pore features such as the size radius, diameter or width. 

Characterization of the pore structure of industrial materials is used for many different purposes, such 

as new product development, quality control or performance rationalization. Each purpose imposes dif-

ferent restrictions on the methods used. Development of new products and rationalization of post hoc 

requires a more accurate and detailed characterization study, while in quality control it is important that 

the characterization method is compatible with the production line in order to collect a large amount of 

information about the production. [20, p. 173] As mentioned there are several techniques so the question 

arises as to their reliability and information they gave. To better understand the suitability of different 

methods for different applications, some of the most common methods of porosity determination are 

discussed below, going through their basic theory and practice. 

 

1.2.1 Gas adsorption 

 

One of the most important characterization methods for many porous materials is gas adsorption. The 

use of the technology started as early as the 1940s. [21] In this measuring technique information about 

the surface area and pores comes from gas adsorption phenomena. Adsorption in this means concen-

tration of gases to the free surface of the solid and should be distinguished from adsorption in which the 

gas molecules penetrate the mass of the absorbing solid. Adsorption can be divided into two categories: 

physical adsorption where only physical forces between the solid and gas molecules are produced, and 

chemical adsorption where between gas and solid develop stronger chemical bonds. In this case phys-

ical adsorption create the basis for the method. [14] 

 

The equilibrium adsorption capacity is measured at a certain pressure whereby the specific surface 

area, pore size distribution and physical quantity associated with physical adsorption of the tested 
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sample are obtained from a theoretical model [22]. The theoretical background comes from Brunauer; 

Emmet and Teller (BET) classification and equations: 

 

𝑝
𝑝0

𝑉(1 −
𝑝
𝑝0

)
=

1

𝑉𝑚𝑐
+

(𝑐 − 1)

𝑉𝑚𝑐

𝑝

𝑝0
 

( 1 ) 

where c is constant, V is the volume adsorbed per unit mass of solid at a pressure p, Vm is the volume 

of gas required to form monolayer, p0 is used gas saturation pressure. [23]  

 

The method gives information of material mesopore (2–50 nm) range. All in all technique offers detailed 

information on a variety of factors that characterize the pore structure, such as pore volume, specific 

surface area, and pore size distribution. However, it only identifies open pores, and measurements of 

the distribution of pore sizes are taken on the assumption of a cylindrical pore pattern. [14, pp. 116–118] 

 

1.2.2 Mercury porosimetry 

 

In gas adsorption methods, the upper size of the pores is limited which led to the development of mer-

cury porosimetry for macroporous materials. With this method pore sizes from range about 3,5nm to 

500µm can be detected. This method is based on capillary action or on the other words capillary rise 

phenomena. In the measurement, the device generates pressure and measures this and the amount of 

mercury absorbed by the material. The mercury does not wet most materials, but simply penetrates 

when the pressure is favorable. For mercury to penetrate pores, the pressure must be applied in inverse 

proportion to the pore size. In other words, large pores are filled first, and smaller pores are filled at 

increasingly higher pressures. [20], [24] The method gives information of pore size distribution, the total 

pore volume, the skeletal and apparent density, and the specific surface area [25]. In the method pore 

size distribution measurements are typically based on Washburn equation: 

 

𝐷 =  
−4𝛾 cos 𝜃

𝑃
 

( 2 ) 

where D is the pore diameter, γ the surface tension, θ the contact angle, and P the applied pressure. 

[24] However this pore size should not be understood as the cavity size but rather the largest entrance 
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opening towards that pore. This makes it obvious that the pore size as determined by mercury porosim-

etry is always smaller than the corresponding pore size determined from micrographs. [25] 

 

As mentioned, mercury porosity data can also be used to determine bulk and skeleton density of the 

sample. The bulk density value is from the point when no pores below a given cut-off size are filled with 

mercury and skeletal density is determined from the point when all pores are filled with the mercury so 

the highest-pressure point. These values are typically 2-5% accurate in normal conditions. Under the 

assumption of a specific pore geometry one can calculate the surface area of a sample. Usually, the 

cylinder pore model is used. [25] 

 

The technique offers the benefit of a broad pore size range. On the other hand, it can only determine 

pores that extend to the surface. The high pressures used to inject the mercury into the sample should 

also be considered since they might cause the structure to collapse and lead to an overestimation of 

the results, such as in terms of surface area. When the mercury enters the sample depends on the size 

of the pore opening on its surface. As a result, large holes with a tiny aperture will fill at high pressures 

and be mistakenly identified as smaller pores than they are. [25] 

 

1.2.3 Archimedes method 

 

 

The Archimedes method is used to measure sample densities and it also provides information on pore 

volume. Here, knowledge of Archimedes' principles is used to advantage. This principle states that if a 

body is immersed in water, an upward force is exerted which is equal to the weight of the displaced 

liquid [26]. In the method, the sample is weighed in three different conditions, usually in air, water or 

alcohol and for the still wet sample in air. The liquid should be chosen based on, for example, whether 

air bubbles form on the surface of the sample in the water. The Figure 6 shows an example of a meas-

urement system. [27] 
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There are standards for the method such as: “Methods of test for masonry units. Part 4: Determination 

of real and bulk density and of total and open porosity for natural stone masonry units.” In this standard, 

the method is described in a simplified manner as follows. The sample is weighed in air (ma), after which 

it is transferred to an evacuation vessel to eliminate the air from the pores. Next, the sample is immersed 

in water at about 20 degrees and a reading is taken from the weighing (mw) when the scale has leveled 

off. The sample is removed from the liquid and wiped lightly with a cloth, after which it is weighed while 

still wet (msat). From the results, the volume of open pores in the piece can be calculated using the 

following equation: 

 

𝑉𝑃 =  
𝑚𝑠𝑎𝑡 −  𝑚𝑑

𝜌𝑤
 

( 3 ) 

where ρw is the density of water. The bulk volume of the sample is expressed by equation: 

 

𝑉𝑏 =  
𝑚𝑠𝑎𝑡 − 𝑚𝑤

𝜌𝑤
 

( 4 ) 

From these two equations 4 and 5 results, the share of open porosity is obtained as follows: 

 

𝑃𝑂 =  
𝑉𝑝

𝑉𝑏
× 100 

( 5 ) 

Figure 6. Archimedes method’s principle [27, p. 5]. 
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The method is relatively simple and provides comprehensive information on the porosity and density of 

a solid subject. A general error in the method is the formation of the mentioned air bubbles and the 

sensitivity error of weighing the sample when wet in air due to evaporation. [28] 

 

1.2.4 Focused ion beam-scanning electron microscopy 

 

Traditional methods like BET and mercury porosimetry often exclude closed porosity from consideration, 

because liquid or gas penetration is not possible to these. Another weakness is that the shape of the 

porosity cannot be accurately determined, and assumptions have to be made, for example when esti-

mating the pore size. These issues have been addressed by applying X-ray scanning microtomography 

to ceramic samples of different materials to visualize the evolution of 3D microstructure. [29]. However, 

this has so far only been applied to the micron level research. Efforts have been made to improve high 

resolution 3D structural studies and one method that has received much attention is 3D reconstruction 

by focused ion beam cutting/scanning electron imaging (FIB-SEM) [30]–[33]. The FIB sectioning method 

thus takes SEM images of the material surface at intervals of up to 500nm, from which a 3D image of 

the structure is formed.[30]  

 

Figure 7. FIB-SEM 3D reconstruction of ZnO samples two-step sintered for different times a) 2h b) 
5h c) 20 and d) 50h [30, p. 2505]. 
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This technique is also used to study sintering stages by Chen et al. They took images of a ZnO nano-

particle sample in the different sintering phases during two-step sintering and investigated the pore 

evolution. They cut every 10nm a slice and collected information of relative density, pore-grain interfacial 

area, pore shape, pore connectivity, and pore number by FIB-SEM 3D reconstruction. Achieved 3D 

structure whit different dwell times are presented in the Figure 7 where the pore shape and connectivity 

are illustrated. [30] 

 

1.3 Porous zinc oxide  

 

Of all metal oxides, ZnO is one of the most studied due to its versatile properties and different morphol-

ogies [34]. Its special features include high sensitivity, biocompatibility, large specific surface area, and 

a high isoelectric point. Structurally porous zinc oxide is therefore used in a wide range of applications 

such as optics, catalysts, absorbents, and semiconductors. [35], [36, pp. 39–40] ZnO typically occurs 

as a white crystalline powder which crystal structure can be either Hexagonal wurtzite, Cubic zinc blende 

or Rocksalt. Under ambient conditions the stable structure is usually a hexagonal wurtzite structure. [36, 

pp. 39–40] Due to the use of ZnO widely also in the applications which benefit from a porous structure 

the formation of ZnO porosity has been studied extensively. On the other hand, still the formation of 

controlled porosity is not completely known. [37]  

 

Controlled porosity for ZnO has been attempted, for example, by Polarz et al. using a replica technique 

as a fabrication method and carbon as a template material this is illustrated in the Figure 8. Their goal 

was to produce mesoporous zinc oxide with high surface area, ordered porosity, different pore sizes 

and nanocrystalline walls. The product was roped to catalysts. They used several different templating 

techniques, involving liquid crystals and ordered mesoporous carbon materials as templates. Their ex-

periments found that the formation of mesoporous ZnO was most favorable when using the hard-matter 

carbon template. [37]  
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Figure 8. Schematic illustration of preparation ordered mesoporous ZnO using carbon template [37, 

p. 593]. 

