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[bookmark: _Toc221055296]Abstract
This report looks at the relationship between material, manufacturing processes and the performance in three everyday products. Each object was examined in terms of its material classification, the mechanical and thermal properties, and the manufacturing techniques used in its production. Comparisons were made between the three materials to highlight differences in strength, toughness, thermal conductivity, and environmental impact. My report shows that effective engineering design depends on balancing material properties with manufacturing and cost constraints, also considering the intended use. The report demonstrates the importance of appropriate material selection in ensuring product performance, durability, and economic viability in everyday applications. 
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[bookmark: _Toc221055297]Introduction
For this report I have been asked to select three everyday objects manufactured from one primary material. This report compares an Allen key, a ceramic mug, and a bleach bottle to show how metals, ceramics, and polymers are chosen for everyday applications based on their properties and manufacturing methods. Material selection is very important in engineering, affecting product performance, cost, and lifespan


[bookmark: _Toc221055298]Research and Discussion
[bookmark: _Toc221055299]Selection and Description
Different classes of materials - metals, ceramics, and polymers—are chosen based on their mechanical, thermal, and chemical properties, as well as their suitability for certain manufacturing processes.

Metals such as alloy steels and carbon steels are commonly used in tools because of their high strength, toughness, and ability to be heat treated to improve wear resistance and hardness. Ceramics, including porcelain are valued for their thermal stability, chemical inertness, and resistance to corrosion, however they are brittle. Polymers such as high-density polyethylene (HDPE) are widely used in packaging due to their low density, chemical resistance, and compatibility with high-volume, low-cost manufacturing processes like blow moulding. (Ashby, Shercliff and Cebon, 2018).

Manufacturing processes are closely linked to material behaviour, as each material class requires different forming and processing techniques to achieve the desired properties. Understanding the relationship between material properties and manufacturing methods is essential for efficient and cost-effective product design and performance. (Ashby, Shercliff and Cebon, 2018).

[bookmark: _Toc221055300]Material 1 
Allen Key (Hex Key/ Wrench)
[image: RS PRO L Shape Metric Hex Key, 10mm]Allen keys are used everyday in an engineering setting for the assembly of components and machines. Its purpose is simple, but its uses are highly demanding for it not to break or deform. Figure 1https://uk.rs-online.com/web/p/hex-keys/0734955

Material: Chrome–vanadium steel (Cr–V steel) or high-carbon steel
Material Classification: Metal
Why this object and material were chosen: 
I selected an Allen key as it completely made of metal and is a tool that depends on its material properties such as hardness, toughness and wear resistance. 

[bookmark: _Toc221055301]Material 2
Ceramic Mug
[image: athena-hotelware-mugs-10oz]A ceramic mug is used to hold hot drinks such as tea or coffee.
Material: Porcelain or stoneware
Material Classification: Ceramic 
Why this object and material were chosen:
I selected a Ceramic Mug as it completely made of ceramic. And is dependent on its material properties such as thermal stability, chemical inertness and food/ drink safety.Figure 2https://www.nisbets.co.uk/athena-hotelware-mugs-10oz/cc203?vatToggle=incvat&cm_mmc=PLA-_-23463801026-_-191328219109-_-pla-331590500387&cm_mmca1=go_23463801026_191328219109_792968913569_pla-331590500387_c_&kpid=go_cmp-23463801026_adg-191328219109_ad-79296




[bookmark: _Toc221055302]Material 3
[image: Domestos Citrus Fresh Thick Bleach disinfectant that eliminates 99.99% of  bacteria and viruses* unstoppable limescale prevention 750 ml : ...]Bleach Bottle
A bleach bottle is a common container for consumer packaging of bleach.
Material: High-Density Polyethylene (HDPE)
Material Classification: Polymer




Figure 3https://www.amazon.co.uk/Domestos-100444531-Bleach-Citrus-750ml/dp/B014G37SLA/ref=asc_df_B014G37SLA?mcid=257e23a44f6f33eea3511de796abe851&th=1&tag=googshopuk-21&linkCode=df0&hvadid=697177403190&hvpos=&hvnetw=g&hvrand=6355379568966389057&hvpone=&hvptwo=&h

Why this object and material were chosen:
I selected a bleach bottle as it is completely made of polymer. And is dependent on its material properties such as chemical resistance, low cost and lightweight.