Also, Faria et al. investigated porous ZnO forming by replica technique for application in photocatalysis. 

They used commercial ZnO powder, organic binder Carboxymethylcellulose and water to create slurries 

whit with different composition ratios and used commercial polyurethane foam whit pore size 2-4mm as 

a template. After heat-treated at 800 or 1000 °C for 2 h for all samples porosity was measured for at 

least over 45% but under 65%. Surface area of the samples was measured by BET method and values 

varied between 0,388-0,616 m2/g for samples sintered 1000°C and 1,857-1,976 m2/g samples sintered 

800°C. They noticed that higher porosity and larger surface area, directly influenced increasing the pho-

tocatalytic properties. [38] 

 

 

3D printing has also been used to produce porous ZnO structures. For example, Lu et al. fabricated 

ZnO ceramics with Gyroid structures and Schwartz P structures whit porosity 55%, 65% and 75%. Sam-

ples after printing and sintering are presented in the Figure 9. Used printing technique was digital light 

precession (DLP) where the UV source strengthens the piece which is formed layer by layer. They first 

Figure 9. 3D printed ZnO ceramics: as-printed (a) (b), and as-sintered (c) (d) [39, p. 12902]. 
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prepared a photocurable ZnO slurry that was printed in 25 μm thick layers. After printing, the structure 

was sintered at different temperatures of 1150 °C, 1250 °C and 1350 °C for either 1 or 2 hours. The 

study did not look closely at the pore size or specific surface area achieved. [39] 

 

Porosity of ZnO has also been created by means of different synthesizing methods. ZnO has several 

different nanostructure morphologies as shown in the Figure 10 and these can possibly be used to 

control the resulting porosity in the structure. For example, Wang et al. prepared a mesoporous ZnO 

photocatalyst by synthesizing it in a controlled manner by a hydrothermal synthesis method using urea 

as an auxiliary [40]. Song et al. also used synthesis to prepare hierarchically porous ZnO from a precur-

sor of bilayered basic zinc acetates [41]. Shohel et al. synthesized by a hybrid electrochemical–thermal 

method ZnO nanoparticles with tunable morphologies and calcined these at different temperatures with-

out templates. They created mesoporous powders which highest surface area 51,11m2/g was achieved 

in calcination at 300°C for one hour.[42] Jadhav et al. synthesized by sol-gel method mesoporous ZnO 

nanoparticles with pore sizes ranging from 7,22-13,43 nm and specific surface areas ranging from 

50,41-578 m2/g. [43] Although many promising results have been obtained from synthesis methods, 

they have not yet been exploited to any great extent on an industrial scale. Thus, a more detailed dis-

cussion of these will not be done in this work. 

 

Figure 10. Different ZnO nanotructures morphologies [34, p. 4]. 

The use of agglomerates to form the hierarchical porous structure of ZnO has also been investigated. 

König and his colleagues prepared agglomerates of zinc oxide with a diameter of 0,5 mm from zinc 

acetylacetonate by microwave -assisted process and studied the sintering strength and structural 
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changes at different temperatures. They found that the structure of the system changed in three stages 

as sintering progressed. Initially, the nanoparticles changed their morphology and densification occurred 

only within the agglomerates. Next, the agglomerates became hollow inside and started to form necks 

in their spacers. Finally, homogenization of the microstructure occurred, and densification and grain 

growth started. SEM images of agglomerate interiors sintered in different temperatures are presented 

in the Figure 11. [44]  

 

 

As it has been stated earlier, in different methods, different factors influence the determination of poros-

ity, such as in the use of pore formers the porosity is determined based on the properties of them, in 

partial sintering, the particle geometry and size, in addition to the sintering parameters, play a major role 

Figure 11. SEM images of agglomerates cross-section sintered for 1h at (a) 300°C (b) 400°C (c) 500°C 
and (d) 550°C  [44, p. 2129]. 
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in the final result achieved, and in extrusion, the effect of the starting material and the shape of the dies 

is the key to controlled pore structure. Due to a number of factors and approaches, it is difficult to give 

an unambiguous answer to the problem of controlling the porosity of ZnO. However, one can note a 

process step that recurs in almost all forming methods: sintering. It is therefore important to know the 

effects of sintering on the porosity of the material, and in this work is has chosen to study partial sintering. 

Although the sintering of ZnO has been extensively studied, no comprehensive study of its partial sin-

tering can be found in the literature especially from the point of view of porosity control. 
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2.  ZNO POWDER PRODUCTION 

Due to ZnO use widely in different applications its preparation methods have been extensively studied. 

Typically, these are divided in metallurgical and chemical methods of which metallurgical methods are 

generally used industrially. Each process produces ZnO grades that may have differences in properties 

such as specific surface area and morphology, so they also have their own target applications.[45] With 

some methods, even if the ideal ZnO properties can be achieved for a specific application unfortunately, 

methods that work in the laboratory cannot always be applied on an industrial scale, where it is important 

for the process to be economically effective, high yielding and simple to implement. Since this work 

deals with commercially produced zinc oxide, the next section will go through some of the industrial-

scale ZnO production methods. [46] The manufacturing method has an effect on the specific surface 

area and the morphology of the particles, among other things, so these are also related to for example 

the sintering behavior of the material and also utilized target applications. 

 

2.1 Pyrometallurgical Processes 

 

Industrially most ZnO is produced by pyrometallurgical processes. These are based on the roasting of 

zinc ore by the direct method so-called American method, the indirect French method or spray pyrolysis. 

[45]  

 

In the 1844 LeClaire invented indirect method produce ZnO and today the most of the ZnO is produced 

by this process, where starting material is metallic zinc which is melted in a furnace 420°C and vaporized 

at 907°C [45],[46]. The immediate reaction of the zinc vapour with oxygen from the air produces ZnO. 

The particles of zinc oxide are transported via a cooling duct and are collected at a bag filter station. 

Typically produced particles are from size 0,1 to a few micrometers and mainly of spheroidal shape. 

Common SEM image of French process produced particles can see in the Figure 12. Produced zinc 

oxide is high in purity even more than 99% can be achieved. On the other hand, this may contain some 

amounts of zinc metal, which makes it unsuitable for some applications. [46] By carefully adjusting com-

bustion parameters, such as air flow and flame turbulence or the distance between the suction hood 

and nozzle, the surface area of French process ZnO may be increased to 12 m2/g but typically this is 
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range 3-5m2/g. The precise surface area will decrease as the flame temperature rises. ZnO quenching 

may be accelerated, and finer particles can be produced, leading to larger specific surface area, by 

improving the circulation of air or forcing compressed air into the combustion zone to increase the ex-

cess of reactant air (oxygen). Additionally, finer ZnO particles are produced by superheating the zinc 

vapor. The only factor affecting the ZnO product's purity is the makeup of the zinc vapor.[45] 

 

Samuel Wetherill invented direct (American) method which uses a single production cycle that starts 

with the reduction of zinc ore by heating it with coal and ends with the oxidation of zinc vapor in the 

same reactor. The resulting ZnO particles are generally needle-shaped and spheroidal. [46] Several 

different materials can be used as raw materials, such as zinc ores, lead slag or skim waste from foundry 

furnaces, for example. ZnO produced by this technique usually has a specific surface area of 1-3 m2/g. 

In terms of purity, ZnO produced by the American process is generally not as pure as that produced by 

the French process. Standard ASTM D79-86 specifies the standards for usage as a pigment and shows 

that ZnO produced using the French method has a higher minimum purity (>99%) than material pro-

duced using the American method (>98.5%). Zinc oxide produced by the French process is often used 

in the rubber industry, while that produced by the American process goes a lot to the ceramics and paint 

industries. [45] 

Figure 12. SEM image of ZnO particles produced by French process [45, p. 4]. 
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Figure 13. SEM images of spray pyrolysis produced ZnO material [47, p. 617]. 

 

The spray pyrolysis process uses as starting material aqueous solutions of thermally decomposable 

zinc salts, such as zinc acetate, formate, carboxylate, nitrate, or sulphate, which are then sprayed and 

thermally decomposed to ZnO in a spray pyrolysis tower or similar apparatus [45]. The ZnO obtained 

by this process is typically uniform in particle size and shape, with controlled purity and high specific 

surface area, often at least 12 m2/g [47]–[49]. The choice of starting material should consider the de-

composition temperature, toxicity, cost and solubility of the pretreatment.  For example, zinc acetate has 

a decomposition temperature of 237 °C, while formate has a decomposition temperature of 553 °C [50]. 

In general, it has been found that higher temperatures and more concentrated solutions result in a lower 

specific surface area of synthesized ZnO [50]. In the Figure 13 example of particles produced by spray 

pyrolysis. 

2.2 Hydrometallurgical synthesis 

 

After pyrometallurgical methods the next most ZnO is produced by hydrometallurgical method. Reason 

why this method is not as popular is probably due that produced ZnO contains impurities and significant 

amount of water also produced particles are irregular shape and porous. On the other hand, this method 

is unexpensive and may be advantageous in some applications like adsorbents due to their potential for 

high specific surface area and chemical reactivity. This kind ZnO with high surface area and chemical 

reactivity is called "active zinc oxide". [45] 
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Due to their availability and often cheaper costs, zinc-containing wastes like the zinc ash from hot-dip 

galvanizing factories are frequently used as input materials in industrial hydrometallurgical processes 

for the manufacture of zinc or ZnO. These procedures include precipitating zinc-containing compounds 

from aqueous solutions, separating them, and then calcining them to produce ZnO. At high tempera-

tures, ZnO may also directly precipitate from aqueous solution [51]. Three categories can be used to 

classify zinc oxide generated by wet chemical processes: (1) ZnO obtained as a by-product of sodium 

dithionate (2) ZnO produced by the reaction of zinc salts such as zinc sulphate (3) ZnO produced by a 

two-step reaction between zinc salts and carbon-containing bases such as sodium carbonate, ammo-

nium bicarbonate, followed by calcination or alkaline treatment of the resulting basic zinc carbonate. 

[45] 
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3.  SINTERING THEORY 

 

Regardless of the porous ceramic manufacturing method, nearly every process involves sintering to 

achieve sufficient mechanical properties. It is therefore important to take a deeper look at the basic 

concept of sintering and its modelling. Sintering has a major impact on the microstructure achieved and 

thus on the porosity properties. Sintering in general is heat assisted compacting powder to density-

controlled structures which is typically divided into four different categories solid-state sintering, liquid-

phase sintering, viscous sintering, and vitrification. This work focuses on solid state sintering, where the 

powder compact is sintered below the melting point of all it phases. The goal is to produce a reproducibly 

controlled microstructure for control of factors such as grain size, density, and the size and distribution 

of other phases, including pores. [52, pp. 7–8] The variables affecting sintering can be divided into two 

groups of material variables and process variables, which are listed in the Figure 14. These variables 

can be used to control how a green body sinter. [52, pp. 7–8]  

Figure 14. Variables that affect the sinterability and the microstructure [52, p. 8]. 

 

Sintering is typically divided in three stages: initial, intermediate, and final which are descripted in the  

Table 1. The sintering of ceramics starts with a green body where the particles are only weakly convexly 

bonded, and the structure is open porous. As the temperature rises starts the initial stage of sintering 

where, some sintering neck forms, rearrangement happens and particle surface smooths. Some defini-

tions say that the initial phase is defined as the time between the start of the heat treatment and the 

point where the interparticle necks meet, so there are also some differences between the definitions. 

Next stage is intermediate stage where neck are growth and shrinkage start, but still pores are typically 

interconnected. The increase in grain size causes a grain boundary shift that starts when the porosity is 

low enough. The pores can move with the advancing grain boundaries, so the average pore size can 
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also increase due to pore aggregation. In the end is the final stage of sintering where grain growth 

happens, and pores are isolated. [53]–[55]  

 

 Table 1. Description of sintering stages [54]. 

 

Sintering models are used to predict how sintering will proceed and how this will be influenced by differ-

ent parameters. In general, these models require a great deal of simplification of the system and thus 

only provide qualitative information on the practical process of sintering. However, knowledge of densi-

fication alone does not provide a comprehensive understanding of sinterability; one also needs to un-

derstand what happens in the microstructure, i.e., how the particles are coarsened. Coarsening reduces 

the driving force of densification, a situation often described as a competition between densification and 

coarsening in sintering. Controlling grain growth during sintering is of primary importance to obtain prod-

ucts with high density and, while aiming for a porous structure, to increase it. A comprehensive sintering 

model should therefore provide information not only on compaction but also on microstructural changes 

such as grain size, pore size and pore and grain size distribution. However, such a comprehensive 

model has not yet been developed. Approaching coarsening and densification separately is a more 

realistic approach and combining these data can provide insights into their combined impact. [14, p. 

365] 

 

 

Stage Processes  Surface area loss Densification Coarsening 

Initial  Neck and grain 

boundary formation 

Surface smoothing 

Significant, up to 

50% loss 

Small at first Minimal 

Intermediate  

 

Creation of isolated 

pore structures 

Grain growth 

Densification 

Near total loss of 

open porosity 

Significant Increase in 

grain size and 

pore size 

Final  

 

Pore shrinkage and 

closure 

Grain growth 

Negligible further 

loss 

Slow and little 

density change 

Extensive grain 

and pore 

growth 
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3.1 Driving force 

 

Irreversible process drives to reduce the free energy of the system leading to minimal energy state and 

sintering is one of these. The driving force behind sintering is to reduce the total energy of the interfaces. 

Energy minimization occurs by densification, in other words by reducing the solid-gas interface, and by 

grain growth, thus reducing the ratio of the interfacial area per volume of the grains. [14, pp. 367–370], 

[56, pp. 517–518] The surface free energy of the particle system can be determined next if γsv is the 

specific surface energy of the particles then: 

𝐸𝑆 =  
3𝛾𝑆𝑉𝑉𝑚

𝑎
 

( 6 ) 

where Es tells the decrease in the free energy when the system of mole of particles became fully dense, 

Vm is the molar volume and a is the radius of the particles. This equation indicates that driving force 

increase when grain radius decreases so finer the particle more easily it sinters. [14, pp. 367–369]  

 

The curvature of the surface is another significant driving element in the sintering process. The atoms 

on the convex surfaces of the two particles travel into the space between them during the sintering 

process, where they create the bond that holds the particles together. The difference in surface curva-

ture is what causes the material to migrate; compared to a flat surface, the convex surface outside of 

the gap has a higher internal pressure beneath it and a higher vapor pressure above it, while the con-

cave surface inside the gap has a lower internal pressure and vapor pressure. Sintering mechanisms 

are brought on by differences in internal pressure and/or vapor pressure. Atoms that evaporate from the 

convex surface region will thus diffuse to and condense in the area above the gap region where the 

vapor pressure is lower in the gaseous route. Atoms are moved from the convex region to the concave 

slit region via solid-state diffusion and/or liquid-state viscous flow, which are both caused by the internal 

pressure differential within the particles. [14, pp. 369–370], [56, pp. 517–518] 
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3.2 Mechanisms of sintering  

 

Once the driving force of sintering is known, it is also important to know the mechanisms that are gen-

erated. Sintering mechanisms govern sintering characteristics such as grain development, densification, 

and pore removal. These are typically divided in six different mechanisms which are surface diffusion, 

lattice diffusion from the surface, vapor transport, grain boundary diffusion, lattice diffusion from the 

grain boundary and plastic flow which are illustrated in the Figure 15 These all leads to increasing the 

strength due to bonding and neck forming between the particles but only the three last mechanisms 

lead to densification (grain boundary diffusion, lattice diffusion from the grain boundary and plastic flow). 