[bookmark: _Toc221055303]Manufacturing Method Comparison
[bookmark: _Toc221055304]Allen Key
[image: hex key testing]Drawing - A steel rod is pulled through a die to form a hexagonal cross section this also increases hardness through strain hardening.
Cutting and bending - The hex rod is then cut to desired length. The rod is then bent to a shape of an L using a set of forming dies.
[image: hex key cutting]Heat treatment – The Allen key is then heated and quenched (Cooled quickly). After that it is tempered.
Coating- A coating or finish is sometimes applied to improve corrosion resistance 
Why this method is used
· Provides high dimensional accuracy
· [image: hex key before and after bending]Heat treatment improves mechanical properties of the material
· Relatively low cost
· Can be scaled for mass production. 
[image: hex key heating before bending]





Figure 4 Images from https://hausoftools.com/blogs/news/how-are-l-keys-hex-wrenches-and-allen-wrenches-made?srsltid=AfmBOorkWYX4IJ_Zj-XPqRkBIIo6PeW1trQzZVPBCDpXAI_ivNRZBwk6


[bookmark: _Toc221055305]Ceramic mug
Raw Material preparation - Clay, silica and other raw materials are mix in water to make a slurry.
Slip casting – The slurry is poured into a porous mould that absorbs the water.
Drying – The water in the slurry is removed slowly to prevent cracking.
Firing – A furnace firing at ~1000 °C hardens the mug and removes moisture. This produces a porous ceramic mug.
[image: Slip casting | forming | Britannica]Glaze – A glaze is applied to the mug for waterproofing. A final firing is then done to harden the glaze and create a chemically inert ceramic mug.Figure 5(Mason, 1997)

(Mason, 1997)
Why this method is used
· Allows complex shapes without need of machining
·  Provides thermal and chemical resistance
· Glaze provides waterproofing.
[bookmark: _Toc221055306]Bleach bottle
Bleach Bottle — Polymer (HDPE)
Method: Blow moulding.
[image: Blow Molding Process] (sadhiplasticindia, 2018)
Why this method is used
· Fast cycle times.
· Low cost.
· Ideal for lightweight containers.
· Minimal waste.






[bookmark: _Toc221055307]Comparison
	Object 
	Material
	Manufacturing method 
	Process characteristics
	Limitations

	Allen Key
	 Steel 
	Drawing,
Cutting, Bending 
Heat treatment,
And Coating
	Drawing forms accurate hex profile.
Bending forms L shape.
Quenching and tempering improve hardness and toughness.
	Many steps to the process.
May corrode without coating.
Requires significant energy for heat treatment.

	Ceramic Mug
	Ceramic
	Slip Casting
	Slip casting allows complex shapes.
Firing densifies the material. 
Glaze seals for waterproofing.
	Long production time.
High energy required for furnace.
Brittle final product.

	Bleach Bottle
	Polymer
	Extrusion blow moulding
	Molten polymer extruded.
Pressurized air forms hollow shape.
Rapid cooling and trimming.
	Limited control on wall thickness.
Lower strength than metal container.
Environmental impact if not recycled.








[bookmark: _Toc221055308]Mechanical and Thermal Properties Comparison
Mechanical Properties Comparison
	Property
	Allen Key (Steel)
	Ceramic mug ( Porcelain)
	Bleach bottle (HDPE)

	Strength
	600-1200 MPa (Heat treated)
	20-40 MPa
	20-30Mpa

	Ductility (Elongation)
	10-20%
	0% 
	100-1000%

	Hardness
	45-60 HRC
	~6-7 Mohs
	Rockwell R 60-80  

	Toughness
	50-150 MPa √m
	1-3 MPa √m
	3-4 MPa √m

	Formability
	Good before it gets heat treated.
	Poor. Can only be shaped before firing.
	Good when molten.