[14, p. 376] 

 

For different materials not all the mechanisms are active and different mechanisms can be active for the 

same material at different stages and under different conditions of sintering. However, the nature of the 

mechanisms, it can be deduced that these cause changes at the interfaces of the crystalline structure 

(surfaces, grain boundaries), and thus typically the activation energies for diffusion are smaller at the 

Figure 15. Sintering mechanisms [57]. 
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solid interfaces than for volume. Hence the order of magnitude of the activation energies for different 

mechanisms in general is: Qsurface < Qgrain boundary < Q volume [14, p. 386]. Surface diffusion, lattice diffusion 

from the surface, and vapor transport are mechanisms that effect on coarsening of the microstructure, 

so these effect on densification rate by reducing it. So, in general, at lower temperatures, it is the mech-

anisms that increase particle size that are active. Typically, when aiming for as dense a structure as 

possible, the aim is to define the conditions so that the coarsening mechanism is not so active and, on 

the contrary, when aiming for a porous structure, to make it dominant. Environmental factors such as 

temperature can influence the prevailing sintering mechanism, as can material properties such as grain 

size and composite. In addition to the six typical mechanisms, a possible mechanism is diffusion of the 

different ionic species smearing up the compound. These pose a new challenge in controlling the mech-

anisms, as each ionic species can diffuse along a different pathway. [14, p. 376], [57] 

 

3.3 Sintering of ZnO 

 

In the 1960s, studies of ZnO sintering mechanisms were extends [58]–[60]. These led to the conclusion 

that the grain growth process of ZnO followed a standard phenomenological kinetic grain growth, which 

is controlled by the diffusion of zinc ions in the structure in the range of temperature 700-900°C. At 

temperature range about 1000-1050°C physical sintering through bulk diffusion is appreciable. At higher 

temperatures the diffusional transport is greatly overshadowed by the transfer of matter through the 

surrounding gas phase. [59] In other words, initially the mechanisms that drive coarsening dominate but 

when sintering temperature is higher enhances this densification, but also the vapor transport, which 

has a coarsening effect and thus reduce densification [61]. However, it is not clear to draw the line that 

when one mechanism starts the other one stops completely, but different mechanisms also prevail at 

the same time. The specific properties of the starting material and sintering parameters also have an 

influence on how the mechanisms of ZnO are activated. For example, a smaller particle size will lead to 

earlier activation of the mechanisms. [14, pp. 367–369], [62] Today, there are numerous studies that 

have tried to explain even further relationship between sintering and structural changes in ZnO ([44], 

[63]–[67]). 

 

On the effects of sintering parameters atmosphere effect on ZnO sintering has been studied by many 

researchers. For example, Gupta and Coble noticed in their sintering studies of ZnO in air and oxygen 

atmospheres that density is higher and grain size smaller when ZnO is sintered in oxygen versus air. 
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Their results lead to the conclusion that when oxygen partial pressure is higher leads this faster Zn ions 

diffusion when Zn transport in the lattice occurs by an interstitial mechanism. [60] In other words, at-

mospheric oxygen can diffuse faster along grain boundaries at high temperatures and react with zinc 

during sintering. Thus, in atmospheric conditions, ZnO sintering, and grain size growth is faster com-

pared to conditions with low oxygen partial pressure. [68] Ju et al. also investigated argon versus air 

atmosphere effect on micro-sized ZnO ridges during sintering. They also concluded that the partial pres-

sure of oxygen is a crucial factor in the development of the ridge property. The argon atmosphere led to 

faster grain growth and compaction but compromised ridge size and ridge grain size due to increased 

mass loss. As a conclusion, the sintering environment can influence ZnO’s the surface's composition, 

modify its chemical potential, and shift the dominance of various sintering processes. [62] 

 

High heating rates have been noticed to enhance high density and control grain increase when sintering 

ZnO [69]. This has been deduced from the fact that at low temperatures surface diffusion dominates in 

ZnO. When the heating process is slow, this favors surface diffusion and thus particle coarsening, be-

cause surface diffusion usually has a lower activation energy than condensation mechanisms such as 

volume diffusion, which is activated at higher temperatures. With low heating rate heated samples spend 

more time at lower temperatures and undergo greater particle growing before reaching the temperatures 

where densification occurs. With high heating rates these samples do not coarsen as much before con-

densation takes place; the surface area created by the driving force for sintering is greater during the 

condensation phase when sintering ceramics. [70] This would suggest that if porosity is to be achieved 

in the sintering of ZnO, the heating rates should be low. Sintering time has also effect on sintering 

behavior of ZnO. This was noted for example Olevcky et al. in their sintering studies when dwell time 

was increased the relative density also increased [71]. This effect is due to a longer holding time allows 

more time for the mass transfer process, grain boundary transition and particle growth [72].  

 

In addition to conventional sintering, ZnO sintering by other methods like low temperature sintering, 

spark plasma sintering, and, two-step sintering has been investigated [73]–[75]. These methods have 

been used, for example, to control the growth of particles during sintering. As with traditional sintering, 

these methods have their own parameters that need to be considered when creating the process. For 

example, Radingoana et. al. studied influence of processing parameters on the densification and the 

micro-structure of pure zinc oxide ceramics prepared by spark plasma sintering. They observed increas-

ing the pressure improves the relative density of ZnO ceramics due to particle rotation. A maximum 

relative density of 92% was achieved at a temperature as low as 400 °C for an applied pressure of 
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850 MPa. [74] In particular, these methods have sought to achieve as compact a structure as possible 

and have not considered the aspect of partial sintering. 

 

So, zinc oxide undergoes phenomenon typical of ceramics when sintered, the grains are packed more 

tightly by expanding their grain boundaries, causing smaller grains to shrink while larger ones grow due 

to intergranular mass transport. These two phenomena, densification and grain size growth, are the 

main processes that occur during the initial stages of sintering. If grain growth is predominant, the gran-

ules will become coarse and compaction by sintering will be considerably slowed down.  

 

3.4 Sintering models 

 

Ideally, it would be possible to predict how the material will behave when sintered with different param-

eters. However, although the theory and driving forces of sintering are already well understood, bringing 

together sintering science and modelling remains a challenge [63]. Therefore, efforts have been made 

to develop sintering models that would predict this. Various analytical and numerical models have re-

ceived a lot of attention, but there are still limitations in both. In analytical models, the structure is as-

sumed to be geometrically ideal, and in each mechanism the diffusion equations for the transport of 

atoms are solved analytically to obtain the equations of sintering kinetics. The model provides only a 

qualitative understanding of the sintering process. Numerical models provide information even on real-

istic geometric models and the treatment of simultaneous mechanisms. Simulations can be complex, 

and in many cases the results cannot be easily modelled in a form that shows the dependence of sin-

tering rate on key parameters. On the other hand, they provide a good understanding of how the material 

is transported and how the microstructure changes during sintering. [14, pp. 379–387], [63] 

 

Although sintering models are not yet perfect, they are useful for predicting the effect of, for example, 

process parameters on sintering. One such approach to predicting and controlling sintering is based on 

the concept of a master sintering curve (MSC) developed by Su and Johnson [76]. Empirical experi-

ments provide a curve that gives the material under investigation a probability of shrinkage in a given 

density range. Once the curve has been generated, this can be used to predict the density and rate of 

compaction in sintering.  In addition, predictions can be made for virtually any combination of sintering 

time and temperature based on just a few simple dilatometric sintering experiments. The weakness of 

the theory is that only one dominant diffusion mechanism is covered, and shrinkage is assumed to be 



31 
 

isotropic even though the situation is often not the same, but the green body of the samples has a 

different density depending on the direction and location, so that shrinkage occurs at different rates. The 

method was originally developed and demonstrated for solid-state sintering materials with isotropic sin-

tering behavior. More recently, the master curve concept has been extended to systems with anisotropic 

sintering behavior that are densified by liquid-phase and viscous-phase sintering. [63] 
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4.  EXPERIMENTAL PROCEDURES 

The formation of zinc oxide porosity in a controlled manner was investigated, from a partial sintering 

method perspective. Partial sintering is one of the most common methods of forming porous ceramics. 

In addition, a significant proportion of other forming methods include a sintering step in their process. 

For these reasons, the sinterability of zinc oxide was investigated in terms of porosity. The characteris-

tics to be investigated were the density, shrinkage behavior, porosity, microstructure, and hardness 

properties. The effect of green body density on the sinterability was also estimated.  

 

4.1 Materials and Samples preparation 

 

The raw powder used was commercially available zinc oxide powder produced by Grillo. In all samples 

no other additives or binders were used than water. The sample preparation was initially approached 

with a casting process. Here, a mixture of water and raw powder was mixed and poured into a glass 

mould which was dried and then the sample was sintered. Soon after these experiments, the sample 

formed was found to be too weak in structure and the method was excluded from further investigation 

due to low mechanical strength. The sintering of agglomerated ZnO powder and hand-extruded samples 

were also tested, but these were found to have too many variables to ensure reproducibility. Therefore, 

more detailed experiments were decided to carry out on samples that were uniaxially pressed into the 

mould. This was found to be more reproducible manufacturing process, where the green body density 

of the sample could be adjusted by the compression force.  