 (Ashby, Shercliff and Cebon, 2018)
Thermal Properties Comparison
	Property
	Allen Key (Steel)
	Ceramic mug ( Porcelain)
	Bleach bottle (HDPE)

	Melting Temperature (°C)
	~1370(°C)
	~1800°C
	~130°C

	Thermal conductivity
	40-60 W/m·K
	1–3 W/m·K
	0.4-0.5 W/m·K

	Heat resistance
	Good, keeps properties at high temperatures.
	Good, stable with hot liquids 
	Bad, Softens at low temperature.






[bookmark: _Toc221055309]Lifespan and Cost Analysis
	Object 
	Lifespan
	Manufacturing Cost
	Cost effectiveness 

	Allen Key
	Long. Undergoes years of repeated use depending on quality of steel.
	Medium
	High due to long life span and durability.

	Ceramic Mug
	Medium. Can be used for years but due to its brittleness often gets chips after repeated use and abuse.
	Medium to high.
	Medium cost efficiency. Low material cost but high energy manufacturing increases cost.

	Bleach bottle
	Short. Often one time use but is widely recycled.
	Low
	Low cost per unit but poor long term effectiveness as the lifespan is short. (One time use.

















[bookmark: _Toc221055310]Material Selection and Alternative Choices
[bookmark: _Toc221055311]Allen Key (Steel)
Possible alternatives for an Allen key include aluminium, titanium, and stainless steel. Aluminium is lightweight but doesn’t have good enough strength and hardness, while titanium offers high strength but is significantly more expensive to manufacture. Stainless steel improves corrosion resistance but at a higher material cost. Carbon or alloy steel still remains as the best choice due to its high strength, toughness, and relatively low cost.
[bookmark: _Toc221055312]Ceramic mug.
Alternatives include borosilicate glass, stainless steel, and polymers. Glass is more brittle and conducts heat to quickly like stainless steel, while polymers have poor heat resistance. Ceramics are preferred because they provide good thermal insulation, chemical inertness, and are low cost. (Ashby, Shercliff and Cebon, 2018).
[bookmark: _Toc221055313]Bleach bottle
Alternatives include polypropylene, PET, and glass. PET has bad chemical resistance to bleach and glass is heavy and also brittle. Polypropylene performs similarly but with a lower impact resistance. HDPE is best as it has excellent chemical resistance, toughness, and low manufacturing cost. (Ashby, Shercliff and Cebon, 2018).








[bookmark: _Toc221055314]Conclusion
In this report I looked at an Allen key, ceramic mug and a bleach bottle. I examined each object and the material they are manufactured from. I conclude why each object is manufactured from the material due to its mechanical and thermal properties. As well as its manufacturing method and cost effectiveness. This shows that efficient engineering design relies on the balance of material properties, cost and manufacturing constraints. This shows the importance of material selection in everyday products.
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Porcelain is one of the most important technical ceramics, but the shrinkage in 
dimensions after firing resulting from plastic clays is one of the shortcomings that 
manufacturers suffer from.  Therefore, this work aims to reduce shrinkage by adding 
non-plastic powder (fired kaolin (Grog): prepared by firing plastic clay up to 1100°C) 
and extend their effect on some other properties of porcelain. The composition of hard 
porcelain is: 60 wt.% kaolin, 20 wt.% flint and 20 wt.% potash feldspar as Iraqi raw 
materials. Non-plastic clay was added to the porcelain by 25, 30, 35 and 40 wt.% 
instead of kaolin. Forming the samples by axial pressing into discs then fired at 
1300°C. FE-SEM images showed the emergence and increasing of the mullite phase 
as a result of the porcelain firing with the addition of fired clays. XRD analysis 
confirmed the presents of mullite phase in addition to the cristobalite phase. 
Increasing the non-plastic clay from 25 to 40 wt.% led to a significant decrease in 
linear shrinkage from 12.6 to 5.4%, increased the porosity from 12.2 to 15.1%, 
decreased the bulk density from 2.25 to 2.16 g/cm3, this clearly affected the decrease 
in the diametral strength from 23.26 to 10.48 MPa. The results obtained determined 
the possible application range for construction, to include thermal insulation, wall tiles 
and decoration. 
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1. Introduction 


Porcelain is one of the most important technical 


materials that using in many different fields such as 


pottery industries, enamels, dental industry, 


electrical industries and construction materials [1]. 


Porcelain differs and is better than whiteware 


ceramics due to the properties shown in table (1) [2].  


Porcelain is mixed ceramic material consist of three 


raw ceramic materials: kaolin, flint and feldspar. The 


difference in the weight percentage of these 


components makes porcelain wide-ranging in terms 


of applications [3]. Hard porcelain is common type 


of porcelain consist of 50 wt.% of Kaolin, 25 wt.% 


of flint and 25 wt.% of feldspar, as shown in Fig. (1) 


[4-6]. The most common uses of porcelain include 


household, laboratory and industrial [7,8]. 


Medically, porcelain has proven to be very 


successful in dental applications, including: inlays, 


onlays, veneers, crowns and artificial teeth [9,10]. 


While vitreous porcelain used as coating material for 


decoration both exterior and interior like 


supermarkets and swimming pools as well as art 


ware, chemical ware, kitchen ware, table ware and 


tiles [11,12]. The processes of firing porcelain 


components lead to the formation of the refractory 


mullite phase (Al6Si2O13) with quartz and glass 


phases that give porcelain transparency and surface 


smoothness. Hard porcelain is resistant to high 


temperatures due to the high sintering temperature, 


which ranges from 1250 to 1450 °C [13]. This gives 


it good mechanical properties (high flexural strength 


>35±2 MPa) and low water absorption (<0.5%) [14].  


 


 
Fig. (1) Triple diagram of porcelain types [4] 


 


Rambaldi et al. (2014) have studied the physical 


properties of different commercial porcelain 


stoneware. It was concluded that there is a clear 


effect of surface glazing on the types of porosity. 


Although the open porosity of the glazed sample 


decreased, but the closed porosity increased. This 


explains the decrease in mechanical properties of 


glazed porcelain in some cases despite the decrease 


in open porosity [15]. Lerdprom et al. (2016) have 


used kaolinite, albite and quartz as raw materials to 


prepare porcelain by pressing method. After the 


drying process, sintering was performed at different 


rates and direct sintering up to different temperatures 


(1150, 1175 and 1200°C). The effect of different 


sintering rates on the properties of porcelain was 


studied. It was found that direct sintering gives the 


highest bulk density compared to different sintering 


rates, while there is a clear decrease in water 


absorption. Sintering at a temperature of 1200°C 
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gave higher crystallization of porcelain through the 


emergence of mullite phase. The diametral strength 


decreased in the case of direct sintering compared to 


other sintering rates. In general, the maximum value 


of the diametral strength was 324 MPa [16]. 


Akpinar et al. (2017) have prepared porcelain tile 


from 50 wt.% kaolin, 25 wt.% silica and 25 wt.% 


feldspar. Calcium borate was chosen as the flux, and 


was added in different proportions to the porcelain 


mixture. The samples were formed by slip casting, 


and then sintered at different temperatures 1250-


1300°C. It was found that the linear shrinkage 


increased with increasing flux addition. While the 


porosity and water absorption decreased 


significantly to low values (<2% and <1%, 


respectively). In contrast, the flexural strength 


values increased to 33 MPa. Mullite and quartz were 


the main phases shown in the x-ray diffraction 


(XRD) pattern, and their appearance increased as the 


sintering temperature increased [17]. Alwikutty 


(2020) has replaced feldspar with fly ash (0-25 


wt.%) in the porcelain tile and measured physical, 


mechanical and microstructure properties. It was 


concluded that 5 wt.% of fly ash at a sintering 


temperature of 1250°C is the best percentage and 


obtained the highest strength and hardness with good 


density and mullite content [18]. Nor Izam et al. 