 

Sample preparation was following zinc oxide powder and ~10 wt% water was mixed using a speed mixer 

machine (DAC FV-K) for 30 seconds at speed 2500 rpm. Five grams of the mixture were weighted and 

pressed using uniaxial pressing. The mold was round with a diameter of ~20 mm. A 150kN force was 

applied which means about 477MPa for about one minute. When green density effect was estimated 

was force varied between samples as follows 75kN, 100kN, 125kN and 150kN which means pressure 

values 239MPa, 318MPa, 398MPa and 477MPa. After pressing the samples were dried in a heating 

chamber at 80°C for at least two hours to remove water from samples. Then samples were sintered in 

various temperatures between 400°C -1200°C. 
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4.2 Sintering process 

 

Sintering was performed in various temperatures in a chamber furnace (Entech model ECF 20/18) in 

the air atmosphere. Sintering process for all samples were same: a heating rate of 2°C/min was used, 

the first hold was carried out at 400°C for two hours and then increased to the various target temperature 

where the dwell time was two hours. Used target temperatures were between 400-1200°C. After sinter-

ing, the oven was allowed to cool down naturally to at least 200°C, and finally the samples were trans-

ferred to room temperature.  

 

Sintering was also performed by dilatometry (Dilatometer Netzsch DIL 402 Expedis) which allowed the 

shrinkage to be studied during sintering. Due to the limitations of the dilatometer sample holder, samples 

had to be modified. Samples were cut into four pieces to form four equal sectors, and these were 

grounded into cylinders (This is illustrated in the Figure 16).  

 

Dilatometry measurements were started from the room temperature to 400°C by heating rate 2°C /min, 

the temperature 400°C was maintained 2h, then temperature was increased from 400°C to 1200°C by 

heating rate 2°C /min, where it was maintained again 2h, and finally 1200°C to room temperature by 

heating rate 10°C /min. Used atmosphere was nitrogen. 

 

4.3 Microstructure Characterization 

 

Figure 16. Schematic illustration of dilatometry sample cutting lines. 
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The microstructure was studied from a cleaved samples using a scanning electron microscope (SEM; 

EDX System for JEOL JSM 6360LV). For SEM measurements, the samples were sputtered (Sputter 

coater Edwards E306A) with gold to achieve conductivity. From the images linear intercept method was 

used to determine grain size, at least 50 grains were measured from each sample.  

 

When determining the grain size, it is important first define what is grain. In this work grain is defined 

as: the basic unit constituting materials, which have definite sizes and shapes [77]. In other words, a 

grain is a unit in a microstructure that is separated from the rest of the structure by a grain boundary 

[14, p. 387]. 

 

4.4 Thermal analysis 

 

As-received ZnO powder was evaluated by simultaneous thermal analyzer (Netzsch, STA 449 F1) in 

flowing argon and nitrogen gas, using a heating rate of 10°C/min to target temperature 1475°C in both 

measurements. The device gave results with a thermogravimeter (TGA), a differential scanning calo-

rimeter (DSC) and a mass spectrometer (MS). Thermal analyses were performed to find out thermal 

stability of used ZnO powder. 

 

4.5 X-ray diffraction 

 

X-ray diffractometry (XRD; PANalytical X'Pert Powder PW 3040/60, Cu Kα, λ = 1.54178 Å) was used to 

determine phase composition from raw powder and sintered sample. Used Bragg angle ranging was 

between 5° and 60°. The crystalline phases were determined by comparing XRD patterns to Interna-

tional Centre for Diffraction Data (ICDD). 
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4.6 Density and Porosity characterization 

 

The Archimedes method was used to determine the relative density, and this also provided information 

on the porosity fraction of the samples. The volume of the samples was measured with a caliper. Then 

samples were first weighted as dry, then immersed in the water and weighted there and last lightly dried 

by paper and then weighted immediately. Illustration of the experimental system is shown in the Figure 

6. The temperature of the water was about 21°C when its density is 0,998kg/m3 [78]. The equations ( 3 

), ( 4 ) and ( 5 ) were used to define the properties.  

 

Raw powder and sintered samples specific surface areas, pore volume and diameter were measured 

by Bruauer-Emmet-Teller (BET) method with Micromeritics 3Flex device and nitrogen as adsorption 

gas. Before measurements samples were placed in a vacuum at 200°C for 2 h. Mercury porosity meas-

urements were performed with a Poremaster 60-GT according to the standard ISO 15901-1 in company 

3P Instruments. Calculations were based on the Washburn-Equation. Before analysis, samples were 

dried in an oven at 105 °C for 1 hour. The instrumentation gave results: the normalized volume curve 

represents the volume of mercury infiltrated as a function of pore diameter (range 1000 µm − 0,0036 µm) 

and the pore size distribution curve is calculated by differentiation of the normalized volume.  

 

4.7 Hardness measurements 

 

Microhardness measurements were conducted using a micro hardness tester (Shimadzu M) at the am-

bient temperature. Used load was 500g and the dwelling time 15 s. One diagonal of the square-shaped 

impression was measured with optical microscopy and the accuracy in measurement was ±0.5 μm. For 

every sample, five indentations were taken on the surface. 
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5.  RESULTS AND DISCUSSION 

The experimental studies covered the characterization of the raw material and its thermal behavior as 

well as sintering experiments to investigate the development of ZnO properties during sintering such as 

porosity, density, specific surface area and hardness. In the following sections, the results of the study 

are shown and discussed. 

 

5.1 Raw material characterisation and thermal behaviour 

 

The raw material used was commercial zinc oxide powder produced by Grillo. In the Figure 17 is pre-

sented SEM image of the powder. The structure seems to be needle-like with varied thickness; however, 

some bigger particles may also be detected. According to the BET analysis, the surface area of the 

powder was about 14.3m2/g. Based on these observations, it is difficult to directly identify the manufac-

turing process by which the raw material was produced, but the irregular structure and high specific 

surface area could indicate a hydrometallurgical process (Section 2.2). 

 

Figure 17. SEM image of ZnO Grillo raw powder. 
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From the XRD analysis of the raw powder (Figure 18), two phases can be identified: the hexagonal 

wurtzite structure of ZnO based on ICDD card number: 01-075-9742 and possible Zinc Carbonate Hy-

droxide (Zn5(CO3)2(OH)6) also known as hydrozincite based on ICDD card number: 00-054-0047 [79]. 

This presence of hydrozincite could indicate that the raw material is produced by a wet process in which 

the compound in question decomposes into zinc oxide and other compounds. ZnO produced by this 

method often has a large specific surface area due to the CO2 and H2O being removed from the hy-

drozincite lattice. [45] 

 

In the Figure 19 is presented XRD patterns of the raw powder and at 1200°C sintered samples. During 

sintering, the hydrozincite phase peaks disappear from the sample and ZnO intensity peak narrows and 

decreases. As typically the sintering temperature increases the average grain size, which in turn leads 

to a more compact structure with fewer grain boundaries. This peak narrowing indicates an improvement 

in crystallinity due to the mechanisms of sintering. [80] The shifting of the peaks is probably due to the 

difference in sample preparation methods, the sintered sample was in solid form while the raw material 

was in powder form. This is likely to influence the surface quality of the sample from which the meas-

urement is taken. 

 

Figure 18. XRD pattern of ZnO raw powder. 
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Figure 19. XRD patterns of at 1200°C sintered ZnO sample and ZnO raw powder. 

 

The Figure 21 shows data from TGA and DSC measurement in argon and nitrogen atmosphere. And 

the Figure 20 data from the MS studies for ZnO raw powder in argon. The TGA results show a weight 

loss of about 2% at 220 °C and after 1100°C about 10-15% depending on the measurement atmos-

phere. The difference in mass loss between different atmospheres is probably due to the tendency of 

ZnO to evaporate at high temperatures, where, for example, the partial pressure of oxygen has been 

found to have a significant effect. [62] At the point of mass decrease in 220°C, an endothermic peak 

can also be observed and thereafter the curve rises about linear in the direction of the endothermic 

reaction. In addition, the mass spectrometer shows a peak at ~220 °C in the release of oxygen, water, 

hydroxide, and carbon dioxide, also after 1400°C some increase in their concentrations can be ob-

served. As was found in the XRD analysis, the raw powder contains ZnO in addition to some proportion 

of Zn5(CO3)2(OH)6, which was lost from the structure during sintering. Zn5(CO3)2(OH)6 typically decom-

poses between about 180 °C and 350 °C into ZnO, water and carbon dioxide as illustrated in next 

reaction: [81]–[84] 

 

𝑍𝑛5(𝐶𝑂3)2(𝑂𝐻)6 → 5𝑍𝑛𝑂 + 2𝐶𝑂2 + 3𝐻2𝑂 

( 7 ) 
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This ~2% mass loss at 220°C is probably due to this decomposition process in which Zn5(CO3)2(OH)6 

decompose to form ZnO with the release of CO2, and H2O which were determined in mass spectrometry. 