(2023) have compared between glazed, unglazed 


ceramic and porcelain tile with industry technique, 


physical and shape properties. It is concluded that 


porcelain tiles are superior to glazed and unglazed 


ceramic tiles based on these comparisons [19]. 


Porcelain raw materials have been modified for 


the last years by using additive materials to enhance 


the mechanical properties and moderate percentage 


of porosity. In this research a non-plastic clay 


(grog), as additive material, have been add to the 


porcelain composition as replacement with specific 


weight percentage of kaolin with attempted to 


lowering the linear shrinkage, dimensional 


inaccuracy, reasonable mechanical strength and 


required porosity in the porcelain for tile 


applications. 


This work and the results obtained from it are an 


incentive to invest in local raw materials and employ 


them in the ceramic industries, most notably 


porcelain products, at a low cost. 


 


2. Experimental part  


2.1 Raw Materials 


Iraqi raw materials were used for the preparation 


of hard porcelain (60 wt.% kaolin 


(Al2O3.SiO2.2H2O), 20 wt.% flint (SiO2) and 20 


wt.% potash feldspar (K2O.Al2O3.6SiO2)). Kaolin 


was taken from Alduejlh Zone in Iraq while the flint 


and potash feldspar were taken from western desert 


of Anbar Province. The chemical compositions of 


these Iraqi raw materials are shown in table (2). 


 


 


2.2 Porcelain preparation 


Powder metallurgy technique was used to 


prepare porcelain specimens. Fine particles sizes of 


Kaolin and Nonplastic clay (grog) were used. The 


non-plastic clay was prepared by firing kaolin at a 


temperature of 1100°C to lose the plasticity property 


that characterizes clays. Micro Potassium feldspar 


and Flint, with various weights percent of kaolin and 


nonplastic clay (grog) that were used, illustrated in 


table (3). To reduce the effect of moisture and 


powder agglomeration, all powder was dried at 


100°C for 2 hours. Ceramic powders were mixed 


with each other according to the required weight 


percentage for 6 hours using ball mill mixer with 


alumina balls of 14mm in diameter, and the speed of 


rotation was 250 rpm. All mixtures were sieved and 


the coarse powder was re-grinded again until the 


particle size of 75 µm was achieved. A uniaxial cold 


press technique was used to press 5 specimens from 


each mixed powder by using steel cylindrical mold 


under force of 10 tons of a hydraulic press to form 


green compact with thickness of 5 mm and diameter 


of 10 mm. 


After specimens prepared by powder metallurgy 


technique, they were fired to be sintered at 


temperature of 1300 °C by a Nabertherm GmbH 


furnace (Germany) (heating range 30-3000°C), the 


firing program shown in Fig. (2). 


 


 
Fig. (2) Firing program 


 


2.3 Characterization and testing 


On first heating, the kaolin lost chemical water 


and the impurities such as organic and others, these 


changes are shown in the equation below [20]: 
3[Al2O3. 2SiO2. 2H2O](Kaolinite) → 3Al2O3. 2SiO2(Mullite) +
4SiO2(Cristobalite) + 6H2O(Water)  


Shrinkage was measured by taking the specimens 


dimensions before and after firing by using the 


Vernier caliper. Total   linear   shrinkage after firing 


of ceramic specimens as a percentage of plastic 


length was calculated according to ASTM C326 by 


the following equation [21]:  


𝐿𝑖𝑛𝑒𝑎𝑟 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (𝐿. 𝑆) =
𝐿0−𝐿


𝐿0
∗ 100% (1) 


where L0 is plastic length of test specimen (before 


firing) and L is fired length of test specimen 


Archimedes method was achieved to determined 


bulk density and open porosity by using distilled 
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water. The measurement of density was done by 


dividing the mass of material in air by its buoyancy 


(reduction in weight) when suspended in a water.  