The oxygen and OH observed are probably due to the decomposition of water. Moreover, at this tem-

perature an endothermic peak can be observed on the DSC curve, and this decompose reaction is 

reported to be endothermic [85]. 

 

 

Figure 20. The MS data of ZnO powder. 

 

The mass loss after 1100°C temperature have also noticed in previous TGA analyses for ZnO powders, 

so the study is in good agreement with these. It has been concluded that at higher temperatures ZnO’s 

sintering mechanism is transport via the gas phase. This gas phase transport is also likely to involve the 

transport of particles from the surface to the furnace walls. Hynes et al. and Mazaheri et al. report mass 

loss at high temperatures, but they used a nano sized ZnO powder as a raw material, which probably 

caused the mass loss to start at a lower temperature (900°C) than in this experiment. They also ob-

served a decrease in density, at these temperatures, which they attributed to mass loss. [64], [75] 
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However this mass loss does not affect the density results obtained in this study since such high tem-

peratures were not used in the sintering studies. 

 

 

Figure 21. The TGA and DSC data of ZnO powder in nitrogen and argon atmosphere (argon = [1.1] 

and nitrogen = [13.1]). 

In summary, the raw material contains some impurities, but these decompose as the heat treatment 

proceeds at relatively low temperature. The structure of the powder is irregular, and its specific surface 

area is quite high. Apart from a mass loss of about 2% the raw material remains stable up to 1200°C. 

 

5.2 Microstructure evolution  

 

The change in microstructure as a function of sintering temperatures from 600-1200°C is illustrated by 

SEM images which are presented in the Figure 22. In the  Figure 22 A can see the ZnO raw powder as 

received, the shape of structure is thin needle-like which branch out and some larger particles also can 
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be observed. Figure 22 B sintered at 600 °C, grains are still needle-shaped, but these have become 

smoother on the surface and small individual grains have appeared in the structure. This grain smooth-

ening is typical for initial stage of sintering. When the sintering temperature is raised further to 800°C a 

change in structure can be observed as the grains have started to grow. Some long grains are still 

visible, but the smallest grains are less. The formation of necks between the grains can observe and 

grains become more defined and sharper. At 900°C these grains have grown, but the structure still 

contains some relatively small particles. In the Figure 22  E, the grain size, and the grain boundaries 

have increased. At a sintering temperature 1200°C in the Figure 22 F, all grains have become attach by 

the necks to each other and larger pores have been left between them. Small grains can no longer 

clearly be seen in the microstructure.  

 

 

From the SEM images can be seen that grain boundaries decreased, and grain size increase with in-

creasing sintering temperature. Figure 23 illustrates how grain boundaries, granules and pores have 

evolved at, for example, 1000°C compared to 1200°C and is also illustrated how these properties can 

be noted from the images. As described in section 3.2, this increase in grain size is due to the mecha-

nisms of sintering. Effect of temperature is due to larger grains can develop as a result of the atoms' 

increased activation energy at the high sintering temperature [86]. According to Lin et al., during the 

annealing processes, high temperature might encourage the movement of grain boundaries and lead to 

Figure 22. SEM images of ZnO partially sintered for 2 h at: (a) raw powder without sintering, (b) 
600 °C, (c) 800 °C, (d) 900 °C, (e) 1000 °C and (f) 1200 °C. 
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the coalescence of additional grains [87]. According to Fang et al., grains with lower surface energy will 

enlarge at high temperatures because there should be more energy available for the atoms to acquire 

at high temperatures, allowing them to diffuse and occupy the proper place in the crystal lattice [88]. 

 

 

Figure 23. Grains, grain boundaries and pores development at sintering temperatures 1000°C com-

pared to 1200°C 

 

Figure 24. Average grain size of ZnO 2h sintered in different temperatures. (□ means uncertain 
measuring point) 
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The observed increase in grain size was also calculated. The average of the grain sizes determined 

from the SEM images (Image J on ∼50 particles) is presented as a function of sintering temperature in 

the Figure 24. It should be noted that in case of raw powder structure don’t consist of grains but so-

called particles. Due to the highly irregular particle shape, an exact particle size cannot be calculated 

for the starting powder and the result is only an estimate. Grain size remains constant ~0,07μm at sin-

tering temperatures up to 900 °C until a significant increase occurs at 1000°C to 1,3μm and at 1200 °C 

some increase to 1,65μm. 

 

As can be seen in Figure 24, the grain size increases at 1000°C after which this phenomenon slows 

down again at 1200°C. On the basis of this it could be concluded that the process of mass transport 

during sintering of ZnO was intensified in the temperature range 900-1000°C. As said earlier ZnO sin-

tering is controlled by the diffusion of zinc ions in the structure which leads coarsening of the grains. 

This has also been found in previous studies for example Aimable et al. found in their ZnO sintering 

study such grain growth is controlled by the diffusion rate of zinc ions within the crystal structure [67]. 

Hence, the neighboring grains diffuse into each other at the grain boundaries causing grain growth 

during sintering. At 1200°C probably coarsening effect is not as dominant anymore but the mechanism 

that causes densification: physical sintering through bulk diffusion activates. The grain growth gradients 

therefore suggest that the diffusion of zinc ions is at its strongest at 1000°C when the particle size 

increases significantly. 

 

Figure 25. On the left a sample sintered at 800°C and on the right a sample sintered at 1200°C. 
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A visual inspection showed a color change on the surface of high temperature sintered samples 

(>800°C). This color difference can be seen in the Figure 25 sample sintered at 800°C versus 1200°C. 

The samples were initially white as the raw powder, but the higher the sintering the greener/yellower 

areas formed on the surface and some darker dots. This is probably due to ZnO sensitivity to the sur-

rounding atmospheres and forming oxygen sufficient or deficient states reversibly [89]. According to 

Radingoana et al. this color change is probably due to oxygen shortage brought on by the low oxygen 

partial pressure at high temperatures [74]. Other possible cause of color change are contamination and 

the increase in grain size which can cause light reflection differently. 

 

5.3 Shrinkage and density 

 

The linear shrinkage behavior of ZnO during sintering is deduced from dilatometry measurements. As 

the dilatometry data shows in the Figure 26 shrinkage occurs when the temperature is increased to over 

800 °C and before that small (+0,25%) expansion happens. The slight shrinkage at 220°C is probably 

due to hydrozincite decomposition (see section 5.1). Shrinkage reaches finally -2,6% at 1200 °C. Based 

on the linear shrinkage curve, the lowest temperature to activate densification is around 850°C and this 

temperature probably is the point when sintering stage from initial change to intermediate stage. This 

onset of density increase also suggests the previously mentioned in the section 3.2 activation energy 

differences between different sintering mechanisms (Qsurf <Qgrain b.<Qvolume). Because first surface 

diffusion is dominant due to the lower activation energy it requires no shrinkage occurs but coarsening 

which probably cause the expansion. Since higher temperature accelerates the volume diffusion of zinc 

oxide compared to interfacial diffusion, starts the shrinkage effect. Around 1100°C shrinkage trend be-

comes more rapid which can be assumed to be a change in the dominant sintering effect. Based on 

shrinkage and the observations of particle size growth in the previous section, surface diffusion would 

still be dominant at 1000°C, but some volume diffusion has also started. Volume diffusion takes over 

the dominant role at around 1100°C, but before that particle growth has also occurred which could be 

seen in the 1200°C SEM image.  
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Assuming that the shrinkage is isotropic during sintering and using a theorical density of 5,6g/cm3 [78, 

p. 159], can calculate the relative density of the ZnO samples at different temperatures based on the 

dilatometry data. This is presented in the Figure 27. The relative density is about 66% before 850°C and 

increases to 76% at 1200°C after 2h hold. From the Archimedes results the relative density can also 

determine, and these are presented for the two hours sintered sample in the various temperatures in 

the Figure 27. The average green densities of samples sintered 400-900°C were about 67%, at 1000°C 

~70% and at 1200 °C ~79%. 
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Figure 26. Shrinkage of the 477MPa pressed ZnO sample with heating rate 2°C/h. 
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Figure 27. Relative density determined using dilatometry results and the Archimedes method. 

 

When compare result for Archimedes and dilatometry the density has same increasing trend, but Archi-

medes gives higher results and densification starts to accelerate already at lower temperatures. This is 

probably because in dilatometry the heating is continues up to 1200°C where a 2h hour hold occurs 

whereas the samples used for Archimedes measurements are all held at the target temperature for 2 

hours.  From the dilatometer data, it can be seen that there is still a significant densification of about 5% 

at 2 hours of holding. This importance of holding time has been found to have an effect on giving more 

time to the driving forces of sintering, i.e. the atomic dispersion of the interior as mentioned in the chapter 

3.3. Thus, these results are consistent whit results of other studies like by Olevsky et al. [71]. Also, 

another possible cause of difference is atmosphere effect which was also mentioned in chapter 3.3. 
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In the Figure 28 is presented relative density and grain growth for the samples sintered in various tem-

peratures for two hours. The figure summarizes the conclusions on how at lower temperatures for ZnO 

surface diffusion causes particle growth and at higher temperatures densification starts due to bulk dif-

fusion. When the temperature is low surface diffusion is crucial. At this point, atoms pass through the 

surface to the necks of two touching particles. As the temperature rises, bulk diffusion becomes more 

relevant. Atoms begin diffusion from the interior to the necks due to the void concentration gradient. The 

necks then expand into the area, encircling the pores with three grains. The pores should create a 

tunnel-like structure that connects to other pores. At this step, atoms populate the voids by bulk diffusion 

and grain boundary diffusion, causing the pores to diminish and, in some cases, to vanish. Grain borders 

begin to shift, and grains begin to expand which finally leads closed pores. 

 

Based on the observations of the densification and microstructure of the samples, the following hypoth-

eses can be drawn from the porosity. With high densification, a significant elimination of porosity occurs 

probably at 1200°C. The size of the pores should increase as sintering proceeds due to grain growth, 

leaving larger gaps between them, but at the same time the specific surface area should decrease. In 

Figure 28. Relative density and grain size of ZnO samples after sintering at various temperatures for 
2h. 
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order to get a more detailed knowledge of the prevailing porosity, the next section deals with a porosity 

analysis with mercury porosimery, BET and Archimedes method. 

 

5.4 Apparent porosity and surface area 

 

Samples porosity was evaluated by mercury porosimetry, Archimedes, and BET method. The methods 

provided information on porosity volume, pore size distribution, and specific surface area. The relation-

ship between these properties and the sintering temperature is sought to be explained. 

 

Mercury porosimetry provided pore size distribution information in the range 1000 µm – 3,6 nm (Figure 

31 and Figure 32) and a BET measurement on the pore size distribution in the range 2 nm – 200 nm 

(Figure 29 and Figure 30). With both measurements, the specific surface area of each sample and raw 

powder was also determined, and these results are presented in the Table 2 whit data of average grain 

size, pore size and volume. Most frequent pore diameter corresponds to the maximum of the pore size 

distribution curve measured by mercury porosimetry. Archimedes' method provided information on the 

total and open porosity volume share. 

 

In the Figure 30 is presented BET results of cumulative pore volume as a function of pore width. It can 

be observed that the porosity of the other samples, except for the green body sample, is low in this 

porosity range. In the Figure 32 is presented pore size as a function of pore width by mercury porosim-

etry and in the Figure 31 normalized pore volume as function of pore width. The pore size distributions 

obtained with the mercury porosimetry indicates the progress of sintering with increasing temperature. 

Higher the experimental temperature the larger the pore size, this is due to the formation of necks during 

sintering whereby small pores are eliminated and as the particles grow which leads coalescence of 

neighboring pores and lead this pore size increase as observed in the SEM images (Figure 22) [14, pp. 

366–367].  
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Figure 29. ZnO samples pore size measured by BET. 

Figure 30. Cumulative pore volume distribution measured by BET. 
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Figure 32. ZnO samples pore size measured by mercury porosimetry. 

Figure 31. Normalized pore volume versus pore size by mercury porosimetry. 
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The theory is that the amount of porosity should decrease in the structure as the sintering temperature 

increases, due to densification and grain growth. The porosity is decreased in accordance with the 

sample densification and the increase in the relative density which was presented in the previous chap-

ter (5.3) and the results in Figure 30 are consistent with these results. On the other hand, an anomaly 

can be observed in the mercury porosimetry results for the green state and for the sample sintered at 

600°C (see Figure 31 and 32). This can probably be explained by the BET results which showed that 

these samples have pore size which is not detected whit mercury porosimetry (under 3,6nm). The mer-

cury porosimeter measurement range does not detect the lower pore size that these samples have to 

some extent according to the BET measurement, leaving the total porosity in the mercury measurement 

lower than it is. When both results are taken into account for total porosity, it can be seen that the results 

are more in line with the theory. 

 

As can see from the Table 2 the specific surface area data whit BET and mercury porosimetry of same 

material differ especially whit the green body sample. This typically indicates that samples have external 

surface which mercury porosimetry can’t detect due to its detected pore range (1000 µm – 3,6 nm) [90]. 

When looking at the pore size distribution volume given by the BET measurement in the Figure 29 and 

Figure 30, the green body sample have pore volume in this pore range (2 nm – 200 nm) about 90% 

more when compared to sintered samples. Green body sample pore width volume peak occurs at about 

2,2 nm which means this size pores can’t be detected whit mercury porosimetry. This probably explains 

the difference in the specific surface area results, i.e. the mercury porosimetry cannot detect the relevant 

pore area of this sample. In other samples, porosities obtained with BET remain at relatively low volume 

and this is also possible cause for the significant decrease in surface area during sintering. Other reason 

for the reduce of specific surface is probably due to evolution of the grains which was observed in the 

SEM images (see Figure 22).  

 

In previous ZnO sintering studies, the same phenomenon of surface area loss at low sintering temper-

atures has also been observed. Auffrédic, and Louër found in low temperature sintering studies of loose 

ZnO powder that a significant change in crystal morphology and reduction in surface area already oc-

curred when the powders were treated at temperatures below 500°C. [44], [91], [92] Whittemore et al. 

sintered ZnO compacts in air at 450°C to 700°C and studied pore size distribution, surface area, density 

and porosity using mercury porosimetry. They found that no shrinkage occurs below 550°C and that 

there is a significant loss of surface area at around 450°C. [44], [66] König et al. found in sintering 

hierarcially structured ZnO agglomerates that significant reduction of surface area was found between 

300 and 500°C. [44] It can be concluded that the findings on the reduction in specific surface area are 
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in agreement with the results of the previously reported ZnO sintering experiments. It can be concluded 

that the achieved specific surface area is low for partially sintered ZnO samples at all experimental 

sintering temperatures.  

 

Table 2. ZnO samples specific surface area measured by BET and Hg porosimetry, average grain 

size by SEM, average pore size by Hg porosimetry and pore volume percentage share by Arkimedes 

method. 

 

 

Uncertainty was found in the open porosity measurement results due to possible air bubbles left to the 

sample in measurement in the water, and it was therefore decided not to present these results and 

instead the total porosity values are presented in Table 2. The porosity results at sintering temperatures 

Sample Surface area  

(Hg porosi-

metry) 

Surface 

area  

(BET) 

Grain Size 

(SEM-Image 

J) 

Most frequent 

pore diameter 

(Hg porosime-

try) 

Porosity 

(Arkhimedes 

method) 

 m²/g m²/g µm nm (vol. %) 

Powder as reserved - 14,3 0,69 - - 

Unaxial pressed sample 

150kN 

4,2 16,5 - 102 - 

Unaxial pressed  

sample 150kN           

Sintered 600°C 

2,5 3,2 0,66 124 42,9 

Unaxial pressed  

sample 150kN          

Sintered 800°C 

1,5 1,2 0,66 313 44,5 

Unaxial pressed  

sample 150kN          

Sintered 900°C 

1 1,2 0,78 334 44,8 

Unaxial pressed 

sample 150kN          

Sintered 1000°C 

0,6 0,7 1,3 457 45,3 

Unaxial pressed  

sample 150kN          

Sintered 1200°C 

0,2 1,2 1,65 703 30,9 
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of 600°C, 800°C, 900°C and 1000°C are respectively 42,9%, 44,5%, 44,8% and 45,3%. As sintering 

temperatures increase to 1200°C the most significant change occurs, and the porosity is 30,9%. So, it 

can be said that a significant loss of porosity occurs at sintering temperatures above 1000°C. This de-

crease in porosity was also correlated with the analysis of SEM images which showed that the highest 

formation of necks between particles occurred at 1200°C sintering temperature compared to other. A 

considerable porosity decrease (or relative density increase) due to transition from initial to intermediate 

stage of sintering within the temperature domain of 1000-1200°C. Within the transition zone, the densi-

fication process undergoes acceleration (see Figure 27). Similar behavior may also be observed in the 

shrinking versus sintering temperature curve (Figure 26). As the sintering process progresses, the 

grains join together the necks between them grow and the structure becomes denser, resulting in the 

elimination of porosity.  