The density of a material is [22]: 


𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑚𝑎𝑠𝑠


𝑣𝑜𝑙𝑢𝑚𝑒
   (2) 


There are three volume expressions in common 


use as follows [23]: 


1- Apparent volume or bulk volume: which are the 


volume of the solid component, open pores and 


closed pores, determined by the difference between 


the soaked mass (S) and the immersed mass (I) of 


the soaked piece. 


2- True volume: The solid component volume was 


done by milling it into smaller pieces tell it become 


powder form, into which all pores are destroyed and 


using "Density Bottle" method. 


3- Apparent solid-volume: The closed pores and 


solid component volume only, is determined from 


the difference between the dry weight (D) and the 


immersed weight (I) of the piece. 


The densities and porosity expressions are [23]:  


𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 (𝑜𝑟 𝑏𝑢𝑙𝑘) 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝜌𝑏) =
𝑚𝑎𝑠𝑠


𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
=


𝐷


𝑆−𝐼
   (3) 


𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝑜𝑝𝑒𝑛 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒


𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
∗ 100 


𝐴. 𝑃% =
𝑆−𝐷


𝑆−𝐼
∗ 100   (4) 


Motivated by the wishing to use compressive 


forces to induce tensile failures, as well as the 


demand to study the surface area and volume effects, 


the specialists  have devised a number of ingenious 


in direct tension test, one of these methods is 


diametral compression; this method solve the 


common problem of precise machining of an 


ordinary machine materials. 


Loading configuration is an important factor in 


the diametral compression disk (Fig. 3), this simple 


theory described the stress distribution under a 


uniform diametric load on a disk-shaped specimen 


predicts a uniform tension field at the center of the 


disk [24]: 


(𝐷𝑖𝑎𝑚𝑒𝑡𝑟𝑎𝑙 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ) 𝜎𝐷 =
2𝐹𝑀𝑎𝑥


𝜋𝑅𝑑
 (5) 


where Fmax is the applied load (N), R is the disk 


diameter and d is the thickness of disk [24] 


The stress field in the transverse direction is 


highly dependent on the width of load application 


and becomes highly compressive. The disk test has 


therefore been used to attempt to study biaxial stress 


failure response [25]. 


The x-ray diffraction patterns of compact 


porcelain specimens were obtained using a 


Shimadzu XRD-6000 diffractometer, using Cu 


radiation at a frequency of 2 deg/min, voltage of 


40kV, current of 30mA, and wavelength of 


1.54060Å, and scanning range of 5-90°. 


Field-emission scanning electron microscopy 


(FE-SEM) was performed using a FEI Inspect f50 


FE-SEM instrument to introduce the morphology of 


the fracture surface for the specimen. 


 


 
Fig. (3) Analysis of diametral stress [19] 


 


3. Results and Discussion 


The XRD patterns of the prepared porcelain 


samples are shown in Fig. (4). It is noted that the 


firing process was completely done, as well as all 


the phase transformations of the porcelain 


components were achieved. The main phases are 


mullite (3Al2O3.2SiO2) and silica (SiO2) with its 


phase’s quartz and cristobalite. These crystalline 


phases are dominant, with some amorphous 


compositions of the glassy phases resulting from the 


reaction of flux oxides and are present in the raw 


materials, forming the glassy phase during firing. 


 


 
Fig. (4) XRD patterns of porcelain with different Kaolin 


(wt.%)/non plastic clay (wt.%) ratio 
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Quartz is considered a natural raw mineral, found 


in the form of crystalline structures in the original 


raw materials. This compound transforms into other 


phases such as tridymite and cristobalite during the 


firing process. Part of the quartz combines with 


alumina to form mullite, and the remainder remains 


in the form of free silica in the cristobalite phase. An 


increase in the percentage of mullite after firing the 


raw materials is matched by a decrease in 


cristobalite, and this determines the amount of 


alumina in the clay. There was no significant change 


in the percentage of cristobalite, because it requires 


high temperatures (more than 1400°C) to appear 


sharply and transform all the quartz into cristobalite. 


The basic cristobalite phase appeared at the 


diffraction angle 2=21.28° in the crystal plane 


(101). As for quartz, it was seen at the diffraction 


angle 25.92° and the crystal plane (101). The main 


mullite phase appeared at the diffraction angle 


25.56° and in the crystal plane (210). In general, the 


mullite phase increased in appearance with the 


addition of non-plastic clays. 


Linear shrinkage is evidence of the progress of 


the process of transformation and granular growth 


after the firing process. Kaolin is the main cause of 


linear shrinkage due to the significant change in 


structure during firing. It is also a result of the 


appearance of glassy phases that merge the grains 


with each other. Figure (5) shows a clear decrease in 


shrinkage with increasing addition of non-plastic 


clays (grog). This behavior is logical, because fired 


clay does not suffer from shrinkage when added to 


porcelain mixtures. Perhaps one of the most 


important reasons for adding grog is to reduce the 


shrinkage resulting from plastic clay [26]. 


 


 
Fig. (5) Linear Shrinkage of porcelain with different kaolin 


(wt.%)/non plastic clay (wt.%) ratios 


 


Most ceramic bodies that suffer from high 


shrinkage experience significant dimensional 


deformation and thus loss of homogeneity. The 


decrease in linear shrinkage was from 12.6% for 


samples 35 kaolin/25% non-plastic clays to 5.4% for 


samples 20% kaolin/40% non-plastic clays. 


Decreasing shrinkage may be matched by a decrease 


in density provided the mass loss remains constant. 


From the results of the raw material component 


analysis tables, it is possible to determine the raw 


material causing shrinkage, because raw materials 


that contain higher percentages of silica do not 


suffer from significant shrinkage, and therefore both 


raw materials (kaolin and flint) participate in 


shrinkage. 


Figure (6) shows the change in apparent porosity 


results with an increase in the percentage of adding 


non-plastic fired clays. The reason for this can be 


attributed to the lack of fusion of plastic clays with 


non-plastic clays. There are also pre-existing pores 


in the structure of the added non-plastic clays. In 


general, the apparent porosity increased from 12.2% 


to 15.1% when the percentage of adding non-plastic 


clays increased from 25 to 40 wt.%. The increase in 


porosity was not significant, as the percentage 


increase was 23.8%. The effect of porosity will be 


reflected in other properties, and in any case, 


increased porosity should not be considered a 


weakness, unless there is a serious deterioration in 


the mechanical properties. It is important to note that 


porosity is required for thermal insulation purposes 


and construction requirements. 


 


 
Fig. (6) Porosity of porcelain with different kaolin (wt.%)/non 


plastic clay (wt.%) ratio 
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shows the decrease from 2.25 to 2.16 g/cm3 when 
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to 40 wt.%. The decrease in density is related to the 


increase in porosity, and the percentage decrease in 


density was small, approximately 4%. Not affecting 


density significantly means obtaining products with 


good condensation. Understanding density helps 
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control porosity, which is very important in filter 


and membrane applications. Ceramics with low 


density and porosity are also linked to the ability to 


manufacture and the completion of subsequent 


operations, the most important of which is glazing. 


Mechanical properties were achieved using the 


diametral fracture method suitable for disc models. 


Engineering analyzes of stresses acting on the 


sample when applying diametral stress, it was found 


that 79% is tensile stress and the remainder is 


compressive stress [27]. Therefore, this test is 


considered an indirect tensile test, and it is important 


because it identifies the failure zones in ceramics, 


which are represented by a decrease in tensile 


strength compared to compression. Figure (8) shows 


the decrease in diametral strength with increasing 


percentage of non-plastic clay added. 