 

5.5 Vickers Hardness 

 

The hardness of the samples pressed with 477MPa sintered at different temperatures was determined 

by Vickers hardness measurement, five measurements were taken from each sample. The determined 

microhardness provides information on the microstructure achieved during sintering. A typical way to 

express this hardness is to calculate the apparent hardness with the applied load P and the diagonal d 

caused by the indentation of the diamond tip. Using these values, the following relationship to hardness 

is obtained: 

𝐻𝑣 = 1854,4
𝐹

𝑑2
 

( 8 ) 

where Hv is the Vicker′s hardness number, F is the load applied in gf and d is mean diagonal of inden-

tation as microns. [93, p. 116] The average values calculated from the measurements and the range of 

the results with relation to the sintering temperature are shown in the Figure 33 Hardness of the ZnO 

samples increases with increasing sintering temperature which is expected phenomenon due to the 

inter-particle necking during sintering that could be observed also in the SEM images (Figure 22). This 

binding of particles together increases the strength of the structure and as the sintering further the neck 

diameter also increases which leads more harder sample. 



54 
 

 

Figure 33. Effect of sintering temperature on ZnO hardness. 

  

The results were affected by the low visibility of the diamond trace. It was difficult to detect a full diamond 

tip indentation in the measurement, and attempts were made to facilitate this by adjusting the illumina-

tion, but it was still not possible to get a full trace in focus at one time. The measurements therefore had 

to be carried out in sections, which may have an impact on the accuracy of the results. 

 

5.6 Green density effect on sintering 

 

The effect of green density on sintered density of ZnO was studied by Arkhimedes method and the 

dilatometry. In the Figure 34 is shown how the pressure used in the manufacturing process when press-

ing the sample affects the relative density achieved in the sintering process. The pressure applied is 

directly related to the green density achieved, but as the samples were prepared manually there is likely 

to be some difference in green density between the samples even though the same pressure was ap-

plied and the ratio of powder to water was constant. From the results the following trend can be 
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observed: as the green density is increased the achieved sintering density also increases, however it 

can be seen that when moving to higher sintering temperatures the green density does not play a major 

role and the achieved densities are closer to each other this is probably due to the activation of the 

densification mechanism noted in the chapter 5.3. 

 

 

Figure 34. Green density effect on relative density in sintering. 

 

In an attempt to explain the phenomena that occur, green body densification can be found to increase 

the probability of occurrence of pores with large coordinate numbers and that differential compaction is 

enhanced. It has also been found that increasing the green density can delay the onset of enhance 

grain growth in the final stages of sintering. This difference in particle size growth with respect to green 

density was investigated using SEM images. SEM images of samples sintered at 1200 degrees were 

taken at 239MPa and 477MPa and the diameter of 50 particles was estimated and averaged. The result 
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was that the average particle size of the sample pressed at 239MPa was about 2.9μm and that of the 

sample pressed at 477MPa was about 2.6μm. So, with a higher density of green body, the growth of 

particles is slightly lower, but no accurate conclusion can be drawn without further measurements. So 

as in the previous studies in a result, the final density increases with the increase in green density. [17, 

p. 434] 

 

 

 

In the Figure 35 is shown the shrinkage results obtained by dilatometry tests on three samples prepared 

with different compression pressure (477MPa, 318MPa and 239MPa). The assumption was that in-

creasing the density of green body would result in lower shrinkage [14, p. 434]. From the graph, we can 

see that all samples shrink by the same trend, but the 477MPa compressed sample shrinks the least 

and the 318MPa compressed sample shrinks the most. The higher shrinkage of the 318MPa sample 

than 239MPa was an unexpected result, but this may be explained by the way the sample was prepared 

and the relatively close compressive pressure value. In sample preparation, the powder is pressed into 

a mold, so there are likely to be differences in density between the different portions when comparing, 

for example, the portion of the sample at the edge and, in the middle. For dilatometry, only a piece of 

the whole sample was cut and although all samples were selected from the same area, there may have 

Figure 35. Green density effect on shrinkage ([3.3] = 477MPa, [2.3] = 318MPa and [1.3] = 239MPa). 
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been some variation and as mentioned the pressure difference is not very large in this situation the 

desired significant difference is not achieved. The aim of this experiment was to show that a higher 

density of green body would result in lower shrinkage, but this was not entirely successful. The results 

must also take into account that these were only repeated once, so for better reliability the experiments 

should be repeated. In any case, the results show that adjusting the density of the green body has an 

effect on the density achieved, and the shrinkage that occurs. 
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6.  CONCLUSION 

This study investigated how can porosity be produced for ZnO in controlled manner using partial sinter-

ing method. Commercial ZnO powder was used and sintered at various temperatures. The characteri-

zation covered the study of the raw material and thermal stability as well as the porosity, specific surface 

area, density, hardness, microstructure, and shrinkage studies of the sintered samples. The literature 

survey showed that the production of porous ceramics is a very complex process to which there are 

several different approaches. The decision to further investigate partial sintering was due to the im-

portance of sintering in also other processing pathways. 

 

Figure 36. ZnO samples surface area, grain size, relative density and pore size change as a function 
of sintering temperature. 
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What kind of porosity can be achieved on ZnO by partial sintering and how is this affected by different 

sintering temperatures? 

 

Temperature effect on porosity formation could be clearly observed in the sintering studies. The total 

porosity of the structure was measured, and this was found to decrease the higher the sintering temper-

ature was. Like porosity, the specific surface area decreased as the sintering temperature progressed, 

which was associated with an increase in pore size. These findings were also supported by SEM images 

of the structures where an increase in particle size could be observed and dilatometry studies where 

densification of the structure at higher sintering temperatures could be observed. A more detailed anal-

ysis of pore size and specific surface area was performed using BET and mercury porosimetry. These 

measurements showed an increase in pore size and a decrease in specific surface area with increasing 

temperature. Summarizing the structure obtained by partial sintering, it can be said that the structure 

was macro-porous with relatively low porosity values (total porosity 30-45%) and low specific surface 

area values. The observed change in structure as a function of temperature is shown in the Figure 36. 

 

What is the effect of green body on the porosity achieved? 

 

Supporting previous studies, the findings in this work were that adjusting the density of green body can 

directly influence the final density achieved during sintering. Increasing the density of the green body 

reduced shrinkage but the density values achieved were higher. Some association with grain size 

growth could also be observed with green body density but not enough data was collected for this study 

to draw accurate conclusions. It was possible to establish a direct link between the processing of green 

body and the characteristics achieved. 

 

Whether porosity could be controlled by partial sintering? 

 

Overall, the controllability of porosity can be seen as the sum of several factors such as green body 

properties, material properties and sintering parameters such as temperature, heating rate, holding time 

and atmosphere. This study covered only one zinc oxide product study which provided information on 

the sintering behavior of the material with respect to porosity characteristics. It can be concluded that 

the study succeeded in providing a comprehensive picture of the material behavior as a function of 

sintering temperature, which can be used in the future to produce a specific structure. However, it is 

important to note that only small changes in other parameters can have a significant effect on the control 

of porosity. 
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7. FUTURE PERSPECTIVES 

The purpose of this work was to investigate how porosity can be produced in a controlled way by partial 

sintering for zinc oxide. During the research, several possible future research ideas emerged, which are 

briefly described next. 

 

The data presented in this study have already shown the importance of temperature on the structure 

obtained in sintering. MSC was noted to be a possible way to predict density change for different sinter-

ing profiles. Due to time constraints, this work did not have time to form a theoretical master sinter curve 

for the material under investigation. However, the potential for predicting sintering behavior was identi-

fied here and the use of this method, and possibly combining the pore data from this work with density, 

could be a possible future research topic.  

 

As the literature survey suggested, other sintering parameters also have an impact on the properties 

achieved. Further studies could include these other parameters such as heating rate, holding time and 

atmosphere. 

 

Since especially in some applications meso-porosity would be desirable, such as in adsorbents, and 

this partially sintered material did not reach this range. It would be interesting in further research to find 

out about pore preparation methods for ZnO to achieve meso-porosity. In the literature, it was found 

that the production of meso-porosity for ZnO has been achieved by several different synthesis ap-

proaches. Exploring these approaches and bringing them to industrial scale could be a future research 

direction.  
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