 


 
Fig. (7) The bulk density of porcelain with different kaolin 


(wt.%)/non plastic clay (wt.%) 


 


 
Fig. (8) The diametral strength of porcelain with different 


kaolin (wt.%)/non plastic clay (wt.%) ratio 


 


In general, porosity is considered one of the most 


important reasons for the decrease in mechanical 


properties. The decrease in diametral strength from 


23.26 MPa to 10.48 MPa when adding grog from 25 


to 40 wt.%, respectively. This means a decrease in 


diametral strength by 55%. Figure (9) shows a 


photograph of the samples after fracture, and it 


shows that the sample was split into two halves 


approximately. This is evidence of the homogeneity 


of the samples, while the fragmentation in the 


middle of the sample is due to the brittleness of the 


samples and the high fracture stress. 
 


 
 


Fig. (9) Shape of the diametral stress of the samples 


 


The FE-SEM images are shown in Fig. (10), and 


the mullite phase clearly appears, which a needle-


like structure is resulting from the transformation of 


clay sheets as a result of firing. Other structures that 


appear with mullite result from glassy phases, and 


these phases differ from each other in terms of 


thermal expansion coefficients. This difference leads 


to the emergence of microscopic cracks in the 


structure of the samples, and this may be one of the 


reasons for the decrease in fracture strength. The 


pores are also shown in the images and their shape is 


irregular due to the variety of raw materials. It is 


important to mention that the needle structures of 


mullite may help improve the mechanical properties 


in a way similar to the reinforcement of composites 


with short crystalline fibers (whiskers). 
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Fig. (10) FE-SEM images of kaolin/non plastic clay specimens 


with different magnification (a1 and a2) (35/25) ratio, (b1 and 


b2) (30/30) ratio, (c1 and c2) (25/35) ratio, and (d1 and d2) 


(20/40) ratio 
 


4. Conclusions 


The purpose of adding non-plastic clay was 


achieved by addressing the problem of high 


shrinkage resulting from firing of clay ceramic 


products. The firing temperature (1300°C) is 


sufficient for the appearance of basic phases in the 


ceramic components, and the shape of the kaolin 


clay sheets is transformed into needles represented 


by mullite. As for cristobalite, it is responsible for 


the formation of glass phases, but the high porosity 


negatively affected the mechanical properties. From 


the values obtained for density, porosity and 


diametral strength, it is clear that this type of 
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ceramic is not considered hard porcelain, and 


therefore the applications will be for thermal 


insulation purposes and building materials 


represented by unglazed porcelain for decorative 


purposes. Adding 30% by weight of non-plastic clay 


is not recommended if porcelain is used in 


applications requiring high tolerance to mechanical 


strength. 
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Table (1) Comparison between ceramic and porcelain [2] 


 


Property Major compound Firing Temperature Strength Absorbency Opacity Thickness Texture 


Whiteware 
Ceramic 


Clay 
Lower (800- 1300 


OC) 
Strong 


10% (without 
glaze) 


Higher Thicker Coarser 


Porcelain 
Mixed of clay, flint and 


feldspar 


Higher 


(1200- 1400 OC) 


Very 
strong 


0% Lower Thinner Smoother 
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Table (2) Chemical composition of Iraqi raw materials 


 


Raw materials 


Oxide wt% 


SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O Na2O3 K2O SO3 Loss on ignition % 


Kaolin 43.57 42.20 0.32 Nil 0.76 Nil Nil Nil Nil Nil 13..06 


Potassium feldspar 67.00 18.00 0.14 -- 0.26 0.03 2.10 -- 11.00 0.002 0.46 


Flint 42.05 38.70 0.88 2.20 1.50 1.00 0.1 0.1 0.15 0.03 11.90 


 


Table (3) The specimens names, and the composition of raw materials for each specimen 


 


Specimen No. Kaolin wt.%/Non plastic clay wt.% 


Composition wt.% 


Kaolin Non plastic clay Potassium feldspar Flint 


1 35/25 35 25 20 20 


2 30/30 30 30 20 20 


3 25/35 25 35 20 20 


4 20/40 20 40 20 20 
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